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Abstract

The objective of this work was to evaluate 81 lentil cultivars using morphological 
traits and seed characteristics by digital phenotyping. Caliber (C) and the color traits 
luminosity (L), color coordinates a and b, and color index (CI) were measured and 
analyzed with appropriate software. Additionally, also yield (Y), plant height (PH) and 
days to flowering (DF) were measured. Highly significant differences between cultivars 
were found for all traits, while high broad sense heritability (H2B) for C (97%), CI (94%), 
a (93%) and L and b (83%) were found, indicating high genetic variability for these 
traits. Digital phenotyping showed to be a powerful tool for germplasm characterization 
along with field evaluation of agronomical traits. Principal Component Analysis and 
Cluster Analysis allows de identification of differentiated groups of cultivars with similar 
characteristics, leading to a more efficient use of the germplasm available as commercial 
cultivars or as parents in a breeding program. Among these groups, group 1 had 32 
cultivars with highest C and group 2 had 21 cultivars with higher Y.

Keywords
lentil • digital phenotyping • morphological characterization
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Resumen

El objetivo de este trabajo fue evaluar 81 cultivares de lenteja usando caracteres 
morfológicos y características de semilla utilizando fenotipado digital. El Calibre (C) y los 
caracteres Luminosidad (L), las coordenadas de color a y b, y el índice de color (IC) fueron 
medidos y analizados con un software apropiado; también fueron medidos el rendimiento 
(Y), altura de planta (PH) y los días a floración (DF). Se encontraron diferencias altamente 
significativas entre cultivares para todos los caracteres y se obtuvieron elevados valores 
de heredabilidad en sentido amplio (H2B) para las variables C (97%), IC (94%), a (93%) 
y L y b (83%) indicando la presencia de alta variabilidad genética. El fenotipado digital 
mostró ser una poderosa herramienta para la caracterización de germoplasma junto con 
la evaluación a campo de caracteres agronómicos. El Análisis de Componentes Princi-
pales y el análisis de agrupamiento permitieron la identificación de diferentes grupos de 
cultivares con características similares lo que conduce a un uso más eficiente del germo-
plasma disponible como cultivares comerciales o como parentales en un programa de 
mejoramiento genético. Entre estos grupos, el grupo 1 tuvo 32 cultivares con mayor C y 
el grupo 2 tuvo 21 cultivares con mayor Y.

Palabras clave
lenteja • fenotipado digital • caracterización morfológica

Introduction

Lentil (Lens culinaris Medik. ssp. 
culinaris) is one of the most ancient crops 
in history (McVicar et al., 2005). This cool 
season pulse, used in human nutrition as 
whole grain or flour, is an excellent source 
of dietary fiber, protein, healthy fat, carbo-
hydrates and a range of micronutrients 
(Thavarajah et al., 2011). Its high levels 
of low digestible carbohydrates reduces 
glycemic response in humans (Siva et 
al., 2017) and its high fiber content gives 
it strong satiating properties, resulting 
in lower food intake (Faris et al., 2013). 
This pulse is also a significant dietary 
source of a plethora of vitamins including 
folate, thiamin (B1) and riboflavin (B2) 
and relatively high levels of Mg, P, Ca 
and S (16).

All these characteristics make lentil 
a fundamental dietary component in 

low-income population and developing 
countries, as it is a substitute to proteins 
from livestock and fisheries (7) and have 
beneficial effects on human health (9). 

The main consumer countries are 
those from Asia, north of Africa, Western 
Europe and part of Latin America. There 
are several market classes based on 
consumer preference, seed size and color. 
According to seed size the classes can 
be extra small (29-32 g/1000 seeds), 
small (33-45 g/1000 seeds), medium 
(51-52 g/1000 seeds) and large 
(55-73 g/1000 seeds). According to seed 
coat color they can be classified in green, 
brown, gray and purple or black; with 
cotyledon colors ranging from yellow to 
red and green (8). 
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In Argentina, lentil is cultivated mostly 
in the central area (south of the province 
of Santa Fe and north of the province of 
Buenos Aires), where is an important 
rainfed crop during the winter season 
(2). The main problem for growers is 
the lack of available cultivars, as only 
two commercial varieties are used in the 
present.

To solve this inconvenient, a breeding 
program is being carried out in the 
National University of Rosario, with 
the objective of obtaining new cultivars 
with higher yield and suitability for the 
different export markets.

A first step in any breeding program is 
to evaluate the variability of the germplasm 
available in the working collection using 
traits with agronomical importance. The 
characterization of traits whit high herita-
bility and the evaluation of traits with 
low heritability and highly influenced by 
the environment can determine the utili-
zation of this germplasm (3, 4). 

The aim of the present work was to 
evaluate the genetic variability of a lentil 
collection for agronomical traits and seed 
characteristics (size and color) for later 
selection of accessions for commercial use 
or as parents in the breeding program. Seed 
traits where evaluated using digital pheno-
typing, performed by non-destructive, 
automated and image-based technology 
that offers an objective and quantitative 
method for estimation of morphological 
parameters as color and size.

Materials and Methods

Plant material and experimental design
Eighty one accessions of a working 

collection (table 1, page 4) were sowed in 
July of 2016, in plots of 3 m long and 3 rows 
0.25 apart (approximately 200 plants) at 

the Experimental Field of the College of 
Agricultural Sciences, Rosario National 
University, located in Zavalla (33°1' S 
and 60°53' W) in a complete randomized 
design with three replications. The harvest 
was done manually.

Traits analyzed
The analyzed variables were days to 

50% of flowering (DF); plant height (PH), 
(cm from the root, in 20 plants per plot) 
and yield (Y grams per plot). Color traits 
and seed caliber (C) were measured on 
two-dimensional digital images of 600 dpi 
taken on a Samsung CLX 3300 scanner of 
samples of 50 seeds per repetition and 
analyzed using Tomato Analyzer (TA) 
software (12).

The color traits were the coordinates 
a and b, and the psychometric index of 
lightness L from the CieLab system of 
color where:

• Coordinate a indicates the greenness-
redness of the color (-a is green, +a is red) 
and varies between -128 and 128. 
• Coordinate b indicates blueness-
yellowness of the color (-b is blue, +b is 
yellow) and varies between -128 and 128. 
• Parameter L is an approximate 
measurement of luminosity, the property 
according to which each color can be 
considered as equivalent to a member of 
the greyscale between black and white.

With these color parameters, a 
color index (CI) was calculated as: 
CI = (1.000 x a) / (L x b).

Statistical analysis
An ANOVA between cultivars and a 

comparison of means using the Fisher's 
least significant difference test (LSD) (14) 
were performed. 
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Table 1. Name and country of origin of 
the evaluated cultivars.

Tabla 1. Nombre y país de origen de los 
cultivares evaluados.

Cultivar Country Cultivar Country
1A Lebanon 25A Lebanon
1R Lebanon 26A Lebanon
2A Lebanon 26R Lebanon
3A Lebanon 27A Lebanon
3R Lebanon 27R Lebanon
4A Lebanon 28A Lebanon
4R Lebanon 28R Lebanon
5A Lebanon 29A Lebanon
6R Lebanon 29R Lebanon
7A Lebanon 30A Lebanon
7R Lebanon 30R Lebanon
8A Lebanon 31R Lebanon
9A Lebanon 32A Lebanon
9R Lebanon 32R Lebanon

10A Lebanon 33A Lebanon
10R Lebanon 33R Lebanon
11A Lebanon 34A Lebanon
12A Lebanon 34R Lebanon
12R Lebanon 35A Lebanon
13R Lebanon 35R Lebanon
14A Lebanon A1062 Argentina
14R Lebanon A1145 Argentina
15A Lebanon B1051 Argentina
15R Lebanon B1052 Argentina
16A Lebanon B1053 Argentina
16R Lebanon B1054 Argentina
17A Lebanon B1055 Argentina
17R Lebanon B1056 Argentina
18A Lebanon B1151 Argentina
18R Lebanon B1153 Argentina
19A Lebanon B1156 Argentina
19R Lebanon B1157 Argentina
20A Lebanon B1181 Argentina
20R Lebanon B1182 Argentina
21A Lebanon NAILE Canada
22A Lebanon PARDINA Spain
22R Lebanon ROSE TOWN Canada
23A Lebanon SEL 133 Argentina
23R Lebanon SEL 205 Argentina
24A Lebanon SILVINA Argentina
24R Lebanon

Broad sense heritability was calcu-
lated as

H2B = 𝜎2g/(𝜎2g+𝜎2e)

where:
σ2g = represents genotypic variance 
σ2e = represents the environmental variance.

Finally, a Principal Component analysis 
(PC) and a Cluster analysis using average 
linkage method with Euclidean distances 
were performed in order to identify groups 
of cultivars with similar characteristics.

All statistical analysis were made using 
the software InfoStat for Windows (1).

Results and discussion

Genetic variability
Mean value, standard deviation (SD), 

F value for the ANOVA analysis, Fisher’s 
least significant difference value (LSD) 
and broad sense heritability (H2B) for all 
the traits are shown in table 2, page 5-6; 
table 3, page 7-8. All traits presented highly 
significant differences between cultivars 
(p<0.001), and broad sense heritability 
varied between 0.33 for DF to 0.97 for C, 
demonstrating the existence of genetic 
variability suitable for selection purposes. 
Bermejo et al. (2012) in the evaluation 
of 28 lentil RIL's; Lázaro et al. (2001) in a 
working collection of Spanish materials 
and Erskine et al. (1998) in collections 
from ICARDA (International Center for 
Agricultural Research in the Dry Areas) 
found similar values of H2B.

Regarding mean values, for DF, 
cultivars 7A, Rose Town and Pardina were 
late (104 and 105 DF) while cultivar 34A 
was the earliest (57 DF).
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Table 2. Mean, standard deviation (SD), LSD value, F value and broad sense heritability 
(H2B) for days to flowering (DF), plant height (PH), yield (Y) and seed caliber (C).

Tabla 2. Media, desviación estándar (SD), valor de LSD, valor de F y Heredabilidad en 
sentido amplio (H2B) para los caracteres días a floración (DF), altura de planta (PH), 

rendimiento (Y) y calibre de grano (C).
DF PH (cm) Y (g) C (mm)

Cultivar Mean SD Mean SD Mean SD Mean SD
10A      99.5 6.4 29.0 4.2 123.0 38.2 7 0.00
10R      98.0 8.5 28.0 5.7 72.5 29.0 5 0.01
11A      98.0 8.5 29.0 9.9 173.5 13.4 7 0.01
12A      98.0 8.5 33.0 5.7 116.5 72.8 7 0.00
12R      98.0 8.5 25.0 2.8 185.0 131.5 5 0.01
13R      94.0 2.8 34.5 6.4 86.0 48.1 6 0.01
14A      101.0 7.1 36.0 5.7 97.0 1.4 7 0.01
14R      95.5 0.7 26.0 2.8 54.5 57.3 6 0.00
15A      93.5 3.5 31.5 5.0 138.5 14.9 7 0.00
15R      92.5 5.0 28.5 2.1 98.5 12.0 6 0.01
16A      88.0 11.3 24.5 0.7 206.5 41.7 6 0.00
16R      98.0 2.8 21.0 4.2 66.0 33.9 6 0.00
17A      82.0 2.8 28.5 5.0 88.0 46.7 8 0.01
17R      88.0 5.7 26.0 1.4 58.5 23.3 6 0.01
18A      98.0 2.8 25.5 3.5 100.5 14.9 6 0.01
18R      86.5 3.5 32.0 9.9 66.0 18.4 5 0.01
19A      95.0 4.2 34.0 5.7 64.5 47.4 7 0.01
19R      90.0 2.8 29.5 3.5 67.5 24.8 5 0.01
1A       101.5 0.7 29.5 0.7 69.0 12.7 7 0.00
1R       87.5 0.7 29.5 0.7 43.5 5.0 6 0.02

20A      98.5 2.1 30.0 4.2 49.0 26.9 7 0.01
20R      94.5 0.7 31.5 0.7 81.0 49.5 6 0.01
21A      97.5 0.7 34.5 0.7 126.5 2.1 7 0.00
22A      87.5 20.5 32.5 0.7 101.0 1.4 7 0.04
22R      95.5 0.7 29.5 0.7 90.5 5.0 6 0.01
23A      87.5 0.7 29.5 0.7 105.0 9.9 7 0.01
23R      91.5 0.7 39.5 0.7 117.5 6.4 6 0.02
24A      93.5 0.7 26.5 2.1 104.0 19.8 7 0.01
24R      99.0 1.4 32.0 11.3 77.5 3.5 6 0.01
25A      97.5 0.7 28.0 1.4 136.5 44.6 7 0.04
26A      94.0 1.4 26.0 1.4 92.5 20.5 7 0.01
26R      87.5 0.7 27.5 0.7 114.5 2.1 6 0.02
27A      100.5 0.7 29.0 7.1 143.0 72.1 7 0.00
27R      90.5 0.7 31.0 1.4 80.5 30.4 6 0.03
28A      91.5 0.7 37.0 2.8 31.5 31.8 6 0.01
28R      94.5 0.7 28.5 0.7 94.5 5.0 4 0.00
29A      102.0 5.7 31.0 7.1 156.5 9.2 7 0.00
29R      92.0 1.4 28.5 5.0 99.5 47.4 6 0.00
2A 102.5 0.7 31.0 1.4 162.0 45.3 7 0.01

30A 92.0 1.4 32.5 3.5 86.0 0.0 7 0.01
30R 91.5 0.7 30.5 3.5 175.5 21.9 6 0.00
31R 76.5 29.0 28.0 2.8 175.0 56.6 6 0.02
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Table 2 (cont.). Mean, standard deviation (SD), LSD value, F value and broad sense 
heritability (H2B) for days to flowering (DF), plant height (PH), yield (Y) and seed caliber 

(C).
Tabla 2 (cont.). Media, desviación estándar (SD), valor de LSD, valor de F y 

Heredabilidad en sentido amplio (H2B) para los caracteres días a floración (DF), altura 
de planta (PH), rendimiento (Y) y calibre de grano (C).

*** significant with p<0.001. / *** diferencias significativas con p<0,001.

DF PH (cm) Y (g) C (mm)
Cultivar Mean SD Mean SD Mean SD Mean SD

10A      99.5 6.4 29.0 4.2 123.0 38.2 7 0.00
10R      98.0 8.5 28.0 5.7 72.5 29.0 5 0.01
11A      98.0 8.5 29.0 9.9 173.5 13.4 7 0.01
12A      98.0 8.5 33.0 5.7 116.5 72.8 7 0.00
12R      98.0 8.5 25.0 2.8 185.0 131.5 5 0.01
13R      94.0 2.8 34.5 6.4 86.0 48.1 6 0.01
14A      101.0 7.1 36.0 5.7 97.0 1.4 7 0.01
14R      95.5 0.7 26.0 2.8 54.5 57.3 6 0.00
15A      93.5 3.5 31.5 5.0 138.5 14.9 7 0.00
15R      92.5 5.0 28.5 2.1 98.5 12.0 6 0.01
16A      88.0 11.3 24.5 0.7 206.5 41.7 6 0.00
16R      98.0 2.8 21.0 4.2 66.0 33.9 6 0.00
17A      82.0 2.8 28.5 5.0 88.0 46.7 8 0.01
17R      88.0 5.7 26.0 1.4 58.5 23.3 6 0.01
18A      98.0 2.8 25.5 3.5 100.5 14.9 6 0.01
18R      86.5 3.5 32.0 9.9 66.0 18.4 5 0.01
19A      95.0 4.2 34.0 5.7 64.5 47.4 7 0.01
19R      90.0 2.8 29.5 3.5 67.5 24.8 5 0.01
1A       101.5 0.7 29.5 0.7 69.0 12.7 7 0.00
1R       87.5 0.7 29.5 0.7 43.5 5.0 6 0.02

20A      98.5 2.1 30.0 4.2 49.0 26.9 7 0.01
20R      94.5 0.7 31.5 0.7 81.0 49.5 6 0.01
21A      97.5 0.7 34.5 0.7 126.5 2.1 7 0.00
22A      87.5 20.5 32.5 0.7 101.0 1.4 7 0.04
22R      95.5 0.7 29.5 0.7 90.5 5.0 6 0.01
23A      87.5 0.7 29.5 0.7 105.0 9.9 7 0.01
23R      91.5 0.7 39.5 0.7 117.5 6.4 6 0.02
24A      93.5 0.7 26.5 2.1 104.0 19.8 7 0.01
24R      99.0 1.4 32.0 11.3 77.5 3.5 6 0.01
25A      97.5 0.7 28.0 1.4 136.5 44.6 7 0.04
26A      94.0 1.4 26.0 1.4 92.5 20.5 7 0.01
26R      87.5 0.7 27.5 0.7 114.5 2.1 6 0.02
27A      100.5 0.7 29.0 7.1 143.0 72.1 7 0.00
27R      90.5 0.7 31.0 1.4 80.5 30.4 6 0.03
28A      91.5 0.7 37.0 2.8 31.5 31.8 6 0.01
28R      94.5 0.7 28.5 0.7 94.5 5.0 4 0.00
29A      102.0 5.7 31.0 7.1 156.5 9.2 7 0.00
29R      92.0 1.4 28.5 5.0 99.5 47.4 6 0.00
2A 102.5 0.7 31.0 1.4 162.0 45.3 7 0.01

30A 92.0 1.4 32.5 3.5 86.0 0.0 7 0.01
30R 91.5 0.7 30.5 3.5 175.5 21.9 6 0.00
31R 76.5 29.0 28.0 2.8 175.0 56.6 6 0.02



7

Lentil evaluation by digital phenotyping

Tomo 52  •   N° 1  •   2020

Table 3. Mean, standard deviation (SD), LSD value, F value and broad sense heritability 
(H2B) for L, a and b coordinates of color and color index (CI).

Tabla 3. Media, desviación estándar (SD), valor de LSD, valor de F y Heredabilidad en 
sentido amplio (H2B) para los caracteres L, las coordenadas de color a y b y el índice de 

color (CI).

*** significant with p<0.001. / *** diferencias significativas con p<0,001.

L a b CI
Cultivar Mean SD Mean SD Mean SD Mean SD

10A      55.2 1.1 9.6 0.6 20.7 0.6 8.4 0.1
10R      53.4 1.6 15.0 0.2 23.2 0.0 12.2 0.6
11A      52.3 1.4 8.6 0.7 19.2 0.1 8.6 1.0
12A      52.9 1.5 10.2 0.5 20.8 0.3 9.3 0.6
12R      58.2 1.3 10.0 0.8 22.5 0.8 7.7 1.1
13R      50.4 1.4 16.5 0.2 22.0 0.6 14.8 0.6
14A      54.7 0.9 10.0 0.6 21.1 0.5 8.6 0.5
14R      47.1 0.7 11.3 0.5 17.3 0.1 13.9 0.9
15A      46.1 0.8 11.2 0.3 17.7 0.1 13.8 0.5
15R      47.8 0.2 11.8 0.3 20.5 0.6 12.1 0.0
16A      54.3 0.1 8.0 0.8 19.6 0.1 7.6 0.7
16R      54.3 0.1 8.0 0.8 19.6 0.1 7.6 0.7
17A      51.7 2.3 9.9 0.9 19.0 0.3 10.1 1.2
17R      44.8 2.4 12.8 1.0 19.6 0.4 15.4 3.0
18A      51.3 0.3 3.8 0.2 16.7 0.2 4.4 0.3
18R      63.4 18.1 7.0 3.3 15.1 7.1 7.6 2.2
19A      53.1 1.0 10.3 0.1 20.5 0.1 9.4 0.2
19R      40.9 0.8 15.1 0.6 21.7 0.1 17.1 1.0
1A       53.8 2.1 9.2 0.8 20.4 0.4 8.4 0.9
1R       46.8 0.7 9.1 0.2 13.6 0.2 14.4 0.7

20A      53.3 0.4 10.5 0.1 20.1 0.3 9.8 0.0
20R      55.9 0.8 5.3 0.2 18.3 0.2 5.2 0.0
21A      53.0 0.3 8.6 0.4 20.0 0.3 8.1 0.2
22A      49.0 0.8 11.2 0.8 19.6 0.6 11.7 0.6
22R      44.7 2.2 12.6 1.1 19.5 0.4 14.5 1.7
23A      54.8 1.1 7.4 0.0 19.7 0.1 6.9 0.2
23R      54.6 1.5 8.1 0.3 18.2 0.5 8.1 0.7
24A      55.8 0.8 7.2 0.8 19.5 0.3 6.6 0.7
24R      45.9 0.7 9.3 0.2 14.2 0.1 14.5 0.6
25A      52.8 0.8 8.2 0.2 19.4 0.3 8.0 0.2
26A      55.0 1.0 6.3 0.3 18.6 0.5 6.1 0.0
26R      44.6 0.9 12.4 0.1 19.9 0.3 14.0 0.3
27A      53.9 0.7 9.1 0.3 18.7 0.2 9.0 0.1
27R      54.0 1.6 8.5 1.6 19.1 0.7 8.2 1.5
28A      47.1 1.1 12.1 1.0 19.4 0.7 13.2 0.9
28R      45.2 0.5 8.6 0.1 15.3 0.1 12.5 0.3
29A      48.7 1.7 11.6 0.9 19.5 0.1 12.3 1.3
29R      49.1 1.6 11.5 1.2 20.9 0.4 11.2 1.3
2A       50.1 0.7 3.7 0.2 16.0 0.1 4.6 0.2

30A      49.0 0.2 11.3 0.2 19.3 0.1 11.9 0.1
30R      44.5 1.2 11.5 0.6 19.3 0.9 13.5 1.6
31R      53.3 1.4 8.7 0.7 20.3 0.1 8.1 0.9
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Table 3. (cont.). Mean, standard deviation (SD), LSD value, F value and broad sense 
heritability (H2B) for L, a and b coordinates of color and color index (CI).

Tabla 3. (cont.). Media, desviación estándar (SD), valor de LSD, valor de F y 
Heredabilidad en sentido amplio (H2B) para los caracteres L, las coordenadas de color 

a y b y el índice de color (CI).

*** significant with p<0.001. / *** diferencias significativas con p<0,001.

L a b CI
Cultivar Mean SD Mean SD Mean SD Mean SD

10A      55.2 1.1 9.6 0.6 20.7 0.6 8.4 0.1
10R      53.4 1.6 15.0 0.2 23.2 0.0 12.2 0.6
11A      52.3 1.4 8.6 0.7 19.2 0.1 8.6 1.0
12A      52.9 1.5 10.2 0.5 20.8 0.3 9.3 0.6
12R      58.2 1.3 10.0 0.8 22.5 0.8 7.7 1.1
13R      50.4 1.4 16.5 0.2 22.0 0.6 14.8 0.6
14A      54.7 0.9 10.0 0.6 21.1 0.5 8.6 0.5
14R      47.1 0.7 11.3 0.5 17.3 0.1 13.9 0.9
15A      46.1 0.8 11.2 0.3 17.7 0.1 13.8 0.5
15R      47.8 0.2 11.8 0.3 20.5 0.6 12.1 0.0
16A      54.3 0.1 8.0 0.8 19.6 0.1 7.6 0.7
16R      54.3 0.1 8.0 0.8 19.6 0.1 7.6 0.7
17A      51.7 2.3 9.9 0.9 19.0 0.3 10.1 1.2
17R      44.8 2.4 12.8 1.0 19.6 0.4 15.4 3.0
18A      51.3 0.3 3.8 0.2 16.7 0.2 4.4 0.3
18R      63.4 18.1 7.0 3.3 15.1 7.1 7.6 2.2
19A      53.1 1.0 10.3 0.1 20.5 0.1 9.4 0.2
19R      40.9 0.8 15.1 0.6 21.7 0.1 17.1 1.0
1A       53.8 2.1 9.2 0.8 20.4 0.4 8.4 0.9
1R       46.8 0.7 9.1 0.2 13.6 0.2 14.4 0.7

20A      53.3 0.4 10.5 0.1 20.1 0.3 9.8 0.0
20R      55.9 0.8 5.3 0.2 18.3 0.2 5.2 0.0
21A      53.0 0.3 8.6 0.4 20.0 0.3 8.1 0.2
22A      49.0 0.8 11.2 0.8 19.6 0.6 11.7 0.6
22R      44.7 2.2 12.6 1.1 19.5 0.4 14.5 1.7
23A      54.8 1.1 7.4 0.0 19.7 0.1 6.9 0.2
23R      54.6 1.5 8.1 0.3 18.2 0.5 8.1 0.7
24A      55.8 0.8 7.2 0.8 19.5 0.3 6.6 0.7
24R      45.9 0.7 9.3 0.2 14.2 0.1 14.5 0.6
25A      52.8 0.8 8.2 0.2 19.4 0.3 8.0 0.2
26A      55.0 1.0 6.3 0.3 18.6 0.5 6.1 0.0
26R      44.6 0.9 12.4 0.1 19.9 0.3 14.0 0.3
27A      53.9 0.7 9.1 0.3 18.7 0.2 9.0 0.1
27R      54.0 1.6 8.5 1.6 19.1 0.7 8.2 1.5
28A      47.1 1.1 12.1 1.0 19.4 0.7 13.2 0.9
28R      45.2 0.5 8.6 0.1 15.3 0.1 12.5 0.3
29A      48.7 1.7 11.6 0.9 19.5 0.1 12.3 1.3
29R      49.1 1.6 11.5 1.2 20.9 0.4 11.2 1.3
2A       50.1 0.7 3.7 0.2 16.0 0.1 4.6 0.2

30A      49.0 0.2 11.3 0.2 19.3 0.1 11.9 0.1
30R      44.5 1.2 11.5 0.6 19.3 0.9 13.5 1.6
31R      53.3 1.4 8.7 0.7 20.3 0.1 8.1 0.9
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In PH, cultivar 4A was the tallest (44 cm) 
while B1053 was the shortest, with only 
20.5 cm of plant height. Cultivars B1157 
and B1051 had the best yielding with 
363 g plot-1and 317 g plot-1 respectively, and 
cultivar SEL was the poorest with 15.5 g plot-1. 

Digital phenotyping showed that 
cultivars 17A, 22A, 19A and 30A had larger 
seeds with calibers of 7.5 mm, 7.4 mm, 
7.4 mm and 7.3 mm respectively, while 
B1181, B1182 and 28R had the smallest 
seeds, with calibers ranging from 0.44 to 
0.45. Color parameter L was high for cultivar 
18R (63.43) and low for B1182 (36.40).

The a coordinate of color showed the 
highest values for 13R and 19R (16.45 and 
15.10 respectively) meaning that these two 
cultivars are material for greater reddish 
color, while 35A, 18A and 2A showed the 
least (4.81, 3.79 and 3.70 respectively).

The b coordinate denotes the greenish 
color and was high for 10R and 12R, 
(23.22 and 22.45 respectively) and low for 
Pardina (13.26). When the color index (CI) 
was analyzed, cultivars B1182 (24.11) 
and B1181 (23.53) had the highest values, 
while 18A (4.43) was the lowest. 

Cluster Analysis
Cluster analysis (figure 1, page  10), 

showed that cultivars conformed six 
groups with differential traits. This analysis 
allows the identification of cultivars with 
convenient characteristics, as seed size. A 
comparison of mean values of each group 
(table 4, page 11) using the Fisher's least 
significant difference test (LSD) showed 
that Group 1 had 32 cultivars with high 
C; group 2 had 21 cultivars with higher 
Y but lower CI. Group 3 had 17 cultivars 
with high values for coordinates a and b; 
group 4 included only one cultivar (18R) 
with the highest L; group 5 had 4 cultivars 
with lower C and coordinate b; and group 
6, with 6 cultivars, had the cultivars with 
higher DF and CI but lower C and L.

Principal Component Analysis
Principal component analysis showed 

that two principal components explained 
58% of the variation in the data set (PC1, 
40% and PC2, 18%) and with the addition 
of a third component the proportion 
of variation explained reached 73% 
(PC3, 15%).

However, when the first two compo-
nents are plotted against each other 
(figure 2, page 11) the cultivars conform 
4 clearly differentiated groups. PC1 was 
associated with C, L, a, b and CI while PC2 
was associated with DF, PH and Y.

In figure 2 (page 11), points represent 
lentil cultivars and vectors represent 
analyzed traits.

The perpendicular projection of 
the points on the vectors indicates the 
relative position of that cultivar against 
the others for that particular trait, having 
the highest values those cultivars in the 
positive direction of the vector, while the 
angle between vectors shows the corre-
lation among traits. In this case, cultivars 
B1181 and B1182 had the highest values 
of CI and cultivar B1051 had the highest 
yield. Correlations shows that traits CI and 
a, DF and PH, C and L, and Y and b have 
positive correlations, while CI and a have 
a negative correlation with L.

There is a clear concordance between 
groups obtained by Cluster Analysis and 
by Principal Component Analysis. Groups 
2 and 6 are separated groups, and were 
conformed with the same cultivars in both 
analyses. Groups 1 and 2 in one hand, 
and groups 3 and 5 on the other, conform 
two different groups in the Principal 
Component analysis. The selected 
materials, as parents for a breeding 
program, were those from group 2, given 
their higher yields and shorter cycle, and 
those from group 1, with higher caliber. 
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Conclusions

Digital phenotyping showed to be a 
powerful tool for germplasm characterization 
along with field evaluation of agronomical 
traits. Principal Component Analysis and 
Cluster Analysis the identification of differen-
tiated groups of cultivars with similar charac-
teristics, leading to a more efficient use of the 
germplasm available.

Preliminary evaluation of the set 
of cultivars presented in this study 
demonstrate the existence of high pheno-
typic and genotypic diversity for different 
traits, showing their potential commercial 
or breeding value.
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Abstract

Mexico is the center of  origin, domestication and diversity of maize. This cereal is the 
main constituent of the Mexican diet, especially for low-income families. In this research, 
10 maize accessions derived from a large landrace collection, with the 'INIFAP-QPM' 
accession and a 'regional landrace' as controls, were studied to identify the accessions 
with the best biochemical and physiological characteristics showing good adaptation 
to 'El Bajío' (regional center in Mexico) conditions. The accessions were statistically 
superior to the two controls in the germination and accelerated aging tests. In the 
assessment of variable plumule length, variability was observed among the acces-
sions, but the controls showed the lowest values. Protein contents in different fractions 
(albumins, globulins, prolamins and glutelins) showed variability as did oil and fiber 
contents. The 'HRH2015' accession showed high contents of albumins and globulins and 
low contents of prolamins and glutelins. The 'regional landrace' accession exhibited the 
highest contents of glutelins and prolamins but the lowests content of globulins and 
albumins. The total percentage of proteins showed variability among the accessions, 
but the values ​​were within those reported in the literature. The 'RQ2015' accession 
presented the highest oil content (5.25%). The electrophoretic patterns of prolamins 
were obtained, and some differences were observed between them. The 'regional 
landrace' presented the lowest protein content, which was significantly different from 
those of the other evaluated accessions. This research demonstrates biochemical, germi-
nation and vigor variability among the studied maize accessions.

Keywords
Zea mays • corn • protein fractions • vigor • quality protein
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Introduction

Maize is the main grain cultivated 
in the "El Bajío" region of Mexico and is 
the principal ingredient in the Mexican 
population's diet (15, 30). Information on 
the chemical composition of corn grain 
is abundant and clearly states that the 
variability of each component is broad 
as a result of both genetic and environ-
mental factors (20, 28). These factors can 
influence the chemical composition of 
different parts of the grain (11).

The prolamin fraction constitutes the 
highest proportion of the protein present 
in cereals, followed by glutelins and in 
smaller amounts albumins and globulins. 
The nutritional quality of the protein as 
well as its physicochemical and functional 

characteristics, depend on the proportion 
of each protein fraction in the grains (37). 
Cereal proteins present low biological or 
nutritional value because they are deficient 
in some of the essential amino acids, such 
as methionine and lysine (19, 38). These 
proteins include wheat gliadins, barley 
hordeins, corn zeins (prolamins), wheat 
glutelins, and rice orizein.

High-quality-protein materials 
contain higher amounts of the albumin 
and globulin fractions and lower 
amounts of prolamins, as indicated 
by Vivas-Rodriguez et al. (1990) 
and Yang et al. (2018). The expression 
of the physicochemical characteristics of 
maize is influenced by the environment 

Resumen

México es el centro de origen, domesticación y diversidad del maíz. Este cereal ocupa 
el primer lugar como constituyente de la dieta de los mexicanos, sobre todo de las familias 
de bajos recursos. En esta investigación se estudiaron 10 accesiones de maíz derivadas 
de una colecta amplia de Criollos y como testigos INIFAP-QPM y un criollo de la región, 
con el objetivo de identificar las accesiones con mejores características bioquímicas y 
fisiológicas con buena adaptación a las condiciones de El Bajío. Las accesiones fueron 
estadísticamente superiores a los dos testigos en las pruebas de germinación y envejeci-
miento acelerado; en la variable longitud de plúmula se observó variabilidad entre las 
accesiones, pero los testigos siguieron mostrando los valores más bajos. El contenido de 
proteína en sus diferentes fracciones (albúminas, globulinas, prolaminas y glutelinas) 
mostró variabilidad, así como el contenido de aceite y fibra. Se encontró una accesión 
(HRH2015) con alto contenido de albúminas y globulinas y bajo contenido de prolaminas 
y glutelinas; el 'genotipo criollo' presentó el mayor contenido de glutelinas y prolaminas 
pero el menor en globulinas y albúminas. El porcentaje total de proteínas presentó 
variabilidad entre las accesiones, pero los valores están dentro de los reportados en 
la literatura. El genotipo 'RQ2015' presentó el más alto contenido de aceite (5,25%). 
Se obtuvieron los patrones electroforéticos de las prolaminas y se observaron algunas 
diferencias entre ellas. El criollo de la región, tomado como referencia, presentó el menor 
contenido de proteína estadísticamente diferente al resto de las accesiones evaluadas. 
Esta investigación demuestra la variabilidad existente a nivel bioquímico, germinación y 
vigor entre las accesiones de maíz estudiadas.

Palabras clave
 Zea mays • maíz • fracciones proteicas • vigor • calidad proteica



16Revista de la Facultad de Ciencias Agrarias

C. L. Aguirre-Mancilla et al.

and depends on genotype-environment 
interaction (2). Agricultural practices have 
allowed the characteristics of the grain to 
be improved according to Zepeda-Bautista 
et al. (2009). Prolamins are stored in the 
starchy endosperm, and albumins and 
globulins are concentrated in the embryo 
and aleurone layer (19). The distri-
bution of these proteins could alter some 
properties of the grain, depending on their 
relative abundance. Nitrogen application 
affects grain protein content. Its effect is 
greater in the prolamin fraction because 
approximately 60% of the grain protein 
consists of prolamins (zeins). The albumin 
and globulin fractions represent 22% of 
the protein content and are concentrated 
in the embryo. Glutelins are found in both 
the germ and the endosperm and account 
for up to 25% of the grain protein (26, 38).

Ten gene families encode prolamin 
proteins in maize, with 3-10 genes in 
each family (19). Corn contains 7-13% 
protein, which can be differentiated into 
three types: 1) storage proteins, which 
are the most abundant type, constituting 
a reserve of amino acids deposited during 
the development of the seeds; 2) enzymes 
involved in metabolism; and 3) structural 
proteins (23, 39).

Although studies have been conducted 
on this topic, more research on the protein 
quality of maize landraces cultivated in 
Mexico is required (27). Evaluation of the 
performance of different accessions in 
different environments and the influence 
of agronomic practices on the compo-
sition of essential amino acids, which 
determine the quality of grain proteins, 
is also required (37). Finally, it is vital to 
keep in mind that, for breeding purposes, 
to consider seed vigor is also necessary. 
This characteristic is usually tested with 
the accelerated aging test (17). With this 
objective, maize accessions were evaluated 

to characterize them biochemically and 
physiologically. They were integrated 
from a broad genetic base population (3). 
The 'INIFAP-QPM' accession and a maize 
landrace were used as controls.

The objective of this research was to 
identify accessions with good protein and 
physiological quality among accessions 
that are well adapted to the environmental 
conditions of El Bajío, Mexico, under the 
hypothesis that the accessions show good 
seed quality.

Materials and methods

Ten maize accessions derived from the 
Celaya, Tuxpeño, Cónico Norteño and Bofo 
races were used (14): '12015', '22015', 
'A2015', 'ROQUE2', 'POL2015', 'FVR12015', 
'ERH2015', 'MRH2015', 'RQ2015' and 
'HRH2015' (12, 27), along with 'INIFAP-
QPM' (accession with high protein quality 
from the "Instituto Nacional de Investiga-
ciones Forestales, Agrícolas y Pecuarias") 
and a 'regional landrace' harvested in the 
SS 2015 growing season. The analyzed 
accessions were derived from collections 
from the Mexican states of Michoacan, 
Hidalgo, Estado de México and Puebla. 
Each collection was developed from 200 
plants. Standard germination (18) was 
evaluated; a sample of 200 seeds from each 
accession was obtained, and each sample 
was divided into four replicates of 50 
seeds (12) and incubated in a germination 
chamber (hel-La HC30R®) at 25°C with 
80% relative humidity. Two sets of records 
were obtained: the first was obtained on the 
fourth day and the second on the seventh 
day. Germination was registered as the 
percentage of seeds with emerged radicles 
(18, 21). The plumule length test (21) was 
carried out. In the accelerated aging tests, 
a sample of 40 seeds collected at random 
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were disinfected with 1% hypochlorite in 
water (v/v) and then placed in a beaker 
with a grid. Water was poured into the 
beaker to a height that did not reach the 
grid, and the beaker was covered with 
aluminum foil and placed at 42°C with 
80% relative humidity for 72 h. Thereafter, 
the seeds were removed, and the standard 
germination test was performed (17).

Protein and oil extraction was 
performed by grinding the seeds (20 g 
each accession) in a mill (Techmark ® 
model A 10), followed by sieving through 
a No. 60 mesh. The samples were placed 
in paper bags and stored at 4°C until use. 
Oil extraction was performed in Soxtec® 
equipment; the flour was placed in filter 
paper cartridges at a ratio of 4:1 solvent 
- sample (hexane) (V/W) in the cup 
which was then stored in a desiccator for 
24 h. Thereafter, the cup was mounted in the 
equipment. Protein extraction was carried 
out according to a previously described 
methodology (12, 25) using 1 g of flour and 
4 mL of distilled water. After incubation for 
1 h with shaking, the extraction solution 
was centrifuged for 1 h at 13,200 rpm 
(in a microfuge). The supernatant was then 
stored, and the pellet was re-extracted with 
a solution of 0.3 M NaCl in 50 mM Tris-HCl, 
pH 8, followed by centrifugation under the 
conditions described above, this second 
supernatant was stored. Supernatant was 
stored. The pellet was extracted two more 
times: once with 55% isopropanol and then 
with 50 mM sodium borate solution and 
0.1% SDS (sodium dodecyl sulfate), pH 9. 
Protein quantification was carried out via 
the Bradford method (4). Electrophoretic 
patterns were obtained under denaturing 
conditions in 10% polyacrylamide gels 
(PAGE-SDS) following the technique of 
Schagger and von Jagow (1987).

Statistical analysis of physical and 
physiological quality and protein content 

traits was performed with the statistical 
package SAS version 9.0. Statistical tests of 
the homogeneity of variance assumptions 
and normality of the data distribution were 
carried out. Comparisons of means were 
conducted with Tukey's test (α = 0.05).

Results and discussion

The analysis of variance (data not 
shown) showed significant differences 
between the accessions for germination 
percentage, with a coefficient of variation 
of 1.77%. The experiment was conducted 
properly, and the degree of precision in the 
comparison of the accessions was good 
(13). The germination percentage trait 
was statistically equal for all accessions 
(table  1, page 18) but the 'INIFAP-QPM' 
and 'regional landrace' controls, showed 
germination percentages of 82 and 87.3%, 
respectively. Similar results were obtained 
in the accelerated aging test. The results 
showed that the evaluated accessions 
exhibited good adaptation to the environ-
mental conditions of El Bajío, while the 
controls were statistically inferior in the 
mentioned tests. This result is in agreement 
with the findings of Gutiérrez-Hernández 
et al. (2011), who observed differences in 
tolerance to artificial aging among acces-
sions of blue corn in different maize acces-
sions. Another previous study (12) of 22 
accessions, showed 4 accessions with 
99% germination after being subjected to 
accelerated aging. Artificial aging allows 
low-vigor seeds with a high germination 
percentage that lose germinative ability 
when subjected to this treatment, to be 
distinguished. These previous results 
are in agreement with those obtained 
in the present investigation, in which 
the evaluated accessions showed higher 
tolerance to accelerated aging, indicating 
higher seed vigor (8).
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Table 1. Means comparison by the Tukey test for the germination percentage, 
accelerated aging test and plumule length traits in the evaluation of 10 maize 

accessions, Roque, Guanajuato. Spring-Summer 2015.
Tabla 1. Comparación de medias mediante la prueba de Tukey para las variables 
porcentaje de germinación, envejecimiento acelerado y longitud de plúmula en la 
evaluación de 10 accesiones de maíz, Roque, Guanajuato. Primavera-Verano 2015.

Means with the same letter for each trait are statistically equal, Tukey’s test, P≤0.05. 
1 Germination percentage; 2 Accelerated aging; 3Plumule length. 

Medias con la misma letra dentro de cada variable son estadísticamente iguales, Tukey, P≤ 0,05. 
1 Germinación; 2 Envejecimiento acelerado; 3Longitud de plúmula.

Accession GER1 (%) AA2 (%) PL3 (cm)
12015 96.6 a 94.0 a   5.6 f
22015 98.6 a 97.3 a   6.9 ef
A2015 99.3 a 98.0 a 12.6 a
ROQUE2 98.0 a 96.6 a 10.4 c
POL2015 99.3 a 99.3 a 11.3 abc
FVR12015 98.6 a 97.3 a 11.9 ab
ERH2015 98.6 a 98.6 a 10.9 bc
HRH2015 95.3 a 94.0 a   8.4 d
MRH2015 97.3 a 96.6 a   9.1 d
RQ2015 98.6 a 97.3 a   7.9 de
INIFAP-QPM 82.0 c 40.0 c   4.3 f
Regional landrace 87.3 b 83.3 b   6.6 f
Mean 95.83 91.05 8.85

Many factors participate in seed physi-
ological behavior, such as oligosaccha-
rides, which play an important role in 
seed longevity (16). Methionine sulfoxide 
reductase activity, tocopherol content, late 
embryogenesis abundant (LEA) protein 
accumulation and heat shock proteins 
(HSPs) (6) as well as changes in membrane 
permeability (34) are important factors 
affecting seed vigor.

Plumule length showed higher 
variation than the two previous traits. 
Accessions A2015 and FRV12015 
exhibited the highest, however statisti-
cally similar, seed vigor. This variable 
best indicates physiological quality. Once 
more, INIFAP-QPM and Regional landrace, 
both controls, presented the lowest values 
together with 12015 and 22015 acces-

sions. This result indicates that these 
accessions exhibited little vigor, since they 
obtained the lowest values in these three 
traits. In this research, plumule length 
was more effective in evaluating seed 
vigor, given that it allowed discrimination 
among them.

Vigor traits and accelerated aging
Analysis of variance (not shown) of 

the vigor traits indicated significant differ-
ences between the accessions with a coeffi-
cient of variation of 2.43%, which indicates 
reliable results. In the means comparisons 
(table 1), the 'POL2015', 'A2015' and 
'FVR12015' accessions showed the highest 
values ​​for the three traits, indicating that 
they are vigorous accessions, whereas the 
'INIFAP-QPM' accession showed the lowest 
vigor value. The storage of seeds under 
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adverse conditions causes aging, which 
results in a variety of symptoms ranging 
from a reduction in viability or a decreased 
ability to germinate, to poor seedling devel-
opment (24). Stress  causing aging due to 
conditions to which seeds are subjected, 
provokes higher reserve depletion, 
reducing seed vigor. The accumulation 
of proteins such as late embryogenesis-
abundant (LEA) proteins, proteases and 
amylases in the embryo, may confer higher 
tolerance in breeding (19).

Analysis of variance (not shown) of the 
protein fraction content showed highly 
significant differences between the acces-
sions, indicating that the accessions have 
contrasting characteristics. The coefficient 
of variation for total protein was good 
(CV 2.98) (13). Tandag-Silvas et al. (2011) 
noted that the classification of extracted 

proteins is a convenient approach for 
studying seed storage proteins due to the 
relative ease of protein extraction.

The results of the means compar-
isons (table 2) showed that accession 
'HRH2015' presented the highest total 
soluble protein content of 3.48 g per 100 
g flour, which was significantly different 
from that of 'FVR12015' (3.05 g). The 
accession with the lowest soluble protein 
content was the 'regional landrace' (1.75 g 
of protein) (9).

The QPM accession showed the highest 
protein quality because its endosperm 
content includes high levels of albumins and 
globulins (rich in lysine and tryptophan) 
with a decreased zein content. These 
proteins constitute the major fraction of 
storage proteins, accounting for 50 to 70% 
of the proteins (33).

Table 2. Means comparison by the Tukey test for the soluble protein contents of maize 
accessions. Roque, Guanajuato Spring-Summer 2015.

Tabla 2. Comparación de medias mediante la prueba de Tukey para contenido de 
proteína soluble de los genotipos de maíz. Roque, Guanajuato Primavera-Verano 2015.

Means with the same letter for each trait are statistically equal, Tukey's test, P≤0.05. 
1 Albumins; 2 Globulins; 3 Prolamins; 4 Glutelins; 5 Total soluble protein content (g P / 100 g of flour).

Medias con la misma letra dentro de cada variable son estadísticamente iguales, Tukey, P≤ 0,05.  
1 Albúminas; 2 Globulinas; 3 Prolaminas; 4 Glutelinas; 5 Contenido total de proteína soluble (g P/100 g de harina).

Accession ALB1 GBL2 PRL3 GLT4 TOTAL5

12015 1.28def 1.11bc 0.26bcd 0.03e 2.69cde
22015 1.31cde 1.19ab 0.26bcd 0.16c 2.93bc
A2015 1.36bc 1.12bc 0.35ab 0.05de 2.90bcd
ROQUE2 1.18f 1.32ab 0.17d 0.04de 2.71cde
POL2015 1.22ef 1.16bc 0.19cd 0.05de 2.63e
FVR12015 1.42bc 1.28ab 0.26bcd 0.083d 3.05b
ERH2015 1.44b 0.95c 0.21cd 0.05de 2.67de
HRH2015 1.61a 1.41a 0.38a 0.07de 3.48ª
MRH2015 1.22ef 1.21ab 0.39ª 0.06de 2.88bcd
INIFAP-QPM 1.22ef 1.21ab 0.39ª 0.06de 2.88bcd
Regional landrace 0.37h 0.24e 0.37ab 0.75ª 1.75g
RQ2015 0.95g 0.57d 0.29abc 0.39b 2.20f
MEAN 0.76 0.512 0.945 0.329 2.55
LSD 0.0706 0.0388 0.0883 0.0412 0.16
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For the albumin fraction, the accessions 
with the highest content were 'HRH2015', 
with 1.61 g of protein / 100 g of flour, 
followed by 'ERH2015', with 1.44 g, and 
'FVR12015', with 1.42 g. The acces-
sions with the lowest contents were the 
'regional landrace', with 0.37 g, followed by 
'RQ2015', with 0.95 g. Similar values were 
found in a previous study (12).

The accessions with the highest globulin 
fraction contents were 'HRH2015' (1.41 g), 
'ROQUE2' (1.32 g), 'FRV2015' (1.28 g) and 
'22015' (1.19 g); the accession with the 
lowest globulin protein content was the 
'regional landrace' (control; 0.24 g).

The 'HRH2015' accession contained 
high percentages of the albumin, globulin 
and prolamin fractions, but a lower 
percentage of the glutelin fraction, 
making it suitable material for breeding. 
The two first fractions were of better 
protein quality (32). The 'MRH2015' 
accession exhibited high percentages of 
globulins and prolamins. The 'HRH2015', 
'INIFAP-QPM', 'MRH2015', 'ROQUE2', 
'22015' and 'FVR2015' accessions 
contained high percentages of the globulin 
fraction. Literature indicates that high 
percentages of albumins and globulins 
and a low percentage of prolamins are 
indicators of the protein quality of acces-
sions, since the first two fractions are rich 
in essential amino acids such as lysine 
and tryptophan.

In OPACO-2, maize genes have been 
introduced to restore grain hardness and 
even low levels of α. Introduced quanti-
tative trait loci increase the expression 
of γ-zeins, which appears to restore grain 
hardness (37).

Figure 1 shows the electrophoretic 
pattern of the prolamin fraction (zein), 
which is of interest for determining the 
possible genetic differences between 
the accessions. This fraction presented a 
similar pattern among the obtained bands. 

The 'POL2015' accession showed a band 
at 95.6 kDa, and the '12013' and '22013' 
accessions showed a band at 77.8 kDa. 
All accessions presented bands at 43.6, 
39.2, 29.1, 23.7, 19.8 and 13.2 kDa, which 
are characteristic of maize germplasms. 

Figure 1. Electrophoretic pattern of the 
prolamin fraction. MM: Molecular weight 
marker (kDa); 1: '12013', 2: 2. '22013', 3. 
'A2013', 4. 'ROQUE2', 5. 'POL2015'. At the 
21 kDa marker position, two prominent 

bands characteristic of this fraction 
are shown.

Figura 1. Patrón electroforético de la 
fracción de prolaminas. MM: Marcador 
molecular (kDa) 1. Genotipo '12013', 
2. '22013', 3. 'A2013', 4. 'ROQUE 2', 5. 
'POL2015'. A la altura del marcador 

de 21 kDa se muestra dos bandas 
prominentes características de 

esta fracción.
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Prolamins are small globular proteins with 
a high cysteine ​​content. High percentage 
accumulation of zeins confers a poor 
protein quality (37).

Figure 1 (page 20) shows some of 
the differences between the accessions, 
such as a missing prominent band in the 
middle of the gel (45 kDa) in the '12013' 
accession (third lane). Apparently, the 
molecular weight of this band changes. 
This characteristic could help to differen-
tiate the accessions.

Figure 2 shows the electropho-
retic pattern of the prolamin fraction; 
a similar pattern is observed among 
the bands of accessions 'FVR2015', 
'ERH2015', 'HRH2015' and "MRH2015". 
The 'INIFAP-QPM' accession presents a 
band at 33.1 kDa that the other materials 
do not present. Accessions 'FVR12015', 
'ERH2015' and 'HRH2015' present a 
very intense band at 20.1 kDa. In general, 
the pattern includes bands at 67, 45, 
25, 20, 16 and 13.2 kDa. According to 
Wu et al. (2012), the 22 and 19 kDa zein 
bands are the most prominent storage 
proteins. Additionally, high accumulation 
of zeins results in a poor protein quality 
according to these researchers.

The analysis of variance (not shown) 
of the bromatological data (moisture, ash, 
proteins, oil, fiber and carbohydrates) 
showed significant differences for all 
traits, indicating that at least one accession 
presented different characteristics for 
some of the evaluated traits. These results 
indicate that the accessions are not 
related. The coefficients of variation were 
good for the evaluated traits (13).

The average moisture trait value was 
12.40%; the highest values were obtained 
for accessions 'INIFAP-QPM' and '12015' 
(13.11%), while the values for '22015' 
(12.86%) and 'HRH2015' (12.45%) were 
statistically equal.

Figure 2. Electrophoretic pattern of the 
prolamin fraction of 5 maize accessions. 

MM: Molecular marker 1.-FVR12015, 
2.-ERH22015, 3.-HRH2015 4.- MRH2015, 
5.- INIFAP-QPM. At the 21.5 kDa marker 
position, prominent bands of prolamins 

are visible.
Figura 2. Patrón electroforético de la 

fracción de prolaminas de 5 genotipos de 
maíz. Donde: MM: Marcador molecular 

1.-FVR12015 ,2.-ERH22015, 3.-HRH2015 
4.- MRH2015, 5.- INIFAP-QPM.  A la altura 

del marcador de 21.5 kDa se ven las 
bandas prominentes de las prolaminas.

The average ash trait value was 1.27%; 
the accessions with the highest values 
(statistically equal) were '12015' (1.42%), 
‘ERH2015' (1.36%), 'RQ2015' (1.33%), 
'INIFAP-QPM' (1.32%), 'ROQUE2' (1.3%), 
the 'regional landrace' (1.29%) and 
'HRH2015' (1.26%). For the protein 
trait, the average value was 8.55%; the 
highest value was obtained for the '12015' 
accession (10.44%), which exhibited an 
excellent protein percentage that was 
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20.55% higher than that of 'INIFAP-QPM' 
and 35.8% higher than that of the 'regional 
landrace'. In addition, it also showed high 
ash and carbohydrate contents, constitu-
iting good material for breeding.

Accessions 'ROQUE2', 'PLO2015', 
'22015', 'ERH2015' and the 'regional 
landrace' showed a low protein 
content (7.64%), similar to those of 
non-breeding maize varieties (21). The 
mean oil percentage trait value was 2.7%; 
accessions 'RQ2015' (5.2%), 'ERH2015' 
(4.2%) and 'ROQUE2' (4.28%), showed 
high oil content, while the accession with 
the lowest oil content was '12015' (0.66%). 
The mean fiber percentage trait value was 
2.22%; the 'INIFAP-QPM' variety showed 
the highest value for this trait (3.96%), 
followed by '22015' (3.21%).

The observed ash contents were 
consistent with the findings of Cázares-
Sánchez et al. (2015), who evaluated 41 
native maize accessions from central-
northern Yucatán, México, and found 
values of 1.12 to 1.83%. These findings are 
consistent with those of Agama-Acevedo 
et al. (2005), who evaluated pigmented 
maize and found ash values of 1.1 to 
1.6%. These results are within the range 
established by the Codex Alimentarius 
Commission, with a maximum of 3% (10).

Protein content ranged from 7.23 to 
10.44%; this range has been reported 
for different genotypes by others, such 
as Narváez-González et al. (2006), who 
observed contents between 6.8 and 14.2%, 
and Díaz-Coronel et al. (2009), who found 
protein values ​​ranging from 10.6 to 12.2% 
in five corn hybrids. These results indicate 
that the protein content has a genetic basis. 
Vidal-Martínez et al. (2008) evaluated 45 

collections of maize landraces from "Sierra 
de Nayarit", Mexico, where the highest 
protein value was 12%. Vázquez-Carrillo 
et al. (2010) observed 12.5% protein as 
a maximum value in 26 maize landraces 
from the Mezquital Valley, Hidalgo, Mexico, 
similar to the percentage found in this 
research. A high protein quality in maize is 
caused by the synthesis of larger albumin 
and globulin fractions, which consist of 
lysine- and tryptophan-rich proteins, 
while the zein content is decreased. This 
means that the total protein content does 
not vary quantitatively (33). Zeins are 
the main fraction (up to 60%) of the total 
endosperm protein (22). These results 
show that some of the evaluated accessions 
presented a good protein quality and seed 
quality, supporting the hypothesis.

Conclusions

The results of the germination test 
were superior to 80% for all acces-
sions. Accession "INIFAP-QPM" showed 
susceptibility to the accelerated aging 
test. The 'HRH2015' accession exhibited 
the highest amount of soluble protein, 
and the 'regional landrace' presented the 
lowest. Accession 'HRH2015' showed high 
albumin, globulin and prolamin contents; 
the 'regional landrace' showed the highest 
content of glutelins plus prolamins. The 
'12015' accession showed the highest total 
protein content, followed by 'HRH2015'; 
the lowest total protein content was 
presented by 'RQ2015' and the 'regional 
landrace'. Accession 'RQ2015', on the 
other hand, presented the highest oil 
content and '12015' the lowest. In terms of 
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fiber content, the 'INIFAP-QPM' accession 
presented the highest value. The average 
ash content was 1.27%. The electro-
phoretic patterns of prolamins showed 
some differences between accessions. 
These maize accessions could be used 
for breeding purposes. The 'HRH2015' 
accession showed high performance in 
most of the evaluations conducted in this 

study, except for glutelin content, and 
this fraction does not provide essential 
amino acids. Accessions 'HRH2015' and 
'FVR12015' were superior in protein 
quality, and accessions 'A2015', 'POL2015' 
and 'FVR12015' were superior in seed 
quality; therefore, these accessions could 
be used in a future breeding program.
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Abstract

This work studied 40 samples of Diaporthe phaseolorum var. meridionalis (Dpm), 
causal agent of stem canker in soybeans (SCS). In the susceptible genotype Golondrina65, 
the isolate RSF12 showed the highest percentage of dead plant index (DP = 85.7 %) and 
was used to characterize all known sources of resistance to Dpm. The soybean MJ19RR 
experimental line showed, the best behaviour against this isolate with a DP = 2.4 % and 
was used to develop a segregating population with the susceptible cultivar FT-2001. In 
the F2 generation, a chi-square test determined a 3:1 ratio of resistant plants against 
susceptible plants, as expected for a dominant gene. In order to advance in our study, we 
proposed as objective, to map the resistance to Diaporthe phaseolorum var. meridionalis. 
The Bulked Segregant Analyses and the genetic linkage study identified a region on 
chromosome 6 of the genetic map of soybean, located at 13.3 cM from the Satt433 locus 
associated with resistance to SCS. The soybean experimental line MJ19RR was selected 
as the best source of resistance, available in the active bank of soybean germplasm of 
INTA, for the genetic control of this disease. The results obtained in this work represent 
a first approximation for the understanding of the genetic basis of resistance to SCS.

Keywords
Diaporthe phaseolorum var. meridionalis • molecular markers • fungal resistance • 
Glycine max
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Resumen

En este trabajo estudiamos 40 muestras de Diaporthe phaseolorum var. meridionalis 
(Dpm), agente causal del cancro del tallo en soja (CTS). En el control susceptible Golon-
drina65, el aislado RSF12 presentó el mayor porcentaje del índice de plantas muertas 
(DP = 85,7 %) y fue utilizado para caracterizar las fuentes de resistencia conocidas al Dpm. 
La línea experimental de soja MJ19RR mostró el mejor comportamiento frente a este 
aislado, con un valor de DP= 2,4 %, y fue utilizada para desarrollar una población segre-
gante con el cultivar susceptible FT-2001. En la generación F2 la prueba de chi-cuadrado 
determinó una proporción 3:1 de plantas resistentes versus plantas susceptibles, como 
se espera para un gen dominante. Para avanzar en nuestro estudio, proponemos como 
objetivo localizar en el mapa genético de soja la resistencia a Diaporthe phaseolorum var. 
meridionalis. El Bulked Segregant Analyses y el estudio de ligamiento genético identifi-
caron una región del cromosoma 6 del mapa genético de soja, a 13,3 cM del locus Satt433, 
asociada a la resistencia al CTS. Además la línea experimental de soja MJ19RR fue selec-
cionada como la mejor fuente de resistencia disponible en el banco activo de germo-
plasma de soja de INTA para el control genético de esta enfermedad. Los resultados 
obtenidos en este trabajo representan una primera aproximación para la comprensión 
de las bases genéticas de la resistencia al CTS.

Palabras claves
Diaporthe phaseolorum var. meridionalis • marcadores moleculares • resistencia a 
hongos • Glycine max

Introduction

Soybean stem canker (SSC) is caused 
by Diaporthe phaseolorum. First reported in 
USA in 1940s, it was one of the pathogens 
with major impact on soybean yield. A 
variant named meridionalis was identified 
in 1973 in southern USA with two different 
stages: the asexual one as  Phomopsis 
phaseoli  var.  meridionalis  in infected plant 
tissue, and the sexual phase, as  Diaporthe 
phaseolorum var. meridionalis (Dpm) on plant 
detritus (14). In Argentina, D. phaseolorum v
ar.  meridionalis  was first reported in 1992 
(7). It  is currently distributed all over the 
soybean production areas with four different 
physiological breeds identified according to 
response to inoculation of different resistant 
cultivars (10).

SSC resistance is controlled by five 
major, dominant, nonallelic genes: Rdm1 
and Rdm2 in cv. Tracy-M (11); Rdm3 in 
cv. Crockett, Rdm4 in cv. Dowling and 
cv. Hutcheson (2, 3) and Rdm5 in cv. 
Hutcheson (20). The pyramiding of these 
resistance genes could be the better 
strategy for achieving control of all physi-
ological breeds causing SSC. In this sense, 
marker assisted selection is a tool that 
is currently available in most  breeding 
programs, however  information about 
mapped markers associated with resis-
tance to SSC is scarse. 

With  the objective of locating  the 
genetic resistance to Diaporthe 
phaseolorum var. meridionalis in the 
genetic soybean map, it was used a Bulked 
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Segregant Analysis (BSA) strategy (13) 
was used in a F2 population derived from 
a simple cross between the MJ19RR x 
FT-2001 genotypes.

BSA is a simple strategy  used as first 
approach  to  locate  genomic regions 
associated with important agronomic 
traits. It  is based on segregation disequi-
librium caused by genetic linkage and 
consists  in  of comparing two DNA bulks 
from plants of a segregating population 
(generation F2) derived from a simple 
cross or a backcross (generation BC1F2).

Materials and Methods

Fungal isolation
D. phaseolorum var. meridionalis were 

obtained from infected plants showing 
typical SSC symptoms from soybean 
production fields located in Córdoba and 
Santa Fe regions of Argentina, during the 
2013/2014 harvest season. Isolation was 
conducted by the method of Keeling (9). 
D. phaseolorum var. meridionalis were 
cultivated on potato dextrose agar (PDA) 
plates at 27 ± 2°C for 5 days, and then 
maintained at room temperature for 45 
days in order to induce perithecium fructi-
fication. Afterwards, the cultures were 
maintained at 4°C. Morphologic charac-
terization considered the aspect of the 
colony, the perithecium, the pycnidium 
and whether α or β conidia were present 
(5). Isolates fitting to D. phaseolorum var. 
meridionalis description were subcul-
tured on new PDA media. Finally virulence 
studies of each isolate were performed 
by inoculation of the susceptible control 
Golondrina65 under greenhouse 
conditions.

Plant Materials
The chosen genotypes included: the 

susceptible control Golondrina65 and 
the cultivars Tracy-M, Crockett, Dowling, 
Hutcheson, MJ19RR, Hartwig, Pickett71, 
FT-2001 and Peking. In addition, 147 F2 
plants were obtained after crossing the 
contrasting parents FT-2001 (susceptible) 
and MJ19RR (resistant). This cross was 
performed in INTA Marcos Juarez in 
January 2015, 147 F2 seeds were obtained 
from a single F1 plant.

Phenotypic screening
The toothpick method (9) was chosen 

to screen response to SSC under green-
house conditions. For rating resistance 
of cultivars against SSC, a random blocks 
design was used with three replications 
of 15 plants each. In order to rate the 
147 F2 plants, a complete randomized 
design was performed. Three replicates 
with 15 Golondrina65 plants randomly 
distributed, of Golondrina65 were 
included as positive controls to the inocu-
lation. Seven days after emergence, plants 
were inoculated with Dpm mycelium 
and kept at a 25-30°C temperature with 
100% of relative humidity (RH) for 48 h. 
Subsequently, the plants were maintained 
in a greenhouse for 25 days before rate 
disease severity was recorded. A longi-
tudinal section of the stem was taken to 
measure pathogen penetration into plant 
tissue (photo 1, page 29). Genotype resis-
tance was rated as the average value of the 
percentage of dead plants index (% DP) in 
three replicates using Equation 1:

(1)
 

where:
DP = number of dead plants
IP = number of infected plants
TP = total number of plants

( )100
2% *100

IPDP
DP

TP



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Four levels of disease severity were 
established to rank cultivars response to 
Dpm, according to percentage of death 
plant index (% DP): resistant R = 0 to 
14.9%, moderately susceptible MS = 15 to 
49.9 %, susceptible S = 50 to 84.9% and 
highly susceptible HS = 85 to 100% (11), F2  
individuals were scored in two levels: as 
resistant when no disease symptoms had 
developed, and susceptible when disease 
symptoms were present (photo 1).

DNA extraction 
DNA was purified from leaf tissue (15) 

and suspended in TE buffer (Tris-HCl 
10 mM, EDTA 1 mM pH = 8). The 
concentration was determined by means 

of electrophoresis on 0.8% agarose gel 
and comparison with standard samples. 
For bulk segregant analysis, equimolar 
solutions were obtained from 15 resistant 
plants (resistant bulk: RB), and the 15 
susceptible plants (susceptible bulk: SB).

PCR amplification
Genetic analysis was performed by PCR 

amplification of 84 SSR markers covering 
the 20 chromosomes of the soybean 
genome (table 1, page 30). The selection 
of the SSR was based on the location of 
the clusters of disease resistance genes 
previously reported (SoyBase, available 
in: http://www.soybase.com, accessed, 
September 2015).

Photo 1. Reaction of soybean genotypes 25 days after inoculation with D. phaseolorum 
var meridionalis. A and B, resistant reaction in MJ19RR; C and D, susceptible reaction in 

FT-2001, showing necrosis caused by fungal growth on hypocotyl plant.
Foto 1. Reacción de genotipos de soja luego de 25 días de la inoculación con 

D. phaseolorum var meridionalis. A y B, reacción de resistencia en MJ19RR. C y D, 
reacción susceptible en FT-2001, se observa necrosis causada por el hongo en el 

hipocotilo de las plántulas.
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Table 1. Chromosome (Chr) and SSR markers used in the genetic characterization of 
the parents MJ19RR and FT-2001.

Tabla 1. Cromosomas (Chr) y marcadores SSRs usados en la caracterización de los 
parentales MJ19RR y FT-2001.

Bold letters indicate polymorphic markers among both parents.
Letras en negrita indican los marcadores polimórficos entre parentales.

Chr SSR markers

1 Sat_036; Satt184.

2 Sat_069; Satt005; Sat_135.

3 Sat_125; Satt154; Satt584; Satt393.

4 Sat_042; Satt139.

5 Satt382; Satt545; Satt174.

6 Satt281; Satt079; Satt202; Satt316; Satt371; Satt307; Satt433; Satt460; Sct028; Satt277; 
Satt286; Satt319; Satt357.

7 Satt245; Satt590.

8 Satt409; Sat_162; Sat_157; Satt632.

9 Sat_020; Sat_119; Satt518; Satt337.

10 Sat_108; Satt445.

11 Satt509: Satt415; Satt332.

12 Sat_118; Satt541.

13 Satt030; Satt516; Satt334; Satt657.

14 Satt063; Satt168; Satt416.

15 Sat_107; Sat_112; Satt384; Satt602; Satt369.

16 Satt596; Satt244; Sat_396; Satt285; Satt547.

17 Sat_001; Satt458; Satt301; Satt574.

18 Satt131; Satt309; Satt288; Sat_141; Sat_163; Satt505; Satt012; Satt472; Satt191; Satt517; 
Satt038; Satt130; Satt610; Satt503.

19 Satt182; Satt462; Satt652.

20 Satt440; Satt127.
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SSR amplification was conducted with 
a GeneAmp PCR System 9700 (Applied 
Biosystems, Framingham, MA, USA), using 
a final volume of 15μl containing 50 ng of 
DNA of the resistant bulk, the susceptible 
bulk or the population parents, 1x GoTaq 
Buffer Green (1.5mM of Cl2Mg), 0.2 mM 
of each dNTPs, 1U of GoTaq polymerase 
(PROMEGA, Madison, US), and 0.5 μm of 
each primer. Amplification conditions were 
as follows: 94°C for 120 s; 35 cycles of 92°C 
for 45 s; 47°C for 45 s; 68°C for 45 s; and 
68°C for 60 s. PCR products were separated 
by electrophoresis on 12% polyacrylamide 
gels, stained with ethidium bromide solution 
(10 mg/ml) and visualized under UV light. 
The correct size of amplicons was analyzed 
by comparison with the reference genotype 
Williams82 (SoyBase, available in: http://
www.soybase.com, accessed June 2016).

Linkage analysis
Linkage analysis was performed 

with 147 F2 plants derived from 
the MJ19RR x FT-2001 cross. Map 
construction was accomplished with 
GQMol software (4), using distance unit of 
Kosambi with 3.0 LOD score and maximum 
recombination distance of 50 cM. Graphics 
were obtained with GGT 2.0 software (21).

Results

Fungal isolation
Plants from soybean fields, putatively 

infected with Dpm were collected. Thirty 
seven out of 40 samples, produced isolates 
fitting Dpm description. These were used 
to inoculate the susceptible control Golon-
drina65 in order to confirm their identity 
and measure their virulence on soybean. 
The isolates that produced % DP values 
from 80% to 100% were considered highly 

virulent. The isolate RSF12 obtained in 
Roman (29°30'49" S, 59°46'40" W), Santa 
Fe, Argentina, produced the highest % DP 
values and was selected for further analysis.

Reaction of MJ19RR to RSF12 isolate
The responses of susceptible control 

Golondrina65 and nine soybean cultivars 
(Tracy-M, Crockett, Dowling, Hutcheson, 
MJ19RR, Hartwig, Pickett71, FT-2001, 
Peking) to inoculation with RSF12 are 
presented in table 2 (page 32). Eighty 
five plants of Golondrina65 in six repli-
cates were inoculated. All these plants 
presented typical SSC symptoms corre-
sponding to a highly susceptible reaction 
(HS) with values % DP of 85.7 ± 4.5. A 
sub-set of four genotypes produced a 
susceptible reaction (S) in terms of % DP: 
Hartwig (69.3 ± 3.4%), Pickett71 (67.7 ± 
4.2%), FT-2001 (67.3 ± 2.1%) and Peking 
(53.1 ± 1.6%), while Dowling, Crockett and 
Hutcheson produced a moderately suscep-
tible reaction (MS) with % DP values of 
23.4 ± 0.8%, 20.5 ± 1.1% and 15.6 ± 2.9%, 
respectively. On the other hand, Tracy-M 
and MJ19RR had a resistant reaction (R) 
with % DP values of 12.5 ± 2.5% and 2.4 
± 1.6%, respectively. It is noteworthy that 
the MJ19RR was the only genotype that 
presented no dead plants by inoculation 
with SSC.

Inheritance of the resistance 
The phenotypic analysis of 147 F2 

plants by inoculation with Dpm isolate 
RSF12 produced 113 and 34 plants 
showing resistant and susceptible 
reactions, respectively. The chi-square 
value χ2 = 0.28 < 3.86 at a p ≤ 0.05 
confirmed a 3:1 mendelian segregation 
that fitted in with a frequency of a single 
dominant gene (table 3, page 32).
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Table 2. Percentage of dead plant index (% DP) of soybean genotypes inoculated with 
isolate RSF12 of Diaporthe phaseolorum var. meridionalis.

Tabla 2. Porcentaje del índice de plantas muertas (% DP) de genotipos de soja 
inoculados con el aislado RS12 de Diaporthe phaseolorum var. meridionalis.

a The susceptible control Golondrina65 was tested in six repetitions randomly distributed among the 
soybean cultivars and the 147 plants of the mapping population.

a El control susceptible Golondrina65 fue incluido en seis repeticiones distribuidas al azar entre los cultivares 
y las 147 plantas de la población de mapeo.

Table 3. Chi-square for the resistance locus RdmMJ19RR and the SSR markers in F2 generation 
of MJ19RR x FT-2001 and its positions (MP) in the soybean molecular map (19).

Tabla 3. Chi-cuadrado para el locus de resistente RdmMJ19RR y los marcadores SSRs en 
la generación F2 de MJ19RR x FT-2001 y sus posiciones (MP) en el mapa molecular de 

soja (19).

Cultivars Number of Plants % DP Reaction (11)
Golondrina65a 85 85.7 ± 4.5 Highly Susceptible
Hartwig 41 69.3 ± 3.4 Susceptible 
Pickett71 41 67.7 ± 4.2 Susceptible
FT-2001 45 67.3 ± 2.1 Susceptible
Peking 38 53.1 ± 1.6 Susceptible
Dowling 41 23.4 ± 0.8 Moderately Susceptible
Crockett 40 20.5 ± 1.1 Moderately Susceptible
Hutchenson 45 15.6 ± 2.9 Moderately Susceptible
Tracy–M 42 12.5 ± 2.5 Resistant
MJ19RR 40 2.4 ± 1.6 Resistant

Locus MP (cM) Hypothesis Expected Observed X2

Satt079 117.8 1:2:1 36.75:73.50:36.75 39:66:42 1.66

Satt307 121.30 1:2:1 36.75:73.50:36.75 35:61:44 3.64

Satt433 128.30 1:2:1 36.75:73.50:36.75 39:82:26 4.26

RdmMJ19RR 3:1 110.25:36.75 113:34 0.28

Polymorphism detection
All the amplified fragments showed 

the expected size as reported for the 
reference genotype Williams 82. Out of all 
84 SSR, 22 were polymorphic between the 
parental cultivars MJ19RR and FT-2001 
(table 1, page 30).

In order to detect the SSR that 
were close to the resistance gene, we 
considered PCR sensitivity as reported for 
bulk segregant analysis (13). The markers 
Satt382 from Chr 5, Satt433 from Chr 6, 
Satt182 from Chr 19, and Satt152 from Chr 
3 were selected as candidates considering 
low intensity amplification the resistant 
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allele in susceptible bulk (SB) as a sign of 
low recombination between the markers 
and the resistance gene.

Mapping SSC resistance in MJ19RR
Out of the four markers (Satt382, 

Satt433, Satt182 and Satt152) analyzed 
in the 34 susceptible F2 plants, only in 
Satt433, the susceptible allele (a band 
of 200 bp), was observed in 26 of the 
34 plants; whereas in the remaining 
eight plants, the resistant allele (290 bp) 
was amplified. These latter plants repre-
sented recombination events between the 
marker and the resistance gene (photo 2 
and figure 2, page 35).

Eleven additional SSR were selected 
from the Satt433 genomic region covering 
about 40 cM, five of which produced 
polymorphic bands in the parental 
genotypes (table 1, page 30). Satt433, 
Satt079 and Satt307 were included in the 
analysis and the chi-square test confirmed 
the segregation of theses markers with 
mendelian ratio (table 3, page 32). 
Using GQMOL the Satt433 marker was 
positioned at 25.1 cM from Satt307 and at 
34.2 cM from Satt079, whereas resistance 
to SSC (RdmMJ19RR) was located at 13.3 cM 
from Satt433 (figure 1, page 34). This 
region has not been previously reported 
as associated with SSC resistance.

Photo 2. Satt433 amplification in 34 susceptible plants of mapping 
population. R, resistant allele of MJ19RR, S. susceptible allele of FT-2001. 

M, molecular weight marker.
Foto 2. Amplificación de Satt433 en las 34 plantas susceptibles de la 

población de mapeo. R, alelo resistente de MJ19RR; S, alelo susceptible de 
FT-2001. M, marcador de peso molecular.
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Figure 1. Section of chromosome 6 showing position of RdmMJ19RR locus. A, reference 
map (19). B, genetic map obtained in the present study.

Figura 1. Sección del cromosoma 6 donde se localiza el locus RdmMJ19RR. A, mapa de 
referencia (19). B, mapa genético obtenido en el presente trabajo.

The recombination in the 34 suscep-
tible plants was evaluated with the 
Satt079, Satt307 and Satt433 markers. 
As shown in figure 2 (page 35), recombi-
nation in all analyzed locus, were observed. 
Satt371 and Satt357, located in the distal 
region of Chr 6, were monomorphic for 
MJ19RR and FT-2001. It was not possible 
to analyze recombination at the distal end 
of this chromosome.

Resistance sources characterization
Nine soybean genotypes, among 

which are all known sources of SSC 
resistance, were analyzed with seven 
SSR markers of the Chr 6 region where 
RdmMJ19RR was mapped (figure 3, page 36). 
The resistant allele from Satt433 was 
amplified in MJ19RR, Tracy M, Crockett 
and Dowling. The only resistant genotype 

that did not showed the resistance 
allele was Hutcheson. Amplifications of 
the loci Satt316 and Satt202 produced 
the same alleles in MJ19RR, Tracy-M, 
Crocket, Peking, FT-2001, Pickett71 and 
Hartwig, except Tracy-M and FT-2001 
that showed different alleles for Satt316. 
With the Satt307 and Satt079 markers all 
genotypes amplified different alleles than 
MJ19RR, except Hutcheson and Dowling 
for the Satt079 locus. Analysis with 
Satt371 marker showed the same allele in 
MJ19RR, FT-2001, Pickett71 and Hartwig, 
while Satt357 amplified the same allele 
in all genotypes except in Hutcheson. 
Overall, these results indicate that there 
was no a clear relationship between the 
studied haplotypes.
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Figure 2. Recombination in distal region of chromosome 6 in 34 susceptible plants 
of mapping population. Orange fragments denote susceptible allele of FT-2001, 
green fragments denote the resistant allele of MJ19RR blue fragments, denote 

heterozygous regions.
Figura 2. Recombinación de la región distal del cromosoma 6 en las 34 plantas 
susceptibles de la población de mapeo. Los fragmentos naranjas indican el alelo 
susceptible de FT-2001, fragmentos verdes indican el alelo resistente de MJ19RR 

mientras que fragmentos azules indican regiones heterocigotas.
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Figure 3. A: allelic combination of the distal end of chromosome 6 in all known Dpm 
resistance sources. Green fragments denote presence of alleles resistant of MJ19RR. 
B: percentage of dead plant index (% DP) with response to Dpm (RS12) inoculation.

Figura 3. A: combinación alélica del extremo distal del cromosoma 6 en todas las 
fuentes de resistencia al Dpm conocidas; fragmento verde representa los alelos del 

genotipo resistente MJ19RR. B: Porcentaje del índice de plantas muertas (% DP) como 
respuesta a la inoculación con Dpm (RS12).
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Discussion

This research presents the first 
genomic approximation to stem canker 
resistance using bulk segregant analysis. 
The selection of SSR candidates according 
to the intensity of the resistant allele 
amplification in the susceptible bulk, 
was efficient in localizing the genomic 
region associated with the resistance. 
This strategy allowed the identification 
of the genomic region of interest, using 
few polymorphic molecular markers, 
a common situation when we used 
domestic parental for develop mapping 
population. When analyzing F2 generation 
of the mapping population, we showed 
that the genetic resistance of MJ19RR was 
the result of a single dominant gene. In 
this case, the hypothesis was confirmed 
considering 113 F2 plants as resistant, 
which did not show symptoms (immune), 
while the remaining 34 susceptible plants 
showed clearly identifiable symptoms 
throughout the hypocotyls (photo 1, page 
29). This stark contrast between resistant 
and susceptible plants in the mapping 
population leaves no doubt of the inheri-
tance of this gene and demonstrates the 
consistency of the resistance reaction 
of MJ19RR against an aggressive isolate 
of Dpm.

The genotypic analysis located the 
resistance at Chr 6, linked to Satt433 
marker at 13.3 cM (figure 1, page 34). 
The recombination between Satt433 
and RdmMJ19RR in eight susceptible plants 
suggested that resistance to SSC could 
be located in the distal region of Chr 6 
(figure  2, page 35). The lack of polymor-
phism between MJ19RR and FT-2001 
at Satt371 and Satt357 prevented the 
recombination study in the distal end of 
the chromosome.

This region on Chr 6 of the soybean 
map was previously reported as respon-

sible for resistance to sudden-death 
syndrome (6, 8, 16), to Phytophthora 
sojae (12), to Asian soybean rust in 
cv. FT-2001 (18). Also, resistance to 
Heterodera glycines was mapped by 
(1, 22). These findings support the idea 
of a clustered location of resistance genes 
related to biotic stress, which is very 
valuable for breeding programs.

The presence of physiological breeds 
of Dpm that show a differential response 
to different Rdm genes was already 
reported (17). They observed that there 
are very aggressive breeds in Argentina 
which are controlled only by the Rdm1 
gene. However lower % DP values were 
observed when this gene was accom-
panied by Rdm2 in the Tracy-M genotype. 
In our research, the Tracy-M showed % 
DP values corresponding to the resis-
tance reaction (R), but Dowling, Crocket 
and Hutchenson showed moderately 
susceptible (MS) responses (table 2, page 
32). This result suggests that RSF12 is a 
very aggressive isolate, because it is only  
controlled by Tracy-M (Rdm1/Rdm2).

Although we are not aware of the 
resistance source from where MJ19RR 
originated, reaction similarities between 
MJ19RR and Tracy-M could indicate that 
both genotypes share a genetic base for 
Dpm resistance. Using SSR markers, we 
aligned the haplotypes of our parental 
genotypes with all the possible Dpm resis-
tance sources known and their respective 
reactions to RSF12 isolation (figure 3, page 
36). The comparison of the genomic region 
from distal end of Chr 6 for genotypes 
MJ19RR and Tracy-M, showed similarities 
for Satt357 locus between both genotypes. 
In this sense, Tracy-M could be the sole 
potential responsible for MJ19RR resis-
tance, considering that all the sources of 
resistance was  tested in this experiment.
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The Rdm2 gene controls less aggressive 
breeds which are also controlled by other 
known genes (Rdm1,3,4) (17), while in 
our research the RSF12 variant was only 
controlled by Tracy-M genotype, a combi-
nation of Rdm1 and Rdm2 genes. In this 
way if the resistance of MJ19RR derived 
of Tracy-M, then it should be through the 
Rdm1 gene. Nevertheless, the agronomic 
difference of the % DP values between 
MJ19RR (2.4%) and Tracy-M (12.5 %), the 
lack of dead plants and the sole resistance 
gene in MJ19RR, support the idea that 
these genotypes have different genetic 
basis for Dpm resistance.

Anyway, our experiments were unable 
to determine if the MJ19RR response is 
product of Rdm1, an allelic variation of 
this, or a new gene of other locus. 

Finally, in this paper we showed 
that resistance of MJ19RR controls a 
very aggressive Dpm variant through a 

single gene, indicating that this genotype 
is a very important tool for genetics 
breeding programs.

Conclusions

The RSF12 was the most aggressive 
isolate while MJ19RR was the only 
genotype where no dead plants resulted 
from inoculations. This fact revealed 
MJ19RR as a promising source of resis-
tance to SSC.

The genetic resistance of MJ19RR 
to SSC is determined by a single gene, 
located at the distal end of chromosome 6 
at 13.3 cM of the Satt433 marker.

This study determined that the 
agronomic reaction of the soybean 
genotype MJ19RR against the RSF12 
isolate is different from the rest of the 
known resistance sources, strongly 
indicating the presence of a new gene.
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Abstract

Sugarcane is one of the most important industrial crops in tropical and subtropical 
regions. INTA (Argentina) administrates a Sugarcane Germplasm Bank and carries out a 
breeding program. The current study was designed to assess the phenotypic and genetic 
diversity among 65 sugarcane accessions selected from the INTA bank. Clustering and 
ordination methods based on quantitative and qualitative morphological traits and SSR 
data, were applied. Generalized Procrustes Analysis allowed evaluating the correlation 
between relationships established with both markers. A good fit between dendrograms 
and similarity matrices were revealed by high cophenetic coefficients (r=0.82, p<0.0001; 
r=0.73, p<0.0001; r=0.82, p<0.0001 for phenotypic quantitative, phenotypic qualitative 
and molecular data respectively). The presence of different reliable population structure 
was observed when considering different data sources. Procrustes allowed finding those 
accessions that should have been responsible for the low correlation found between the 
individual configurations (73%). Both morphologic and molecular markers resulted 
discriminative enough to differentiate among accessions. It was not possible, however, 
to correlate associations of markers with the origin of materials. Phenotypic and genetic 
distances based on morphology and molecular information serves to assist conservation 
and organization of collection of materials, and the choice of parent combinations for 
breeding purposes.
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Introduction

Sugarcane is one of the most important 
industrial crops in tropical and subtropical 
regions. It is cultivated in more than 90 
countries around the world, primarily 
for its ability to store high concentra-
tions of carbohydrates to produce sugar 
and biofuel. INTA (Instituto Nacional de 
Tecnología Agropecuaria) administrates 
the main Sugarcane Germplasm Bank 
in Argentina and conducts a breeding 
program for this crop. 

The germplasm bank fulfils aspects 
related to exploration, collection, 
evaluation, preservation and germplasm 
exchange. The core collection currently 
includes 429 sugarcane accessions and 
120 clones from an annex collection with 
high Brix (total soluble solids) materials, 
an attribute related to potential sucrose 

Resumen

La caña de azúcar es uno de los cultivos industriales más importantes de regiones 
tropicales y subtropicales. El INTA (Argentina) administra un Banco de Germoplasma de 
caña de azúcar y lleva a cabo un programa de mejora. El presente trabajo fue diseñado 
para estimar la variabilidad fenotípica y genética entre 65 accesiones de caña de azúcar 
seleccionadas del INTA. Se aplicaron métodos de clasificación y ordenamiento en el 
análisis de datos morfológicos y de SSR. EL Análisis de Procrustes Generalizado permitió 
evaluar la correlación entre las relaciones establecidas a partir de ambos tipos de marca-
dores. Un buen ajuste entre los dendrogramas y las matrices de similitud fue soportado 
por un alto coeficiente de correlación cofenética (r=0,82, p<0,0001; r=0,73, p<0,0001; 
r=0,82, p<0,0001 para datos cuantitativos, cualitativos y moleculares respectivamente). 
La presencia de una estructura poblacional fue reconocida cuando se consideraron los 
diferentes tipos de datos. El Procrustes permitió detectar aquellas accesiones que serían 
responsables de la baja correlación detectada entre configuraciones individuales (73%). 
Tanto los marcadores morfológicos como los moleculares resultaron lo suficientemente 
discriminativos para diferenciar accesiones. No obstante, no fue posible correlacionar 
las asociaciones establecidas por los marcadores con el origen de los materiales. Las 
distancias fenotípicas y genéticas basadas en información morfológica y molecular 
será de utilidad para asistir en la conservación y organización de los materiales de la 
colección y elegir combinaciones parentales con propósito de mejora.

Palabras claves
análisis multivariado • caracteres morfológicos • SSR • caña de azúcar • variabilidad genética

yield. Some morphological traits have 
been measured to characterize these 
materials aiming at improving ttheir 
breeding value. However, these genetic 
markers have several limitations including 
low polymorphism, low heritability, late 
expression, and vulnerability to environ-
mental influences. In addition, it is known 
that morphological traits do not always 
provide a sound measure of genetic 
values and may not accurately reveal the 
genetic variation in germplasm collec-
tions (13). Since germplasm provides 
the raw material for breeders to improve 
crop performance, knowledge on genetic 
variability should be an auxiliary tool for 
breeding and an important link between 
the conservation and use of sugarcane 
available genetic resources. Interesting 
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genetic resources for breeders include 
advanced material (e.g. pre-bred material, 
breeding lines, adapted varieties, elite 
materials) and research material (e.g. 
advanced core collections, mapping 
populations). However, researchers 
and other users may be interested in a 
wider range of materials. The conser-
vation of genetic diversity in germplasm 
banks broadens the spectrum of 
materials targeted for storage (14). The 
usefulness of samples held in germplasm 
banks is dependent on the degree and 
quality of information connected to the 
samples (14). Morphological markers 
reflect variation of expressed regions 
of genome while molecular markers 
indicate variation of all genome including 
expressed and non-expressed regions. 
It has been reported that the patterns of 
allelic variation in a species may be very 
different for neutral markers compared 
with genes under selection. Based on a 
meta-analysis, Latta (2008) argued that 
variability at neutral and selected loci 
are not correlated because evolutionary 
forces act differently on them. Reed and 
Frankham (2003) showed only weak 
correlation between neutral molecular 
markers and morphological quantitative 
measures of variation. A joint analysis of 
morphological and molecular variability 
would undoubtedly increase the resolving 
power of the genetic diversity analysis of 
the sugarcane germplasm bank. It would 
also allow criteria for both, the choice of 
progenitor combinations to maximize 
the genetic variability of the progeny in 
the breeding program and to maintain 
variability of the germplasm collection. 
For those purposes, it is necessary to deal 
with a large number and different types 
of variables. The multivariate analysis has 
allowed the simultaneous evaluation of 

many traits by summarizing information 
in few synthetic variables. It has also 
permitted a better understanding of the 
structure of the sugar cane germplasm 
collection, helping to identify which 
variables are more relevant in order to 
identify relationships among accessions 
(3). The current study was designed 
to assess the phenotypic and genetic 
diversity of 65 sugarcane accessions 
selected from INTA's Germplasm Bank 
(Tucumán, Argentina), determining both 
the discriminating power and effec-
tiveness of different SSR primers for 
sugarcane genotype identification and 
the optimal SSR primer combination to 
ensure unambiguous identification of a 
set of sugarcane genotypes. In addition, 
we also evaluated the correlation between 
the sugarcane accessions relationships 
established with both morphological 
and molecular data in order to provide 
guidance for future use of sugarcane 
accessions in the breeding programme 
and germplasm bank management.

Materials and methods

Sixty five sugarcane accessions from 
the INTA Germplasm Bank (Tucumán, 
Argentina) were included in this study 
(table 1, page 43). Most of these genotypes 
are of interest for breeding purposes in 
Argentina due to their adaptability to 
subtropical growing areas (short cycle and 
early maturity). Some of these materials 
are or were used as commercial varieties 
in Argentina and other countries.

Three basic materials (identified as US) 
were also included. Sugarcane accessions 
were grown in the greenhouse under 
controlled conditions.
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Morphological traits
A total of 59 morphological variables 

from stem and leaf were evaluated. From 
these, 43 correspond with sugarcane 
UPOV (Union for the Protection of New 
Varieties of Plants) descriptors, while 16 
are descriptors defined by Wagih (2004). 
Morphological traits comprised both 
qualitative (43) and quantitative (16) 
attributes. Most of these attributes (48) 
are not subjected to selection in breeding 
programs; 4 of them, related to stem traits, 
are subjected to screening as primary 
conditioning requisites, while other 7 
are subsidiary traits related to leaves and 
canopy (table 2, page 44-45).

Table 1. Sugarcane accessions included in the genetic variability analysis and Province-
Country of origin (CO).

Tabla 1. Accesiones de caña de azúcar incluídas en el análisis de variabilidad genética 
y sus Provincias-Países de origen (CO).

Variety Origin Variety Origin Variety Origin
LCP85-384 Louisiana, USA NA84-3471 Salta, Argentina TUC72-16 Tucumán, Argentina
LCP86-454 Louisiana, USA NA63-90 Salta, Argentina TUC74-6 Tucumán, Argentina
LCP85-376 Louisiana, USA NA76-128 Salta, Argentina TUC71-7 Tucumán, Argentina
HoCP85-845 Louisiana, USA NA73-2596 Salta, Argentina TUC68-18 Tucumán, Argentina
HoCP92-648 Louisiana, USA NA88-948 Salta, Argentina TUC67-24 Tucumán, Argentina
HoCP92-645 Louisiana, USA NA73-1454 Salta, Argentina TUC79-9 Tucumán, Argentina
HoCP92-624 Louisiana, USA CP48-103 Louisiana, USA TUCCP77-42 Tucumán, Argentina
HoCP89-888 Louisiana, USA CP68-350 Louisiana, USA TUC77-42b Tucumán, Argentina
HoCP91-552 Louisiana, USA CP70-1133 Louisiana, USA TUC78-39 Tucumán, Argentina
HoCP92-631 Louisiana, USA CP79-1380 Louisiana, USA TUC72-4 Tucumán, Argentina
HoCP91-555 Louisiana, USA NA84-3471 Salta, Argentina TUC69-2 Tucumán, Argentina
HoCP88-739 Louisiana, USA CP79-318 Louisiana, USA L91-281 Louisiana, USA
HoCP90-941 Louisiana, USA CP65-350 Louisiana, USA RA89-686 Argentina
US74-1011 USA CP57-603 Louisiana, USA RA87-2 Argentina
US74-1015 USA CP57-614 Louisiana, USA RA91-209 Argentina
US72-1289 USA CP72-2086 Louisiana, USA RA93-154 Argentina
L75-33 Louisiana, USA CP66-346 Louisiana, USA CP88-1834 Louisiana, USA
TCP81-3067 Tucumán, Argentina CP62-258 Louisiana, USA F98-70 Tucumán, Argentina
TCP87-388 Tucumán, Argentina FAM81-820 Tucumán, Argentina F97-395 Tucumán, Argentina
NA84-3013 Salta, Argentina FAM83-11 Tucumán, Argentina F97-786 Tucumán, Argentina
NA78-724 Salta, Argentina TUC80-7 Tucumán, Argentina CP65-357 Louisiana, USA

Nco310 Sud Africa

The accessions were planted in 
2017-2018 in single raw evaluation 
plots of 1 m length (50 cm spacing) at 
the experimental greenhouse of Univer-
sidad Nacional de Salta (24°43'22" S and 
65°24'74" W). Irrigation was provided at 
appropriate time according to require-
ments. Data on measurable morpho-
logical characters, were recorded on year 
after planting. Quantitative traits were 
measured on five random stems for each 
accession and data were averaged.
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Table 2. Qualitative and quantitative morphological markers assessed in 65 accessions 
of sugarcane. Name, abbreviation and categories or units is indicated for each variable.

Tabla 2. Marcadores morfológicos cualitativos y cuantitativos estudiados en 65 
accesiones de caña de azúcar. Para cada variable se indica el nombre, abreviatura y la 

categoría o unidades.

Plant	 Abbreviation                   Category and/or Units

Stool growth habit PC erect/semierect/intermediate/
semipostrate/postrate

Leaf canopy F very sparse/sparse/medium/dense
Intensity of green color of leaf canopy ICV ligth/medium/dark
Depth of growth crack PRC absent/very shallow/shalow/medium/deep
Height of stalk TA Cm
Length of cane top LPSC Cm
Width of root band AZR Mm

Bud

Shape of bud FY
triangular-pointed/oval/obovate/
pentagonal/
rhomboid/round/ovate/rectangular/beaked

Hairs of budsor 
Group 1
Group 2
Group 26 
Group 4 
Group 16 
Group 8 
Group 11 
Group 15 
Group 18 
Group 19 
Group 22 
Group 10 

P1
P2
P26
P4
P16
P8
P11
P15
P18 
P19
P22
P10

absent/present

Width of bud AY Mm
Width of bud wing AAY Mm
Bud groove CaY absent/present
Length of bud groove LCY short/medium/long
Depth of bud groove PCY very shallow/shallow/medium/deep
Position of bud tip in relation to growth ring PAY clearly below/intermediate/clearly above
Bud cushion (space between base of bud and leaf scar) CjY absent or very narrow/narrow/medium/wide

Internode 
Length of internode LE Cm
Diameter of internode DE Mm

Shape of internode FE cylindrical/tumescent/bobbin-shaped/conoidal/
obconoidal/concave-convex

Cross section of internode ST ovate/circular
Expression of zigzag alignment EZZ absent or very weak/weak/moderate/strong
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Plant Abbreviation Category and/or Units
Wax ring AC Mm
Waxiness C absent or very weak/weak/moderate/strong

Leaf sheath
Length of leaf sheath LV Cm
Distribution of hairs of leaf sheath DPV only dorsal/lateral and dorsal
Number of hairs: group 57 P57 absent or very few/few/medium/many/a lot
Number of hairs: group 60 P60 absent or very few/few/medium/many/a lot
Length of hairs: group 57 LP57 short/medium/long
Length of hairs: group 60 LP60 short/medium/long
Hairs around leaf sheath PAV absent/present
Length of hairs around leaf sheath LPAV absent/short/medium/long
Density of hairs around leaf sheath DPAV absent/scarce/medium/numerous
Adherence of leaf sheath AdV weak/medium/strong

Shape of underlapping auricle FASY transitional/deltoid/dentoid/unciform/
calcariform/ falcate/lanceolate

Shape of overlapping auricle FASP
transitional/deltoid/dentoid/unciform/
calcariform/
falcate/lanceolate

Size of underlapping auricle TASY Mm
Size of overlapping auricle TASP Mm

Ligule

Shape of ligule FL

strap shaped/deltoid/crescent-shaped/bow-
shaped/
asymmetrical, steeply sloping/asymmetrical 
horizontal

Ligule width Ali Mm

Density of ligule hairs: group 61 DP61 absent or very sparse/sparse/medium/dense/
very dense

Length of hairs: group 61 LP61 short/medium/long
Leaf blade

Curvature CHL arched at base/curved/curved tips/arched/
straight

Width at the longitudinal mid-point AL Mm
Midrib width AN Mm
Ratio leaf blade width/midrib width L/N Mm
Length of leaf blade LL Cm
Pubescence on margin of leaf blade PBH absent or very sparse/sparse/medium/dense
Serration on margin of leaf blade ABH absent/present

Table 2 (cont.). Qualitative and quantitative morphological markers assessed in 65 
accessions of sugarcane. Name, abbreviation and categories or units is indicated for 

each variable.
Tabla 2 (cont.). Marcadores morfológicos cualitativos y cuantitativos estudiados en 65 

accesiones de caña de azúcar. Para cada variable se indica el nombre, abreviatura y la 
categoría o unidades.
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All measures and observations 
were carried out in the greenhouse and 
laboratory by means of metric rule and 
calipter or under stereoscopic binocular 
loupe, by the same operators for each 
attribute, considered stable enough for 
the different genotypes. 

SSR 
Total genomic DNA was extracted from 

young leaves (+1 in Kuijper's denomination) 
(6) using a DNA Nucleospin II extraction kit 

following the manufacturer protocol. The 
quality and quantity of DNA was assessed 
using a NanoDrop ND-1000 (Thermo 
Fisher Scientific Inc., Waltham, USA) with 
1 μl sample. Based on the consistency 
of band patterns obtained in a previous 
study, twenty SSR primers were evaluated 
(table 3). Polymerase chain reactions (PCRs) 
and electrophoresis and gel staining were 
carried out according to Pocoví et al. (2013) 
The resulting banding pattern was scored 
manually. Only consistent bands with strong 
intensity were considered for the analysis.

Table 3. Simple Sequence Repeat (SSR) primers used for genotyping 65 sugarcane 
accessions from the INTA Sugarcane Germplasm Bank (Tucumán, Argentina).

Tabla 3. Cebadores de Secuencias Repetitivas Simples (SSR) usados para el genotipado de 65 
accesiones de caña de azúcar del Banco de Germoplasma de INTA (Tucumán, Argentina).

SSR Repeat motif Size range (bp) Annealing T
Forward primer (5'-3')
Reverse primer (5'-3')

NKS26 (TG)18 194-164 54 GTT CTC GAC ATG GGC CTA CT
CTG CAC TTT CGG TCC TTT TT

mSSCIR19 (GA)23 130-160 48 GGT TCC AAA ATA CAC AAA
CAA TCT TAT CTA CGC ACT T

NKS38 (AG)15 92-292 55 TGA ACT CGG CAA CAG TTT TT
CCC ACC AAG TCG TTC TGA AT

NKS 23 (GA)18 113-498 54 TAA ACC CCC GAA AAA GAA CC
TCC GGA GGT AGA TCC ATT TG

NKS34 (GT)18 (A)31 131-214 58 CGT CTT GTG GAT TGG ATT GG
TGG ATT GCT CAG GTG TTT CA

mSSCIR16 (GA)18 130-300 54 TGG GGA GGG CTG ACT AGA
GGC GGT ATA TAT GCT GTG

SMC703BS (CA)12 186-229 62 GCC TTT CTC CAA ACC AAT TAG T
  GTT GTT TAT GGA ATG GTG AGG A

mSSCIR3 (GT)28 171-187 60 AAT GCT CCC ACA CCA AAT GC
GGA CTA CTC CAC AAT GAT GC

mSSCIR18 (GA)23 170-200 52 GGG TGT TCT GTT GAG CA
GAG GTA GGA GGG AGT GTT

SMC766BS (CA)20(GA)16 170-270 60 TTA CTC GGC TGG GTT TTG TTC
TAA GAA TCG TTC GCT CCA GC

SMC7CUQ (CA)10(C)4 160-170 60 GCC AAA GCA AGG GTC ACT AGA
AGC TCT ATC AGT TGA AAC CGA

mSSCIR78 (GTT)6 150-310 48 TGCCTTAAC CGT GAC ATC
GAGGACGAGGAGCAGAA

mSSCIR34 (GA) 130-300 56 ATCGCCTCCACTAAATAAT
TTGTCTTTGCTTCCTCCTC
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Despite being co-dominant, SSR 
markers were here considered as dominant 
markers, because in highly polyploid 
genomes such as that of sugarcane, the SSR 
markers difficulty distinguish the alleles 
of homologous chromosomes, making 
it difficult to determine heterozygosity 
or homozygosity at any particular locus. 
From this assumption, each band was 
treated as a unit locus and a binary system 
was considered scoring each individual 
for presence (1) or absence (0) of a band.

Statistical multivariate analysis
Clustering methods
For quantitative variables, pheno-

typic relationships between pairwise 
of sugarcane accessions were assessed 
using Euclidean distance calculated with 
their standardized means. To measure 
similarities between pairwise of genotypes 
on the basis of multistate qualitative traits, 
the Simple Matching Coefficient was used 
(25). For molecular data, relationships 
between pairwise of accessions were 
estimated using the Jaccard Coefficient. 
In the three cases, the accessions were 
then clustered by the Unweighted Pair-
Group Method with Arithmetic Averages 
(UPGMA). Cophenetics values matrices 
(25) of the UPGMA clustering were used to 
test goodness-of-fit of the clustering to the 
similarity matrix on which it was based, by 
means of computing the product-moment 
correlation (r) with 1000 permutations 
(Mantel, 1967). The relative support 
for the different groups and stability 
of the dendrograms were assessed by 
bootstrap analyses (1000 replicates). 
Bootstrap values exceeding a 50% cut-off 
are indicated above the corresponding 
clusters in the respective figures. 

Ordination methods
A principal Component Analysis (PCA), 

using the canonical Euclidean distance 
from quantitative morphological data, was 
carried out. The ordination was visualized 
simultaneously by means of biplots where 
sugarcane genotypes and variables were 
represented in a common space. For quali-
tative morphological and molecular data, 
genetic similarities matrices were used 
to perform Principal Coordinate Analysis 
(PCoA). According to Cliff (Franco and 
Hidalgo, 2003), only those coordinates 
whose accumulated values accounted for 
70% or more of the total variance were 
considered. To facilitate the understanding 
of the relationships sugarcane accessions, 
geometrical representations were obtained 
using Minimum Spanning Trees (MST).

In order to establish agreement or 
consensus between relationships among 
observations derived from morpho-
logical and molecular data, a Generalized 
Procrustes Analysis (GPA) was carried out.

Statical analyses were performed 
using Infostat v.2013 (9) and DARwin 
6.0.0 software program (20).

Results and discussion

Phenotypic variability based on 
quantitative traits

The highest distance value was 
estimated between the genotypes 
TUC79-9 and TCP81-3067 (10.79). In 
opposition, HoCP88-739 and HoCP91-555 
were very close to each other showing the 
lowest Euclidean distance value (0.48). 
Non-Euclidean distance between pairs of 
accessions was zero meaning that quanti-
tative traits included in this study were 
sufficiently discriminative to differentiate 
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unequivocally among all the accessions. 
The dendrogram generated with UPGMA 
cluster analysis of de Euclidean distance 
matrix, revealed nine clusters with more 
than 50% bootstrap values (figure 1). 
Probably, the small number of clusters 
supported by bootstrap can be explained 
due to many pair-wise genetic similarity 
coefficients with intermediate values, 
which allow several similar variants for 
dendrogram branching.

The cophenetic correlation between 
the dendrogram and the similarity matrix 
was significant (r=0.82; p<0.0001) 
revealing a high degree of fit. 

Detail analysis of the cluster's compo-
sition does not show association patterns 
related to the origin or other agronomic 
characteristics of the materials. This result 
is interpreted because of the nature of the 
descriptors investigated, given that most 
of them are not associated with selection 
objectives of breeding. This fact can also 
explain the confusion of basic materials 
(US) with commercial ones.

The PCA analysis allowed reducing the 
set of correlated quantitative variables to 
a small number of linear combinations of 
these variables (principal components) 
such as expected (3).

Nine clusters showed in blue are those supports with more than 50% bootstrap values.
Los nueve grupos mostrados en azul son aquellos soportados por valores de bootstrap mayores a 50%.

Figure 1. Dendrogram (UPGMA) constructed with Euclidean distances based on 
quantitative morphological data.

Figura 1. Dendrograma (UPGMA) basado en datos morfológicos cuantitativos 
construido a partir de distancias Euclídeas. 
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The first four principal components 
(PCs) had eigenvalues higher than one. 
The first and second synthetic variables 
(PC1 and PC2) explained 45% of the 
total variability. PC1, with an eigenvalue 
of 4.74, would contain equivalent infor-
mation from at least four original quanti-
tative variables. PC2, with an eigenvalue 
of 2.47, corresponded to two variables. 
According to Bhanupriya et al. (2014), 
characters with largest absolute value 
(eigenvectors) closer to unity within the 
first principal component, influence the 
clustering more than those with lower 
absolute value closer to zero. In the 
present study, differentiation of sugarcane 
accessions into different groups in PC1 can 
be explained because of the contribution 
of leaves descriptors (Leaf sheath length, 
Ligule width, Midrib width, ratio Leaf blade 
width/Midrib width, with eigenvalues of 
0.30, 0.35, 0.30, 0.35, respectively) and 
cane traits (Internode diameter, Bud width, 
Length of the cane top with eigenvalues 
of 0.34, 0.25, 0.45, respectively) Except 
for diameter, the other descriptors 
influencing on PC1 are not primary but 
subsidiary traits for breeding. According 
to Gutiérrez-Miceli et al. (2002), the 
internode diameter is correlated with the 
sucrose content, so in the case of diameter 
it should be also considered that the 
range of the sample is strongly limited for 
being commercial type materials. These 
facts reinforce confounding associa-
tions discussed previously. According to 
Mohammadi and Prasanna (2003) when 
the total variation explained by the first 
two or three PCs is smaller than 25%, PCA 
provides faithful portrayal of the relation-
ships between major groups of lines, but 
distances between closer genotypes are 
often distorted. In this study, PC1 and PC2 

explained 45% of the original variation 
and allowed a better understanding on 
the structure of sugarcane genotypes. PC1 
accounted for 30% of the morphological 
variation. Twenty of the 26 accessions 
(77%) classified in the first cluster 
(UPGMA) were grouped to the left of PC1, 
these genotypes would have greater ratio 
Leaf blade width/Midrib width than those 
on the right of CP1 (figure 2, page 50). 
According to Di Rienzo et al. (2013), the 
orthogonality of the principal components 
ensures that CP2 provides new infor-
mation on variability compared to that 
provided by CP1. In this study, genotypes 
that could not be differentiated by leaf 
traits on PC1 could be identified by PC2, 
being stem height the main attribute 
associated to this component. Accession 
CP48-103 is the genotype with greater 
stem height.

Again, in this study, PCA analysis could 
not clearly differentiate materials according 
to their origin or nature (US) based on the 
morphological descriptors investigated.

Phenotypic variability based on quali-
tative traits

Morphological qualitative traits were 
also discriminative. Although some pairs 
of sugarcane accessions were phenotypi-
cally very close, with dissimilarities coeffi-
cients near zero (0.102), none of them 
showed a zero value. The histogram of 
pairwise dissimilarity from the qualitative 
data indicates a normal distribution. 
The dissimilarity coefficients ranged 
from 0.102 to 0.731. The fact that most 
of the dissimilarity coefficients ranged 
between 0.35 and 0.50 can probably 
explain that few internal branches (3) in 
the dendrogram (UPGMA) supported by 
bootstrapping (figure 3, page 51).
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TA: Height of stalks; LPSC: Length of cane top; AZR: Width of root band; AY: Width of bud; AAY: Width of bud 
wing; LE: Length of internode; DE: Diameter of internode; AC: Wax ring; LV: Length of leaf sheath; TABY: Size 
of underlapping auricle; Ali: Ligule width; AN: Midrib width; L/N: Ratio leaf blade width/midrib width; LL: 

Length of leaf blade.
 TA: Altura de tallo; LPSC: Longitud parte superior de la caña; AZR: Anchura de zona radicular; AY: Anchura de 

yema; AAY: Anchura del ala de la yema; LE: Longitud del entrenudo; DE: Diámetro del entrenudo; AC: Anillo 
ceroso; LV: Longitud de la vaina; TASY: Tamaño aurícula subyacente; Ali: Anchura de la lígula; AN: Anchura de la 

nervadura principal; L/N: Anchura del limbo/Anchura de la nervadura principal; LL: Longtud del limbo.

Figure 2. PCA biplot of 16 quantitative morphological traits with 65 sugarcane 
accessions and eigenvalue vectors for the traits.

Figura 2. Biplot PCA de 16 caracteres morfológicos cuantitativos con 65 accesiones y 
vectores de autovalores para los caracteres.

The cophenetic correlation between 
the dendrogram and the similarity matrix 
was significant (r=0.73; p<0.0001) 
indicating a good agreement between 
the graphical display of distances and 
the original matrix, supporting the visual 

inferences suggested in figure 3 (page 51). 
None of the sugarcane accession pairs 
with minimum and maximum distance 
values coincided with genotype pairs that 
appeared closer and more distant on the 
bases of quantitative data.
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Numbers shown in clusters indicate those supported with more than 50% bootstrap values 
(clusters shown in green).

Los números mostrados en los grupos indican aquellos agrupamientos soportados por más de 50% de 
valores de bootstrap.

Figure 3. Dendrogram (UPGMA) constructed with Simple Matching Coefficients based 
on qualitative morphological data. 

Figura 3. Dendrograma (UPGMA) basado en datos morfológicos cualitativos utilizando 
el Coeficiente de Simple Matching. 

These differences could be explained 
because both types of quantitative and 
qualitative descriptors have different 
genetic bases and imply different genomic 
regions. It is expected that qualitative traits 
are mainly under monogenic or oligogenic 
control, conversely, quantitative traits 
have more complex genetic base as they 
are usually governed by multiple genes 
and their interactions (7). A much wider 
genomic area is expected to be considered 

when phenotypic relationships are 
estimated from quantitative data.

As in the case of the analysis based on 
quantitative traits, it was not possible to 
distinguish associations between quali-
tative based arrangements with the origin 
of materials. US 74-1011 and US72-1289 
appear closely related and separated 
of commercial type accessions, while 
US74-1015 appears confounded with 
commercial types in a separate group.
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PCA results based on qualitative 
data were not considered due to eigen-
values  lower than 1, meaning that no PC 
explained even an original variable and 
small proportion of variance accounted for 
by the first two components (21%). ACP 
based on these qualitative data seemed 
to be inefficient to conglomerate defined 
sugarcane accessions groups.

Genotypic variability based on SSR
With 13 SSR primers, a total of 107 

bands were detected of which, 94% were 
polymorphic among the studied sugarcane 
accessions.

The dissimilarity matrix, calculated from 
binary data, expressed the similarity pair 

to pair between sugarcane genotypes. The 
histogram of frequency distribution of the 
pairwise genetic distances fitted a normal 
distribution. Distance coefficients values 
among a total of 1711 pairs of genotypes 
showed an overall mean of 0.43. Of note, no 
dissimilarity value was zero, indicating that 
SSR included in this study were sufficiently 
discriminative for the sugarcane acces-
sions. Most of the pairs of genotypes showed 
distances between 0.4 and 0.5, which allowed 
several similar variants for dendrogram 
branching and probably could explain the 
small number of clusters supported by 
bootstrap. Clustering percentage values 
above 50% for 1000 bootstrap cycles 
occurred in only seven groups (figure 4).

Numbers shown in clusters indicate those supported with more than 50% bootstrap values.
Los números de los clusters indican aquellos grupos con valores de bootstrap mayores a 50%.

Figure 4. Consensus dendrogram (UPGMA) constructed with dissimilarity genetic 
distances based on SSR data.

Figura 4. Dendrograma consenso (UPGMA) construido sobre la base de datos SSR utili-
zando medidas de disimilitud genética. 
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These dissimilarities values are like 
those reported by other authors in this 
species (18). According to the information 
indicated in table 4, we suggest that 
thirteen pairs of sugarcane accessions, 
with dissimilarities values higher than 
0.65, might be considered as parental 
combinations accessions in the Breeding 
Programme, and thus, it could to some 
degree, benefit the broadening of the 
genetic basis in sugarcane hybridization. 
According to You et al. (2013), the 
innovation of parents with higher genetic 
diversity showed a positive role in 
sugarcane breeding programs in China. 
They suggested that more attention should 
be paid in the future to the selection of new 
parents in sugarcane hybrid breeding.

Differences were clear within clusters 
derived from quantitative morphological 
and molecular data. In both cases, cophe-
netic correlation coefficients were 0.82 
indicating a high correlation between 

cophenetic distances and input distance 
matrices obtained from the data. Since 
cophenetic distance between two acces-
sions is the distance at which two 
genotypes are first clustered together 
in a dendrogram from the bottom to 
the top (19), the cophenetic corre-
lation coefficient, therefore, measures 
the relationships between the original 
pair wise distances between accessions 
(true distance) and pair wise distances 
predicted using dendrogram. In both 
cases, dendrograms corresponded graphi-
cally to 82% of the dissimilarity matrices. 
According to Odong et al. (2011) cophe-
netic correlation coefficient ≤ 0.8 is an 
indicator for strength of subgroup differ-
entiation. Our results showed the presence 
of different reliable population structure 
in the studied sugarcane accessions when 
morphological and molecular data were 
considered. The phenotypic variation 
does not always follow the genetic pattern 
of variation and diversity of plant popula-
tions. The lack of congruence between 
morphological and genetic diversity has 
been reported in different plant species 
(1, 24).The different clustering can be 
explained due to a partial and insuf-
ficient genome representation when 
morphological data are used. Semang 
(2000) explained the lack of correspon-
dence between molecular and morpho-
logical results, when stated that molecular 
markers cover a larger proportion of the 
genome, (including coding and noncoding 
regions), than the morphology ones. In 
addition, a large portion of the genetic 
variation detected by molecular markers 
is non-adaptive and, therefore, they are 
not subjected to either natural or artificial 
selection as many morphological traits.

Table 4. Pairs of sugarcane accessions, 
with dissimilarities values higher than or 

equal to 0.60.
Tabla 4. Pares de accesiones de caña de 

azúcar con valores de disimilitud mayores 
o iguales a 0,60.

Pairs of sugarcane accessions d=1-sij

F97-395 NA78-724 0.65
F97-395 L75-33 0.64
RA91-209 NA78-724 0.64
CP57-603 NCo310 0.63
RA91-209 L75-33 0.63
L75-33 HoCP91-555 0.62
TCP81-3067 LCP85-376 0.62
CP68-350 NA78-724 0.61
NA73-1454 NA78-724 0.61
TUC72-16 NA78-724 0.60
FAM83-11 L75-33 0.60
CP79-1380 L75-33 0.60
NA78-724 US74-1011 0.60
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The numbers in parenthesis refer to the proportion of the variance explained by the main coordinates. The 
blue and red circles indicate the different groups of PC1 and PC2, respectively. The colour of the accessions is 
related to their origin (blue: Louisian, USA; green: Salta, Argentina; Fuchsia: Tucumán, Argentina; red: USA).

Los números entre paréntesis indican la proporción de la varianza explicada por la coordenada principal. Los 
círculos azul y rojo muestran los diferentes grupos en PC1 y PC2 respectivamente. El color de las accesiones está 
relacionada con su origen (azul: Luisiana, USA; verde: Salta, Argentina; Fuccia: Tucumán, Argentina; rojo: USA).

Figure 5. Arrangement by Minimum Spanning Tree (MST) in the plane of the 
coordinates PC1 and PC2 of the 67 sugarcane accessions based on SSR data.

Figura 5. Árbol de recorrido mínimo (ARM) con proyección en el plano de las 
coordenadas PC1 y PC2 de las 67 accesiones de caña de azúcar basada en datos de SSR. 
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Differences in clustering can also be 
explained due to an absence of linkage 
between the loci that control the studied 
morphological characters and the 
evaluated SSR markers.

The first PCo summarized most of the 
variability present in the original data (28%) 
relative to all remaining PCos. The second PCo 
explained 9% of the variability and because 

PCos are orthogonal and independent to each 
other, they reveal different properties of the 
original data. According to Cliff criterion (10), 
the first 10 PCos explained 70% of cumulative 
variance, but only the first five showed eigen-
values equal to or greater than one. The 
minimum spanning tree (MST) imposed on 
the PCoA improved the representation of 
sugarcane relationships (figure 5).
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Figure 6. Frequency distribution of genetic dissimilarity among pairwise combinations 
of 65 sugarcane accessions based on morphological and SSR.

Figura 6. Distribución de frecuencias de disimilitudes genéticas entre pares de 
combinaciones de 65 accesiones de caña de azúcar basada en datos morfológicos y SSR.

Although it was computed on the full 
dimension of data, the MST provided infor-
mation about the quality of the projection 
on the low dimensional space, showing 
relationships that may have not been seen 
by inspection on the reduced space.

According to Balzarini et al. (2011) if 
many branches and segments cross each 
other, it suggests distortion problems in 
the projection which could bias regular 
interpretations. Even PCo2 explained only 
9% of the variability; there is a group of 
accessions projected onto PCo2 that is 
clearly differentiated from the rest of 
the accessions (TUC 80-7; TUC72-16; 
CP68-350; CP70-1133 and HoCP85-845).

Qualitative morphological traits vs 
molecular markers

The distribution of values for morpho-
logical and genetic dissimilarity (calculated 
with qualitative traits and SSRs data) did 
not differ substantially. The distribution 
based on morphological data was slightly 
biased toward small values of distance 
(figure 6). Differences in the frequency 
distributions indicate that both types of 
markers detected a distinct pattern of 
association between sugarcane accessions. 
Consequently, complementary studies 
based on morphological and SSR will 
provide relevant information for estab-
lishing relationships among plant materials 
and a better description and interpretation 
of the available variability in germplasm 
banks and breeding programmes, as well 
as a foundation for promoting breeding 
and for germplasm conservation.
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Generalized Procrustes Analysis (GPA): 
Consensus between morphological and 
molecular data 

GPA allowed a deeper study of the 
relationships among relative ordinations 
of the same sugarcane accessions under 

morphological and SSR data. Gower's 
(1975) recommended calculating an 
ANOVA to comparatively break down the 
total sums of squares into the between 
and within configurations.

Table 5. ANOVA Consensus between molecular and morphological ordinations. 
Accessions in bold showed the greatest discrepancy between the morphological and 

SSR data due to their higher relative values of Residual Sum of Squares (RSS).
Tabla 5. ANOVA Consenso entre ordenamientos basados en marcadores moleculares y 

morfológicos. Las accesiones en negrita mostraron las mayores discrepancias entre datos 
morfológicos y de SSR debido a sus valores de Sumas de Cuadrados Residuales (SCR) más altos.

Consensus   Residue Total Consensus 
proportion

LCP85-384    0.014 0.007 0.021     0.673
LCP86-454    0.018 0.012 0.030     0.598
LCP85-376    0.031 0.013 0.044     0.706
HoCP85-845   0.014 0.007 0.021     0.673
HoCP92-648   0.022 0.010 0.031     0.684
HoCP92-645   0.022 0.009 0.031     0.701
HoCP92-624   0.011 0.007 0.018     0.628
HoCP89-888   0.016 0.012 0.027     0.576
HoCP91-552   0.018 0.008 0.026     0.675
HoCP92-631   0.024 0.004 0.028     0.852
HoCP91-555   0.012 0.018 0.030     0.406
HoCP88-739   0.014 0.009 0.023     0.604
HoCP90-941   0.040 0.009 0.050     0.816
US74-1011    0.050 0.006 0.056     0.890
US74--1015   0.030 0.007 0.037     0.800
US72-1289    0.030 0.008 0.038     0.784
L75-33           0.021 0.008 0.029     0.733
TCP81-3067   0.036 0.013 0.049     0.729
TCP87-388    0.023 0.006 0.029     0.781
NA84-3013    0.015 0.010 0.025     0.608
NA78-724   0.014 0.016   0.030   0.460
NA84-3471    0.026 0.008 0.034     0.763
NA63-90     0.028 0.008   0.036  0.778
NA76-128     0.028 0.006 0.034 0.816
NA73-2596    0.012 0.008 0.020     0.581
NA88-948    0.024 0.005 0.029  0.835
NA73-1454    0.032 0.015 0.047     0.680
CP48-103      0.037 0.009 0.046 0.814
CP68-350      0.023 0.007 0.030  0.755
CP70-1133     0.016 0.005 0.021  0.763
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Consensus Residue Total Consensus 
proportion

CP79-1380  0.019 0.008 0.027 0.690
CP79-318   0.016 0.003 0.019  0.828
CP65-350     0.018 0.007 0.024 0.726
CP57-603    0.043 0.007 0.051  0.858
CP57-614   0.021 0.011 0.032  0.651
CP72-2086   0.034 0.007 0.040   0.834
CP66-346    0.026 0.011   0.037  0.706
CP62-258    0.034 0.010 0.044  0.769
FAM81-820    0.018 0.012 0.030     0.594
FAM83-11     0.049 0.005 0.055     0.900
TUC80-7       0.019 0.011 0.030   0.635
TUC72-16     0.033 0.010 0.043     0.761
TUC74-6      0.016 0.018   0.034 0.476
TUC71-7      0.018 0.010 0.027   0.649
TUC68-18     0.028 0.008 0.037     0.772
TUC67-24     0.024 0.012 0.036     0.661
TUC79-9       ..0.020 0.006 0.026   0.769
TUC77-42     0.016 0.005 0.021     0.770
TUC78-39     0.026 0.008 0.034     0.775
TUC72-4     0.024 0.006   0.030  0.791
TUC69-2    0.014 0.008 0.023    0.629
L91-281    0.020 0.006 0.026 0.765
RA89-686   0.031 0.009   0.040   0.778
RA87-2     0.033 0.009   0.041   0.788
RA91-209   0.011 0.020   0.030 0.356
RA93-154     0.025 0.010   0.035 0.702
CP88-1834  0.0.18 0.006   0.024  0.757
F98-70     0.025 0.005   0.029   0.841
F97-395     0.014 0.003 0.017 0.798
F97-786     0.014 0.004 0.017  0.798
CP65-357   0.014 0.005 0.020  0.733
Total      1.459 0.541 2.000  0.730

Table 5 (cont.). ANOVA Consensus between molecular and morphological ordinations. 
Accessions in bold showed the greatest discrepancy between the morphological and 

SSR data due to their higher relative values of Residual Sum of Squares (RSS).
Tabla 5 (cont.). ANOVA Consenso entre ordenamientos basados en marcadores 

moleculares y morfológicos. Las accesiones en negrita mostraron las mayores 
discrepancias entre datos morfológicos y de SSR debido a sus valores de Sumas de 

Cuadrados Residuales (SCR) más altos.
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The continuous green line indicates the MST based on morphological data and the black dotted line; the MST 
based on molecular data.

La línea verde indica el ARM obtenido con datos morfológicos y la línea discontinua negra, el ARM basado en 
datos moleculares.

Figure 7. Configuration of consensus matrix of GPA between morphological and 
molecular data with Minimum Spanning Tree (continuous black line).

Figura 7. Configuración consenso GPA con datos morfológicos y moleculares que 
incluye el Árbol de Recorrido Mínimo (ARM) en línea negra. 
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According to Bramardi et al. (2005), 
the latter is broken into the consensus and 
the residual sum of squares. This residual 
sum of squares measures the divergence 
between the two points corresponding 
to the morphological and molecular 
characterization to the consensus one, 
respectively (table 5, page 56-57). The 
ratio between the consensus value (1.459) 
and the total sum of squares revealed a 
consensus of 73% between molecular and 
agronomic ordinations (2).

This percentage of consensus is an 
univariate measure of association between 
both groups of markers. According to table 
5, accessions in bold letter are those that 
have shown a high discrepancy between 
morphological and molecular data, because 
they have grater residual sum of square 
values, therefore they should have been 
responsible for the low correlation found 
between the individual configurations.
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The consensus configuration of GPA 
with Minimum Spanning Tree (MST) is 
presented in figure 7 (page 58). The large 
number of accessions included in this study 
and the close genetic relationship among 
materials, hinders the identification of 
individuals in the consensus configuration. 

In most of the references found for 
sugarcane, the assessment of the genetic 
variability is based, independently, on the 
analyses of morphological or molecular 
markers data.

Some papers estimate a correlation 
coefficient between distance matrices. 
According to Demey (2008), conclusions 
based only on correlation coefficient 
values can be inaccurate since the corre-
lation is not only affected by the size of 
the compared samples but also because 
the configurations belong to the same 
reference system.

Conclusions

Based on results formerly presented 
and discussed, we propose the following 
general conclusions:

Both morphologic (quantitative and 
qualitative) and molecular markers 
included in this research resulted discrim-
inative enough to differentiate among the 
studied accessions. It was not possible, 
however, to correlate associations of 
markers with the origin of materials.

The large number of pair-wise 
similarity coefficients with intermediate 
values determined a rather small number 
of nodes in clustering, which, on time, 
reflects the near genetic origin of most of 
the studied materials. 

Diversity detected for morphological 
descriptors contributing to explain 
PC1 and PC2 (except for diameter), 
are expected since they are not usually 
subjected to selection in breeding.

Phenotypic and genetic distances 
based on morphology and molecular 
information serves to assist conservation 
and organization of collection of materials, 
and the choice of parent combinations for 
breeding purposes.
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Abstract

Dry matter and grain productions depend on the ability of crops to capture resources. 
Productivity of resourses is defined based on the amount of grain or dry matter 
produced per unit of available resource (solar radiation or rainfall) during the year. Our 
main objective was to evaluate the effect of different crop sequences on the productivity 
of water (WP) and radiation (RP) resources for grain production and total dry matter 
(DM). The trial was carried out during 2014/15 and 2015/16. Nine sequences were 
established, including different cultures and fertilization doses with a 25, 50 or 75 % 
-variable-participation of grasses. 

Increases of the order of 125 and 125 % were determined in WP, and of 141 and 
142 % for RP for grain and DM respectively, in the sequence b/fc-w/s respect v/s-w/s 
(b: barley; w: wheat; s: soybean; v: vicia; fc: fertilized corn). The results showed that the 
sequences of crops that included higher percentage of grasses and the adequate fertil-
ization, increased water and radiation efficiency and productivity, achieving a greater 
contribution of carbon from crop residues.
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Resumen

La producción de MS y grano dependen de la capacidad de los cultivos para capturar 
recursos. Para estudiar la eficiencia a nivel de la secuencia de cultivos se define la 
productividad de los recursos basada en la cantidad de granos o materia seca producidos 
por unidad de recurso (radiación solar o lluvias) disponible durante el año. El objetivo 
principal del trabajo fue evaluar el efecto de diferentes secuencias de cultivos sobre la 
productividad de los recursos agua (PA) y radiación (PR) para la producción de grano y 
materia seca total (MS). El ensayo se realizó durante las campañas 2014-15 y 2015-16, 
estableciendo 9 secuencias que incluyeron diferentes cultivos y niveles de fertilización, 
teniendo las gramíneas un 25, 50 o 75 % de participación en las mismas.

Incrementos en el orden del 125 y 125 % fueron determinados en la PA y del 141 y 
142 % en la PR para la producción de grano y MS respectivamente, en la secuencia c/
mf-t/s respecto a v/s-t/s. (c: cebada; t: trigo; s: soja; v: vicia; mf: maíz fertilizado). Los 
resultados mostraron que las secuencias de cultivos que incluyeron mayor porcentaje 
de gramíneas y la adecuada fertilización, aumentaron la eficiencia y productividad en 
el uso del agua y radiación, logrando un mayor aporte de carbono proveniente de los 
rastrojos al suelo. 

Palabras clave
eficiencia uso del agua • eficiencia uso radiación • soja • trigo • vicia • maíz • cebada

Introduction

During the last 200 years, population 
growth has considerably increased the 
pressure on productive lands. Worldwide 
food demand is expected to increase 
by 60-100 % by 2050 (25). Plowing of 
agricultural soils and the low return of 
harvest residues to them has caused the 
reduction of carbon (C) in these soils (17). 
The absence of winter crops also reduce 
the capture of resources (water and 
radiation) which are not used to produce 
grains or dry matter (3). In this sense, in 
regions where growing season is broad 
and the supply of resources is favorable, a 
huge amount of these resources is wasted 
instead of being exploited by intensifying 
the sequences in a sustainable way.

The sustainable intensification of agri-
culture aims to maintain or increase the 
current production levels with a more 
intense and rational  use of the resources 

of the environment and of lands with 
greater aptitude. Improvements based 
on sustainable intensification must be 
economically viable, socially acceptable 
and environmentally sustainable (4).

Intensive farming involving multiple 
crops per year could improve resource 
capture and productivity. Resource 
productivity is defined as the ratio 
between output (dry matter or grain 
yield) and annual input of Photosyntheti-
cally Active Radiation (PAR) or rainfall.

Dry Matter (DM) and grain production  
depend on the ability of the crop to 
capture resources. The efficiency of a 
crop sequence is defined according to 
the amount of grain or DM produced by 
resource unit, available during the year 
(3). This concept integrates capture and 
use efficiencies.



63Tomo 52 • N° 1 • 2020

Increased radiation capture could 
improve the cycling of nutrients and the 
return of crop residues to the agricul-
tural systems (22). This is associated with 
improved C balance (24) and soil aggre-
gation (20). In similar way, the application 
of fertilizers increases the productivity 
of crops, achieving in the medium and 
long term a positive effect on the soil by 
increasing the production of crop residues 
(16).

The Intensification Sequence Index 
(ISI) depends, basically on the period 
of the year occupied by crops in each 
sequence. Besides, there is exist a negative 
correlation between ISI and runoff or 
erosion, and a positive correlation soil C 
content (9, 19, 23). The wheat/soybean 
double cropping is the more widespread 
sequence. This sequence occupies a 
great proportion of the growing season, 
obtaining a high and efficient capture of 
resources, with a value of ISI=2. On the 
other hand, soybean monoculture has a 
lower ISI value (ISI=1).

We hypothesize that the productivity 
of water and radiation resources can 
be modified according to the different 
participation of grasses in the sequence 
crop. The main objective of this work was 
to evaluate the effect of different crop 
sequences of two years on the produc-
tivity of water and radiation resources for 
the production of grain and dry matter.

The inclusion of winter crops for 
grains, allows implementing the double 
sequential crop, sowing a summer crop 
after harvesting a winter crop. Enough 
information for the Argentine Pampas 
area states that soybean monoculture 
causes highly negative C balances.

Other crop rotations are necessary, 
including such as corn with other winter 
alternatives other than wheat, such as 
vicia or barley.

Materials and Methods

The trial was carried out in the Experi-
mental Unit of Extensive Crops, in the city 
of Esperanza, Santa Fe, Argentina (31º 
24' 54.14''S 60º 54' 28.64''O), the soil is 
typic Argiudoll, Esperanza series, moder-
ately deep and drained, with agricul-
tural history of 8-year direct seeding and 
soybean predecessor.

Organic matter was determined in 
2.2 % [considered medium-low (6)] and 
phosphorus Bray levels at 10 ppm (below 
the critical response levels for soybeans 
(10) and wheat (12)). Meteorological data 
(rain, radiation and temperature) were 
taken from the weather station located 
in the Facultad de Ciencias Agrarias of 
Esperanza.

Three criteria are proposed for the 
selection of agricultural sequences: 1) 
maintain an ISI=2 with four crops in 
two years; 2) soybean present in all 
the sequences; and 3) include alter-
native winter crops for wheat, both for 
harvest and as cover crop. The design 
was in randomized complete blocks 
with arrangement in divided plots and 
three repetitions.

The main plot corresponded to the 
crops of first occupation (winter) and 
the sub-plot to the rest of the crops in 
the sequence.

The crops were: vicia (Vicia villosa) 
-as a cover crop-; wheat (Triticum 
aestivum), barley (Hordeum vulgare), 
soybean (Glycine max) and corn (Zea 
mays). Second corn had two levels of 
fertilization: fertilized corn (fc) [150 kg_N 
ha-1 according to the replacement dose of 
the N extracted by the crop to maximum 
yields as defined in Maddonni  et  al. 
(2003)] balance method, and without 
fertilization (c).

Water and radiation productivity in different cropping sequences in the north center of Santa Fe
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The grasses represented 25, 50 or 
75 % of the sequence crops. In total 9 
sequences were used 1) vicia/soybean-
wheat/soybean (v/s-w/s); 2) vicia/
soybean-wheat/soybean (v/s-w/s); 3) 
wheat/soybean-wheat/soybean (w/s-
w/s); 4) barely/soybean-wheat/soybean 
(b/s-w/s); 5) wheat/corn-wheat/soybean 
(w/c-w/s); 6) vicia / fertilized corn-
wheat/soybean (v/fc-w/s); 7) barely  
corn-wheat/soybean (b/c-w/s); 8) wheat 
/fertilized corn-wheat/soybean (w/
fc-w/s); 9) barely/fertilized corn–wheat/ 
soybean (b/fc-w/s).

A basic fertilization according to the 
requirements of each crop, was provided. 
Fertilization was performed according to 
diagnosis at the beginning and end of each 
crop of the rotation. Management prac-
tices were implemented to maximize their 
production in terms of nutrition, weed 
control, pests and diseases.

In the culture of vicia, the production of 
DM at the time of drying was determined. 
This was done with 2 l ha-1 of glyphosate 
at the beginning of flowering (20 % flow-
ering -a flowered knot within the top five 
knots-).

Grain yield was determined by 
harvesting plants of 8 linear meters of 
each experimental unit. The samples were 
dried in an oven with forced air circulation 
at 65 °C until constant weight. Then, they 
were re-weighted to obtain total DM and 
threshed by hand to determine grain yield. 
Final weight was corrected to commercial 
humidity. The contribution of C in crop 
residues was estimated by subtracting the 
total aerial DM from the DM in grain, and 
knowing that 40 % of the DM is C (1).

The Photosynthetically Active Radi-
ation intercepted (PARi) by crop was 
obtained using a radiometer LI-COR 
(LI-250) in each plot, PAR above (I0) 
and below (I’) the canopy was measured 

around noon (i.e. 1200–1400 h) on 
sunny days, according to methodology 
proposed by Gallo & Daughtry (1986). The 
percentage of intercepted PAR (% iP) was 
calculated as 100*[1-(I’/I0)]. The cumu-
lative PAR intercepted by the crop (PARi) 
was obtained by multiplying the incident 
PAR by % iP during crop ontogeny.

Initial useful water stored in the profile 
up to 1.2 m depth, and the residual at the 
time of physiological maturity or at the 
time of drying with herbicide in the case of 
cover crops, was calculated by gravimetry. 
With the variation of soil water content 
(Δ h), the water balance method was used 
to obtain crop evapotranspiration (Etc), 
clearing the formula:

Δ h= Etc-Pe-Per

where:
Pe = effective precipitation, considered 

as 0.8 of the total precipitation when it 
exceeds 20 mm (7)

Per = deep percolation (zero was 
assumed).

Water Productivity (WP) in different 
crop sequences was estimated as:

WP (g m-2 mm-1)= WUE*Wc

where:
WUE = Water Use Efficiency 
Wc = Water capture efficiency.

The WUE was calculated as the 
quotient between the sum of the yields or 
total DM of summer and winter crops and, 
the sum of the ETc of crops.

The Wc resulted from the quotient 
between the sum of the ETc of the crops 
and the rainfall from June 1, 2014 to April 
20, 2016. 
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Radiation productivity (RP) was calcu-
lated as:

RP (g m-2 MJ-1)= RUE*Rc

where:
RUE = radiation use efficiency 
Rc = radiation capture efficiency.

 The RUE was calculated as the quotient 
between the sum of the yields or total DM 
of the crops in the different sequences 
and the PARi. The Rc was the quotient 
between crops PARi and the photosyn-
thetically active radiation, incident from 
June 1, 2014 to April 20, 2016.

The data were evaluated by means 
of ANOVA for repeated measurements 
by sequence culture and following the 
structure of plots and treatments defined 
in the design.

When the differences between treat-
ments for one variable were significant, 
the means were compared according to the 
LSD test (α= 0.05). InfoStat Professional 
version software was used (11).

Results and discusion

Meteorological conditions
During the 2014 campaign, photo-

thermal conditions were sub optimal for 
the flowering period of wheat and barley 
crops (September 21-October 12) with 
temperatures higher than the historical 
record (figure 1). Plant growing period 
occurred with scarce offer of rains. The 
period of stem elongation was favored by 
the precipitations of September, followed 
by filling of grains with scarce precipita-
tions and high temperatures (figure 1).

Arrow indicates date of sowing [S1: sowing winter crops –wheat, barley and vicia (cover crop)-; S2: sowing 
summer crops -soybean and corn-; S3: sowing winter crop –wheat-; S4: sowing summer crop–soybean-].

La flecha indica las fechas de siembra [S1: siembra cultivos de invierno -trigo, cebada y vicia (cultivo de cobertura)-; 
S2: siembra cultivos de verano -soja y maíz-; S3: siembra cultivo invierno –trigo-; S4: siembra cultivo verano –soja-].

Figure 1. Average temperatures (Tmed) and Historical (H_Tmed), solar radiation (SR) 
and monthly rains from June 2014 to April 2016 (Rain), Historical rains (H_Rain).

Figura 1. Temperaturas medias (Tmed) e históricas (H_Tmed), radiación solar (SR) y 
lluvias mensuales desde junio 2014 a abril 2016 (Rain) e históricas (H_Rain).

Water and radiation productivity in different cropping sequences in the north center of Santa Fe
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For summer crops, rainfall totaled 
830 mm in the cycle (December-April), 33 
% above the historical average. It should 
be noted that February excess rainfall had 
no negative effects on crops.

The 2015 wheat campaign had average 
temperatures around 19 °C, recommended 
to ensure optimum grain filling (figure 1, 
page 65). In the initial stages of the crop, 
rainfall was very scarce.

However, the period of stem elon-
gation (September) was favored by timely 
and above normal rainfall during August 
(figure 1, page 65). For soybean culti-
vation, of soybean the rains in November, 
February and April (2015-2016) were 
above normal, with excesses in the month 
of April affecting quality grain and harvest.

Total Dry Matter and carbon 
contribution to the soil
The highest total DM productions were 

achieved with the sequences b/fc-w/s and 
w/fc-w/s (table 1). On average and, with 
respect to the lower production sequence 
(v/s-w/s), 4971 g m-2 were obtained, 93 % 
superior to the sequence v/s-w/s.

The rotations with 75 % of grasses 
and high fertilization achieved the highest 
productions of dry matter and contribu-
tions of crop residues C (without roots) to 
the soil (table 1). It is known that nitrogen 
fertilization, mainly in grasses, increases 
biomass production of crops, causing a 
greater accumulation of C in plant tissues 
and a high return to the soil (13, 14).

Table 1. Total Dry Matter (Total DM) and contribution of harvest residue carbon -without 
roots- (Contribution of C) in different sequences of 2 years duration crops (v= vicia, 
w= wheat, b= barley, s= soybean, c= corn without fertilization, fc= fertilized corn). 

Tabla 1. Materia seca total (Total DM) y aporte de carbono del rastrojo -sin raíces- 
(Aporte de C) en diferentes secuencias de cultivos de 2 años de duración (v= vicia, 

t= trigo, c= cebada, s= soja, m= maíz sin fertilización, mf= maíz fertilizado).

The percentage of grasses in the sequence is expressed in parentheses. Different letters, within the same 
column, indicate differences according to LSD test (p ≤ 0.05).

El porcentaje de gramíneas en la secuencia está expresado entre paréntesis. Letras diferentes, dentro de la misma 
columna, indican diferencias según el test de LSD (p ≤ 0,05).

Crop sequence Total DM (g m-2) Contribution of C (T ha-1year-1)
v/s-w/s (25) 2396 a 2.7 a
v/c-w/s (50) 2933 b 3.5 ab
w/s-w/s (50) 3139 bc 3.8 b
b/s-w/s (50) 3362 bc 4.1 b
w/c-w/s (75) 3727 cd 4.1 bc
v/fc-w/s (50) 4218 de 5.1 d
b/c-w/s (75) 4429 ef 5.4 d

w/fc-w/s (75) 4871 fg 5.7 d
b/fc-w/s (75) 5071 g 5.9 d
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The contributions of C to the soil were 
lower in the sequence v/s-w/s and v/c-w/s. 
However, the proper fertilization of corn in 
the same sequence (v/fc-w/s) allowed a 
46 % increase in this variable, marking the 
positive and significant effect to the addition 
of higher doses of nitrogen. The contribution 
values of C ha-1 year-1 of crop residues in the 
double crop wheat/soybean in this study, 
are slightly lower than those reported by 
Álvarez (2005) for soils of the South-eastern 
Pampa.

Productivity, use efficiency and 
capture of water
The sequences that included the highest 

percentage of grasses, increased the effi-
ciency and productivity in the use of water 

for grain production and total DM (table 2). 
Increases of the order of 102, 103, 125 and 
125 % were determined in WUE and WP 
for grain and DM in the sequence b/fc-w/s 
respect v/s-w/s and 64, 57, 80 and 63 % 
compared with the w/s-w/s, the most 
widespread in the region.

In double cropping w/s, the WP to 
produce grains (0.50 g m-2 mm-1) was 
within the range reported by Caviglia et al. 
(2013) for the southeast of Buenos Aires 
(0.47 a 0.75 g m-2 mm-1). However, it was 
lower than those of Paraná (Entre Ríos) 
which were in 0.84 g m-2 mm-1. On the other 
hand, the WP to produce DM (1.27 g m-2 
mm-1) was lower than what was reported 
for two different campaigns (2.22 y 1.83 g 
m-2 mm-1) in Balcarce (Buenos Aires) (5).

Table 2. Efficiency Use Water in grain and Dry Matter (WUE_g and WUE_DM), 
Productivity of Water in grain and in Dry Matter (WP_g and WP_DM) and efficiency of 
Water capture (Wc) in different sequences of crops of 2 years duration (v= vicia, w= 

wheat, b= barley, s= soybean, c= corn without fertilization, fc= fertilized corn). 
Tabla 2. Eficiencia uso agua en grano y en materia seca (WUE_g and WUE_DM), 

productividad del agua en grano y en materia seca (WP_g and WP_DM) y eficiencia 
de captura del agua (ECA) en diferentes secuencias de cultivos de 2 años de duración 
(v= vicia, t= trigo, c= cebada, s= soja, m= maíz sin fertilización, mf= maíz fertilizado). 

The percentage of grasses in the sequence is expressed in parentheses. Different letters, within the same 
column, indicate differences according to LSD test (p ≤ 0.05).

El porcentaje de gramíneas en la secuencia está expresado entre paréntesis. Letras diferentes, dentro de la 
misma columna, indican diferencias según el test de LSD (p ≤ 0,05).

Crop 
sequence

WUE_g
(g m-2 mm-1)

WUE_DM
(g m-2 mm-1)

WP_g
(g m-2 mm-1)

WP_DM
(g m-2 mm-1)

Wc

v/s-w/s (25) 0.65 a 1.53 a 0.40 a 0.92 a 0.60 a
v/c-w/s (50) 0.78 ab 1.93 ab 0.47 ab 1.23 b 0.62 ab
w/s-w/s (50) 0.80 abc 1.97 ab 0.50 ab 1.27 b 0.62 abc
b/s-w/s (50) 0.84 abc 2.17 bc 0.53 b 1.30 bc 0.63 abc
v/fc-w/s (50) 1.05 abc 2.60 cd 0.67 c 1.53 cd 0.63 abc
w/c-w/s (75) 1.10 abc 2.63 cd 0.67 c 1.70 de 0.61 abc
b/c-w/s (75) 1.14 abc 2.87 d 0.70 c 1.83 ef 0.61 abc

w/fc-w/s (75) 1.20 bc 2.97 d 0.83 d 1.97 f 0.69 bc
b/fc-w/s (75) 1.31 c 3.10 d 0.90 d 2.07 f 0.69 c

Water and radiation productivity in different cropping sequences in the north center of Santa Fe
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The values obtained from WUE_MS and 
the WUE_g in the sequence w/s-w/s (1.97 
and 0.80 g m-2 mm-1, respectively) were 
lower than those reported in Balcarce 
(Buenos Aires) with WUE_DM of 3.12 to 
3.41 g m-2 mm-1and WUE_g between 0.88 
and 1.02 g m-2 mm-1. These differences 
were probably given by the lower vapor 
pressure deficit (VPD) of the environment 
explored by the crops in Balcarce.

Regarding the WUE_G, it was similar to 
that reported by Daniels & Scott (1991), 
with 0.79 g m-2 mm-1, value obtained as 
a general average of several sources of 
variation including year, irrigation and 
stubble management.

With respect to Wc, significant differ-
ences were achieved between the 
sequence v/s-w/s y v/c-w/s and b/fc-w/s, 
with 13.1 % in favor of the sequence with 
the highest % of grasses. This coincides 
with what was reported by Ojeda et al. 
(2018) for forage crop sequences, where 
the highest seasonal WP was obtained 
with the highest proportion of maize in 
the sequences, being corn a C4 species 
with high-WUE (26).

The values reached in the different 
sequences (between 0.60 and 0.69) were 
much lower than what was reported for 
the Paraná area (0.99) and, closer to the 
data from southeastern Buenos Aires 
(0.54 and 0.70) (2, 4).

The lower values of Wc and WP_g could 
be associated to the abundant rains regis-
tered in February 2015 and 2016 (figure 
1, page 65); where rainfall exceeded 
the water needs of corn and soybean 
crops. This situation has been evaluated, 
explaining that 66 % of the variability 
of the WP_G may be due to water excess 
during the campaign (5).

Productivity, use efficiency and 
capture of radiation
Productivity and efficiency of radiation 

use for the production of total DM and 
grain, showed significant differences in 
favor of rotations with higher percentage 
of grasses[v/s-w/s (25), w/s-w/s (50), 
c/s-w/s (50) y v/c-w/s (50) vs. w/c-w/s 
(75), v/fc-w/s (50), b/c-w/s (75), w/fc-w/s 
(75) y b/fc-w/s (75)] (table 3, page 69).

Among the sequences with the extreme 
values of RUE RP and Rc (v/s-w/s vs. b/
fc-w/s), increases of the order of 78.3, 
80.7, 141, 142 y 34.5 % were determined 
for RUE_g, RUE_DM, RP_g, RP_DM and Rc, 
respectively, in favor of the sequence with 
the highest % of grasses. When comparing 
the most used sequence in the region 
(w/s-w/s) with b/cf-w/s, the achieved 
values were 69.8, 61.1, 105, 98.0 and 21.9 
% for RUE_g, RUE_DM, RP_g, RP_DM and 
Rc, respectively.

In the sequence w/s-w/s, the RP_g and 
RUE_g was 0.20 and 0.63 g m-2 MJ-1and the 
RP_DM and RUE_DM 0.50 and 1.57 g m-2 
MJ-1 respectively; being RP_g similar to 
what was reported for Paraná (0.21 g m-2 
MJ-1) by Caviglia et al. (2004), and lower 
than those measured in Balcarce (0.34 g 
m-2 MJ-1) as well as RUE_g and RUE_DM 
(0.71 and 2.07 g m-2 MJ-1 respectively) (5). 

The similar response in Wc and Rc, 
added to the fact that water is a cumu-
lative resource and radiation is not, rein-
forces the concept that increasing produc-
tivity requires radiation capture. Water 
can be stored in the soil, thus attenuating 
the imbalances between the availability of 
the resource and the demand. Radiation 
capture, however, depends on the size 
and structure of the canopy at a given 
moment, so there are no compensatory 
mechanisms for the recovery of radiation 
not intercepted by the crop.
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Table 3. Radiation use efficiency in grain and dry matter (RUE_G and RUE_DM), 
radiation productivity in grain and dry matter (RP_G and RP_MS) and radiation capture 

efficiency (Rc) in different sequences of crops of 2 years of duration (v= vicia, w= 
wheat, b= barley, s= soybean, c= corn without fertilization, cf= corn fertilized). 

Tabla 3. Eficiencia uso radiación en grano y en materia seca (RUE_G and RUE_DM), 
productividad de la radiación en grano y en materia seca (RP_G and RP_MS) y eficiencia 

de captura de la radiación (Rc) en diferentes secuencias de cultivos de 2 años de duración 
(v= vicia, t= trigo, c= cebada, s= soja, m= maíz sin fertilización, mf= maíz fertilizado). 

Crop sequence
RUE_G

(g m-2 MJ-1)
RUE_DM

(g m-2 MJ-1)
RP_G

(g m-2 MJ-1)
RP_DM

(g m-2 MJ-1)
Rc

v/s-w/s (25) 0.60 a 1.40 a 0.17 a 0.41 a 0.29 a
w/s-w/s (50) 0.63 a 1.57 ab 0.20 a 0.50 b 0.32 ab
b/s-w/s (50) 0.70 ab 1.60 ab 0.23 a 0.53 b 0.33 abc
v/c-w/s (50) 0.77 bc 2.07 c 0.26 a 0.70 b 0.34 bcd
w/c-w/s (75) 0.90 bc 2.17 c 0.31 b 0.76 c 0.35 bcde
v/cf-w/s (50) 0.93 bc 2.27 c 0.32 b 0.79 cd 0.35 bcde
b/c-w/s (75) 0.97 c 2.37 c 0.35 b 0.87 d 0.37 cde

w/cf-w/s (75) 0.97 c 2.50 c 0.36 c 0.92 e 0.37 de
b/cf-w/s (75) 1.07 c 2.53 c 0.41 c 0.99 e 0.39 e

The percentage of grasses in the sequence is expressed in parentheses. Different letters, within the same 
column, indicate differences according to the LSD test (p ≤ 0.05).

El porcentaje de gramíneas en la secuencia está expresado entre paréntesis. Letras diferentes, dentro de la 
misma columna, indican diferencias según el test de LSD (p ≤ 0,05).

Conclusion

The sequences of crops with the same 
rate of intensification but with a greater 
percentage of grasses, increased the effi-
ciency and productivity in the use of 
water and radiation for the production 
of grain and total DM, achieving a greater 
contribution of C from the crop residues 

to the soil. The differential response for 
water and radiation offer ideas for the 
development of strategies based on the 
improvement of radiation uptake to raise 
annual water productivity, considering 
different crop sequences and their stra-
tegic fertilization.
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Abstract

Seed germination is a process that involves several phases, beginning with the 
uptake of water by dry seeds and ending with emergence. Based on current knowledge, 
several methodologies have been developed to manipulate this process in order to 
produce beneficial effects on crops. The hydropriming of maize seeds is one technique 
that has been used to lower the in-field germination time. The objective of the present 
study was to measure the effect of different hydropriming times on maize seeds and the 
subsequent growth, development, and yield of plants. The results demonstrated that 
hydroprimed seeds for 12 and 18 hours, germinated more rapidly in comparison with 
the control and 36-hour treatment. Yield was also affected as a function of the imbibition 
time. The generated data allowed for an optimal soaking time of 22.12 hours to be deter-
mined, resulting in an estimated yield of 16.6 t per hectare. 
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Resumen

La germinación de las semillas es un proceso que inicia con la toma de agua por la 
semilla seca y concluye con la emergencia. Con base en los conocimientos actuales se 
han desarrollado metodologías para manipular este proceso y obtener efectos benéficos 
en los cultivos. El hidroacondicionamiento de las semillas de maíz ha sido utilizado para 
obtener menores tiempos de germinación en campo. El objetivo del presente trabajo fue 
medir el efecto de diferentes tiempos de hidroacondicionamiento en agua de semillas 
de maíz sobre su crecimiento, desarrollo y rendimiento. Los resultados mostraron que 
las semillas hidroacondicionadas por 12 y 18 horas germinaron más rápidamente en 
comparación con el tratamiento testigo y 36 horas. El rendimiento fue afectado en 
función de los tiempos de imbibición. Los datos permitieron estimar un tiempo óptimo 
de imbibición que fue de 22,12 horas con lo que se obtiene un rendimiento estimado de 
16,6 toneladas por hectárea.  

Palabras clave
Hidroacondicionamiento • semillas de maíz • germinación de semillas de maíz

Introduction 

Germination begins with the uptake of 
water by a dry seed (imbibition) and ends 
when a portion of the seed (the embryonic 
axis in dicotyledons or the radicle in 
monocotyledons or gymnosperms) 
emerges from the surrounding structure, 
known as the emergence phase (15). The 
uptake of water by seeds is triphasic and 
begins with the rapid initial absorption 
of water (phase I), followed by a plateau 
phase (phase II). Finally, a subsequent 
increase in water absorption (phase III) 
corresponds with the elongation of the 
embryonic axis and the aperture of the 
surrounding sheath (17). During these 
phases, important physiological changes 
occur assuring the survival of the seedling. 
These events have been widely studied 
by different authors. For example, during 
phase I, the structures damaged during the 
previous dehydration phase are repaired, 
and during phase II, protein synthesis 
resumes (4). The duration of each phase 

is variable and depends on seed-specific 
characteristics, including size, content of 
hydratable substrates, permeability of 
seed covering, and available O2 and CO2, 
in addition to other external conditions 
during imbibition, such as temperature, 
substrate composition, and moisture 
content (19). 

For sowed crops, large volumes of water 
are commonly used to provide optimal 
germination conditions. However, during 
this period, water losses may also be signif-
icant due to a lack of vegetation cover, leading 
to greater water evaporation. Consequently, 
recently emerged seedlings experience a 
greater level of stress. In this context, Mullan 
and Reynolds (2010) list several genotypes 
that are capable of rapidly developing their 
leaf area, increasing the surface of shaded 
soil and decreasing water evaporation. This 
results in a more efficient use of water. In this 
sense, it is preferable that seeds initiate the 
imbibition-germination process as quickly 
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as possible (7), as this favours a more effi-
cient usage of water and minimizes the time 
of exposure to pathogens and other adverse 
environmental factors present in agricul-
tural systems. In addition, this technique 
can improve other corn production systems 
such as corn silage, which represents an 
important alternative in several countries of 
America (24).

Based on current knowledge, various 
methods have been attempted for manip-
ulating imbibition and germination to 
obtain beneficial effects on crops. One of 
the most studied techniques for achieving 
such benefits is hydropriming. In this 
method, seeds are placed in contact with 
water or an osmotic solution to initiate the 
imbibition process, but without arriving 
at the germination stage (12).

Several studies have shown this 
method to be effective in increasing the 
germination percentage and vigour of 
seedlings. A study spanning back several 
decades, as well as a more recent inves-
tigation (26) that tested four methods 
of hydroconditioning, found a resultant 
improvement in the germination and 
vigour of okra seedlings (Abelmoschus 
esculentus L. Moench). Previous research 
highlights that physiological changes may 
be initiated during imbibition, and these 
remain even after seeds are dehydrated 
(3). For this reason, osmoconditioned 
seeds rapidly re-initiate their metabolism, 
improving the percent and uniformity of 
germination (8).

 Because water is a limiting factor in 
agricultural systems, the use of the afore-
mentioned technologies may shorten the 
imbibition-germination time and improve 
the initial vigour of seedlings.  Thus, the 
objective of the present study was to 
evaluate the effect of different periods of 
soaking in water on maize seeds and to 
examine their effects on growth, devel-
opment, and yield of crops.

Materials and methods

First phase: Determination of the 
imbibition-germination times

For this phase, hybrid maize seeds 
(1503 by Aspros®) were placed in a 
humidity chamber with 90% relative 
humidity at a temperature of 27±3°C. The 
humidity chamber consisted of a plastic 
container. Paper saturated with sterile 
water was placed in the bottom of the 
container. Subsequently, the seeds were 
placed, the container was sealed and 
kept at constant temperature in complete 
darkness. Twenty seeds were placed in 
50 humidity chambers (1000 seeds in 
total). Initial weight along with increases 
in weight every six hours, were recorded. 
The number of germinated seeds was 
recorded over the period of evaluation. A 
seed was considerd as germinated when 
it showed a radicle measuring at least, 2 
mm. The recorded data were tested for 
normality and homoscedasticity. When 
assumptions of normality were not met, 
the data were transformed using the 
following formula:

Y=√X + 10

where:
Y= transformed data 
X= data 

The previous procedure facilitated the 
determination of the germination times 
and weight gain due to water absorption. 
Based on the generated data, three periods 
of hydroconditioning and control were 
then selected (0, 12, 18, and 36 hours). For 
each time period, 20 seeds were placed in 
humidity chambers for the corresponding 
treatment time. As mentioned, their initial 
weights, as well as weight gains assessed 
every 6 h, were recorded.
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Temperature and RH were kept 
constant (27±3 °C and 90% HR). Once 
the imbibition time was finalised, the 
seeds were removed from the humidity 
chamber and replaced on absorbent 
paper at room temperature until they 
returned to their original weight prior to 
imbibition (approximately 120 hours). 
Afterwards, the seeds were placed in 
humidity chambers to determine the 
number of germinated seeds over time; 
measurement were recorded every six 
hours. The recorded data were subjected 
to a regression analysis in Microsoft 
Excel®.

Second phase: Field experiments 
First, 200 g of maize seed were placed 

in a humidity chamber at 90% humidity 
and 25±2°C for each one of the previously 
established time periods (12, 18, and 36 
hours and control). After the treatment 
periods, the seeds were removed from 
the humidity chamber and placed on 
absorbent paper at room temperature 
until they recovered their initial weight 
(approximately 120 hours). Afterwards, 
the seeds were sown in an open-field 
plot located in the experimental field of 
the Polytechnic University of Francisco 
I. Madero on Hidalgo estate México (14Q 
490716.79 m E y 2236223.96 m N). The 
study was carried during 2014-2015. The 
experimental desing was a completely 
randomised block. For each treatment, 
a surface area of 50 m2 was sown with 
seeds, with a distance of 0.75 m between 
furrows and 0.13 m between plants. Each 
treatment was replicated four time. Drip 
irrigation system was used, and sowing 
was carried out at the same time for all 
treatments under consideration.  Weed 
control was mechanical in all treatments 
and no fertilizer was applied.

The mean of temperature in the experi-
mental field was 26.2 °C and the HR was 22%.

Variables analysed during the 
fieldwork

For each treatment (period of hydro-
conditioning), the number of emerged 
seeds was counted six days after sowing 
(DAS). A plant was considered to have 
emerged if the coleoptile had a minimum 
height of 4 cm. The number of plants was 
also determined at the harvest time.

The variables plant height, foliar 
temperature, and soil temperature were 
also recorded. Plant and soil tempera-
tures were measured with a Benetech® 
infrared thermometer at an approximate 
distance of 20 cm from the foliage or 
ground surface. This variables have been 
previously used for estimation of the 
water use status on plant (10) in addition 
to the percentage of ground area covered 
by foliage every 7-9 days. 

The percentage of ground area covered 
by foliage was determined by digital 
imaging, according to the method proposed 
by Mullan and Barcelo-García (2012). The 
digital images were then processed with 
Adobe Photoshop CS5 Extended® software, 
adjusting the parameters of saturation 
and luminosity to constant values (+60 
and -20, respectively) aiming to contrast 
and compare the colours corresponding 
to leaves and ground surface. With this 
method, the area of the image corre-
sponding to the green colours of leaves 
was substituted by absolute white (R=255, 
G=255, and B=255) in an RGB colour 
system, and the area corresponding to soil 
and the related colour gamma was substi-
tuted by absolute black (R=0, G=0, and 
B=0) in the same colour system.

The last step involved determining the 
ratio of white to black pixels in the RGB 
colour system, using the measuring tools 
provided by the software. With this infor-
mation, the percentage of soil cover with 
foliage was calculated according to the 
following formula:
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%SCPAT=(AWP/255)X100;

where:
%SCPAT=percentage of soil covered 

with photosynthetically active tissue
AWP=average number of white pixels 

Once a female maize flower appeared, 
the length and diameter of each cob was 
measured. During harvest, the average 
percentage humidity of the seeds for each 
treatment was determined, and the grains 
of each cob per treatment were separately 
weighed in order to calculate yield per 
hectare. 

Data analysis 
The generated data were submitted 

to analysis of variance, and a means 
comparison test was performed if the 
results were significant (Tukey, P=0.05). 
For the data on plant height and length, 
diameter of the cob, and percent of ground 
cover, the area under the curve was calcu-
lated following the polygon method. The 
analysis of the area under the curve is a 
method used to estimate the total growth 
through time and the result is a dimen-
sionless value. This method was described 
by Liengme, 2002. Yield data were 
analysed by Regression analysis. 

Results

Determination of the imbibition-
germination times 

Time of imbibition was correlated 
with seed weight. Before the seeds were 
placed in humidity chambers, average 
weight of 20 seeds was 8.3 g. Thirty six 
hours after the start of imbibition, average 
weight was 11.8 g (figure 1b, page 77). 
The greatest number of germinated 
seeds after reaching an average imbibed 
weight of 12.4 g, occurred after 70 hours 

in the humidity chamber. Seed weight 
had a correlation coefficient of 0.53 with 
germination percentage. However, time of 
imbibition was statistically more signif-
icant in explaining germination (data 
not shown). According to the regression 
model (figure  1a, page 77), 50% germi-
nation (G50) was achieved after 54.8 hours 
of imbibition.

During the initial hours (0-20 hours), 
a rapid increase in weight was observed, 
corresponding to the first phase of imbi-
bition, characterised by a rapid increase in 
water absorption. Afterwards, increases 
in weight were stable, followed by another 
increase in weight corresponding to the 
appearance of the radicle. 

Germination of hydroprimed seeds  
The seeds showed a distinct behaviour 

as a function of imbibition time. The most 
rapid germination time was found for the 
36-hour imbibition treatment, resulting 
in 50% germination of seeds (G50) after 
16.7 hours in the humidity chamber. 
The 12-hour (T12) and 18-hour (T18) 
imbibition treatments took more time to 
germinate (G50) at 33.4 and 30.27 hours, 
respectively. The control treatment (unim-
bibed seeds) had the highest germination 
time (G50) at 48.2 hours. Seeds that were 
treated for 12 hours had an overall rate of 
germination of 94.1% after 48 hours in a 
humidity chamber (figure 2, page 78).

Field experiments 
Emergence of seeds 
Hydropriming time affected  seed emer-

gence emergence in the field. The emer-
gence of seedlings at six DAS, increased in 
direct proportion with the imbibition time 
of seeds up to 18 hours, when the number 
of emerged seeds began to diminish. The 
36-hours treatment had the lowest number 
of emerged seedlings (figure 3, page 78). 
A similar behaviour has been observed in 
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Figure 1. Effect of imbibition time on A) germination percentage of maize seed and B) 
seed weight. 

Figura 1. Efecto del tiempo de imbibición sobre A) porcentaje de germinación de 
semillas de maíz y B) peso de semillas de maíz. 
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G50= time (hours) to reach 50% germination; G48h= percentage of germinated seeds at 48 hours. All equations 
are significant with alpha≤0.05. 

G50= tiempo (horas) al 50% de germinación; G48h = porcentaje de germinación a las 48 horas. Todas las 
ecuaciones son significativas con un alpha≤0,05.

Figure 2. Effect of different hydropriming times on the time to germination of maize seeds. 
Figura 2. Efecto de diferentes tiempos de hidroacondicionamiento sobre el tiempo de 

germinación en semillas de maíz.
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Figure 3. Average number of emerged seeds at different imbibition time, six DAS.
Figura 3. Promedio de número de semillas emergidas a diferentes tiempos de 

imbibición, seis DAS.
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other species; for example, Marín Sanchez 
et al. (2007) found an increase in the 
percentage of abnormal onion seedlings 
after 72 hours of hydroconditioning, and 
the percentage of abnormalities further 
increased after 96 hours. In another study, 
Sadeguhi et al. (2011) found an average 
dry weight of 1.55 g for soy seeds hydro-
conditioned for 12 hours. However, when 
the time of osmoconditioning increased to 
18 and 24 hours, the average dry weight 
decreased to 1.3 and 1.2 g, respectively. 

Plant height
Plant height demonstrated significant 

differences at 37 and up to 43 DAS. During 
this period, seeds hydroconditioned for 36 
hours showed an average height equal to 
the control treatment, while the 12- and 
18-hour treatments had a greater height. 
For the rest of the sampled dates, plants did 
not show significant differences. Overall, 
and in terms of accumulated growth, 
seeds imbibed for 12 or 18 hours resulted 
in plants of greater height in comparison 
with the control treatment (table 1).

Plant and soil temperature 
For the 0-, 12-, and 18-hour treat

ments, plant and soil temperatures signifi-
cantly differed differed significantly at 
16, 22, and 30 DAS. A lower difference in 
temperature after 16 days, was found with 
the 36-hour treatment, while the 12-hour 
treatment presented the greatest temper-
ature difference.  At 22 DAS, an increase 
in solar energy resulted in a higher soil 
temperature; causing that plants from 
imbibed seeds of all treatments showed a 
difference in relation to non-treated seed.  
At 30 DAS, only the 12-hour treatment 
demonstrated a statistically significant 
difference in comparison with the other 
treatments. For the rest of the sampling 
dates, no significant differences were 
found (table 2, page 80).

Percent of soil cover
Although soil cover percentage largely 

depends on leaf lamina growth, it is also 
determined by a number of other factors, 
such as luminosity, nutrient availability in 
water and soil, leaf insertion angle to the 

Table 1. Plant height expressed in centimeters from seeds with different 
imbibition times.

Tabla 1. Alturas de plantas expresadas en centímetros provenientes de semillas con 
diferentes tiempos de imbibición. 

†ABC = Area under the curve for plant height (Dimensionless number). MSD = Minimum significant 
difference. Different letters indicate statistically significant differences (Tukey, P=0.05).

†ABC = Área bajo la curva del peso de la planta. MSD = Diferencia mínima significativa. Letras diferentes 
indican diferencias significativas (Tukey, P=0,05).

Days after sowing

Imbibition 
time

16 22 30 37 43 51 65 71 79 AUC

0 19.5 a 32.1 a 52.1 a 68.1 ab 80.6 b 103.14 a 179.4 a 201 a 232.4 a 5781.2 b

12 18.2 a 37.5 a 51.7 a 76.5 a 89.5 ab 112.2 a 178.2 a 225.57 a 251 a 6155.9 a
18 18 a 33.7 a 49.9 a 73.5 a 94.3 a 109.2 a 194.3 a 224.7 a 243 a 6225.4 a
36 17.7 a 32.2 a 48.1 a 63.8 b 85.8 ab 101.5 a 188.2 a 192.2 a 235.4 a 5923.9 ab
P 0.59 0.04 0.3 0.005 0.059 0.004 0.11 0.06 0.22 0.04

MSD 3.94 11.13 6.93 9.38 13.4 11.3 22.27 39.4 25.8 367
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main stem, planting density and spatial 
distribution. In addition, any incidence of 
plague or disease may also have an effect. 
In the current study, all treatments showed 
a similar percentage of soil cover, indicating 
that the hydropriming treatments did not 
affect this variable (figure 4, page 81).

Although from 16 to 30 DAS the inci-
dence of solar radiation caused a difference 
in temperature between soil and plants 
(table 2), all of the treatments maintained 
a similar foliage area. Even so, the 12- and 
18-hour treatments maintained a greater 
difference in temperature, which implies 
that even though none of the plants were 
affected in terms of growth, only the 12- 

Table 2. Soil and maize plant temperatures on different days after planting for a given 
time of imbibition. 

Tabla 2. Temperaturas de suelo y planta en diferentes días después de la siembra para 
diferentes tiempos de imbibición. 

†TI = Time of imbibition; TS=Soil temperature; TP = Plant temperature; D = TS-TP; DMS = Minimum 
significant temperature (Tukey, P = 0.05). The value of temperatures and difference are expressed in °C.
†TI = Tiempo de imbibición; TS = Temperatura del suelo; TP = Temperatura de la planta; D = TS-TP; DMS = 

Diferencia mínima significativa (Tukey, P = 0,05). El valor de las temperaturas y la diferencia se expresan en °C.

  Days after planting 

TI 
(Hours)

16 22 30 37
TS TP D TS TP D TS TP D TS TP D

0 33.7 29.7 4.7 bc 64.8 38.4 30.4 b 62.7 31.4  31.3 b 35.5 24.7 10.8 a
12 39.2 31.1 8.0 a 54.8 23.7 35.1 a 68.2 31  37.2 a 34.9 24.9 10.0 a
18 34.6 29.4 5.2 ab 54.3 20.3 34.0 a 64.3 29.2  34.1 b 35.3 25.4 9.9 a
36 35.3 33.2 2.1 c 59.7 24.5 35.2 a 64 31.2  31.8 b 35 24.7 10.3 a

DMS     3.6 3.8 3.0     4.1
P      0.04      0.03      0.02      0.90 

  Days after planting

TI 
(Hours)

51 71 79
TS TP D TS TP D TS TP D

0 26.8 22.2 4.6 a 29.4 22.5 6.9 a 38.01 31.5 6.5 a
12 32.6 31.1 1.5 a 29.3 22.9 6.4 a 33.7 30.3 3.4 a
18 26.5 23.5 3.0 a 26.1 22.1 3.9 a 33.1 28.4 4.7 a
36 29.9 23.9 6.0 a 29.8 23.5 6.3 a 28.3 28.6 0.7 a

DMS      4.6      4.7      7.5
P     0.08       0.35      0.56

and 18-hour treatments were capable of 
transpiring under these conditions. This 
finding is possibly due to the plants’ ability 
to maintain open stomata, allowing tran-
spiration and gas exchange and thereby 
favouring the process of photosynthesis.

Yield
The imbibition treatments showed an 

effect on yield. The generated data were 
used as inputs for a mathematical model to 
estimate maximum yield, resulting in 16.6 t 
per hectare and corresponding with 22.12 
hours of imbibition. Upon surpassing this 
timeframe, plant yield decreased to 15.6 t 
per hectare (figure 5, page 82). 
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Discussion

The germination value is greater than 
that reported, who found a G50 value of 
46 hours. After 36 hours of imbibition, 
an 11% increase in seed germination was 
observed. In the present study, this time 
period was considered to be the maximum 
imbibition period before the seeds began 
to germinate. The germination time 
behaviour is typical of the majority of 
seeds (19). For hybrid corn, other authors 
have reported similar results. For example, 
by Yu-quin and Song-quan (2008) tested 

different imbibition times and evaluated 
the water content of seeds under different 
treatments. Phase 1 was observed 
between 0 and 12 hours, followed by a 
decrease in water content from 12 to 36 
hours and, finally, a subsequent increase 
in water uptake. The hydropriming of 
seed resulted in earlier germination for 
maize seeds. However, this also affected 
the final number of germinated seeds. 
This behaviour has also been reported 
for other species. For example, in soybean 

For the 12-, 18-, and 36-hour treatments, regression models were adjusted to the following form: 
y=ax2+bx+c. For the control treatment (0 hours), the model was adjusted to the following form: y=ax+b, 

where y=ground cover percentage and x=number of days after sowing. In all cases, the models were highly 
significant and had a coefficient of determination (R2) of 0.93 or higher.

Para los tratamientos de 12, 18 y 36 horas, los modelos de regresión fueron ajustados a la forma y=ax2+bx+c. 
Para el tratamiento control (0 horas) el modelo ajustado fue de la forma y=ax+b, donde y=Porcentaje de 

cobertura de suelo y x=Número de días después de la siembra. En todos los casos los modelos fueron 
altamente significativos y el coeficiente de determinación (R2) fue de 0,93 o superior. 

Figure 4. Effect of different imbibition times of maize seeds on ground cover 
percentage over time.  

Figura 4. Efectos de diferentes tiempos de imbibición de semillas de maíz en el 
porcentaje de cobertura de suelo a través del tiempo.
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Max yield = maximum yield estimated by the following model: y = ax2+bx+c, where y = output in kg per 
hectare and x = time of imbibition.

Max yiel = rendimiento máximo estimamdo por el modelo y = ax2+bx+c, donde y = rendimiento en kg por 
hectárea y x = tiempo de  imbibición. 

Figure 5. Effect of imbibition time of maize seeds on yield per hectare.
Figura 5. Efecto del tiempo de imbibición de semillas de maíz sobre el rendimiento. 
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crops (25) 50% germination of seeds was 
found to increase at imbibition periods 
of 18 and 24 hours, even though the final 
germination percentage decreased in 
comparison with seeds hydroprimed for 
12 hours. Hydropriming of seeds induces 
a series of biochemical changes (11) that 
are necessary for the germination process 
to occur, Heydecker and Coolbear (1977) 
stimulating, for example, the activation 
of enzymes or the metabolism of germi-
nation inhibitors (1). However, during the 
hydration process, seeds may also suffer 
temporary changes in the permeability of 
their cellular membranes, loosing solutes 
and metabolites of low molecular weight 
to the surrounding environment (19). 
These compounds are necessary for devel-
opment during the first stages of germi-
nation (4), and their excessive loss could 

represent a disadvantage for the seed (5). 
This described phenomenon may explain 
what occured in this study, when seeds 
were hydroconditioned for 36 hours and 
germinated more rapidly even when the 
final number of germinated seeds resulted 
lower. This finding is possibly due to 
irreparable damage from excessive loss of 
nutritional compounds during imbibition 
phase II. In the field experiments, results 
demonstrated that hydroconditioning 
treatments are only beneficial, when 
practiced for an adequate period of time. 
When the optimal hydroconditioning 
time is surpassed, physiological damage 
may occur leading to a lower percentage 
of emergence. The results of plant height 
were similar to those reported by Sharma 
et al. (2014), who found an average height 
for okra plants of 27.1 cm when the seeds 
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were imbibed for 12 hours. By contrast, 
with the control treatment, an average 
height of 14.8 cm was found, but when 
the imbibition time increased to 18 hours, 
the seedlings displayed a height of 22 cm. 
Plant surface temperature is related to 
transpiration rate; increased transpiration 
lowers leaf temperature by  dissipation of 
sun heat (20). This has demonstrate that 
plant temperature is the result of several 
physiological processes, which, in addition 
to transpiration, involve stomatal conduc-
tance, hydric status of the plant, water 
use efficiency, leaf area index, and yield 
(23). In the present study, plants from 
hydroconditioned seeds showed a greater 
difference in plant and soil temperatures, 
compared with non-imbibed seeds. It 
may be inferred that imbibition causes a 
physiological effect that enables a greater 
capacity for transpiration in conditions 
of high irradiance, which may lead to 
an elevated rate of photosynthesis as 
stomata remain open for longer periods 
of time. Some studies have revealed that 
the hydroconditioning of seeds results 
in significant effects during plant devel-
opment. In the case of wheat, it has been 
shown that hydroconditioning leads to a 
decrease in the concentration of sodium 
ions in plants growing in saline soils, 
favouring plant growth (22).

Further research has highlighted 
how hydroconditioned plants behave in 
comparison with control treatment plants 
as a function of environmental conditions. 
For example, Chen and Arora (2011) found 
that spinach seedlings from hydrocondi-
tioned seeds showed an increase in the 
expression of the CAP85 gene when plants 
were submitted to stress by desiccation. 
However, no similar expression of the 
gene occured under optimal conditions. 
This gene encodes for LEA (late embryo-
genesis abundant) proteins that play an 

important role in water stress resistance 
(22). In the specific case of maize (6), an 
increase in the expression of LEA genes 
and their respective proteins was found 
for osmoconditioned seeds compared 
with normal seeds. Although the function 
of these proteins is not precisely known, 
evidence suggests that these proteins 
protect cellular structures from water 
stress or cold (27). In the present study, it 
is likely that 12- and 18-hour treatments 
would have affected the expression of the 
genes that encode LEA proteins, enabling 
these plants to exhibit a greater resistance 
to stress between 22 and 30 DAS, which 
corresponds to the period of high irra-
diance (table 2, page 80). 

Dry matter and grain production 
depend on the ability of crops to capture 
resources, and radiation is an important 
factor for yield (14). However, a high solar 
radiation causes an increase in leaf and 
soil temperatures. When sun incidence 
was not sufficient to elevate soil temper-
ature above 50°C, plants did not show 
significant differences in leaf temperature. 
This finding suggests that during the 
hydroconditioning of maize seeds, gene 
expression may be affected, leading to an 
improved stress response. 

Other studies have demonstrated 
that seed imbibition may lead to an agro-
nomic advantage. For example, Ghiyasi 
et al. (2008) found an increase in maize 
plant yield when seeds were hydrocon-
ditioned with water at a potential of -0.5 
MPa for 24 hours. A similar behaviour has 
been observed for other crop species. For 
example, Arif et al. (2014) found that soy 
plants from seeds hydroconditioned with 
polyethylene glycol (PEG) for six hours at 
-1.1 MPa, had a greater yield, compared 
with plants from non-treated seeds. 
Plants from treated seeds also flowered 
and presented mature seeds before 
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the control. In line with these findings, 
recent evidence has shown that hydro-
conditioning treatments enable moderate 
resistance to drought because the physio-
logical mechanisms behind this tolerance 
are activated as a consequence of these 
treatments (9).

Intermembrane proteins called aqua-
porins, transport water from cell to cell and 
therefore, play an important role during 
germination. Another key process might 
involve guard cells and their changes in 
volume with the addition of water. Finally, 
phloem loading and unloading, as well 
as stomatal movements (17), may partly 
explain drought resistance as previously 
reported. In the current study, plants 
underwent high temperatures from 16 to 
30 DAS (table 2, page 80).

Under these conditions, certain treat-
ments (12 and 18 hours) showed a greater 
difference between soil and foliage temper-
ature, indicating that these plants had 
greater resistance. This resistance also led 

to greater growth at 37 to 43 DAS (table 
1, page 79), which may be an indicator 
of the capacity of the 12- and 18-hour 
treatments to continue development in 
conditions under which other treatments 
(control and 36 hours) were interrupted. 
As a consequence of these effects, seeds 
that are hydroconditioned for 12 and 18 
hours develop into plants with greater 
stress tolerance, representing a significant 
advantage in comparison to non-treated 
plants. 

Conclusions

Hydroconditioned maize seeds for 
12 and 18 hours presents an agronomic 
advantage for adult plants. Several of 
these advantages include more uniform 
germination, earlier germination, greater 
growth during periods of thermal stress, 
and greater grain yields. 
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Abstract

Previous studies have demonstrated that moderate water restrictions and enhanced 
CO2 concentration can maintain or improve yield and accumulation of secondary 
compounds in lettuce under greenhouse conditions. Therefore, the aim of this study 
was to evaluate the combination of reduced soil moisture and carbon fertilization in 
shoot fresh weight (FW) and antioxidant capacity of two Batavia lettuce cultivars 
(Batabia Rubia Munguia; BRM and Maravilla de Verano; MV). Moderate water restriction 
treatment was equivalent to 2/3 of the field capacity and elevated CO2 concentration 
(ECO2) was fixed at ~700 µmol mol-1. While CO2 enrichment exerted a positive effect 
on shoot FW of MV, especially in combination with water restrictions, the yield of the 
cultivar BRM was not affected by CO2 concentration, nor by irrigation regime. However, 
antioxidant capacity of BRM plants was increased under ECO2 conditions. These results 
demonstrate that carbon fertilization and/or moderate water limitations can be strate-
gically used to enhance nutritional value and growth of greenhouse lettuce.

Keywords
antioxidant activity • carbon dioxide • Lactuca sativa • yield • water restriction • 
fertilization
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Resumen
	
Estudios previos han demostrado que la moderada reducción del riego y el aumento de 

la concentración de CO2 pueden mantener o incrementar la producción vegetal e inducir 
la acumulación de compuestos secundarios en lechuga bajo condiciones de invernadero. 
Por ello, el objetivo del presente estudio fue evaluar la combinación de la reducción del 
contenido de humedad del suelo y la fertilización carbónica sobre la materia fresca (MF) 
de la parte aérea y capacidad antioxidante de dos cultivares de lechuga Batavia (Batavia 
Rubia Munguia; BRM y Maravilla de Verano; MV). El tratamiento de déficit hídrico 
moderado fue equivalente a 2/3 de la capacidad de campo y la elevada concentración de 
CO2 (ECO2) se fijó en ~700 µmol mol-1. Mientras que el enriquecimiento de CO2 ejerció 
un efecto positivo sobre la MF de la parte área de MV, especialmente en combinación 
con la restricción del riego, la producción del cultivar BRM no se vio afectado ni por 
la concentración de CO2 ni por el régimen de riego aplicado. Sin embargo, la capacidad 
antioxidante de las plantas BRM se incrementó bajo condiciones de ECO2. Los resultados 
demuestran que la fertilización carbónica y/o una moderada limitación hídrica pueden 
estratégicamente ser utilizados para mejorar el valor nutricional y rendimiento de la 
lechuga bajo invernadero.

Palabras clave
actividad antioxidante • dióxido de carbono • Lactuca sativa •  rendimiento • restricción 
del riego • fertilización

Introduction

Lettuce (Lactuca sativa L.) is 
considered a major food crop within the 
European Union. It is one of the most 
popular vegetables given its healthy 
properties, attributable to the presence 
of fiber, antioxidant compounds and 
minerals (12, 16, 18). Batavia (Lactuca 
sativa L. var. capitata) is extensively culti-
vated in greenhouses and highly commer-
cialized in the North of Spain. Batavia 
Rubia Munguia (BRM) and Maravilla de 
Verano (MV) are two cultivars of Batavia. 
BRM develops a round, dense head and 
has yellow-green leaves, with very ruffled 
borders and a consistent, crisp texture. MV 
has rounded and very broad leaves with 
crunchy texture and red pigmentation it 
develops a firm head and can be grown all 

year long, especially in summer due to its 
resistance to high temperatures. 

Cultivation of lettuce requires 
frequent irrigation for better growth and 
development because this plant lacks of a 
deep root system. However, soil moisture 
ranging from 50 to 75% of field capacity 
(FC) allow lettuce plants to produce 
similar biomass than those fully irrigated 
(20). Moreover, Baslam and Goicoechea 
(2012) observed that the nutritional 
quality of BRM and MV had even increased 
when plants had received 2/3 of FC. When 
grown with limited irrigation the levels of 
anthocyanins in the leaves of BRM were 
higher than in well-watered plants and 
so were the concentrations of total carot-
enoids and chlorophylls in leaves of MV.
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Regarding the increase of atmospheric 
CO2 as a consequence of global change 
and/or horticultural practices, it is well 
known that it affects plant growth and 
development. The enhanced CO2 concen-
tration increases the potential net photo-
synthesis in C3 plants, such as lettuce, and 
therefore can improve yield over short-
term exposures (14). These responses 
may occur in natural ecosystems, but also 
can be used to increase the production, 
the nutritional quality and the accumu-
lation of secondary compounds. Under 
greenhouse conditions, CO2 fertilization 
facilitated rapid nursery production of 
olive trees during the winter season under 
Mediterranean conditions (5), induced the 
synthesis of secondary compounds with 
pharmacological interest in several plant 
species (17) and induced the accumulation 
of phenolic compounds in lettuces cv. BRM 
and MV when plants were not associated 
with mycorrhizal fungi (2). In fact, Becker 
and Kläring (2016) observed that CO2 
enrichment can result in high yields of red 
lettuce rich in phenolic compounds.

All these previous findings lead us to 
hypothesize that the increased levels of 
some secondary compounds in leaves of 
BRM and MV cultivated with restricted 
irrigation or carbon fertilization may 
enhance their antioxidant properties. 

Objective

The objective was to study whether 
water deficit and/or carbon fertilization 
could improve plant growth together with 
leaf antioxidants in greenhouse grown 
lettuce.

Materials and methods

Plant material and experimental design
Seeds of BRM and MV were surface 

sterilized by 10% bleach for 10 min and 
then germinated in a mixture of light peat 
and sand (1:1, v:v). When seedlings had 
2-3 fully developed leaves (three weeks 
after sowing) 24 plants of each cultivar 
(BRM and MV) were transplanted to 13 L 
pots filled with a mixture of vermiculite-
siliceous sand-light peat (2.5:2.5:1, v:v:v). 

The peat had a pH of 
5.2-6.0, 70-150 mg L-1 of nitrogen, 80-180 
mg L-1 of total P2O5 and 140-220 mg L-1 K2O 
and it was previously sterilized at 100°C 
for 1 h on three consecutive days.

During transplant, the plants were 
transferred to four [CO2] controlled 
greenhouses located on the Univer-
sidad de Navarra campus (42.80 N, 1.66 
W; Pamplona, Spain) (two ambient CO2 
(ACO2) and two elevated CO2 (ECO2) 
greenhouses).

The design of the greenhouses was 
similar to that described by Morales et al. 
(2014). Twelve BRM plants and twelve MV 
plants were placed in ACO2 greenhouses 
(six plants from every lettuce cultivar 
in each ACO2 greenhouse). Twelve BRM 
plants and twelve MV plants were placed 
in ECO2 greenhouses (six plants from every 
lettuce cultivar in each ECO2 greenhouse). 
In the two ACO2 greenhouses, no CO2 was 
added and the [CO2] in the atmosphere 
was approximately 392 µmol mol-1. In the 
other two greenhouses (ECO2), [CO2] was 
fixed at ~700 μmol mol-1 by injecting pure 
CO2 (purity up to 99.99%) from cylinder-
gases (34 L of CO2 per cylinder) through 
the two inlet fans during the light hours.

The CO2 was provided by Air 
Liquide (Bilbao, Spain). The [CO2] was 
continuously monitored using a Guardian 
Plus gas monitor (Edinburgh Instruments 
Ltd, Livingston, UK). 
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Different irrigation regimes were 
also imposed at transplanting. Six BRM 
and six MV lettuces cultivated at ACO2 
concentration in the air (three plants 
from each cultivar and ACO2 greenhouse) 
were always watered at FC and kept as 
well-watered (WW) treatments. Field 
capacity was calculated as the maximum 
water retained by a pot after complete 
drainage of water excess (900 mL per 
pot as an average value for all pots). 
Previous experience (2) demonstrated 
that WW lettuce plants performed better 
by dividing this amount of total water 
into three irrigations per week as follows: 
300 mL of Hewitt’s nutrient solution with 
some modifications (1) once a week and 
300 mL of distilled water twice a week. 

Plants subjected to 2/3 FC received 
300 mL of modified Hewitt’s solution once 
a week and 150 mL of distilled water twice 
a week. In all cases, nutrient solution was 
alternated with distilled water in order to 
avoid salt deposition. As results obtained 
by Baslam and Goicoechea (2012) showed 
that the leaf water content in WW lettuce 
plants was at least 90% after receiving the 
abovementioned nutrient solution and 
water supplies for 7 weeks, the irrigation 
regimes in the present study were kept 
through the whole experiment.

Total antioxidant capacity of leaves
Leaf extracts were obtained as 

described by Chapuis-Lardy et al. (2002) 
with some modifications. Samples 
(0.5 g of FW) were pulverized in liquid 
nitrogen, mixed with 20 mL of 80% 
methanol, and homogenized at room 
temperature for 1 min. After filtration, 
0.5 mL of each sample was mixed with 
10 mL of distilled water.

The total antioxidant capacity was 
evaluated by applying the free α, α-Diphenil-
β-picrylhydrazyl radical scavenging activity 
(DPPH• assay).

The free radical scavenging activity using 
the free radical DPPH• (6) was evaluated by 
measuring the variation in absorbance at 
515 nm after 30 min of reaction in parafilm-
sealed glass cuvettes (to avoid methanol 
evaporation) at 25°C (9).

The reaction was started by adding 
20 μL of the corresponding sample to 
the cuvette containing 80 μM (methanol 
solution) (980 μL) of the free radical 
(DPPH•) (11).

The final volume of the assay was 1 mL. 
Reaction was followed with a spectropho-
tometer (Jasco V-630, Analytical Instru-
ments, Easton, MD, USA). The trapping 
potential for DPPH radicals scavenging 
activity in the leaf extracts was calcu-
lated as the percentage of inhibition (I %) 
against blank:

I % = (A blank – A sample) * 100/ A blank

where:
𝐴 blank = the absorbance of the control 

reaction (containing all reagents except 
the test compound)

𝐴 sample = the absorbance of the test 
compound.

Statistical analysis
Within each lettuce cultivar, data were 

subjected to a two-factor ANOVA (factorial 
2 × 2) (IBM SPSS v. 24).

The variance was related to the main 
treatments (atmospheric CO2 concen-
tration, CO2 and water regime, W) and to 
the interaction between both parameters 
(CO2 × W). Means ± standard errors (SE) 
were calculated and, when the F ratio was 
significant (p ≤ 0.05), a Duncan Multiple 
Range Test was applied. Tests results were 
always considered significant at p ≤ 0.05.
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Results

Although the shoot FW of the cultivar 
BRM tended to be higher when plants 
were cultivated under ECO2 (table 1), the 
final size achieved by the lettuces was not 
significantly affected by either the concen-
tration of CO2 or the irrigation regime 
(table 1). In contrast, the antioxidant 
capacity measured in leaves of BRM was 
significantly enhanced when plants were 
exposed to ECO2 (CO2, p ≤ 0.01). The inter-
action between CO2 and water supply was 
not significant for either growth or antiox-
idant properties in this cultivar.

Contrary to BRM, growth of MV was 
clearly increased under ECO2 (table 2, 
page 92). Moreover, such enhancement 
was reinforced when ECO2 interacted with 
restricted irrigation (CO2 × W, p ≤ 0.05), so 
that the highest shoot FW (67.33 g plant-1) 
was achieved by plants cultivated under 
ECO2 with a water supply of 2/3 FC. In this 
red-leaf cultivar, the antioxidant capacity 
measured in leaves was not affected by the 
irrigation regime, the concentration of CO2 
in the air or the interaction between both 
environmental factors (table 2, page 92).

Table 1 Shoot fresh weight (FW) 
(g plant-1) and trapping potential for 

DPPH radicals scavenging activity 
(I %) in Batavia Rubia Munguia 

(BRM) cultivated at either ambient 
(~370 µmol mol-1) (ACO2) or elevated 

(ECO2) (~700 µmol mol-1) CO2 
concentration in the air, and grown with 
optimal (FC, field capacity) or restricted 

(2/3 FC) water supply. 
Tabla 1 Materia fresca (FW) de la parte 

aérea (g planta-1) y capacidad para 
eliminar radicales DPPH (I %) en Batavia 
Rubia Munguia (BRM) cultivada tanto en 
concentraciones de CO2 ambiente (~370 

µmol mol-1) (ACO2) como en elevadas 
(ECO2) (~700 µmol mol-1), y crecidas bajo 
riego óptimo (FC, capacidad de campo) o 

bajo restricción (2/3 FC).

Values are means (n = 6) ± S.E. Within each 
column, data followed by the same letter indicate 
that values did not differ significantly (p ≤ 0.05). 

ANOVA: NS, not significant; **, significant at p ≤ 0.01. 
Los valores corresponden a medias muestrales 
(n = 6) ± S.E. Dentro de cada columna, el valor 
acompañado por la misma letra indica que las 

medias no difieren significativamente (p ≤ 0,05). 
ANOVA: NS, no significativo; **, significativo a p ≤ 0,01.

Treatments Shoot FW 
(g plant-1) I %

ACO2

FC 47.12 ± 3.95 68.12 ± 1.59 
2/3 FC 45.96 ± 4.96 74.49 ± 1.92 

ECO2

FC 50.48 ± 2.49 78.17 ± 2.66 
2/3 FC 56.92 ± 3.61 77.31 ± 1.55 

Main effects

CO2

ACO2 46.75 ± 2.93 71.02 ± 1.54 b 
ECO2 53.41 ± 2.25 77.74 ± 1.47 a 

Water supply
FC 48.95 ± 2.27 73.15 ± 2.12 
2/3 FC 51.44 ± 3.39 76.03 ± 1.23 

CO2 NS **
Water supply (W) NS NS

CO2 × W NS NS
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Discussion

The statistical study of the main effects 
of CO2 and water supply demonstrated that 
moderate water restriction (2/3 FC) did 
not reduce yield in any of the two cultivars 
of lettuce (table 1, page 91 and table 2), 
despite the high sensitiveness of plant 
growth to water deficit. 

Enhanced CO2 concentration in the 
air increases the potential net photosyn-
thesis in C3 plants (8), which results in 
improved plant growth. However, when 
the synthesis of carbohydrates in plants 
exposed to ECO2 exceeds the capacity 
to produce new sinks, their photosyn-
thetic rate declines as a consequence of a 
product feedback inhibition (19).

In this study, BRM and MV plants were 
harvested when their vegetative devel-
opment had not still finished, which means 
that the youngest leaves could act as sink 
organs. This fact may explain why CO2 
enrichment exerted a positive effect on shoot 
growth, being this effect more evident in MV 
(table 2) than in BRM (table 1, page 91).

The antioxidant capacity measured 
in leaf extracts from the green-leaf BRM 
was similar to that found in the red-leaf 
MV (table 1, page 91 and table 2), which 
contrasts with the significantly higher 
DPPH scavenging activity found by 
Llorach  et al. (2008) in red lettuces in 
comparison with that of green varieties. 
According to Baslam et al. (2012), leaves 
of MV have more anthocyanins than those 
of BRM when plants are fully irrigated 
and cultivated at ACO2, but the amount 
of total phenolic compounds is higher in 
leaves of BRM than in leaves of MV. This 
suggests that the antioxidant capacity in 
the red-leaf MV may be mainly due to the 
anthocyanins (15) and the antioxidant 
properties of the green-leaf BRM may be 
related to total phenolics (10).

Table 2 Shoot fresh weight (FW) (g 
plant-1) and trapping potential for DPPH 

radicals scavenging activity (I %) in 
Maravilla de Verano (MV) cultivated at 

either ambient (~370 µmol mol-1) (ACO2) 
or elevated (ECO2) (~700 µmol mol-1) CO2 
concentration in the air, and grown with 
optimal (FC, field capacity) or restricted 

(2/3 FC) water supply. 
Table 2 Materia fresca (FW) de la 

parte aérea (g planta-1) y capacidad 
para eliminar radicales DPPH (I %) en 

Maravilla de Verano (MV) cultivada tanto 
en concentraciones de CO2 ambiente 
(~370 µmol mol-1) (ACO2) como en 

elevadas (ECO2) (~700 µmol mol-1), y 
crecidas bajo riego óptimo (FC, capacidad 

de campo) o bajo restricción (2/3 FC).

Values are means (n = 6) ± S.E. Within each 
column, data followed by the same letter indicate 
that values did not differ significantly (p ≤ 0.05). 

ANOVA: NS, not significant; *, significant at p ≤ 0.05; 
**, significant at p ≤ 0.01. 

Los valores corresponden a medias muestrales 
(n = 6) ± S.E. Dentro de cada columna, el valor 
acompañado por la misma letra indica que las 

medias no difieren significativamente (p ≤ 0,05). 
ANOVA: NS, no significativo; *, significativo a 

p ≤ 0,05; **, significativo a p ≤ 0,01.

Treatments Shoot FW
(g plant-1) I %

ACO2

FC 55.90 ± 3.66 bc 70.27 ± 4.19 
2/3 FC 47.28 ± 2.67 c 75.32 ± 3.74 

ECO2

FC 60.27 ± 2.34 ab 73.07 ± 3.78 
2/3 FC 67.33 ± 4.84 a 74.66 ± 2.23 

Main effects

CO2

ACO2 51.59 ± 2.52 b 72.79 ± 2.79 
ECO2 64.00 ± 2.80 a 73.86 ± 2.11 

Water 
supply

FC 58.08 ± 2.17  71.67 ± 2.72 
2/3 FC 57.51 ± 4.06 74.99 ± 2.08 

CO2 ** NS
Water supply (W) NS NS
CO2 × W * NS
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Baslam et al. (2012) also observed 
that the concentrations of anthocyanins 
significantly increased in leaves of BRM 
exposed to ECO2, which could explain the 
enhancement of the antioxidant capacity 
observed in this cultivar fertilized with 
CO2 (table 1, page 91). At ACO2, moderate 
water restriction (2/3 FC) also induced the 
accumulation of anthocyanins in leaves of 
BRM (2), which may explain the higher 
trapping potential for DPPH radicals 
scavenging activity in BRM receiving 
irrigation equivalent to 2/3 FC (74.49%) 
than in plants grown with full irrigation 
(68.12 %) (table 1, page 91). 

However, no additive effect between 
restricted irrigation (2/3 FC) and ECO2 was 
observed for improving the antioxidant 
activity in neither of the two cultivars (table 
1, page 91  and table  2, page 92). This lack 
of interaction between CO2 and water 
restriction for increasing the antioxidant 
properties may be due to the preferential 
use of the photoassimilates to improve 
growth in detriment to the synthesis and 
accumulation of secondary compounds 
in plants cultivated with restricted water 
supply (2/3 FC) under ECO2.

In BRM (table 1, page 91), while 
atmospheric CO2 fertilization increased 
shoot FW by 7% in fully irrigated plants 
(from 47.12 to 50.48 g plant-1), the 
increase in plants grown with water 
restriction (2/3 FC) was 24% (from 45.96 
to 56.92 g plant-1).

In MV (table 2, page 92), ECO2 enhanced 
shoot FW by 8% in plants with full 
irrigation (from 55.90 to 60.27 g plant-1) 
and by 42% (from 47.28 to 67.33 g plant-1) 
in plants receiving 2/3 FC.

Conclusions

Moderate limitation of water supply 
may allow the obtention of greenhouse-
grown lettuces without significant 
decreases in the final plant size. Carbon 
fertilization can enhance yield and/or the 
antioxidant properties of greenhouse-
grown lettuces, but results are highly 
dependent on the variety or cultivar 
evaluated.

Only in the red-leaf cultivar of lettuce, 
MV, plant growth (but not the antioxidant 
activity) was improved by the simulta-
neous application of restricted irrigation 
and CO2 enrichment.
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Effect of two sources of zinc on the physiological quality 
of seed and nutrition of rice (Oriza sativa) seedlings

 Efecto de dos fuentes de zinc sobre la calidad fisiológica de semilla 
y nutrición de plántulas de arroz (Oriza sativa)
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Abstract

Rice seeds coating with microparticulate zinc oxide can maximize the absorption 
of this micronutrient by the seedling and favor seeds vigor when compared with zinc 
sulfate. This work aimed to evaluate the sources and doses of zinc in seed quality and 
in the nutrition of rice seedlings. The experiment consisted of a completely randomized 
design with four replications, five doses of zinc in the form of oxide (0; 20; 40, 80 and 
160 g kg-1), and a control treatment of zinc in the form of sulfate (40 g kg-1). The following 
parameters were evaluated: germination, accelerated aging, seedlings emergence, 
emergence speed index, cold test, dry matter, and zinc concentration in the root and 
shoot of the seedlings. Seed coating with zinc, regardless of the source, improved seed 
physiological quality and seedling nutrition. Zinc sources did not affect germination; 
however, the oxide form induced better seed vigor, except for the highest dose (160 g 
kg-1). Increasing doses of zinc oxide augmented the concentration of this nutrient in 
rice seedlings dry matter. Zinc coating of rice seeds in the form of microparticulate, 
depending on the dose, can maximize seed vigor and increase the concentration of this 
micronutrient in the seedlings when compared with zinc sulfate, the traditional source.
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Resumen

El revestimiento de semillas de arroz con óxido de zinc microparticulado puede 
maximizar la absorción de este micronutriente por las plántulas y favorecer el vigor 
de las semillas en comparación con el sulfato de zinc. Este trabajo tuvo como objetivo 
evaluar las fuentes y dosis de zinc en la calidad de semillas y en la nutrición de plántulas 
de arroz. El experimento fue desarrollado en delineamiento completamente al azar con 
cuatro repeticiones, con un testigo sin aplicación de zinc, cuatro dosis de óxido de zinc 
(20, 40, 80 y 160 g kg-1 de Zn), y un tratamiento en la forma de sulfato de zinc, 40 g kg-1 de 
Zn. Se evaluaron los siguientes parámetros: germinación, velocidad de envejecimiento, 
emergencia de plántulas, índice de velocidad de emergencia, prueba fría de semillas, 
materia seca y acumulación de zinc en la raíz y parte aérea de las plántulas . La cobertura 
de semillas con zinc, independientemente de la fuente, mejoró la calidad fisiológica de 
las semillas y la nutrición de las plántulas de arroz. Las fuentes de zinc no alteraron la 
germinación; sin embargo, el óxido de zinc proporcionó un mejor vigor de las semillas, 
con la excepción de la mayor dosis, 160 g kg-1. El aumento en la dosis de óxido de zinc 
aumentó la acumulación de ese nutriente en la materia seca de las plántulas de arroz. El 
recubrimiento con zinc en semillas de arroz en forma de micropartículas, dependiendo 
de la dosis, puede maximizar el vigor de las semillas y aumentar la concentración de este 
micronutriente en las plántulas en comparación con el sulfato de zinc, que es la fuente 
tradicional utilizada por los productores.

Palabras clave
micronutriente • revestimiento de semillas • óxido de zinc microparticulado

Introduction

Seed Zinc (Zn) application is an 
effective method to guarantee the 
greater availability and absorption of this 
element at the beginning of the crop’s 
development. At this stage, plants do not 
absorb large amounts of nutrients from 
soil or leaf applications due to the little-
developed root system and leaf area 
(21). Thus, Zn soil fertilization does not 
increase the concentration of this element 
in rice plants (Oryza sativa L.) (25).

Seed coating enhances nutrient distri-
bution uniformity, reduces losses, lowers 
application costs, and allows the rational 
use of non-renewable natural reserves due 
to the small amounts used (3, 4). Moreover, 

Zn application may increase germination 
percentage, physiological response, and 
crop’s growth, especially in grasses (2), and 
depending on the source used.

Some studies have demonstrated 
divergent results for the different Zn 
sources applied to grasses. Tunes et al. 
(2012) reported that zinc sulfate (ZnSO4) 
did not increase the germination potential 
of wheat seeds, whereas Santos et al. 
(2017) verified that zinc sulphate appli-
cation in maize seeds decreased germi-
nation and whole plant dry matter (DM). 
However, the application of zinc oxides 
(ZnO) forms to the seeds, increased 
growth and DM of sorghum (14) and 
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maize (15) seedlings, as  well as root 
and shoot Zn in rice seedlings (3). These 
results confirm the higher efficiency of 
ZnO when compared with ZnSO4. To the 
moment, studies have reported the use of 
non-microparticulate oxides; therefore, 
the use of a ZnO source with micropar-
ticles in the range of 1.90 to 18.00 μm 
could be tested in order to find if it may 
increase the benefits in germination, 
growth, and nutrition of rice seedlings.

Considering the aforementioned, the 
work hypothesis is that plants absorb more 
ZnO in the form of microparticulate than 
conventional ZnSO4 due to the particles 
size. In addition, the use of ZnO promotes 
the slower zinc availability in relation to 
the soluble source, ZnSO4. This fact favors 
a high absorption of the element without 
inducing toxicity, which normally occurs 
with ZnSO4 seed application, as observed 
in maize seedlings (19).

Thus, rice seeds coating with micropar-
ticulate ZnO can maximize the absorption 
of the micronutrient in the seedling and 
favor seed vigor and seedling development 
when compared with zinc sulfate. This work 
aimed to evaluate the sources and doses of 
zinc in seed quality and in the nutrition of 
rice seedlings, cultivar ANA 5015.

Material and methods

The study was carried out at the Seed 
Technology Laboratory of the Federal 
University of Mato Grosso do Sul, Campus 
of Chapadão do Sul - CPCS/UFMS, using 
seeds of the rice cultivar ANA 5015.

The experiment consisted of a 
randomized complete design with four repli-
cations. Treatments consisted of a control 
without application of Zn (0 g kg -1 of Zn), 
four doses of microparticulate zinc oxide 
(20, 40, 80, and 160 g kg-1 of Zn in seeds), 

corresponding to the amount of Zn to coat 
1 kg of seed and a treatment containing a 
dose of 40 g kg-1 of Zn in seeds, with zinc 
sulfate (35% Zn). The zinc oxide source 
contains 50, 90, and 100% of the particles 
with a diameter below 1.90; 8.96 and 18.00 
μm, respectively. In addition, 85% of Zn 
is associated with lignin at the concen-
tration of 1,0 g L-1 in order to keep the zinc 
in suspension. Zinc doses were chosen 
according to recommendations for appli-
cation of Zn in seed treatment (15).

Seed coating was carried out by hand 
in a plastic bag, by mixing the respective 
dose of ZnO with 200 g of seeds moistened 
with 50 mL of water and shaking for 
three minutes until complete homogeni-
zation. The effects of the treatments were 
evaluated by germination and vigor tests. 

 Germination test was carried out with 
four replications of 50 seeds distributed 
on germitest paper, moistened with water 
equivalent to 2.5 times the mass of the 
non-hydrated substrate, in a germinator 
at 25°C. The evaluation was carried out 14 
days after installation (11).

The evaluation of the accelerated aging 
used four replications and 50 seeds per 
treatment and was carried out in gerbox-
type boxes (11.5 x 11.5 x 3.5 cm) covered by 
a metal screen. Seeds were distributed in 
a single layer, containing 40 mL of sodium 
chloride solution (40 g NaCl/100 mL H2O), 
with 76% RH (6). The boxes were covered 
and maintained in a Biochemical Oxigen 
Demand (B.O.D) for 24 hours at 41°C 
(21). After the aging process, seeds 
were subjected to the germination test, 
as previously described, and evaluated 
five days after sowing. 

Seedlings emergence was evaluated by 
placing the seeds in expanded polystyrene 
box containing Plantmax® substrate 
with two daily irrigations. Seedlings 
were evaluated at 15 days after sowing, 
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by counting the emerged seedlings (12), 
using four replications of 50 seeds. The 
emergence speed index was calculated by 
the Maguire formula (8), with daily evalu-
ations from the beginning of seedlings 
emergence, by counting the number of 
seedlings emerged for 15 days after sowing.

For the cold test, four replications of 
50 seeds were used for each treatment. 
Seeds were distributed in germitest paper 
rolls and moistened with water equivalent 
to 2.5 times the mass of the non-hydrated 
substrate. The rolls were stored in plastic 
bags and maintained in a B.O.D. chamber 
at 10°C for seven days. Afterwards, they 
were transferred to the germinator at 25°C, 
where they remained for another 7 days, 
followed by counting normal seedlings.

For seedlings DM (dry matter), 20 
seeds were sown in germitest paper previ-
ously moistened with water equivalent to 
2.5 times the mass of the non-hydrated 
substrate, remaining in the germinator at  
25°C for 19 days. Shoots and roots of 
normal seedlings of each replication 
were separated using a blade and placed 
in kraft paper bags and dried in a forced-
air-circulation-oven at 65°C until constant 
weight. Afterwards, shoot and root DM 
(mg per seedling) were obtained. The Zn 
concentration was determined according 
to the methodology proposed by Bataglia 
et al. (1983). 

Data were subject to ANOVA, and the 
doses of ZnO were analyzed by polynomial 
regression. Three statistical contrasts 
were established and analyzed by the t-test 
at 5% probability: ZnO (40 g kg-1) x ZnSO4 
(40 g kg-1) (C1), absence of Zn x ZnSO4 
(40 g kg-1) (C2), and absence of Zn x ZnO  
(40 g kg-1) (C3).

Results and discussion

For germination, no significant 
difference was observed between treat-
ments (table 1, page 99). However, this 
experiment does not consider the growth 
rate, which is fundamental for a successful 
seedling  establishment. Therefore, if the 
seedlings development is relatively slow, 
but is complete at the expected period of 
time for the laboratory test, the results 
may not be the same under less favorable 
environmental conditions (10).

Although zinc coating did not affect the 
germination, it influenced seeds vigor. In 
the cold test, when comparing the oxide 
form of Zinc with respect to the sulfate 
form, contrast 1 (C1), and the absence of 
zinc, contrast 2 (C2), the oxide presented 
higher averages of seedlings (table 1, 
page 99). Seeds under adverse conditions 
of temperature and humidity presented 
a decreased germination. In these 
circumstances, zinc oxide was beneficial 
in relation to the absence of zinc, causing 
Zn absorption even under low seed 
metabolism conditions.

The increase of zinc oxide doses 
increased the values of normal seedling 
germination in the cold test, with a 
maximum value of 107.5 g kg-1 of Zn 
in seeds (figure 1, page 100). This fact 
confirms the beneficial effect of zinc 
on seeds under adverse conditions of 
temperature and humidity since this 
element may have an antioxidant effect, 
contributing abiotic stresses tolerance or 
avoidance (7, 24).

In the accelerated aging, when 
comparing zinc oxide with zinc sulfate, 
the oxide showed a higher percentage of 
seedling standards (C1). The same was 
observed when comparing the absence of 
zinc in relation to sulphate (C2).
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Table 1. Germination percentage (%), cold test, accelerated ageing, seedlings 
emergence, and speed index of rice seeds emergence in function of coating with 

different zinc sources and doses.
Tabla 1. Porcentaje de germinación, prueba de frío, envejecimiento acelerado, 

emergencia de plántulas e índice de velocidad de emergencia de semillas de arroz 
en función del recubrimiento con diferentes fuentes y dosis de zinc. Estos valores se 

expresan en porcentaje (%).

* significant at 5% probability by the t-test; ns not significant; C1: Zinc oxide (40 g kg-1) x of zinc sulfate 
(40 g kg-1); C2: absence of Zn x zinc sulfate (40 g kg-1); and C3: absence of Zn x zinc oxide (40 g kg-1).

* significativo al 5% de probabilidad de acuerdo a la prueba t; ns no significativo; C1: Óxido de zinc (40 g kg-1) 
x de sulfato de zinc (40 g kg-1); C2: ausencia de Zn x sulfato de zinc (40 g kg-1); y C3: ausencia de Zn x óxido de 

zinc (40 g kg-1).

Zn source Zn dose Germination
percentage Cold test Accelerated 

aging
Seedlings 

emergence
Emergence 
speed index

g kg-1 (%)   -
- 0 99 80 97 98 16

ZnO

20 99 84 90 90 15
40 99 87 93 94 15
80 99 93 92 98 16
160 98 89 93 96 16

ZnSO4 40 98 80 79 92 15
CV(%) 4.34 5.08 5.20 5.08 5.66
F regression 0.15ns 4.73* 0.89ns 1.47ns 1.12ns

Contrasts Estimates 
C1 0.50ns 6.5* 13.50* 2.00ns 0.17ns

C2 1.00ns 0.5ns 17.50* 6.00ns 0.42ns

C3 0.50ns 7.00* 4.00ns 4.00ns 0.26ns

Contrasts  
ZnO - 87 a 93 a - -
ZnSO4 - 80 b 79 b - -
0 - - 97 a - -
ZnSO4 - - 79 b - -
0 - 80 b - - -
ZnO - 87 a - - -
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* significant at 5% probability by the F test.
* significativo al 5% de nivel de probabilidad por a prueba F.

Figure 1. Cold test of rice seedlings in function of seed coating with increasing doses of 
zinc oxide.

Figura 1. Prueba en frío de plántulas de arroz en función del revestimiento de semillas 
con dosis creciente de óxido de zinc.
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The absence of this source favored 
the increase of normal seedlings 
(table 1, page 99). This test simulates 
stressful conditions in the seeds due to 
high temperature and high humidity, and 
under these conditions, Zn in the form of 
sulfate impaired their performance.

Seedlings emergence and emergence 
speed index showed no difference 
between treatments (table 1, page 99). 
These results are in agreement with 
those of Pletsch  et  al. (2014), Smiderle 
et al. (2008), and Tunes et al. (2012), 
which presented no differences for these 
parameters in canola, bean, and wheat 
seeds, respectively, using zinc sulfate 
coating. In some cases, the application 
of ZnSO4 may decrease the seed germi-
nation potential, as observed by Santos 
et al. (2017) and Xavier et al. (2016), who 
evaluated doses of Zn sulfate applied to 
maize seeds and stylosanthes, respectively.

Results indicated greater root DM 
for the Zn applied in the form of zinc 
oxide when compared with sulfate oxide. 
Moreover, DM values were higher when 
using the Zn sources than in the absence 
of Zn (table 2, page 101). In sorghum 
seeds, the use of zinc oxide increased 
shoot and root DM, resulting in greater 
efficiency when using the micronutrient, 
despite the lower absorption efficiency 
when compared to the sulfate. In addition, 
the application of zinc sulfate decreased  
whole plant DM (14).

An increase in root DM was observed up 
to the dose of 102.7 g kg-1 of Zn (oxide form) 
in seeds (figure 2b, page 102). Galrão et al. 
(1996) reported different results for the 
coating of maize seeds, with an increase in 
root DM with up to 40 g kg-1 of Zn in seeds 
when using oxide. Prado  et  al.  (2007b) 
evaluated doses of up to 40g kg-1 of Zn in 
seeds (zinc oxide and zinc sulfate) in a maize 
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Table 2. Shoot dry matter, root dry matter, and zinc concentration in the shoots and 
roots of rice seedlings in function of seed coating with zinc sources and doses.

Tabla 2. Materia seca de la parte aérea, masa seca de raíces y concentración de zinc 
en la parte aérea y en las raíces de plántulas de arroz en función del revestimiento de 

semillas con diferentes fuentes y dosis de zinc.

* significant at 5% probability by t-test; ns not significant; C1: Zinc oxide (40 g kg-1) x zinc sulfate zinc  
(40 g kg-1); C2: absence of Zn x zinc sulfate (40 g kg-1); and C3: absence of Zn x zinc oxide (40 g kg-1).

* significativo al 5% de probabilidad por la prueba t; ns no significativo; C1: Óxido de zinc (40 g kg-1) x de sulfato de 
zinc (40 g kg-1); C2: ausencia de Zn x sulfato de zinc (40 g kg-1); y C3: ausencia de Zn x óxido de zinc (40 g kg-1).

Sources of Zn Doses of Zn
g kg-1

Shoot DM Root DM
Zn concentration

Shoot Root
--------- mg per seedlings ---------  --------- mg kg-1 ---------

- 0 4.80 3.15 748.70 268.25

ZnO

20 4.83 3.35 1831.80 1423.75
40 5.33 3.70 3058.35 2031.30
80 5.00 3.73 3068.55 2417.15
160 5.33 3.63 3891.35 3133.40

ZnSO4 40 5.15 3.40 1801.45 1774.50
CV(%) 4.54 4.13 17.27 12.40
F regression 8.15* 11.19* 30.76* 85.83*

Contrasts Estimates
C1 0.18ns 0.30* 1256.90* 256.80ns

C2 -0.35* -0.25* -1052.85* -1506.25*

C3 -0.53* -0.55* -2213.91* -1983.15*

Contrasts
ZnO - 3.70 a 3058.35 a -
ZnSO4 - 3.40 b 1801.45 b -
0 4.80 b 3.15 b 748.70 b 268.25 b
ZnSO4 5.15 a 3.40 a 1801.45 a 1774.50 a
0 4.80 b 3.15 b 748.70 b 268.25 b
ZnO 5.33 a 3.70 a 3058.35 a 2031.30 a

crop and observed a quadratic adjustment 
for plant DM, with increasing values when 
using zinc oxide and decreasing values seeds, 
Prado et al. (2008) observed a decreasing 
linear effect with the use of zinc sulfate and 
no effect with the use of zinc oxide for DM 
yield. However, zinc sulfate decreased root 
DM yield when compared with zinc oxide. 
Thus, high concentrations of Zn in the plant 
can be toxic and consequently affect DM 
yield (10).

For shoot DM, both ZnO and ZnSO4 lead 
to higher values when compared with the 
absence of Zn (table 2). An increasing 

linear adjustment was observed for shoot 
DM with increasing doses of zinc oxide 
(figure 2a, page 102). Rozane et al. (2008) 
evaluated zinc oxide and zinc sulfate in 
rice and verified that sources lead to 
similar increments of seedlings DM.

The authors also stated that the doses 
of zinc, regardless of the source, linearly 
increased whole plant DM. Nevertheless, 
Prado et al. (2008), in a study on sorghum 
seeds, observed that the doses of zinc 
quadratic and linearly affected shoot DM 
yield when using zinc sulfate and zinc 
oxide, respectively.
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* significant at 5% probability by the F test.
* significativo al 5% de nivel de probabilidad por a prueba F.

Figure 2. Shoot dry matter (a), and root dry matter (b) of rice seedlings in function of 
seed coating with doses of zinc oxide.

Figura 2. Materia seca de la parte aérea (a) y raíz (b) de plántulas de arroz en función 
del revestimiento de semillas con dosis de óxido de zinc.
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Zinc sources significantly affected 
the Zn concentration in shoot DM 
(table 2, page 101). Zinc oxide showed 
higher values when compared with zinc 
sulfate and absence of Zn, with a greater 
absorption seed of the oxide and greater 
translocation of Zn to the seedling (table 
2, page 101).

Yagi et al. (2006) used doses of zinc 
sulfate in sorghum seeds and observed 
significant effects on zinc concentrations 
in shoots. A quadratic regression was 
observed for zinc concentration in shoots 
(figure 3a) as a function of Zn doses in 
seedlings, with maximum Zn concentration 
of 2988,5 mg kg-1 in shoot, corresponding 
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to the application of 136,3 g kg-1 of Zn in 
seedlings. These results are in agreement 
with those reported by Prado et al. (2007c) 
in maize seeds, that observed a quadratic 
increase in the Zn concentration in shoots 
and roots by using zinc sulfate and a linear 
increase when using zinc oxide.

No difference between the sources was 
observed in Zn concentration of roots. 
However, a greater Zn absorption was 
verified when using zinc oxide. Regarding 
the absence of Zn, the sources presented 
greater nutrient concentration (table 2, 
page 101).

* significant at 5% probability by the F test.
* significativo al 5% de nivel de probabilidad por a prueba F.

Figure 3. Zinc concentration in shoot (a) and root (b) in rice seedlings in function of 
seed coating with doses of zinc oxide.

Figura 3. Concentración de zinc en la parte aérea (a) y en las raíces (b) en plántulas de 
arroz en función del revestimiento de semillas con dosis de óxido de zinc.
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A positive quadratic effect 
was observed for zinc concen-
tration in roots of rice seedlings 
(maximum value of 3.149,9 mg kg-1) when 
using zinc oxide up to the dose of 138.2 g kg-1 
in seedlings (figure 3b, page  103). Plants 
tolerance to zinc excess is related to the 
complexation of the metal in the cytoplasm 
of the cells by the exudation of chelating 
substances in the roots (22).

Rozane et al. (2008) reported that the 
increase in the doses of zinc quadrati-
cally increased the zinc concentration 
and accumulation in the root when using 
both zinc sulfate and zinc oxide. In maize 
seeds coated with zinc, Prado et al. (2007) 
observed that the increase in the doses 
of zinc resulted in a quadratic increase of 

the nutrient concentration in root when 
using zinc sulfate; a linear increase of 
the nutrient concentration when using 
zinc oxide, and a quadratic increase in Zn 
accumulation for both sources.

Conclusion

Zinc sources did not change the germi-
nation; however, the oxide form provided 
better seed vigor, except for the highest 
dose (160 g kg -1). Increases of zinc oxide 
doses augmented the concentration of 
this nutrient in rice seedlings DM, when 
compared with zinc sulfate, which is the 
traditional source.
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Abstract

Regional Control Areas (RCAs) have been implemented in Mexico as a strategy to 
delay the spread of Candidatus Liberibacter asiaticus, the causal bacterium of the disease 
known as Huanglongbing (HLB). The implementation of an effective management of 
the vector insect, Diaphorina citri in the RCAs requires the knowledge, acceptance and 
coordinated engagement of small agricultural producers. This research assessed the 
perception and knowledge of 62 citrus growers regarding the operational, sociocultural 
and environmental factors influencing chemical control of D. citri in four RCAs within 
Veracruz State. According to their responses, the following factors have been identified 
as the operational factors with the highest influence on the effectiveness of insecti-
cides against D. citri within RCAs: the lack of knowledge about the use of surfactants, 
application speed, poor calibration of sprayers and incorrect water quality. The most 
significant sociocultural factors are the general unawareness of the pest and the safe  
and proper application of pesticides. The most relevant environmental factors during 
application: temperature, relative humidity, and wind speed. Sociocultural index corre-
lated with the perception of effectiveness. Therefore, it becomes necessary to consider 
differences among citrus growers in each region and setting out the most appropriate 
strategies for vector and disease management.
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regional control areas • Candidatus Liberibacter • chemical control • growers' perception

1	 Colegio de Postgraduados. Campus Veracruz, Programa de Posgrado en 
Agroecosistemas Tropicales. Km. 88.5 Carretera Fed. Xalapa-Veracruz. Manlio F. 
Altamirano. Veracruz. 91690. México. * fosorioa@colpos.mx

2	 Colegio de Postgraduados. Campus Montecillo. Programa en Fitosanidad-
Entomología y Acarología. Km. 36.5. Carretera México-Texcoco. Montecillo.
Texcoco. Estado de México. 56230. México.

3	 Universidad del Zulia. Facultad de Ciencias Veterinarias. Departamento 
Socioeconómico. Núcleo Agropecuario. Avenida 16. Maracaibo. Venezuela.



107Tomo 52 • N° 1 • 2020

Small farmers' perception of chemical control vs. Diaphorina citri

Resumen

México ha establecido Áreas Regionales de Control (ARCO) como estrategia para 
retrasar la dispersión de Candidatus Liberibacter asiaticus, bacteria causante de la enfer-
medad llamada Huanglongbing (HLB). El manejo efectivo de D. citri en las ARCO depende 
del conocimiento, aceptación y participación coordinada de los pequeños productores. 
Esta investigación evaluó la percepción y el conocimiento de 62 citricultores sobre los 
factores operacionales, socioculturales y ambientales que inciden en el control químico 
de D. citri de cuatro ARCOs, en el estado de Veracruz. Con base en la respuesta de estos 
pequeños productores, los factores operacionales que más inciden en la efectividad de 
insecticidas contra D. citri en las ARCO son: desconocimiento sobre uso de adherentes, 
velocidad de avance del aplicador, deficiente calibración de equipos y calidad de agua 
utilizada; entre los factores socioculturales destacan: desconocimiento general sobre la 
plaga, y sobre el buen uso y manejo de plaguicidas, además, los factores ambientales más 
relevantes al momento de la aplicación son: temperatura, humedad relativa y velocidad de 
viento. El índice sociocultural se correlacionó con la percepción de la efectividad; por tanto, 
es necesario considerar las diferencias entre productores de cada región para establecer 
las estrategias más apropiadas de manejo del vector y la enfermedad.

Palabras clave
áreas regionales de control • Candidatus Liberibacter • control químico • percepción 
de productores

Introduction

Citrus are among the most important 
horticultural crops in the world (18, 39). 
However, high yield losses result from 
pests and diseases. In Mexico, citrus 
production is affected by the presence 
of the Asian Citrus Psyllid (ACP) or 
Diaphorina citri Kuwayama (Hemiptera: 
Liviidae), the primary vector of Candidatus 
Liberibacter asiaticus (CLas). This is 
the causal bacterium of Huanglongbing 
(HLB), the most destructive disease of 
citrus in the world (4, 20). To succeed in 
getting an evident impact on widespread 
populations of D. citri on citrus orchards, 
regional control areas (RCAs) have 
been established as part of the National 
Campaign against HLB and its Vector. This 
strategy is expected to delay the spread of 
CLas in citrus-growing states of Mexico, 

and to reduce disease severity (41). 
RCAs management is based on chemical 
control of the vector, complemented with 
biological control in suburban areas, use 
of certified plants, and removal of diseased 
trees (35). 

Most RCAs consist of small farmers' 
plots. Accordingly, growers' acceptance 
of management strategies and their 
engagement are required to implement 
control actions in a coordinated way, and 
consequently, to have a better impact 
on the populations of D. citri (29, 42). 
To succeed in implementing the recom-
mendations made by the Veracruz State 
Plant Health Committee (CESVVER), it is 
important to consider: i) citrus growers' 
perception regarding economic and social 
advantages of these recommendations; 
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ii) compatibility with local tradition 
and knowledge, iii) complexity of the 
proposed strategy,  iv) the possibility of 
experimenting, and v) visibility of results 
in the short term (23).   

A successful application depends not 
only on the effectiveness of the insecti-
cidal molecule itself, but also on several 
factors that may enhance or reduce it, 
such as: a) the number of resistance 
genes on pest population (30), b) opera-
tional factors during application (29), 
c) environmental conditions during appli-
cation (28), and d) growers' knowledge 
of insecticide management (31). The 
effectiveness of insecticide applications 
on RCAs has been assessed in terms of 
susceptibility at lethal dose level and 
through biological effectiveness tests (15, 
38, 40). However, no consideration has 
been given to the sociocultural complexity 
and the specificity of local knowledge on 
each citrus area, which may determine the 
effectiveness and acceptance of the HLB 
Campaign. Therefore, the assessment of 
citrus growers’ perception regarding the 
factors that could impact on the effec-
tiveness of the insecticides applied in the 
RCAs is a key aspect. This would allow to 
propose strategies aimed at performing 
more efficient applications, and thus, to 
facilitate reducing the populations of the 
vector and delaying the dissemination of 
the bacterium throughout Mexico's main 
citrus areas.  

Perception is regarded as the most 
basic process of acquiring knowledge, 
through which people obtain information 
and codify or classify it into categories 
delimited by experiences, feelings and 
thoughts (2, 19). Sociocultural context 

influences growers' perception about 
recommendations regarding proper use 
and management of insecticides. Moreover, 
inadequate decision-making regarding the 
rotation of toxicological groups (TGs) and 
increased application rates have led to the 
emergence of resistant insect populations. 
The resistance  to some groups of insecti-
cides might result from the high selection 
pressure, such as that generated in super-
vised regional applications (SRAs) by 
CESVVER, in addition to the unsupervised 
local applications (USLAs), in the area 
of Martinez de la Torre, Veracruz, and in 
RCAs in other citrus growing states in 
Mexico (15, 38). This scenario reduces 
the lifespan of those insecticides used 
in the RCAs. Furthermore, the growers' 
lack of knowledge regarding operational 
practices, such as equipment calibration, 
as well as the prevailing weather condi-
tions during applications (high tempera-
tures and wind speed), further limits the 
maximum potential expression of the 
insecticides in each application. Poor 
applications play a role in the spread 
of CLas within the state, the increase of 
production costs per agricultural cycle and 
the reduction of the diversity on beneficial 
native fauna in each citrus area (40).   

Objective

The purpose of this research was 
to determine the operational, sociocul-
tural and environmental factors that 
have an impact on the effectiveness of 
insecticides, according to the perception 
and knowledge of small farmers within 
Regional Control Areas located in Martinez 
de la Torre, Veracruz, Mexico.
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Materials and methods

The study was conducted in four RCAs, 
where coordinated actions have been 
implemented for the control of D. citri, and 
addressed by the Local Plant Health Board 
of Totonacapan, associated with CESVVER, 
in the Municipality of Martínez de la Torre, 
Veracruz, Mexico. These areas are: RCA 
4 [Ejidos "Pueblo Viejo" and "Cartago", 
along with small adjoining properties 
(1051.05 ha total)]; RCA 9 [Ejidos "San 
Antonio Coronado", "Flores Magón", 
"Paso de Barriles" and "Santa Rosa", along 
with small adjoining properties (1000 ha 
total)]; RCA 10 [Ejidos "Valsequillo", "El 
Insurgente Socialista", "Miguel Hidalgo", 
"Mesa Chica Nueva el Corcho" and "Augusto 
Gómez Villanueva" (1000 ha total)] and 
RCA 11 [(Ejidos "Cañizo", "Flamencos" 
and "Piedrilla" (1000 ha total)].

Sixty-two growers within the RCAs 
were interviewed using a structured 
questionnaire (24, 32). In addition, partici-
patory observation was performed during 
the meetings of the ejidos or groups 
integrating the RCAs. The questionnaire 
was applied from August to December of 
2015 during ejido meetings. Interviews 
were directed to ejido members interested 
in the HLB campaign, which increased 
confidence between interviewer and 
interviewed. To gain additional insight 
(5), a group of growers who did not attend 
ejido meetings were also interviewed. All 
interviews were conducted with RCAs 
stakeholders and beneficiaries of the 
Campaign against HLB. The sample repre-
sents 10% of the beneficiary population of 
small farmers in the study area.

The first section of the question-
naire included personal data: name, age, 
schooling, RCA number, citrus varieties 
cultivated, ​​orchard land area (ha) and 
name of the person who sprays the 

insecticide. The second section included 
open and closed-ended questions to 
identify the operational factors of the last 
application of insecticides, that could have 
an impact on their effectiveness: insecti-
cides used, dose increment, surfactant use, 
calibration and type of sprayers used, and 
their perception about application effec-
tiveness and its relation with water quality, 
nozzles used and applicator advance 
speed. The third section focused on identi-
fying sociocultural factors: growers' atten-
dance at meetings, organization, interest 
in D. citri control, knowledge of insecticide 
management and rotation, protection of 
natural enemies, training in insecticide 
management, and their perception on 
the effectiveness of the RCAs. The fourth 
section focused on growers' knowledge 
of the environmental factors to be 
considered during applications: spraying 
schedule, wind speed, relative humidity, 
temperature and rainfall. 

A Likert scale was used to categorize the 
closed-ended responses, and frequencies 
also were generated with similar open-ended 
responses. Standardized responses were 
used to build sub-indexes of operational, 
sociocultural and environmental factors.   

Reference values were developed 
according to the criteria set out by different 
authors, including CESVVER technicians 
and executives' opinion, representing the 
highest value. These reference values were 
compared with those obtained. The same 
procedure was performed with results 
obtained from each subindex. A Pearson's 
correlation matrix was developed to 
compare each subindex (operational, 
sociocultural and environmental) with 
the subindex on perception of application 
effectiveness, using the SAS® PROC CORR 
procedure (46).  
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Results and discussion

Description of citrus growers surveyed
The average number of hectares per 

grower interviewed was 11.8, mostly 
covered with Persian lime. The majority 
of growers were men (93.5%), 56.3 years 
old on average. The level of schooling of 
most of them was middle-school, 7% had 
received no schooling at all, and 10% had 
studied for more than ten years (table 1).

Operational factors 
There are two types of operational 

factors that have an impact on the effec-
tiveness of an application: i) the toxicant 
applied, and ii) the type of application (29). 
The values of the operational sub-indexes 
under assessment were close to the 
expected maximum in variables related 
to the toxicant applied, which includes the 
toxicological group (3 of 3), active ingre-
dient (3 of 3) and applied dose (2 of 2). 
Therefore, high values could be explained 
given that these activities are supervised 
by CESVVER technicians; in addition, only 
the recommended insecticides are applied 
on the RCAs. However, those sub-indexes 
related to management of sprayers and 
insecticides, such as sprayer calibration 

Table 1. Information about citrus growers interviewed in the RCAs of Martinez de la 
Torre, Veracruz. 

Tabla 1. Información de los citricultores entrevistados en las ARCO de Martínez de la 
Torre, Veracruz.

S. D. = Standard deviation; N. A. = Not applicable. / S. D. = Desviación estándar; N. A. = No aplica.

Variables Average S.D. (±)
Area cultivated per grower (ha) 11.80 13.23
Gender (male growers) (%) 93.55 N.A.
Age (years old) 56.30 11.25
Average schooling (years) 7.40 4.60

Main crop (%)
Persian Lime 59.00
Orange 37.00
Grapefruit 4.00

(1.71 of 3), surfactant use (2.80 of 3.33), 
applicator advance speed (1.63 of 3), and 
water quality (1.65 of 2) had low values in 
relation to the effectiveness of the RCAs 
(table 2, page 111).  

The HLB Technical Group decides on 
the insecticides and doses to be used in 
the RCAs. Also, it determines which is the 
appropriate rotation of TGs and the use of 
the minimum effective dose, as well as the 
crop's phenological stage (9, 41).

In SRAs, most producers claimed they 
had applied insecticides at the correct time 
and in the correct way (96%), and denied 
increasing the doses in any application or 
having used any mixture of insecticides 
(both 100%). However, this information is 
not consistent with previous field assess-
ments (40). Most growers said that since 
the insecticide provided by CESVVER 
resulted effective, they kept buying the 
same TG for USLAs. Organophosphates are 
the most used insecticides (40). Constant 
applications of this chemical group and 
the use of inappropriate doses stimulate 
the development of resistant populations 
of D. citri and the emergence of secondary 
pests, as well as a reduction in the lifespan 
of the insecticides in use (15).
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Correlation of the operational 
sub-indexes evaluated showed that 
those small farmers who have a higher 
perception of SRA effectiveness pay more 
attention to the quality of water they use 
in their applications (0.2859, p < 0.0043) 
(table 3, page 112). However, 59% never 
check the pH of the water used and 11.2% 
do not check for debris or a strange color. 
It is known that pH can modify, or even 
degrade the active ingredient of insecti-
cides. In addition, the presence of organic 
matter may clog nozzles and accelerate 
the wearing of the sprayer (26). Leiva 
(2010) reports that the half-life of organo-
phosphates can be increased from 1 to 35 
d by lowering the pH from 8 to 7; recom-
mending to acidify water if it seems cloudy 
or presents organic matter.   

Growers who know that water quality 
may influence application effectiveness 
also believe that the use of surfac-
tants (0.3085, p < 0.0147) and specific 
nozzle type (0.4547, p < 0.0002) could 
enhance the effectiveness of insecticides 

Table 2. Maximum expected and obtained values of each subindex for the operational 
index evaluated in the regional control areas in Veracruz, Mexico. 

Tabla 2. Valores máximos esperados y obtenidos de cada subíndice para el índice 
operacional, evaluado en áreas regionales de control, en Veracruz, México.

1 Information obtained from CESVVER technicians and executives; SRA = Supervised regional applications; 
USLA = Unsupervised local applications.

1 Información obtenida de técnicos y directivos del CESVVER; SRA = Aplicación regional supervisada; 
USLA= Aplicación local no supervisada. 

Index Subindex Maximum 
expected value

Value obtained 
in RCA

Reference assigned 
to maximum value

Operational 
factors

Toxicological group in SRA 3.00 3.00 (8, CESVVER1)
Active  ingredient in SRA 3.00 3.00 (8, CESVVER)
Recommended dose in SRA 2.00 2.00 (8, CESVVER)
Insecticides in USLA 2.00 1.79 (42)
Surfactant 3.33 2.80 (26)
Calibration 3.00 1.71 (15, 23)
Pump type 2.50 1.56 (49)
Nozzle type 3.00 1.56 (3)
Forward speed 3.00 1.63 (27)
Water quality 2.00 1.65 (12, 17)

(table 3, page 112). About 24% of growers 
have never used surfactants in their appli-
cations, although those who had used them 
(76%) do not know the advantages of 
applying them, and among them, 5% only 
use surfactants with other agrochemicals, 
such as herbicides and foliar fertilizers. Our 
results agree with those of Carvalho et al. 
(2016) in Brazil, who reported that mineral 
oil is the most commonly surfactant used 
in combination with insecticide. Once 
more, 17.9% of interviewed growers use 
this product without knowing its potential 
advantages in the mixture. In this sense, 
Cortez-Mondaca et al. (2010) pointed out 
that using good quality water with surfac-
tants in the mixture can enhance the effect 
of insecticides.

Growers who consider that appli-
cator advance speed can affect application 
effectiveness, also believe that an appro-
priate nozzle type (0.5855, p < 0.0001) 
and a good calibration of equipment 
(0.4374, p < 0.0060) (table 3, page 112) can 
maximize the effect of any insecticide.
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In stark contradiction to this group, 
53.2% of the interviewees do not calibrate 
their equipment and 56.5% do not believe 
that nozzle type affects effectiveness, even 
though it has been well established that 
calibration is one of the most frequently 
occurring factors causing deficient pest 
control (50). In general, the RCA strategy 
along with the recommendations made 
by CESVVER technicians, have a positive 
impact on the knowledge of some growers 
about D. citri management. Continuous 
training of beneficiaries, along with the 
promotion of their engagement, are 
required to prevent the spread of CLas in 
this important citrus area of Veracruz.

Sociocultural factors
Sociocultural factors depend to a 

great extent on cognitive development, 
the social environment where each 
grower was raised, schooling and the 
level of training in pest management 
(1, 28). Growers' ideology, perception 
and knowledge vary among localities and 
therefore among the RCAs. In most cases, 
sociocultural sub-indexes obtained low 

Table 3. Pearson's correlation matrix of the perception of supervised regional 
application effectiveness subindex, and other operational subindexes.

Tabla 3. Matriz de correlación de Pearson del subíndice de percepción de la efectividad 
de las aplicaciones regionales supervisadas y otros subíndices operacionales.

1 Perception of application effectiveness subindex; 2 Surfactant use subindex; 3 applicator advance 
speed subindex; 4 Nozzle use subindex; 5 Water quality subindex; 6 Sprayer calibration subindex. 

Significance level of Pearson's linear correlation coefficient: * < 0.05, ** < 0.01, *** < 0.001.
1 Subíndice de percepción sobre la efectividad de las aplicaciones; 2 Subíndice 

uso de adherente; 3 Subíndice velocidad de avance; 4 Subíndice uso de 
boquilla; 5 Subíndice calidad del agua; 6 Subíndice calibración de equipos. 

Nivel de significancia del coeficiente de correlación lineal de Pearson: * = <0,05, ** = <0,01, *** = <0,001.

SI-PAE1 SI-SU2 SI-AAS3 SI-NU4 SI-WC5 SI-SC6

SI-PAE 0.1846 0.1812 0.1875 0.2859* 0.0724
SI-SU 0.0055 0.2098 0.3085* 0.2284
SI-AAS 0.5855*** 0.1927 0.4375**
SI-NU 0.4547*** 0.2926
SI-WC 0.2287
SI-SC

values, particularly in aspects related to 
organization (1.41 of 2), knowledge about 
protection of natural enemies (1.86 of 2.5), 
management and rotation of insecticide 
(2.27 of 2.71), and growers' perception 
of SRA effectiveness (2.67 out of 3.67) 
(table 4, page 113).  

Growers who believe that there is greater 
effectiveness in the RCAs also have a greater 
knowledge of the pest (0.281, p <0.0270), 
insecticide management and rotation 
(0.300, p < 0.0177) (table  5, page  113). 
This is probably due to a better training, 
higher investment in inputs such as insec-
ticides, and efficient previous applications. 
Van-Mele et al. (2005) indicate that those 
growers who actively seek staff training in 
pest biology and management, might evolve 
to a more entrepreneurial profile. They also 
explained that small farmers who strongly 
depend on a single crop, might be influenced 
by the advertising of agrochemical suppliers 
through local retailers, which in turn 
determine the type of pest management 
they choose, often based on an exclusive use 
of insecticides. 
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Table 4. Maximum expected and obtained values of each subindex integrating the 
sociocultural index from regional control areas from Veracruz, Mexico.

Tabla 4. Valores máximos esperados y obtenidos de cada subíndice que integra el 
índice sociocultural en áreas regionales de control de Veracruz, México.

1 Information provided by CESVVER technicians and executives.
1 Información obtenida de técnicos y directivos del CESVVER.    

Index Sub-indexes Maximum Expected 
Value

RCA Value 
Obtained 

Maximum Value 
Reference 

Sociocultural 
factors 

Association membership 3 2.21 (42, CESVVER1)

Organization 2 1.41 (22, 42, CESVVER)

Pest 2.67 2.32 (42, CESVVER)

Knowledge on insecticide 
management and rotation 2.71 2.27 (7, 30)

Dose increment 2 1.64 (44, 45)

Protection of natural 
enemies 2.5 1.86 (42, 48)

Perception on insecticide 
effectiveness 3.67 2.66 (CESVVER)

Table 5. Pearson’s correlation matrix of the sociocultural indexes with the 
"perception of supervised regional application effectiveness" subindex.

Tabla 5. Matriz de correlación de Pearson de los subíndices socioculturales con el 
subíndice "percepción sobre la efectividad de las aplicaciones regionales supervisadas".

1 Perception of SRA effectivity subindex; 2 Belonging to the campaign subindex; 
3 Organization subindex; 4 Pest knowledge subindex; 5 Insecticide management and rotation subindex; 

6 Augmentation of dose subindex; 7 Subindex of protection to Natural enemies. Significance level of Pearson's 
linear correlation coefficient: * < 0.05, ** < 0.01, *** < 0.001. Source: The author's own work.

1 Subíndice de percepción sobre la efectividad de las SRA; 2 Subíndice de pertenencia a la campaña; 
3 Subíndice de organización; 4 Subíndice de conocimiento de la plaga; 5 Subíndice de manejo y rotación 
de insecticidas; 6 Subíndice de aumento en dosis; 7 Subíndice de protección a enemigos naturales. Nivel 

de significancia del coeficiente de correlación lineal de Pearson: * = <0,05, ** = <0,01, *** = <0,001. 
Fuente: Elaboración propia.

SI-PSRAE 1 SI-BC 2 SI-O 3 SI-PK 4 SI-IMR 5 SI-AD 6 SI-NEP 7

SI-PSRAE 0.0667 0.1183 0.2809* 0.3003* -0.0098 0.1695
SI-BC 0.2146 -0.0687 0.3127* 0.3357  ** 0.0815
SI-O -0.1630 0.3149* 0.1749 -0.0255
SI-PK 0.2819* 0.2437 -0.1854
SI-IMR 0.4667*** -0.2578    *
SI-AD 0.4979***
SI-NEP
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The "belong to the campaign" subindex 
consists of several issues, like growers 
interest in attending meetings and their 
perception of possible improvements in 
ACP control since they became part of 
the RCA. As this subindex increases, so 
do the sub-indexes for management and 
rotation (0.313, p < 0.0134) and augmen-
tation of dose (0.336, p < 0.0076) (table 5, 
page 113). In this regard, those growers 
who are more interested in implementing 
CESVVER's recommendations are also 
those that increase to a greater extent 
the USLA doses and those -ironically- 
with greater knowledge of insecticide 
management. Some small farmers 
believe that they will get better results by 
increasing insecticide doses, and that these 
applications should eliminate all types 
of insects, even if they are not the target 
pest (-0.258, p < 0.0431). In addition, 
growers who tend to increase USLA doses 
have a lower perception of protection 
of natural enemies (-0.498, p < 0.0001) 
(table 5, page 113). This has been by Ruiz-
Nájera et al. (2011) when studying tomato 
growers behaviour in Chiapas, Mexico. In 
this regard, Jallow et al. (2017) report that 
some factors that may explain why small 
farmers tend to overuse pesticides and 
increase doses are: i) the degree of formal 
education (schooling), ii) experience in 
pest management, iii) training; iv) infor-
mation sources used when deciding which 
insecticides to apply; v) access to extension 
support; and vi) the farmers perception of 
yield losses due to pests. As aforementioned, 
it is necessary to increase the availability 
of information and to properly transfer it 
through extension services and training, 
while fostering a culture of protection of 
natural enemies, as well as good insecticide 
usage and management (47).   

Growers' interest in investing in 
agricultural inputs and their participation 
in regional management of D. citri might be 
influenced by factors such as age, schooling, 
plot size, orchard age, and crop profitability 
in previous years (9, 36). Growers who 
are most interested in becoming member 
of the SRAs, also have more knowledge 
about insecticide management and 
rotation (0.315, p < 0.0127) and about the 
pest (0.282, p < 0.0264). However, they 
also apply higher insecticide doses than 
recommended (0.467, p < 0.0001) (table 
5, page 113). Most growers with entrepre-
neurial interest invest more in pest control, 
since they claime that this action has 
improved their production volumes. 

These growers have a key role within 
the RCAs, since they can lead by example 
given that they adopt recommended doses. 
They need to link their efforts with those of 
technicians to streamline supervision and 
regulation of the applied doses, enabling 
the achievement of proper insecticide resis-
tance management, thereby prolonging 
lifespan of these molecules (31). 

Environmental factors
The value obtained from the environ-

mental sub-indexes, was low in most cases. 
Some growers of the RCAs believe that 
certain environmental factors such as wind 
speed (1.60 of 3.5), relative humidity (2.16 
of 3) and temperature (1.21 of 2) have no 
impact on SRA effectiveness. However, 
most of them suspend insecticide applica-
tions when probability of rainfall is not low 
(1.90 of 2) (table 6, page 115).

There was no direct correlation 
between the perception of application effec-
tiveness subindex and the environmental 
sub-indexes. Most growers indicated 
they perform applications between 7 a.m. 
and 11 a.m. (87.1%), whereas all others 
perform them after 4 pm.
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Table 6. Maximum expected and obtained values of each subindex of the 
environmental index evaluated in regional control areas in Veracruz, Mexico.

Tabla 6. Valores máximos esperados y obtenidos de cada subíndice para el índice 
ambiental evaluado en áreas regionales de control, en Veracruz, México.

Source: The author's own work. / Fuente: Elaboración propia.​

Index Subindex Maximum expected 
value

Value obtained 
in RCAs

Maximum value 
references

Environmental 
Factors 

Application schedule 2.33 1.85 (14)
Wind speed 3.50 1.60 (11, 27)
Relative humidity 3.00 2.16 (27)
Temperature 2.00 1.21 (13, 30)
Precipitation 2.00 1.90 (27)

However, when applications in 
situ were monitored, they started at 
8 a.m. on average and some finished 
after 2 p.m., with temperatures above 
30°C (38). According to FAO (2001), 
the timing of insecticide applications 
shouldn´t coincide with the feeding times 
of beneficial insects. When applications 
are made at noon, insecticides might be 
lost through evaporation. In addition, the 
penetration of the insecticide into the 
foliage is affected by low percentages of 
relative humidity (26, 48). Some growers 
believe that wind speed, relative humidity 
and temperature (79.03%) have no 
impact on application effectiveness, and 
only 9.6% have applied insecticides with 
high rainfall probability. In this regard, 
Massaro and Fernández (2013) stated 
that these variables can either directly 
or indirectly affect the crop, the pest, 
the product and the sprayer-generated 
droplets. Gonçalves-Balan  et  al. (2016) 
reported basic deficiencies in applications 
when not considering the weather condi-
tions. Pérez-Zarate et al. (2016) reported 
that wind speed had a direct influence 
on the effectiveness of mineral oil and 
that the highest mortality percentages 
of D. citri nymphs occurred with relative 
humidity above 60%. In future SRAs, these 

factors must be considered to perform 
efficient insecticide applications, lower 
production costs, and reduce the aquifer 
contamination risks and intoxication of 
people spraying the products.    

Perception of SRA effectiveness and 
its relationship to operational, socio-
cultural and environmental indexes   

A positive correlation 
(0.3428, p < 0.0064) was found between 
the "perception of application effec-
tiveness" subindex and the sociocultural 
index (figure  1, page 116). This reflects 
that the sociocultural context in the RCAs 
could influence the growers' perception of 
application effectiveness, decision-making 
for the management of D. citri and the 
adoption of CESVVER's recommendations 
in the SRAs. Sarandón and Flores (2014) 
mention that as agroecosystem adminis-
trator, mankind is intimately embedded in 
a sociocultural context, that determines the 
way in which the decisions are made. Social 
acceptance of the strategies to control ACP 
is essential to prevent the spread of CLas, 
since with no commitment of growers, 
technicians, researchers and authorities, 
citrus-growing areas could be reduced and 
even disappear, resulting in severe social 
and economic consequences (29). 
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SI-PE = Perception of effectiveness subindex in SRA, IO = Operational index, IS = Sociocultural index, 
IA = Environmental index.

SI-PE = Subíndice de percepción de la efectividad de ARS, IO = índice operacional, ÍS = Índice sociocultural, 
ÍA = Índice ambiental.

Figure 1. Correlation between the"perception of effectiveness" subindex and the 
operational, sociocultural and environmental indexes. 

Figura 1. Correlación entre el subíndice de "percepción de la efectividad" y los índices 
operacional, sociocultural y ambiental. 

ÍO

SÍ-PE 

ÍS

ÍA

SÍ-PE / ÍO: r2= 0.0307 r = 0.1751, p = 0.1770
SÍ-PE / ÍS: r2=  0.1175 r = 0.3428, p = 0.0064
SÍ-PE / ÍA: r2= 0.0100 r = 0.0999, p = 0.4400

To have a good relationship between 
technicians and small farmers is 
important since, due to differences in 
their knowledge, they approach subjects 
with different views. In addition, to gain 
expertise in pest management, techni-
cians must have interpersonal skills to 
maximize the impact of their recommen-
dations on small farmers (31). Training 

for technicians should be ongoing and 
should encourage more participatory and 
horizontal extension practices. Training 
should be provided to leading producers, 
who influence decisions made by the rest 
of the group regarding the management of 
D. citri. This could increase the chances for 
the HLB Campaign recommendations to 
be adopted (5).
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Ortiz (2001) concludes that the 
adoption of new technologies could 
be achieved by integrating farmers 
knowledge with technical information. 
This information should be provided in 
a gradual and sequenced manner during 
pest management training, in order to 
facilitate producers' understanding and to 
allow them to associate information with 
local empirical knowledge.

Although both the operational and 
the environmental indexes showed no 
relationship with "perception of effec-
tiveness" subindex, in several scenarios 
these factors have influenced the effec-
tiveness by increasing wind-driven 
pesticide drift, by decreasing foliar 
coverage and by causing product evapo-
ration due to high temperatures (13, 
26, 33, 44). Growers' decision-making 
regarding pest management undoubtedly 
have an impact on SRAs effectiveness. The 
sociocultural context in the RCAs should 
be studied and understood to strengthen 
social relationships between technicians 
and producers, as well as to facilitate 
participation and organization, which is a 
cornerstone of the RCA strategy.  

Conclusions

The perception of effectiveness of 
regional control areas could be influenced 
by some operational practices that are 
not being considered by growers in their 
applications, such as the use of surfactants, 
machine ground speed, sprayer calibration 
and quality of water. Sociocultural factors, 
such as a lack of general knowledge about 
the pest and its management, as well 
as on insecticide rotation, were more 
related to the perception regarding appli-
cation effectiveness.

Environmental factors did not 
correlate with the perception of effec-
tiveness on supervised regional applica-
tions; indicating that during the appli-
cation, growers do not always consider 
weather conditions, such as temperature, 
wind speed and relative humidity. The 
sociocultural index correlated to a greater 
degree with the perception of application 
effectiveness, which indicates that socio-
cultural context should be considered 
in the HLB Campaign as a strategy that 
considers local knowledge and expedite 
the adoption of the recommendations 
made by CESVVER technicians. 
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Abstract

The study and use of preserved forages in the northern oasis of the province of 
Mendoza arise from the expansion of intensive farming in the area combined with the 
limited supply of forage due to the seasonal nature of perennial pasture production. 
Forage-type sorghums are a silage option because they adapt well to limiting edaphocli-
matic conditions and have high forage yields. This paper evaluates four sorghum hybrids 
for whole-plant silage (ACA 558, ACA 715, ACA 740, Silero Inta-Pemán) cultivated in 
Mendoza's northern oasis (33°00'38" S and 68°52'28" O) during the 2015-2016 and 
2016-2017 crop cycles. Genotypes were characterized according to green matter (GM) 
and dry matter (DM) yields, plant height, and to the panicle dry weight/whole-plant dry 
weight ratio. No significant differences (p≥0.05) were observed in GM or DM yields among 
the hybrids in the crop cycles under study. In the 2015-2016 crop cycle, the average GM 
and DM yields were 110,024 kg/ha-1 and 30,914 kg/ha-1, respectively, whereas during 
the 2016-2017 crop cycle, the average GM and DM yields were 115,122  kg/ha-1 and 
30.752 kg/ha-1, respectively. The results obtained confirm that whole-plant sorghum 
silage is an interesting forage resource for intensive cattle farming in Mendoza.
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Introduction 

Known for a long time, silage preserves 
high moisture forage by storing it for 
fermentation, which takes place through 
the activity of anaerobic bacteria on the 
sugar content of cells. The process makes 
it possible to maintain a reduced pH under 
anaerobic conditions throughout forage 
preservation (5).

In Argentina, corn (Zea maiz) is the 
quintessential silage cereal; however, 
sorghum (Sorghum bicolor L.), because of 
its low water requirement, tolerance to 
high temperatures and highly efficient use 
of fertilizers, has recently become popular 
(6). Several characteristics of sorghum, 
although without the prestige of other 
cereal grains, make it a necessary option 
in areas with edaphoclimatic constraints. 
Sorghum does well in a broad ecological 
area extending approximately from 22° S 

Resumen

El crecimiento de la ganadería intensiva en Mendoza y la falta de alimento debido 
a la estacionalidad de las pasturas durante el año, motivó el uso y estudio de forrajes 
conservados en la Provincia. Los sorgos forrajeros son una alternativa para ensilar, 
debido a su reconocida adaptación a condiciones edafoclimáticas limitantes y su elevada 
producción de forraje. En este trabajo se evaluaron cuatro híbridos de sorgo para 
silaje (ACA 558, ACA 715, ACA 740, Silero Inta-Pemán) cultivados en el oasis norte de 
Mendoza (33°00'38" S y 68°52'28" O), durante las campañas 2015-2016 y 2016-2017. 
Se caracterizaron los genotipos evaluados de acuerdo con: producción de materia verde 
(MV) y de materia seca (MS), altura de plantas y relación peso seco panoja/peso seco 
planta entera. No se observaron diferencias significativas en el rendimiento de MV 
ni en MS entre los híbridos en las campañas evaluadas. En la campaña 2015-2016 la 
MV promedio fue de 110.024 kg/ha y la MS de 30.914 kg/ha. En la siguiente campaña 
(2016-2017) se obtuvieron 115.122 kg/ha de MV promedio y 30.752 kg/ha de MS. Los 
resultados obtenidos confirman que el silaje de sorgo es un recurso forrajero intere-
sante para intensificar la ganadería en la Provincia. 

Palabras clave
forraje • producción ganadera intensiva • zonas áridas

to 40° S and delimited in the west by the 
500 mm isohyet of annual precipitation. 
The southern boundary is determined by 
a period of 180 frost free days and by the 
14°C mean annual isotherm (3).   

According to Torrecillas (2006), 
the main advantages of silage sorghum 
production are the following: 1- Compared 
to corn, sorghum has a lower water 
requirement, higher nutrient uptake 
efficiency, and greater tolerance to drought 
and degraded soils. 2- Some sorghum 
genotypes are able to remain in a state of 
latency for prolonged periods of drought 
and then resume growth (although they 
do not reach full yield potential). 3- The 
vegetative component of many sorghum 
genotypes is of high nutritional  quality. 
4- Sorghum adapts well to low-fertility, 
saline and floodable soils.
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Sorghum has a low planting cost
For whole plant sorghum silage to be of 

high nutritional quality special attention 
should be paid to some of the plant traits, 
such as digestibility. Parts of the plant, 
such as the lignin in the cane, are sacrcely 
digestible, reducing its nutritional 
value; therefore, lowering the cane ratio 
increases digestibility (6). BMR (Brown 
Mid Rib) sorghums are characterized 
by little lignin and high digestibility. The 
panicle/whole-plant ratio should also be 
high, as it is indicative of a high proportion 
of grains and, consequently, of the higher 
energy content of whole- plant silage. 
Another characteristic to be taken into 
consideration is the dry matter content 
of sorghum for silage, which should 
be at least 30%. Otherwise, nutrients 
are lost by leaching while clostridium 
growth and butyric acid production are 
promoted, increasing losses and reducing 
silage  quality. Good whole-plant silage 
is important to enhance use efficiency 
of forage resources and profitability in 
cattle-raising systems. Successful silage 
begins with grain cultivation, continues 
with silo construction, preservation and 
supply, and ends with animal yield (meat 
or milk) (2). 

The expansion of agriculture in 
Argentina, which has displaced cattle 
raising to extra-Pampean regions, has 
given the province of Mendoza the oppor-
tunity to engage in intensive cattle farming. 
Suitable agro-climatic conditions for the 
cultivation of forage crops, the availability 
of almost 100,000 hectares with irrigation 
rights among other strengths contribute 
to the potential for cattle farming in 
Mendoza’s irrigated oases (9).

One of the main problems cattle farms 
are confronted with is the lack of feed 
due to the seasonal nature of pasture. For 

that reason, preserved forages are used as 
they ensure the supply of high quality and 
yield forage that meets beef cattle require-
ments (1). Forage sorghum, given its well-
known adaptability to limiting soil and its 
climate conditions and high forage yield 
(10), is a good silage option for Mendoza. 
Moreover, in adverse conditions, sorghum 
usually does better than corn as forage (7, 
8, 10).

Through various trials conducted 
within the framework of this study, 
regional information was obtained on 
the production of silage sorghum under 
the growing conditions prevailing in 
Mendoza's northern oasis. Specific objec-
tives were to compare green matter (GM) 
and dry matter (DM) yields per hectare of 
four sorghum genotypes; and to charac-
terize the genotypes assessed according 
to plant height and the panicle dry weight 
(DW)/whole-plant dry weight ratio.

The hypothesis is that dry matter yields 
per hectare vary among the different 
sorghum hybrids.

Materials and Methods

During the 2015-2016 and 2016-2017 
crop cycles four sorghum hybrids - ACA 
558, ACA 715, ACA 740, and Silero INTA-
Pemán- were grown at the San Antonio 
agricultural experiment station of the 
Facultad de Ciencias Agrarias de la 
Universidad Nacional de Cuyo, Mendoza 
(33°00'38" S and 68°52'28" W). Its 
alluvial soil has a clay-loam texture, the 
mean annual temperature is 15.7°C and 
the mean annual rainfall is 248.4 mm 
(Estación Meteorológica Chacras de Coria, 
1959-2013). The experimental plots had 
three 10 m-long furrows 0.60 m apart; and 
15 seeds per linear meter were hand sown 
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(234,400 plants/ha). The experimental 
design consisted of randomly selected plots 
with three replications (4 hybrids times 3 
replications = 12 experimental plots).

The plants were harvested when 
the grain was at the milk-wax stage of 
ripeness. At pre-harvest the number of 
plants was counted, and the height of 10 
plants in the central row of each experi-
mental plot was measured.

The central row of each plot was 
harvested (with scissors) to estimate GM 
yield. Three plants from each plot were 
weighed while green and separated to 
calculate the percentage of dry matter, 
panicle dry weight, and whole-plant 
dry weight.

Analysis of variance and comparison of 
means (Tukey test) were performed on the 

Table 1. Cultural management of the experimental plots- 2015-2016 and 2016-2017 
crop cycles.

Tabla 1. Manejo cultural de las parcelas experimentales, campañas 2015-2016 y 
2016-2017.

2015-2016 crop cycle 2016-2017 crop cycle

Soil preparation Cross harrowing & furrowing Cross harrowing & 
furrowing

Sowing date 11/17/2015 10/25/2016

Fertilization
18-46-0

(at sowing)
150 kg 150 kg

Weed control Manual Manual

Water depth 
applied

Thirteen 30 mm irrigations:
390 mm

Rainfall: 308 mm
Total: 698 mm

Twelve 30 mm irrigations:
360 mm

Rainfall:226.6 mm
Total: 586.6 mm

Harvest date 03/17/2016 03/9/2017 

variables under study. Plot management is 
described in table 1. 

Results and Discussion

The GM and DM yields of the hybrids 
evaluated in both crop cycles are shown in 
tables 2 and 3 (page 125). No significant 
differences (p≤0.05) in yields among 
genotypes were detected in both crop 
cycles. In the 2015-2016 crop cycle average 
GM and DM yields were 110,024 kg/ha-1 
and 30,914 kg/ha-1, respectively, whereas 
during the 2016-2017 crop cycle average 
GM and DM yields were 115,122 kg/ha-1 
and 30,752 kg/ha-1, respectively.
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Experiences in other parts of the 
country, though under rainfed conditions, 
show lower yields per hectare: 10,789 kg 
of DM/ha-1 and 43,754 kg of GM/ha-1 on 
average for 19 sorghum hybrids tested 
at the AER INTA Manfredi, province of 
Córdoba (3); and 12,250 kg of DM/ha-1 on 
average in tests carried out at EEA INTA 

Corrientes (4). With regards to dry matter 
percentage of the whole plant at harvest, 
no differences among hybrids were 
detected in none crop cycle: the average 
value was 28.32% for the first harvest 
and 27.01% the following year. Leiva et al. 
(2012) obtained a DM average of 25.61%.

Table 2. Green matter (GM) and dry matter (DM) yields, and percentage of dry 
matter (% DM) of the sorghum hybrids included in the trial. 2015-2016 crop cycle, 

Luján de Cuyo, Mendoza, Argentina. 
Tabla 2. Producción de materia verde (MV), materia seca (MS) y porcentaje de materia 

seca (% MS) de los distintos híbridos de sorgo ensayados. Campaña 2015-2016, 
Luján de Cuyo, Mendoza, Argentina.

* Means followed by the same letter are not statistically different (Tukey's HSD).
* Medias con letras iguales indican que no hay diferencias significativas (Prueba de Tuckey).

Table 3. Green matter (GM) and dry matter (DM) yields, and percentage of dry 
matter (% DM) of the sorghum hybrids included in the trial. 2016-2017 crop cycle, 

Luján de Cuyo, Mendoza, Argentina. 
Tabla 3. Producción de materia verde (MV), materia seca (MS) y porcentaje de materia 

seca (%MS) de los distintos híbridos de sorgo ensayados. Campaña 2016-2017, 
Luján de Cuyo, Mendoza, Argentina.

* Means followed by the same letter are not statistically different (Tukey's HSD).
* Medias con letras iguales indican que no hay diferencias significativas (Prueba de Tuckey).

Hybrid
Plants at harvest

(No.)
GM yield
(kg/ha-1)

DM yield
(kg/ha-1)

% DM

ACA 558   149,400±12,938 a* 94,620±13,260 a 27,611±2,362    a 29.48±4.12 a
ACA 715 132,800±21,959 a 105,709±42,190 a  29,068±10,498 a 27.74±1.01 a
ACA 740 146,633±9,584   a 117,583±29,591 a 30,799±4,074   a 26.72±3.15 a

Inta Pemán 136,950±9,130   a 122,184±37,198 a 36,175±13,009 a 29.35±2.04 a

Hybrid
Plants at harvest

(No.)
GM yield
(kg/ ha-1)

DM yield 
(kg/ ha-1)

% DM

ACA 558 156,704±10,435 a* 90,676±55,701 a 24,739±15,272 a 27.39±1.00 a
ACA 715 129,314±19,167 a 103,925±28,036 a 27,826±7,502   a 26.89±2.47 a
ACA 740

Inta Pemán
170,980±14,754 a
140,214±22,392 a

146,468±24,729 a
119,419±28,383 a

36,902±3,742   a
33,538±5,576   a

25.39±1.92 a
28.39±2.00 a
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With regard to plant height, there were 
significant differences (p≤0.05) among 
hybrids in both crop cycles, as shown in 
table 4. In the first harvest ACA 715, ACA 
740 and Inta Pemán showed significant 
differences only with ACA 558. In the 
second harvest, ACA 715 and Inta Pemán 

Table 4. Plant height, and panicle DW/ whole-plant DW ratio of the sorghum 
hybrids included in the trial. 2015-2016 and 2016-2017 crop cycles, 

Luján de Cuyo, Mendoza, Argentina. 
Tabla 4. Altura de planta y relación PS panoja/PS planta entera de los distintos 

híbridos de sorgo ensayados.  Ambas campañas, Luján de Cuyo, Mendoza, Argentina.   
 

* Means followed by the same letter are not statistically different (Tukey's HSD).
* Medias con letras iguales indican que no hay diferencias significativas (Prueba de Tuckey).

2015-2016 2016-2017

Hibryd
Plant height 

(m)

Panicle DW / 
whole-plant 

DW (%)

Plant height
(m)

Panicle DW / 
whole-plant 

DW (%)

ACA 558 1.54±0.07 a* 19.52±2.70    c 1.62±0.10 a 16.70±0.93    c
ACA 715 2.81±0.29 b 3.80±0.36   a 2.52±0.07 b 3.45±1.14   a
ACA 740 2.72±0.11 b 13.50±3.19 bc 3.07±0.03 c 10.42±4.43 bc

Inta Pemán 2.50±0.09 b 9.27±2.81 ab 2.7±0.09 b 7.39±1.66 ab

exhibited no differences between them 
but with ACA 558 and ACA 740, which also 
differed among themselves.

The panicle dry weight/whole-
plant dry weight ratio showed the 
same difference among hybrids in both 
crop cycles.

Conclusions

It is feasible to achieve high yields from 
silage sorghum in Mendoza's northern 
oasis. Although the hybrids tested 
exhibited significant differences in plant 
height and in the panicle dry weight/
whole-plant dry weight ratio, their perfor-
mance with regard to green matter yield 
(kg/ha-1) and dry matter yield (kg/ ha-1) 
showed no differences. Therefore, our 
working hypothesis is rejected.  

The results obtained confirm that 
sorghum silage is an interesting and 
feasible forage resource for intensive 
cattle farming in the province of Mendoza. 
In future trials it would be desirable to 
determine forage quality by analyzing 
crude protein (CP) and acid detergent fiber 
(ADF) and, from the results then obtained, 
to calculate digestibility (Dig) and energy 
concentration (EC) of the chopped forage.
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Abstract

The Spanish Committee for the Man and the Biosphere (MaB) Programme runs a 
programme that monitors the Spanish Network of Biosphere Reserves. The monitoring 
programme features a system of indicators enabling the degree of implementation and 
the territorial integration of the Biosphere Reserves (BRs) located on Spanish territory. 
This paper sets out a statistical analysis based on the results of the degree of implemen-
tation for the BRs of Andalusia (Spain) obtained for the period 2008-2014. The analysis 
allows the identification of the indicators that have had the most influence on the degree 
of implementation in the Andalusian BRs, as well as the factors that may be strengthened 
in order to enhance the degree of implementation. The effectiveness of the indicator 
system will be improved if additional work is done to redefine those conceptual aspects 
that tend to generate discrepancies in the interpretation of compliance with the require-
ments of the variables. To improve the management of the Andalusian BRs, comple-
mentary studies to allow the evaluation of the impact of the initiatives related to the 
implementation of the MaB Program, should be carried out.
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Andalusia • degree of implementation • monitoring • participation in management •  
UNESCO MaB Programme
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Resumen

El Comité Español del Programa MaB cuenta con el Programa de Seguimiento de la 
Red Española de Reservas de Biosfera. El programa dispone de un sistema de indica-
dores que permiten estudiar el grado de implantación y la integración territorial de las 
Reservas de Biosfera (RBs) del territorio español. En este trabajo se presenta el análisis 
estadístico efectuado a los resultados obtenidos del grado de implantación de las RBs 
de Andalucía (España) durante el período 2008-2014. El análisis ha permitido identi-
ficar los indicadores que mayor influencia han tenido en el grado de implantación de las 
RBs, así como los factores que podrían ser fortalecidos para incrementar este grado de 
implantación. La efectividad del sistema de indicadores se verá reforzada si se realiza un 
trabajo adicional para redefinir aquellos aspectos conceptuales que tienden a generar 
discrepancias en la interpretación del cumplimiento de los requisitos de las variables. 
Para mejorar la gestión de las RBs de Andalucía, se deberían llevar a cabo estudios 
complementarios que permitan la evaluación del impacto de las iniciativas relacionadas 
con la implantación del Programa MaB.

Palabras clave
Andalucía • grado de implementación • monitoreo • participación en la gestión • 
Programa MaB UNESCO

Introduction

The Biosphere Reserves (BRs) of the 
UNESCO MaB Programme are areas in 
which “methods for managing natural 
resources are put to the test while simulta-
neously fostering economic development” 
(41). However, the mere designation of an 
area as a Biosphere Reserve (BR) does not 
guarantee the real or full implementation 
of the concept (1, 8, 16, 43). At the 1995 
International Conference of Seville, it was 
established that the competent authority 
would review the situation of each BR 
every ten years and submit a report 
based on the fulfilment of the criteria 
upon which they were designated (40). 
By means of such evaluation, it would 
be possible to assess the effectiveness of 
their management, thereby helping to 
determine the potential that such areas 
possess in terms of achieving their goals, 
identifying opportunities and threats, 

and encouraging stakeholders to adapt to 
changing conditions (31). This evaluation 
must contemplate an integral and multi-
dimensional view of sustainability and be 
complemented with a systemic approach 
both in the conceptualization and in its 
operational component (37).

Various authors (29, 31) suggest 
that the 10-year interval between the 
periodic reviews is excessively long, 
posing challenges for the monitoring of 
BRs. Such challenges affect the efficiency 
of the periodic review process as an 
effective mechanism for ensuring their 
quality and degree of implementation 
(3, 30). The alternatives suggested in 
order to overcome the challenges include: 
establishing provisional mechanisms 
for submitting reports; reducing the 
time between periodic reviews, and the 
establishment of an information system 
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with mechanisms and indicators enabling 
the state and effectiveness of the imple-
mentation of the BRs to be reviewed, being 
much more closely linked to the periodic 
review process (29, 30, 31).

The Spanish Network of Biosphere 
Reserves (Spanish acronym: RERB) 
comprises 48 areas, covers 10.9% of the 
total surface area of Spain (more than 
5.5 million hectares) and encompasses a 
population of nearly two million inhab-
itants (4.12% of the total). The Spanish 
Committee for the MaB Programme 
is coordinated by the Autonomous 
Organisation of National Parks 
(Spanish acronym: OAPN) and runs a 
RERB Monitoring Programme. The RERB 
Monitoring Programme is one of various 
results obtained from the Montseny 
Plan of Action (Spanish acronym: PAMO) 
for the RERB (38). The PAMO was the 
adaptation carried out in the Spanish 
context of the Madrid Action Plan (Spanish 
acronym: PAM) for the RERB (26, 41). 
This Programme was designed to gather 
information about the state and evolution 
of the Spanish BRs and assess the attain-
ments achieved in terms of the challenges 
set by the MaB Programme. Within the 
framework of the Monitoring Programme, 
the Reserves have been assessed over 
three periods: 2008-2010, 2010-2013 and 
2013-2014.

In its initial stages, the RERB 
Monitoring Programme relied on a total 
of 17 indicators, each of them being a 
synthesis of a range of variables. Seven of 
these indicators were designed to provide 
information about the degree of consoli-
dation of the RERB. The ten remaining 
indicators were designed to provide infor-
mation about two fundamental aspects of 
Spanish BRs: their degree of implemen-
tation (fulfilment of the basic require-
ments stemming from the BR concept) 

and their territorial integration. Those 
who developed the indicator system 
(OAPN and TRAGSA) decided that the 
Spanish BRs' degree of implementation 
would be assessed by six indicators, and 
their territorial integration would be 
assessed by means of four indicators (38). 
In 2013 OAPN and TRAGSA presented 
a new system to assess the implemen-
tation of Spanish BRs by means of eight 
indicators (39). One of the reasons for 
carrying out these adjustments could have 
been probably, not wanting to lose sight 
of the ecological and social elements on 
which the BR's are based. These elements 
that go beyond the promotion of a practice 
or set of practices, must be understood 
by the researchers and  local actors, who 
form the main basis for the construction 
and even more, the evaluation and 
transformation of the BR's and their 
agro-ecological systems (25). Since 
2013, the methodology used, the results 
obtained and the appropriateness of the 
indicators themselves, have been analysed 
on an ongoing basis by the Management 
Council and by the Scientific Council, both 
advisory bodies to the Spanish Committee 
for the MaB Programme. 

At the time of writing, the degree of 
implementation of the BRs that make up 
the RERB is assessed by eight indicators. 
Some of these indicators contain "lock" 
variables, a concept that had not been 
considered at the initial stages of the 
Monitoring Programme. Lock variables 
are those that, when they accrue a score 
of 0 for total non-compliance, render 
the indicator to which they correspond 
non-assessable due to non-fulfilment of a 
basic requirement of the MaB Programme 
(28). In order to obtain the final 
assessment of the BR, the non-assessable 
indicator is assigned a value of 0. A 
non-assessable indicator reduces the 
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score obtained by the BR and is taken as 
evidence that, at its next periodic review, 
the BR may be subjected to a recommen-
dation from the MaB Programme's Inter-
national Coordination Council. In the 
event of this not being addressed, it may 
result in the triggering of the withdrawal 
mechanism of the World Network of 
Biosphere Reserves (WNBR).

Based on the results obtained through the 
Monitoring Program of the Spanish Network 
of Biosphere Reserves, the objectives of this 
article are: i) to identify the behavior of the 
implementation of the Andalusian BRs over 
the 2008-2014 period and ii) to identify the 
incidence of the indicator "Participation in 
management" in the levels of implemen-
tation achieved by these BRs.

The hypotheses of this work are: 
i) In the three follow-up evaluations of the 
Spanish Network of Biosphere Reserves 

carried out during the period 2008 - 2014, 
the Biosphere Reserves of Andalusia 
obtained the same degree of implemen-
tation and ii) the indicator "Participation in 
management" is the indicator that has the 
greatest impact on the degree of implemen-
tation achieved by the BRs of Andalusia.

Materials and methods

Area of study
Nine of the 48 Spanish BRs are located in 

the Autonomous Community of Andalusia 
(southern Spain), and are known as the 
Andalusian Biosphere Reserve Network 
(Spanish acronym: RRBA). The RRBA 
(figure 1) comprises a significant part of 
the overall RERB in Spain, both in terms of 
number and in terms of designated surface 
area (table 1, page 132).

Source: Authors' own compilation, with information from the Environmental Information Network of Andalusia.
Fuente: Elaboración propia con información de la Red de Información Ambiental de Andalucía.

Figure 1. Geographical distribution of Andalusian Biosphere Reserves.
Figura 1. Distribución geográfica de las Reservas de Biosfera de Andalucía. 
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Table 1. Andalusian Biosphere Reserves. 
Tabla 1. Reservas de Biosfera de Andalucía.

Source: Authors' own compilation of data from the Environmental and Territorial Planning Council of the 
Andalusian Regional Government (Junta de Andalucía).

a Extended in 2014 as a response to the recommendations made by the ICC for the MaB Programme after its 
periodic review in 2003.

b 66 municipalities in Andalusia are included, 22 in the province of Cádiz and 39 in Málaga, while 48 
municipalities are involved in Morocco, of which 23 belong to Tétouan, 17 to Chefchaouen, seven to the 

province of Larache and one to the province of Tangier.
Fuente: Elaboración propia con datos de la Consejería de Medio Ambiente y Ordenación del Territorio de la 

Junta de Andalucía (Junta de Andalucía).
a Ampliada en el año 2014 para dar respuesta a las recomendaciones que el CIC del Programa MaB emitió tras 

su revisión periódica del año 2003.
b En Andalucía participan 66 municipios, 22 de la provincia de Cádiz y 39 de Málaga, mientras que en 

Marruecos participan 48 municipios, de los que 23 pertenecen a la provincia de Tetuán, 17 a Chefchaouen, 
siete a la provincia de Larache, y uno a la provincia de Tánger.

Andalusian Biosphere 
Reserves

Year of 
creation Area (ha) Provinces

N° 
municipalities
(partial and/or 
total territorial 

integration)

Sierra de Grazalema 
(henceforth RBSG) 1977 51,695 Cádiz and Málaga 14

Doñana (RBDÑ) 1980 268,293 Huelva, Seville and Cádiz 14

Sierras de Cazorla, Segura 
y las Villas (RBCSV) 1983 217,000a Jaén 26

Marismas del Odiel 
(RBMO) 1983 7,185 Huelva 4

Sierra Nevada (RBSNV) 1986 172,238 Almería and Granada
Granada 60

Sierrra de las Nieves y su 
Entorno (SNyE) 1995 93,930 Málaga 11

Cabo de Gata-Níjar (RBCGN) 1997 49,624 Almería 3

Dehesas de Sierra Morena 
(RBDSM) 2002 427,400 Huelva, Seville and Córdoba 43

Intercontinental del 
Mediterráneo (IM) 2006

907,185.02

(423,535 in 
Andalusia)

Cádiz and Málaga (Andalusia) 
and Tétouan, Chefchaouen, 

Larache and Tangier 
(Morocco)

109b
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Sources for data used
The data used in this article are derived 

from the results of evaluating the imple-
mentation indicators of the RRBA BRs 
over the period 2008-2014. These data 
were obtained by the Spanish Committee 
for the MaB Programme, via application 
of the RERB Monitoring Programme 
(28, 38, 39). The main data used are set 
out in table 2 (page 133).

Calculation of new indicators
Owing to the fact that the indicators 

for the 2008-2010 period differ from 
those of the other two periods (2010-
2013, 2013-2014), a series of statis-
tical inferences (atypical values, jumps 
or discontinuities, concentrations of 
values, variable of those that make up the 
indicator, possible response options to the 
variable, percentage contribution of the 
variable in the final value of the indicator) 
were made to obtain the data that would 
enable a statistical analysis of the whole 
period (2008-2014).

When checking the methodology 
used to calculate the indicator of "Initia-
tives for the fulfilment of functions" for 
the period 2008-2010 (38), it was noted 
that it comprised variables that were the 
equivalent to some of the new indicators 
included in the reports for the 2010-2014 
period (29, 39). Thus, bearing in mind 
the contribution of each indicator, its 
corresponding value for the 2008-2010 
period was calculated. The variable-
indicator equivalences were the following:

• "Number of initiatives that fundamen-
tally contribute to fulfilment of the conser-
vation function" was considered to be 
equivalent to the indicator "Initiatives for 
fulfilment of the conservation function".

• "Number of initiatives that funda-
mentally contribute to fulfilment of the 
development function" was considered 
to be equivalent to the indicator "Initia-
tives for fulfilment of the developments 
function".
• "Number of initiatives that fundamen-
tally contribute to fulfilment of the logistics 
support function" was considered to be 
equivalent to the indicator "Initiatives 
for fulfilment of the function for logistics 
support".

This was done because the variables 
used to calculate the indicators are 
basically descriptive. For each, there were 
four possible options, so, the possible 
responses of these variables were like the 
ones that make up the indicator for which 
equivalence was proposed.

In addition, indicator 8, "Participation 
in networks", included in 2010-2013 
and 2013-2014, was not considered in 
the report for the 2008-2012 period. For 
its calculation, quantitative and quali-
tative analyzes of each of the variables 
that make up each of the indicators of 
the three periods analyzed, were carried 
out, according to the methodology 
proposed by the OAPN (28), combining 
this with multiple regression techniques 
applied to all the BRs in Spain. Finally, 
indicator 3, "Instruments for planning and 
management", for the 2008-2010 period 
was deemed to be the exact equivalent of 
indicator 4, "Management plan (and action 
programme)", in the other two periods.

The indicators for the whole period 
(2008-2014) as well as the abbreviations 
used in the statistical analysis are shown 
in table 3 (page 135).
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Methodology for the statistical 
analysis of the data
An exploratory analysis of the data 

was carried out using the ANOVA (21) 
procedure. This enabled the normality and 
the homogeneity of the indicator variances 
to be assessed to a 95% level of confidence.

The variance analysis and the test 
of means were carried out using the 
GLM procedure (36) with a level of 
significance of 0.05. For the analysis of 
variance, the three periods being studied 
(2008-2010, 2010-2013 and 2013-14) 
were assumen as treatments. And for the 
means test, Tukey's studentized range 
was used (36).

As well as providing the mean for each 
period, the test of means enabled identifi-
cation of the minimum significant differ-
ences. These two analyses (the analysis of 
variances and test of means) were used 
in conjunction to compare the means of 
the indicators over the different periods 
of study. The comparison made it possible 
to determine the differences between the 
three periods in terms of two basic aspects: 
i) the performance of each indicator and ii) 
the degrees of implementation achieved. 
All these enabled to establish the impor-
tance of one or more periods of time.

Table 3. Indicators analysed for the RRBA (2008-2014).
Tabla 3. Indicadores analizados para la RRBA (2008-2014).

Indicator Abbreviations for the 
statistical analysis

Zoning IND 1
Management body IND 2
Participation in management IND 3
Management plan (and action programme) IND 4
Initiatives for fulfilment of the conservation function IND 5
Initiatives for fulfilment of the development function IND 6
Initiatives for fulfilment of the logistics support function IND 7
Participation in networks IND 8

In addition, canonical discriminant 
analysis (CDA) (12) was used to identify 
the influence that each of the indicators 
had on the degrees of implementation 
achieved in the RRBA. The CDA groups 
correspond to the periods under study. 
The statistical analysis was based on the 
following multivariate lineal model:

yijkh = µh + BRih + Pjh + εijkh

where:
yijkh = multivariate vector of the k 

observation relating to the h variable for 
the BRi and period j.

µh = multivariate vector of general 
means relating to the h variable.

BRih = multivariate vector of the effects 
of the RBi on the h variable.

Pjh = multivariate vector of the period 
j on the h variable.

εijkh = multivariate vector for random 
errors associated with the observations 
vector yijkh.

(In the present study, the multivariate 
vector of the effects of interaction between 
BRi and the period j on the h variable was 
not included in the model, because no 
repetitions were present).
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With the standard variables obtained 
from the analysis, a canonical discriminant 
graph was drawn up (20).

The Minitab (Minitab Inc., State 
College, Pennsylvania) and SAS version 
9.4 (SAS Inst., Inc., Cary, North Carolina) 
programs were used to manage the data 
and perform the calculations.

Results

Table 4 shows the values of the 
indicators for the period 2008-2010 
that were used for the analysis of the 

entire 2008-2014 period. The values of 
indicators 1, 2 and 3 correspond to those 
obtained with the RERB Monitoring 
Program. The values of indicators 4, 5, 6, 
7 and 8 correspond to those calculated in 
this article. 

Exploratory analysis of the indicator 
data for the period 2008-2014 showed 
that none of the indicators presented 
any significant deviation regarding the 
assumptions of normality and homoge-
neity of the variances to a degree of 95% of 
confidence. This fact revealed an absence 
of limitations for conducting the ANOVA.

Table 4. New implementation indicators for RRBA 2008-2010 in percentages. 
Tabla 4. Nuevos indicadores de implantación para la RRBA 2008-2010 en porcentajes.

INDICATOR
BR

RRBA
SG DÑ CSV SNV MO SNyE CGN DSM IM

1. Zoning 23.33 43.33 23.33 55.00 43.33 56.67 66.67 56.67 66.67 48.33

2. Management 
body 53.33 48.33 53.33 48.33 53.33 46.67 53.33 38.33 86.67 53.52

3. Participation 
in management 76.67 76.67 76.67 76.67 76.67 65.00 76.67 0.00 45.00 63.64

4. Management 
plan (and action 
programme)

33.33 33.33 33.33 33.33 33.33 66.67 33.33 16.67 50.00 37.04

5. Initiatives for 
fulfilment of the 
conservation 
function

66.66 66.66 66.66 33.33 66.66 0.00 66.66 66.66 33.33 51.85

6. Initiatives for 
fulfilment of the 
development 
function

33.33 33.33 33.33 66.66 33.33 66.66 33.33 33.33 66.66 44.44

7. Initiatives for 
fulfilment of the 
logistics support 
function

66.66 66.66 66.66 66.66 66.66 66.66 66.66 66.66 66.66 66.66

8. Participation 
in networks 64.64 64.64 64.64 76.49 64.64 76.49 64.64 64.64 76.49 68.59

SYNTHESIS OF 
THE PERIOD 52.24 54.12 52.24 57.06 54.74 55.6 57.66 42.87 61.44 54.22
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Table 5. ANOVA for the degree-of-implementation indicators of the RRBA BRs, 2008-
2014.

Tabla 5. Análisis de varianza para los indicadores del nivel de implantación de las RB 
de la RRBA (período 2008-2014).

*Pr >α= 0.05.

Indicator Sum of squared error Mean squared error Value of F Pr 
IND1 16,708.88 696.20 7.40 0.0031
IND2 5,940.99 247.54 13.34 0.0001
IND3 8,843.78 368.49 3.06 0.0653 *
IND4 5,232.49 218.02 24.86 <0.0001
IND5 6,324.63 263.53 17.40 <0.0001
IND6 4,646.16 193.59 29.36 <0.0001
IND7 1,342.20 55.92 0.04 0.9617 *
IND8 448.02 18.67 322.43 <0.0001

The ANOVA of the indicators, to a 0.05 
degree of significance, highlighted signif-
icant differences in indicators 1, 2, 4, 5, 6 
and 8, but not in indicators 3 or 7 (table 5).

The results of Tukey’s test of means 
are shown in table 6 (page 138). It 
is noticeable that seven of the eight 
indicators show no significant differences 
for the periods 2010-2013 and 2013-2014. 
The 2008-2010 period is significantly 
different from the other two periods for 
five of the eight indicators. The three 
periods analysed do not show significant 
differences for indicators 3 and 7. The 
2010-2013 period exhibits significant 
differences with respect to the other two 
for indicator 1.

The multivariate analysis of the data 
using CDA revealed a significant effect 
(α = 0.05) for the result of Wilks's multi-
variate Lambda test (table 7, page 138). 
The value obtained by running the CDA test 
with this statistic (0.008 with P < 0.0001), 
indicates that the multivariate contrast 
that explains the relationship between 
the values of the nine reserves' eight 
indicators in the three periods analyzed, 

is significant (α = 0.05). This statistic also 
revealed that there is separation between 
groups and a supposition of multivariate 
error normality.

The CDA results for the relationship 
between the effects of BR indicators and P, 
demonstrate that this relationship needs 
only two dimensions in order to be repre-
sented (table 8, page 138). However, out 
of these two dimensions, only the first is 
significant (α = 0.05), entailing that the 
relation is one-dimensional. The eigen-
value proportion (or the proportion of 
explained variability) of the first canonical 
variable (Can 1) is 0.991, which indicates 
that the first canonical function repre-
sents 99.1% of the total variation of the 
relationship between the effects of the 
RBs and P (table 8, page 138). The second 
canonical variable (Can 2) only accounts 
for 0.9% of the said variation.

Figure 2 (page 139), shows the 
canonical discriminant structure of the 
three periods analyzed.
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Table 6. Means test for the degree of implementation indicators of the RRBA BRs, 
2008-2014.

Tabla 6. Prueba de medias para los indicadores del nivel de implantación de las RB de 
la RRBA 2008-2014.

Values with different letters in the same row differ significantly between periods.
Valores con letras diferentes en la misma fila difieren significativamente entre periodos.

Table 7. Statistics of multiple variables and F approximations.
Tabla 7. Estadísticos de múltiples variables y aproximaciones F.

The F statistic for Roy's largest root is an upper limit. The F statistic for Wilks’s Lambda is exact.
El estadístico F para la raíz mayor de Roy es un límite superior. El estadístico F para Lambda de Wilks es exacto.

Table 8. Summary of CDA for the relationship between the effects of the BR 
indicators and P.

Tabla 8. Resumen del ADC para la relación entre los efectos de los indicadores de las 
RBs y P.

Tukey's studentised range test (HSD) (α = 0.05)

VARIABLE 2008-2010 2010-2013 2013-2014 df
IND1 48.220 b 94.070 a 59.260 b 31.062
IND2 53.517 b 90.184 a 81.480 a 18.522
IND3 63.336 a 78.521 a 85.187 a 22.598
IND4 37.036 b 77.780 a 81.112 a 17.382
IND5 51.847 b 90.369 a 91.481 a 19.111
IND6 44.440 b 87.778 a 88.149 a 16.380
IND7 66.660 a 66.852 a 67.593 a 8.804
IND8 49.189 b 92.222 a 95.553 a 5.086

Statistic Value F-Value Num DF Den DF Pr > F
Wilks's Lambda 0.008 21.30 16 34.0 <.0001
Pillai trace 1.382 5.03 16 36.0 <.0001
Hotelling-Lawley trace 73.107 74.64 16 24.5 <.0001
Roy's largest root 72.453 163.02 8 18.0 <.0001

Canonical 
variable

Canonical 
correlation Eigenvalue Proportion 

eigenvalue
Accumulated 

proportion
Value of 

probability

Can 1 0.99 72.453 0.991 0.991 <.0001
Can 2 0.63 0.654 0.009 1.000 0.1764
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Table 9. Coefficients of total canonical 
structure.

Tabla 9. Coeficientes de estructura 
canónica total.

Variable
Total canonical structure

Can1 Can2
IND1 0.403 -0.748
IND2 0.702 -0.319
IND3 0.440 0.178
IND4 0.827 0.022
IND5 0.774 -0.033
IND6 0.847 -0.059
IND7 0.040 0.065
IND8 0.989 0.020

The impact of both canonical axes is 
observable in 100% of the total variability. 
In the case of the first factorial plane 
(Can 1 vs. Can 2), 99.1% of the variation 
between the periods being analyzed is 
accounted by the first canonical dimension 
(Can 1), whereas the second canonical 
dimension (Can 2) only accounts for 0.9% 
of variability. Can 1 is mainly aligned with 
the second and third periods (2012-2013 
and 2013-2014). Can 2 is determined 
mainly by the first period (2008-2010).

Table 9, shows the coefficients of 
total canonical structure (also known as 
the correlation structure or canonical 
discriminant weights), which indicate the 
correlations between the indicators and 
the canonical functions. From this table 
it may be observed that Can 1 is strongly 
dominated indicator 8, followed by 
indicators 6 and 4 and to a lesser extent 
by indicators 5 and 2, all of them positive.

Figure 2. Canonical discriminant structure plot of the three periods analysed.
Figura 2. Estructura discriminante canónica de los tres periodos analizados.
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Can 2 is dominated by indicators 1 and 
2, both with negative values and not as 
large as those of the first canonical axis. 
Thus, it is evident that the total variation 
in the relationship between the effects of 
the BR indicators and P is due, principally, 
to indicators 8, 6 and 4, and therefore, 
these three indicators are responsible 
for a major portion of the discrimination 
between the combinations of the BR 
indicators and P.

Discussion

Implementation performance
Two clearly differentiated phases, 

2008-2010 and 2010-2014, become 
apparent after the analysis of the imple-
mentation period of the RRBA BRs 
(2008-2014). In the first phase there was 
a lesser degree of implementation than 
in the second, as shown by the values 
obtained in the test of the indicators' 
means (table 6, page 138). The differences 
between these two phases may be 
explained by i) the fact that the periodic 
application of the indicators has served 
as a learning tool for the Andalusian 
BRs (31), something that also emerges 
from the approval of all these reserves’ 
periodic review reports over the last ten 
years, some of them without receiving 
any type of recommendation from 
the MaB Programme ICC; ii) the effort 
expended by the Spanish Committee 
for the MaB Programme to improve the 
understanding, the differences in criteria 
and the application of the indicators; iii) 
the managerial improvements in these 
areas instituted by the competent body of 
the Andalusian Regional Government.

The indicators that recorded 
improved results in the second phase 
were: Indicator 2, "Management body", 

Indicator 4, "Management plan and action 
programme", Indicator 5, "Initiatives for 
fulfilment of the conservation function", 
Indicator 6, "Initiatives for fulfilment of 
the development function" and Indicator 
8, "Participation in networks".

The management body for Andalusian 
BRs is the Environment Department of the 
Andalusian Regional Government, which 
it delegates responsibility for action on 
the ground to the manager of each BR 
(2). The improvements in indicator 2, 
"Management body", may be related to 
the increase and/or advances in: i) the 
consultation-participation and decision-
taking mechanisms; ii) the represen-
tation of various public administrations 
with territorial faculties; iii) the 
ability to promote and implement an 
integrated, participatory and sustainable 
management plan; iv) the fulfilment 
of the Andalusian Biosphere Reserves 
Committee’s functions. (The Andalusian 
Biosphere Reserves Committee is an 
advisory and coordination body reporting 
to the Andalusian Regional Government 
on the subject of Biosphere Reserves, 
which has, among other functions, the 
task of supporting managing coordination 
Andalusian BRs).

The management plans of the 
Andalusian BRs have been the main instru-
ments for the management and planning 
of the protected areas that constitute 
them (6). In this context, the progress 
shown by indicator 4, "Management plan 
(and action programme)", may be due to: 
i) improvements and adaptations of the 
contents of the management tools of the 
protected areas that constitute the RRBA. 
It is expected that within the management 
and planning instruments of Andalusia's 
protected areas, the goals and functions 
of the BRs to which they belong are 
explicitly set out. ii) the design of specific 
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management schemes for one or more 
of Andalusia's BRs; iii) drafting and/or 
improvements in the action programmes. 
The action programmes should i) incor-
porate the goals and the three functions of 
the BRs, ii) have the resources needed for 
their application and iii) make provisos for 
a research and monitoring programme.

It is no surprise that Indicator 
5, "Initiatives for fulfilment of the 
development function", exhibited 
improved results in the second phase. 
The Autonomous Community of 
Andalusia has been characterised by its 
interest, commitment and dynamism in 
environmental matters, particularly the 
protection of natural resources (22, 33). 
This is demonstrated by the numerous 
regional programmes and schemes geared 
towards the conservation, protection and 
recuperation of various aspects of natural 
heritage that complement those derived 
from national and international origins.

Meanwhile the improved results for 
indicator 6, "Initiatives for fulfilment of 
the development function", may reflect the 
effort made by the Andalusian Regional 
Government to offer local inhabitants 
opportunities to improve their quality of 
life and welfare by making sustainable use 
of natural resources. It is acknowledged 
that the protected areas currently 
comprising the Andalusian BRs, have 
become places where the environment 
is appreciated as a basic productive 
resource for sustained economic growth, 
thus turning the business sector into a 
key part of sustainable development (11). 
In keeping with this, it may be supposed 
that the Andalusian BRs have made 
headway in learning to master the rational 
exploitation and conservation of natural 
heritage and encouraging integrated 
human development, which are basic 
goals of all BRs (9).

Indicator 3, "Participation in 
management", and Indicator 7, "Initia-
tives for fulfilment of the logistics support 
function", present a very consistent 
trajectory over the three periods analysed, 
probably due to the fact that they are 
components in which Andalusian BRs have 
exhibited particular strengths, and hence 
no major effort has been made to improve 
them, and/or they have been assigned 
secondary priority in the management of 
these reserves.

Indicator 1, "Zoning", is the indicator 
that presents the most inconsistent 
pattern. The mean value of this indicator 
during the second period of study, is 
significantly greater than the first and 
third periods. In other words, there was 
considerable improvement in the second 
period with regards to the first, but the 
mean decreased considerably in the third 
period compared to the second, regressing 
to the values obtained in the initial period. 
This performance may be explained by: 
i) more thorough reviews of zoning, which 
led to falls in this parameter in some of the 
BRs; ii) differences of criteria in the way the 
indicators were applied over the course 
of the three periods; iii) the influence of 
"lock" variables on the annulment of this 
indicator in some BRs; iv) the alteration 
of the indicators, revealing cases of basic 
non-fulfilment of the MaB Programme.

Influence of the indicators on the 
degree of implementation

The indicators that have the greatest 
influence on the degree of implementation 
achieved by the BRs of Andalusia, are 
Indicator 8, "Participation in networks", 
Indicator 6, "Initiatives for fulfilment of 
the development function", and Indicator 
4, "Management plan (and action 
programme)". These results differ from the 
findings reported by the Vietnam BRs (4).
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Stakeholders in the latter reserves, 
perceive that the key factors most 
impinging on their management, and thus 
, that explain the successful implemen-
tation of the MaB Programme, are: Partici-
pation and collaboration; Governance; 
Finance and resources; Awareness and 
communication; and Management and 
implementation (4).

It appears that the degrees of imple-
mentation achieved by the BRs of 
Andalusia may be explained by: i) the 
exchange of knowledge and experi-
ences using national and international 
environmental networks; ii) the relatively 
large population residing within them, and 
the actions carried out by the Managing 
Body to encourage and investigate 
sustainable development, and to integrate 
it into conservation; iii) the contents of the 
management plans, the degree to which 
policies are integrated into these and 
their corresponding action programmes. 
Bearing all these results in mind, there is 
a case to be made for the RRBA bringing 
forward improvement and strengthening 
initiatives for the management plan and 
the development function, since it may be 
possible to increase the degree of imple-
mentation of the MaB Programme at such 
Reserves.

The indicator with the least influence 
on the degrees of implementation 
achieved by Andalusian Biosphere 
Reserves appears to be Indicator 7, 
"Initiatives for fulfilment of the logistics 
support function", followed by Indicator 
1, "Zoning" and Indicator 3, "Participation 
in management". According to the results 
obtained, initiatives related to the investi-
gation and management of knowledge, to 
communication and to territorial visibility 
have not been determining factors in the 
implementation of these reserves. As far 

as Schliep and Stoll-Kleemann (2010) 
are concerned, the weaknesses existing 
in the implementation of the BR concept 
may be corrected by improving commu-
nication between the interested parties 
and encouraging the development of 
capabilities. Meanwhile, as far as the MaB 
Programme is concerned, people and 
organisations should be equipped with the 
ability to address the functions and desig-
nation criteria of BRs (42). To this end, it 
would be worth carrying out studies and 
action plans in order to strengthen the 
logistics support function in Andalusian 
BRs, in spite of the fact that to date, it may 
not have been a key factor in their imple-
mentation.

Indicator 3, "Participation in 
management", appears to have had 
little influence on the degrees of imple-
mentation of Andalusian BRs over the 
2008-2014 period. Thus, it may be said 
that the current levels of participation 
achieved by these reserves, have not been 
determining factors in the outcomes of 
the MaB Programme, which may be an 
indication of the participatory processes 
not having been completely developed 
(35). This indicator provides information 
on the organ of participation, on the repre-
sentativeness of social stakeholders, the 
level of participation and the social stake-
holders capacity to influence. However, 
this indicator is difficult to rate because 
there are still conceptual and method-
ological gaps with regard to partici-
pation in the management of a BR and its 
assessment (28). Moreover, the indicator 
does not allow for assessment of the effec-
tiveness of the dynamics of the partici-
patory processes, the level of organic and 
functional representation, nor applica-
tions that would involve new stakeholders 
in the management of the BR (5).
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It is important to emphasize that the 
participatory process of a BR can help to 
correct those aspects that hinder its imple-
mentation (34) possibly due to social 
learning, the building of relationships and 
the improvement in the understanding 
of other participants perspectives that 
this process generates (27). In this 
context, the results support the recom-
mendation made by Schultz et al. (2011) 
on the desirability of carrying out further 
in-depth studies that would allow other 
factors, related to participation, to be 
analysed, such as governance structures 
and management practices.  And those 
made by Hernandez-Hernandez et al. 
(2018), related to the essential strength-
ening of the links between the actors. 
Otherwise, the territory will continue to 
suffer the effects of the disarticulation 
in space and time, where local actors 
can take effective measures to build a 
territory socially fair, economically viable 
and harmoneous (14). Studies of this sort 
might contribute to the management and 
implementation of BRs in general, and 
particularly in Andalusia.

Monitoring indicators and the 
impact of BRs
The system of indicators used for the 

RERB has been useful in reviewing the 
state and the effectiveness of the imple-
mentation of BRs in Andalusia, enabling 
the basic MaB Programme requirements 
to be measured. Nevertheless, the system 
does not allow for assessment of the 
quality and characteristics of the initiatives 
carried out to comply with the functions 
and designation criteria of the BRs, nor 
their impact on sustainable development. 
In other words, the system does not allow 
for the attainment of the goals set out in 
their management assessed instruments.

In general terms, when a protected 
area, and particularly a BR, is effectively 
managed and administered, it becomes 
a secure site for the conservation of 
biodiversity and for the provision 
of ecosystems services that in turn 
contribute to humanity welfare (7, 10, 13, 
15, 17, 44). There is thus a need, as other 
authors have acknowledged, to identify 
performance indicators for BRs enabling 
the effectiveness of attainment of its goals 
to be evaluated, and hence its contribution 
to global targets for conservation and 
sustainability (19).

The evaluation of learning and the 
progress made towards a BR's sustainable 
development is a major challenge that 
needs to be addressed by those in 
charge of its periodic review (31). The 
creation of a methodological process 
enabling the headway made by these 
Andalusian BRs to be evaluated in terms 
of the attainment of sustainable devel-
opment, would improve their periodic 
review processes. Such an evaluation 
would provide information about the 
management impacts of Andalusian BRs, 
confirming whether such territories are 
fulfilling the goal of becoming exemplary 
places for the testing and demonstration 
of sustainable development methods at a 
regional level (29, 40). The information 
obtained could foster a process of ongoing 
learning accompanied by reflection and 
innovation, and allowing the creation of 
appropiate policies and strategies for the 
territory, giving effective responses to the 
current context of global socio-ecological 
change (18). These policies and strat-
egies must be carefully planned, consid-
ering all the actors involved in benefit 
of the environment, natural resources 
and inhabitants of the BRs. In addition, 
the aforementioned policies and strat-
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egies should prioritize the rational use 
of resources and the regional economic 
benefit, whose primary objective should 
be to maintain the integral sustainability 
of the territory by contextualizing social, 
economic and environmental benefits 
(23, 24, 32).

Conclusions

The study of the performance of 
values obtained from the Monitoring 
Programme indicators of the RERB has 
enabled different phases in the imple-
mentation of Andalusian BRs to be estab-
lished. The statistical methods used have 
enabled identification of those aspects 
of the management of Andalusian BRs 
that need to be strengthened in order to 
increase their levels of implementation. 
Nevertheless, there are still many aspects 
that need to be estudied in terms of each 
of the factors that shape the way the BRs 
of Andalusia are implemented.

The system of indicators used by the 
RERB has enabled the degree of fulfilment 
of the basic requirements of the MaB 
Programme in the Andalusian BRs, to be 
evaluated. Although the system has helped 

to address the periodic review process of 
these Reserves in a positive manner, its 
effectiveness in evaluating implemen-
tation will be enhanced if further work 
is done on redefining those conceptual 
aspects that tend to lead to discrepancies 
of interpretation among the interested 
that participate in assessing the indicators. 
These interpretation discrepancies could 
also be reduced if: i) the evaluation was 
carried out jointly between the manager 
of the BR and a member of the Scientific 
Council; ii) a checklist of compliance with 
the requirements and conditions of the 
assessment assigned to each variable was 
completed; and iii) the respective 
evidence supporting the valuation 
assigned to each variable was provided. 
Complementary studies enabling in-depth 
investigation of the characteristics, the 
quality and impact of the initiatives taken 
in the BRS of Andalusia in terms of the 
fulfilment of designation criteria, and the 
functions befitting BRs, should also be 
carried out. Some of these complementary 
studies could be the evaluation of the 
level of compliance with the Sustainable 
Development Goals and the assessment 
of the management of the BR by the 
local communities.
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Abstract

Some desert plant species are capable of using underground water and are therefore 
independent of rainfall events. Species of the genus Prosopis are thought to be facultative 
phreatophytes, since they have deep and shallow roots that allow them explore water 
from underground layers and from sub-surface soil horizons. We created a seven-year 
series of phenological data in order to make comparisons between two natural Reserves 
of Mendoza province (Ñacuñán and Telteca) with different rainfall regimes and accessi-
bility of Prosopis flexuosa trees to water. Percentage of trees in each phenological phase, 
date of maximum expression, and intensity of each phenological phase were recorded. 
We found that the trees had a similar date for leafing and flowering across years and 
sites, even with very different rainfall regimes. However, pod maturation dates varied 
significantly, ocurring 37 days sooner in Telteca. A second peak of leaves and flowers 
were recorded at both sites, being highly variable and non-synchronous in most cases, 
suggesting a quick response to rainfall events. The ability of P. flexuosa to respond to 
unpredictable rainfall pulses could be an important adaptation to keep ecosystem 
services functioning, even though associated pollinators and seed dispersers could get 
decoupled from changes in phenological events.
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Resumen

Algunas plantas desérticas pueden utilizar agua subterránea volviéndose indepen-
dientes de los eventos de lluvia. Se cree que las especies de Prosopis son freatófitas 
facultativas ya que tienen raíces profundas y superficiales que les permiten explorar 
capas subterráneas y sub-superficiales del suelo en busca de agua. Creamos una serie de 
datos fenológicos de siete años para comparar dos Reservas naturales de la provincia de 
Mendoza (Ñacuñán y Telteca) con diferentes regímenes de precipitación y accesibilidad 
de Prosopis flexuosa al agua. Se registraron: porcentaje de árboles en cada fase fenológica, 
fecha de máxima expresión, e intensidad de cada fase fenológica. El inicio del desarrollo 
de hojas y flores fue similar a través de años y sitios, incluso con diferentes regímenes de 
lluvia. La fecha de maduración de los frutos sin embargo, fue significativamente (37 días) 
más corto en Telteca. Una segunda cohorte de hojas y flores, muy variable y no sincrónica 
en la mayoría de los casos, se registró en ambos sitios, sugiriendo una rápida respuesta a 
pulsos de lluvia. Esta capacidad de respuesta de P. flexuosa puede jugar un papel impor-
tante al mantener funcionando los servicios ecosistémicos, aunque los polinizadores y 
dispersores de semillas asociados podrían desacoplarse de los eventos fenológicos.

Palabras clave
patrones fenológicos • producción de frutos • intensidad fenológica • 
patrón de floración • sincronización • freatófito facultativo

Introduction

Water availability is one of the main 
factors that determines productivity in the 
Monte Desert, triggering a new flush of 
leaves in most perennial woody plants and 
germination of annual herbs and grasses 
(34). Some plant species are capable of 
using underground water (phreatophytes 
and other deep rooted plants), and are 
therefore independent of rainfall events. 
These plants can produce fruits and seeds 
during dry years, when most other species 
barely survive. Species of the genus 
Prosopis are thought to be facultative 
phreatophytes, because they are charac-
terized by deep roots that allow them 
to obtain water from deep soil layers, as 
well as from shallow soil horizons (3, 14, 
17, 18). Thus, Prosopis trees can maintain 
their maximum leaf area during the 
hottest and driest months of the year (26).

Prosopis flexuosa D.C. is the most 
important tree growing in the central 
Monte (2). Trees of P. flexuosa are very 
important for subsistence of native people 
from the Monte, where wide temperature 
fluctuations between winter and summer 
(-10°C to 48°C) are frequent, providing 
shade to domestic animals and people, 
wood for house and corral construction, 
and fire for cooking and heating. However, 
one of the most important services of 
P. flexuosa is fruit production. Fruits are 
consumed as food and used to prepare 
beverages. In addition, they are important 
source of feed for domestic animals when 
there is no enough grass (19). Prosopis 
flexuosa, like other species of the genus, 
has stable water potential values, which 
indicates that this species could be 
independent of rainfall (7). This idea 
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is reinforced by the fact that its roots 
reach a depth of more than 10 meters, 
allowing this species to use underground 
water (17, 18). Studies carried out on 
this species for two years at Andalgalá 
(Catamarca) demonstrated high synchro-
nization in foliage and flowering dates 
between years (24, 35). In spite of this, 
research on the development of pheno-
logical events in P. flexuosa are very scarce, 
and long series of phenological data on 
this tree in the Monte desert are lacking. 

The humanity is facing climatic change 
events that have intensified over the last 
years. Knowing wich factors drive pheno-
logical events in perennial plants is useful 
for testing how these plants may respond 
to these events.

Objectives

Our objectives were to compare pheno-
logical data sets across various years and, in 
more detail, between two natural reserves 
with different water availability for 
Prosopis trees. We used data from a seven-
year series of two sites in order to describe 
the phenological pattern of this species. 
Moreover, a more detailed four-year 
data series taken simultaneously at both 
reserves is analysed, in search for similarity 
on the intensity of each phenological phase. 
According to the phreatophytic condition of 
Prosopis trees, we expected high synchro-
nization of the beginning of leafing and 
flowering among years, in each reserve. 
However, we also expected differences in 
the degree of expression of phenological 
events attributable to opportunistic water 
use from local sporadic rains.

Materials and methods

Study sites
The study was carried out at two 

natural reserves in the Monte Desert: 

Ñacuñán Biosphere Reserve (12 300 ha; 
34°02' S, 67°58' W; 540 m a. s. l.)

Situated in the centre of the Monte 
Desert, it has been excluded from grazing 
and logging for more than 40 years. 
The climate is dry and temperate, with 
cold winters. Annual rainfall averages 
337.6 mm (1973-2005 average), however 
75% of the rain concentrates in spring 
and summer. Mean monthly temperature 
of the coldest month (July) is 6.9°C and 
22.4°C for the warmest (January), whereas 
mean annual temperature is 15.6°C, with 
an absolute maximum of 42.5°C and an 
absolute minimum of -13.0°C (12). The 
vegetation is characterized by an open 
woodland with sparse trees dominated by 
Prosopis flexuosa, a layer of shrubs (Larrea 
divaricata, Lycium chilense, Junellia aspera, 
Condalia microphylla, and Capparis 
atamisquea) and a grass layer composed 
mostly of perennial species (Pappophorum 
caespitosum, Trichloris crinita, Aristida 
mendocina, Digitaria californica, Setaria 
leucopila, and Sporobolus cryptandrus). 
Several annual grasses and herbs grow in 
the summer after rain events (33).

Telteca Provincial Reserve (38 500 ha; 
32°23' S, 67°54' W; 500 m a. s. l.)

Located within the Monte Desert, 
is characterized by hot rainy summers 
and cold dry winters. The absolute 
maximum temperature reaches 48°C in 
summer, while the absolute minimum 
in winter is -10°C, with a mean annual 
temperature of 18.5°C. Rainfall is variable, 
ranging between 50 and 200 mm, with 
a mean annual rainfall of 156 mm 
(1972-2007 average). The landscape is 
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characterized by a system of dunes and 
scrublands dominated by Larrea divaricata, 
Tricomaria usillo, and Bulnesia retama. The 
herbaceous layer is dominated by perennial 
(Aristida mendocina, Panicum urvilleanum) 
and annual grasses (Bouteloua aristidoides, 
Aristida adscencionis), with large areas of 
bare soil between shrubs. Open woodlands 
of P. flexuosa occur mainly in the low-lying 
areas between dunes, with a shrub 
layer dominated by B. retama, Capparis 
atamisquea, and Lycium tenuispinosum (1).

Data collection
Three series of phenological data from 

Ñacuñán Biosphere reserve and two series 
from Telteca reserve were used in order 
to obtain the longest phenological pattern 
possible. These series were discontinued 
in time. All trees used in the series were 
randomly selected and of similar size. 
At Ñacuñán, ten trees, were selected for 
the first group of data, and phenological 
observations were gathered from October 
1993 to April 1995. The second group 
of data was comprised of observations 
from 10 trees, from October 1998 to May 
1999. The last group of data was obtained 
from a more detailed phenological study, 
where three sites, each with four trees, and 
located at least 1 km apart, were selected. 
This group of trees differs from previous 
series. The objective was to assess three 
sites (and two in Telteca, see below) getting 
a wider representation of spatial variability 
in phenology. Observations for the last 
series were made from October 2000 to 
January 2004. At the Telteca Reserve, two 
sites with ten trees were observed from 
October 2000 to January 2004. This series 
is analogous in detail to that collected at the 
Ñacuñán reserve during the same period. 
The second series comprises a three-year 
study from October 2005 to January 2008, 
working on two sites, at least 1.5 km apart, 
with eight trees each. 

Series of climatological data are also 
scant and mostly incomplete in the Monte 
Desert. We had a good representation of data 
for Ñacuñán for all years assessed. However, 
for Telteca we only had data starting in 2001, 
with some gaps in 2001 and 2004. All data 
were gathered from meteorological stations 
located at each Reserve.

Definition of variables and data analysis
Phenological patterns
Percentages of trees were calculated, 

showing different reproductive pheno-
logical phases along the growing season: 
flower buds, inflorescences, juvenile pods, 
mature pods, and vegetative growth. 
In this last phase, we only considered 
non-expanded leaves. Presence of those 
plant components was enough to consider 
that a tree was going through a pheno-
logical phase, without considering its 
intensity. For this variable, we used all the 
available data, seven years for each site 
that overlapped during 2000-2004 repro-
ductive periods.

Date of phenological maximum expression
We used the date in which most trees 

demonstrated a phenological event, 
expressed as Julian day. The phenological 
phases observed were: flower buds, inflo-
rescences, juvenile pods, and mature 
pods. We tested differences in the time 
at which most important phenological 
events occurred between Ñacuñán and 
Telteca. Since Julian day was also used as 
a variable, differences between sites were 
tested using Generalized Linear Models 
(GLM) with Poisson error, taking years 
as replicates. Analyses of GLM were done 
under the R environment (30), and testing 
significance of interactions was done by 
likelihood ratio tests (LRT), comparing 
models with and without interaction (i.e., 
nested models) (9).
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Intensity of phenological events
Previously used by Debandi et al. (2002), 

this variable accounts for the proportion of 
the canopy covered by a phenological event 
in each individual plant. The percentage 
recorded was assigned to a numerical value 
according to the following scale: 1 (1-20%), 
2 (21-40%), 3 (41-60%), 4 (61-80%), and 
5 (81-100%). The mean of each pheno-
logical event across all trees was calculated 
for each date. The phenological phases 
considered were: non-expanded leaves, 
flower buds, inflorescences, juvenile pods 
(not yet mature, greenish pods), mature 
pods (brownish to yellow fruits, still on the 
tree), and fallen pods (mature fruits fallen 
on the ground). 

Results

Phenological patterns
Vegetative growth of P. flexuosa, 

measured by a new flush of leaves, 
started in early October, with the highest 
percentage of trees by mid-October 
(figure 1C, page 153). These leaves quickly 
expand and all trees are fully covered by 
new, recently expanded leaves by late 
October (data not shown). These events 
were very similar at both sites and for 
all assessed years. At the time when new 
non-expanded leaves appear, flower 
buds are also observable, peaking by 
mid-October (figure 1D, page 153), and 
becoming fully flowered trees by late 
October (figure 1E, page 153).

In some years a second peak of 
leaves and flowers was recorded at both 
reserves; being, however, more frequent 
at Ñacuñán. This was more evident 
by mid December 2002 at both sites, 
and by mid-January 2004 at Ñacuñán 
(figure 1C, D, E; page 153). There was 
a different number of trees fructifying 
across the years assessed, and the duration 

of the period of pods maturation was also 
variable. In a similar way, the peak of trees 
fructifying was different among years and 
between sites. To find a coincidence in 
the date and percentage of trees between 
sites was only possible during the period 
2003-2004. Pods maturation begins by 
the end of December or mid-January 
at Ñacuñán, and some weeks earlier at 
Telteca. Data from complementary pheno-
logical series (those data not assessed 
simultaneously at both sites), were very 
useful to confirm that the appearance of 
leaves and flowers occurs at very similar 
dates, regardless of rainfall. 

Date of phenological maximum 
expression
Maximum expression of phenological 

phases resulted in subtle differences 
between sites. On average, new leaves 
had their maximum expression around 
October 14th (± 9 days) at Telteca, and 
around October 20th (± 10 days) at 
Ñacuñán (figure 2, page 154), having 
no statistical differences between sites 
(χ2  =  0.28; df  =  1; P  =  0.59). Flower 
buds reached their maximum, on 
average, four days sooner at Telteca 
(October 19th ± 7 days) than at Ñacuñán 
(October 23th ± 3 days), showing no statis-
tical differences (χ2 = 0.23; df = 1; P = 0.62). 
Flowering reached its maximum by 
November 5th (± 7 days) at both reserves 
(χ2  =  0.0009; df  =  1; P  =  0.97), while 
immature pods reached their maximum 
by December 4th (± 8 days) at Telteca and 
eight days later at Ñacuñán (December 
12th ± 21 days), which is not significantly 
different (χ2 = 0.72; df = 1; P = 0.39).

Date of maximum expression of mature 
fruits however, did vary significantly, 
occurring on average 37 days sooner at 
Telteca (December 27th ± 8 days) than at 
Ñacuñán (February 1st ± 17 days; χ2 = 11.77; 
df = 1; P = 0.0006; figure 2, page 154).
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A: monthly rainfall at Telteca; B: monthly rainfall at Ñacuñán; C: non-expanded leaves; D: flower buds; 
E: inflorescences; F: immature pods; G: mature pods; H: temperature (°C) recorded at the Mendoza meterological 
station. On the x axe, each reproductive period is shown from October (O) of one year to April (A) of the next year.

A: Lluvia mensual en Telteca; B: lluvia mensual en Ñacuñán, C: hojas no expandidas; D: yemas florales; 
E: inflorescencias; F: vainas inmaduras; G: vainas maduras; H: temperatura (°C) registrada en la estación 

meteorológica de Mendoza. En el eje x se muestra los períodos reproductivos desde octubre (O) 
de un año a abril (A) del siguiente.

Figure 1. Percentage of Prosopis flexuosa trees showing different phenological phases 
along ten reproductive periods at two sites: Ñacuñán reserve (continuous lines and 

filled markers) and Telteca reserve (dashed lines and empty markers).
Figura 1. Porcentaje de árboles de Prosopis flexuosa mostrando diferentes fases 

fenológicas durante diez períodos reproductivos en dos sitios: Reserva Ñacuñán (línea 
continua y marcador lleno) y Reserva Telteca (línea discontinua y marcador vacío). 
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Asterisks (***) indicate significant differences in developing time between sites (probability at P < 0.001).
Los asteriscos (***) indican diferencias significativas en el tiempo de desarrollo entre sitios 

(con probabilidad P < 0,001).

Figure 2. Development of phenological phases of Prosopis flexuosa along the year. 
Values are means for seven years of Julian days (± SD) when maximum expression was 

detected (see text for details), taken at two sites of the Monte Desert.
Figura 2. Desarrollo de las fases fenológicas de Prosopis flexuosa a lo largo del 

año. Los valores representan el día juliano cuando se detectó la máxima expresión, 
promediado a lo largo de siete años de observación (± SD), en cada uno de los dos sitios 

estudiados del desierto del Monte. 

Intensity of phenological events
Non-expanded leaves reached their 

peak with high intensity at the beginning 
of the reproductive season in concordance 
with bud burst. However, they quickly 
expanded before the inflorescences began 
to open. A second peak of non-expanded 
leaves was observable in some years, 
which seems to be a response to local 
conditions, since secondary peaks were 
different in intensity at both sites. In 
Telteca, during the 2001-2002 and 
2003-2004 periods, no new flush of new 
leaves ocurred after the main peak of this 
event, but in Ñacuñán we registered a 
second peak of non-expanded leaves, that 
reached the magnitude of the first peak 
(for example February 2004, figure 3, 
page 155). In 2002-03 there was a second 

peak of non-expanded leaves with similar 
intensity at both sites. Flower buds and 
inflorescences reached similar intensities 
in their first peak during the 2000-01 and 
2001-02 periods at both sites, but had a 
higher intensity in Ñacuñán during the last 
two years recorded (figure 3, page 155). 
Likewise, a second peak was recorded 
during the 2001-2002 and 2003-2004 
periods with higher magnitude at Ñacuñán 
(figure 3, page 155). Juvenile pods had a 
similar intensity during the first three 
years, but increased considerably in the 
last year, at both sites (figure 3, page 155). 
This increase in intensity during the 
2003-04 period was subsequently trans-
lated into higher intensities of mature and 
fallen pods, since the magnitude of these 
events was higher than in previous years. 
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Intensity follows a subjective scale with values of 0-5 (see text for details).
Los valores de intensidad están expresados acorde a una escala subjetiva de 0-5 (ver texto para detalles).

Continuous lines with filled circles indicate events at Ñacuñán reserve, and dotted lines with empty 
diamonds indicate events at Telteca reserve.

Líneas continuas con círculos llenos indican eventos en la Reserva de Ñacuñán, mientras que líneas 
discontinuas con rombos vacíos indican eventos en Reserva Telteca. 

Figure 3. Mean intensity of phenological events of Prosopis flexuosa at two sites of the 
Monte Desert.

Figura 3. Intensidad promedio de los eventos fenológicos de Prosopis flexuosa en dos 
sitios del Desierto del Monte. 
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We observed a gradual increase in fallen 
pods across the considered years, from 
2000 to 2004.

Discussion

Initiation of vegetative and repro-
ductive cycles of P. flexuosa can be 
considered independent from rainfall 
events, since the observed periods of 
leafing and flowering always occurred 
before the rainy season. This pattern had 
already been observed, for this species 
by different authors (26, 35, 36), and 
in other phreatophyte species of this 
genus: Prosopis alpataco (6), P. articulata 
(23), P. caldenia (11), P. chilensis (35, 36), 
P. glandulosa (25), and P. laevigata (29). 
This independence from rainfall events 
is possible, at least in part, due to under-
ground water availability. At Telteca, 
low annual rainfall should not allow the 
development of Prosopis woodlands (16). 
However, the presence of this tree could 
be explained by the fact that underground 
saline water can be found at a depth of 5 to 
15 meters (4, 18). By contrast, at Ñacuñán, 
underground water can be found at a 
depth of 70-80 meters. According to Roig 
(1993), this species could likely obtain 
water from intermediate-depth humid 
sandy-clay layers that can be observed 
frequently across the soil profile. Thus, 
water availability constrains the distri-
bution of mesquite trees and allows them 
to synchronize their phenological phases 
over large geographic areas.

In addition to the independence from 
rainfall events, other local conditions can 
trigger phenological events. According to 
Solbrig and Cantino (1975), the photo-
period is an important sign for leafing 
and flowering initiation in P. velutina and 
P. chilensis; while Goen and Dahl (1982) 

found a relationship between bud-burst 
and temperature rising during spring in 
P. glandulosa. These environmental condi-
tions can generate in some cases a latitu-
dinal cline (5), indicating an adjustment 
to local temperature and/or photo-
period, and to the length of the growing 
season (36). The assessed sites for this 
study are located 184 km apart from 
each other (almost 1.5° in latitude), and 
the date of maximum expression of most 
phenological events was very similar at 
both sites, or a bit earlier at Telteca, the 
northernmost site. Leafing started by 
early to mid-October. However in northern 
latitudes like Andalgalá (27°34' S; 66°18' 
W-Catamarca, Argentina (35)) and 
Chancaní (31°24' S; 65°27' W-Córdoba, 
Argentina) (28), leafing in P. flexuosa 
began in early spring (September) while 
in southern latitudes it began in early 
November (38°45' S; 63°45' W-La Pampa) 
(11). In a similar way, flowering started 
in mid-to-late October at both Reserves, 
and 15-30 days earlier in northern 
latitudes (Andalgalá and Chancaní), 
while in southern latitudes flowering 
was recorded in late November-early 
December (La Pampa). 

Although there were similarities in 
bud burst and flowering dates, reaching 
their maximum expression at very similar 
times at both study sites, differences 
begin to be observable when trees start 
fruiting. Immature pods appear, in 
average, sooner at Telteca, with similar 
maximum expression dates across the 
years. However, this difference becomes 
more evident when fruits reach maturity, 
as the time needed to reach maturity is 
significantly longer in the southernmost 
site. This difference may be due to climatic 
reasons, since Telteca has a hotter and 
dryer climate than Ñacuñán. It might also 
be due to genetic differences, at is has been 
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demonstrated that the genus Prosopis 
maintains a genetically fixed phenological 
pattern when individuals from separate 
geographical areas are grown under 
uniform conditions (8, 22, 24). 

While it is clear that P. flexuosa can 
flower independently from rainfall events, 
the main blooming period was very short. 
At both sites, mesquite bloomed from 
October to December, although bloom 
never lasted for the three months. Long 
periods in which P. flexuosa have visible 
flowers, have been attributed to early and 
late flowering individuals that overlap 
their blooms for many weeks (28). 
However, in our case, blooms were very 
short in time and a second and discrete 
bloom was observable, especially in 
Ñacuñán, in most of the study years. The 
flush of new leaves and flowers could be 
correlated to the cambial growth found 
by Giantomasi et al. (2012). According to 
this finding, P. flexuosa has an immediate 
growth response to short-term rainfall, 
evidenced by the production of new 
derivative cells linked to rains occurring 
a few days before any manifestation of 
cambial cell division (13). What is not clear 
is the advantage of these low intensity 
secondary peaks, especially those related 
to reproduction. Of the 10 reproductive 
periods assessed, only in 2003-04 at 
Ñacuñán, the secondary bloom was of 
high intensity. The 2003-04 period also 
had the highest fruit intensity (juvenile, 
mature, and fallen pods). On average, 
fallen fruits had an intensity equivalent 
to 20-40% of the ground beneath the 
trees, regularly covered by pods. This 
last reproductive period studied, yielding 
the highest pod production, also had 
the lowest annual rainfall of the last 
10 years prior to 2004, in Ñacuñán. 
This is in accordance with Nilsen et al. 
(1991), and Lee and Felker (1992). Their 

findings for P. glandulosa, recorded an 
increase of flowers per branch and pod 
production as water stress increased. This 
lack of rainfall during the main bloom of 
mesquite has an important positive effect 
in the reproductive success of this species. 
Many authors have documented this 
relationship (11, 21, 35), also well known 
by local people.

Finally, we intend to point out the 
importance of long series studies on 
phenology, given that they provide 
valuable data for inferring phenological 
responses to environmental conditions. In 
this paper, we present the first descriptive 
phenological aspect of P. flexuosa in the 
central Monte Desert. Moreover, some 
surprising events like the intensity of 
flower buds in Ñacuñán during January 
2004, open a series of questions about 
water use by P. flexuosa trees. Is it possible 
that mesquite trees use superficial water 
to produce the secondary flush of leaves 
and flowers? This question has been party 
answered by the cambial growth research 
done by Giantomasi et al. (2012). However 
it is still necessary to focus on the effect of 
rainfall events and other environmental 
conditions that promote a large flush of 
new flowers during summer, i.e., after the 
main reproductive event of spring, and to 
determine the fate of these flowers. The 
response of cambial growth to short-term 
rainfall events should be viewed as an 
adaptation to the sporadic and convective 
nature of rains in this region (13, 32). 
Undoubtedly, the ability to take advantage 
of rains in a desert must be important for 
these plants. However, if this adaptation 
is beneficial from a reproductive point of 
view is not clear, given the low production 
efficiency of mature fruits.
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In the context of climate change 
in the Monte Desert (20), facultative 
phreatophytes, like P. flexuosa, can play an 
important role in ecosystem response and 
continue to provide ecosystem services. 
They, not only contribute with a surplus of 
productivity in arid environments, but also 
have the capacity to respond to the unpre-
dictable pulses in water availability. In the 
future, we expect higher frequency and 
magnitude of secondary pulses of leafing, 
flowering, and fruiting that will extend 
these phenological events in the growing 
season. If pollinators and seed dispersers 
will adapt to these changes and take 
advantage of them, remains to be know.

Conclusions 

Prosopis flexuosa can flower indepen-
dently from rainfall. During all assessed 
years flowering initiated before rainfall 
events. The main blooming period was 
very short at our study sites, with high 
synchronicity of leafing and flowering 
among trees at each site, as well as 
among sites. Differences in the extension 
of flowering periods can be attributable 
to secondary peaks related to rainfall 
events. The highest pod production year, 
also had the lowest annual rainfall of the 
10 years prior to 2004, corroborating the 
relationship of high pod production with 
rainfall decreases.
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Abstract

The aim of this work was to study soil compaction caused by the traffic of two types 
of combine harvesters and a tractor plus a grain cart with two loading conditions (fully 
loaded hoppers-empty hoppers) during corn harvest on vertic argiudoll soil by means 
of direct seeding system. Soil penetration resistance (PR) and soil bulk density (BD) 
were measured to a depth of 40 cm in five sampling sites. Response variables deter-
minations were also analyzed. The tractor and the fully loaded grain cart traffic caused 
greater soil compaction in all the sampling depths, exceeding 60 cm on both sides of 
the footprint center. What is more, the values obtained from PR and BD measurements 
were higher than those values considered suitable for normal root growth. This was only 
evident in the tread width of the tires during the passing of the two fully loaded combine 
harvesters. The analysis of inflation pressures and tire loads used, indicated in some 
cases, poor concordance between these variables. The analysis also indicated that the 
tires were inflated to the limit of resistance.
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Resumen

El objetivo del trabajo fue estudiar la compactación causada por el tráfico de dos 
tipos de cosechadoras y equipo tractor más carro granelero con dos condiciones de carga 
(tolvas vacías-tolvas llenas) en la cosecha de maíz sobre un suelo argiudol vértico en 
sistema de siembra directa. Las determinaciones de las variables respuestas, resistencia 
a la penetración (RP) y densidad aparente (Da), se hicieron hasta los 40 cm de profun-
didad y en cinco sitios de muestreo. El tránsito del equipo tractor más carro granelero 
lleno fue el que mayor compactación causó en todas las profundidades de muestreo 
superando los 60 cm a ambos lados del centro de huella con datos de RP y Da superiores 
a los considerados crítico para el normal desarrollo radicular. Esta situación, en el pasaje 
de las dos cosechadoras en condiciones llenas, solamente se dio en el ancho de pisada 
de los neumáticos. El análisis de las presiones de inflado y cargas de los neumáticos 
usados indicaron, en algunos casos, una escasa concordancia entre estas variables y que 
las ruedas se encontraban en el límite de resistencia a las presiones utilizadas.

Palabras claves
cosechadora • tractor • carro granelero • resistencia a la penetración • densidad aparente

Introduction and background

Machinery traffic has a detrimental 
effect on soil. One of the major problems is 
soil compaction which leads to a variation 
in soil pore size and distribution since 
soil particles are tightly packed  due to a 
reduction in the air volume with a conse-
quent reduced rate of water infiltration and 
drainage. Consequently, there is a density 
and penetration resistance increase (3, 16)

Several factors are involved in soil 
compaction caused by tires: type, size, 
tire carcass type (conventional or radial) 
and its flexibility, load applied, contact 
pressure, soil moisture and number of 
passes (13).

Agricultural tires cause soil defor-
mation at the soil-tire interface (19). This 
leads to a certain degree of compaction 
where the highest values are generally 
found at the tire footprint surface and 
below the tire footprint surface at its 
center (9). However, a single determination 
of bulk density at the footprint center at a 
single depth is probably not representative 

of the maximum value at each site located 
horizontally or vertically, in terms of condi-
tions of low bearing capacity soils and the 
usage of R2 tires with deep tread (8).

Another important factor influencing 
soil compaction is tire inflation pressure 
since bulk density increases with high levels 
of inflation pressure (10). Studies carried 
out by Schjønning et al. (2008) examined 
two radial tires with a constant load on the 
tire but with inflation pressures that were 
below, equal to and higher than the pressure, 
recommended by tire manufacturers. These 
studies found that over inflated tires caused 
greater surface compaction.

Studies indicate that the specific 
pressure in the tire-soil contact area, 
closely linked to inflation pressure, causes 
ground strata compaction (17). Apart 
from that, loading accumulation causes 
compaction of the deepest soil layers at a 
depth of more than 30-50 cm regardless 
of the extent of the surface on which it is 
distributed (22). 
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Two methods can be used to determine 
compaction caused by farm equipment 
traffic considering bulk density (BD) and 
penetration resistance (PR). There are 
studies that determine certain critical 
BD values suitable for normal root 
growth: 1.45 Mg m-3 for clayey-textured 
soil horizons; 1.55 Mg m-3 for medium-
textured soil horizons; and 1.65 Mg m-3 
for sandy-textured soils (18). Corn is one 
of the major field crops prone to suffer 
root damage and suffer yield decreases, 
owed to compaction. This occurs since 
corn is sensitive to water stress, rising 
temperatures and factors resulting from 
compaction, that have a profound impact 
on crop yield and quality (20).

Studies carried out by Botta et al. (2018), 
regarding PR, analyzed the effect of 
compaction on crop yields. Those studies 
determined that soil-surface compaction 
and increasing penetration resistance, play a 
major role in crop yield decline. Penetration 
resistances exceeding values of 1.5 MPa in 
the first 20  cm depth inhibits normal root 
development. Besides, if the value is above 
2.5 MPa, roots may stop growing.

To date, there is little information on 
the effect of combine harvesters, tractors 
and grain carts tires on compaction 
during corn harvest, mainly on vertic 
argiudoll soils. Hence, research on this 
problem would considerably benefit 
from rigorous studies.

Objective

To analyze the compaction effect 
caused by the passage of two types of 
combine harvesters and a tractor plus a 
grain cart with two loading conditions 
(fully loaded hoppers-empty hoppers) 
during corn harvest.

Hypothesis

The greater size and load capacity 
of machines and equipment used in 
harvesting increase the mass per axle, 
influencing the surface and subsurface 
compaction of the soil, even when using 
more buoyant radial tires.

Materials and methods

The study was carried out near the 
town of Sauce in the province of Corrientes, 
Argentina. The soil type is vertic argiudoll 
belonging to the series Paraje Francisco 
Gómez (11). 

Morphological description: The soil 
horizons sequence is: Ap - A - Btss - BCss - 
Ck. It presents a 40 cm arable horizon which 
is thick, loam-textured, black, and porous. 
This horizon has strong biological activity 
but it is weakly structured owing to the 
action of tillage implements (discs) in the 
first 18 cm. The argillic horizon is visible at 
a depth of 40 cm to 68 cm. It is clayey, dark 
grey/black, strongly structured, plastic 
and sticky. From 68 cm, the clayey matrix 
(BCss) turns greyish-brown. The presence 
of calcium carbonate concretions is visible 
from 88 cm. This series presents high levels 
of organic matter and calcium, wich forms 
different salts.

Studies were carried out to evaluate 
the compaction effect caused by the 
combine harvesters and the tractor plus 
the grain cart traffic during the corn 
harvesting stage.
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The experimental design was 
randomized complete block design with 
three repetitions where the blocks were 
constituted by the passes of the three 
machines under study. An analysis of 
variance was conducted and differences 
between means were determined by 
means of a Duncan test with a significance 
level of p<0.05.

The treatments were: Control treatment 
(T1); Combine harvester 1, John Deere 
1450, empty (T2); Combine harvester 
1, fully loaded (T3); Combine harvester 
2, Claas Lexion 660, empty; Combine 
harvester 2, fully loaded (T5); Tractor Agco 
Allis 6.220A plus grain cart Cestari 20550 
4R, empty (T6); Tractor Agco Allis 6.220A 
plus fully loaded grain cart (T7). Dry bulk 
density (BD) and penetration resistance 
(PR) were determined. Bulk density (BD) 
was measured directly after Hidalgo (2003) 
through the weighing of a known volume of 
soil taken with cylinders specially adapted 
to obtain the samples.

Penetration resistance determina-
tions (PR) were made by using the ASAE 
standard penetrometer with the denomi-
nations S3133.2 (1). Samples for the two 
variables were taken at four depth ranges: 
0-10; 10-20; 20-30; 30-40 cm, and at five 
sites: footprint center; 30-40 cm left and 
right of the footprint center coinciding 
with the tread edge; 60-80 cm to the left 
and to the right of the footprint center 
(figure 1). The first distance for tires with 
narrow tread width combined 1 front 
tires, tractor rear tires and grain cart tires. 
The second distance for the tire with the 
widest tread width combine harvester 2 
front tires.

Three trenches were dug by means of 
treatment and repetition for the collection 
of bulk density samples. This was done 
transversely to each pass. The trenches 
were 1.30 m and 1.70 m long for tires with 
a tread width of 60 and 80 cm respectively. 
The trenches had a width of 50 cm and a 
depth of approximately 50 cm.

Soil moisture was close to field capacity 
under test conditions. An additional study 
of this variable was carried out since it 
influences PR and BD values. Moisture data 
were also evaluated at all sampling sites 
when developing the method for deter-
mining the latter variable. An average was 
determined for each machine and loading 
condition as no clear differences were 
recorded in the values obtained.

 The characteristics of the machines 
used are described in table 1 (page 165).

Figure 1. Sampling site for penetration 
resistance and bulk density.

Figura 1. Lugar de toma de muestra 
de resistencia a la penetración y 

densidad aparente.
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Table 1. Characteristics of the machinery used in the trial. 
Tabla 1. Características de la maquinaria usada en el ensayo.

* Maximum pressure recommended by manufacturer. / * Presión máxima recomendada por fabricante.
ED front axle. ET rear axle. / ED eje delantero. ET eje trasero.

Machinery
Empty 
weight 

(kN)

Gross 
weight/

with 
ballast 

(kN)

Tire
Inflation 
pressure 

(kPa)

Recommended 
inflation 

pressure (kPa)

Difference 
of pressure

(%)

Combine 
harvester 1 ED 91.2 132 24.5-32 206.8 200 +3

Combine 
harvester 1 ET 23 35 16.9-24 165.5 170 -3

Combine 
harvester 2 ED 116 184 800/70R32 220.6 240 -8

Combine 
harvester 2 ET 29 46 18.4-26 137.9 110 +20

Tractor ED --- 30.45 16.9-28 193.1 110 +43

Tractor ET --- 37.22 24.5-32 165.5 110 +33

Grain cart 44.13 189.76 23.1-30 R3 241.3 210* +13

The method proposed by McKyes, 
1985 cited by O' Sullivan et al. (1998), was 
used to determine tire-soil contact area 
and to estimate the contact pressure from 
the weight of the machine. This method 
has the advantage of its simplicity for data 
collection since it uses the measurements 
provided by the manufacturer, following 
this equation:

where:
A = contact area
X = constant whose value varies between 

4 for rigid soils and 2 for loose soils.
Coefficient 3 was used in this case

b = tire width; 
d = tire diameter.

XdbA /*=

However, it is important to consider 
that this method underestimates the 
actual contact area as determined by 
Palancar et al. (2009). This may lead to an 
overestimation of the pressures exerted 
by the tires. The recommended pressures 
were obtained using the Tire-pressure-
inflation-calculator (6).

Results and discussion

Contact areas: The exerted pressures 
exerted were estimated as shown in 
table 2 (page 166) by using this model the 
measurements provided by the manufac-
turers (4, 7).



166Revista de la Facultad de Ciencias Agrarias

R. J. Hidalgo et al.

It is important to note that both the 
combine harvester and the tractor had a 
high contact pressure at full load. These 
results are likely to provide an overesti-
mation error derived from the use of the 
method proposed by McKyes 1985, as 
already mentioned.

Regardless, it is important to point out 
that the size of the tire used was close to 
the permitted load limits in the case of the 
C1 harvester. There is only one tire type, a 
16 ply tire, capable of bearing the weight 
exerted on the front axle, at speeds of less 
than 10 km.h-1. This tire is not nationally 
manufactured.

A similar situation occurred with the 
fully loaded grain cart and the use of tires 
that exceeded, by approximately 25%, 
the maximum load limit, recommended 
by the manufacturer. This situation was 
evidenced after finding that the used 
pressures, were 13% higher than the 
recommended maximum pressures.

Table 2. Tire dimensions and ground pressures.
Tabla 2. Medidas de los neumáticos y presiones ejercidas sobre el suelo.

C1 F, combine harvester 1 front tire. C1 R, combine harvester 1 rear tire. C2 F, combine harvester 2 front tire. 
C2 R, combine harvester 2 rear tire. Tractor F, Tractor front tire. Tractor R, tractor rear tire. 

C1 F, cosechadora 1 neumático delantero. C1 R, cosechadora 1 neumático trasero. C2 F, cosechadora 2 
neumático delantero. C2 R, cosechadora 2 neumático trasero. Tractor F, Tractor neumático delantero. 

Tractor R, tractor neumático trasero.

Machines/ 
tires Tire model

Tire 
width 
(mm)

Tire 
diameter 

(mm)

Contact 
surface 

(m2)

Contact 
pressure 

(kPa)

C1 F 24.5-32 620 1826 0.3773 174.93
C1 R 16.9-34 429 1318 0.1885 92.84
C2 F 800/70R32 793 1936 0.5117 179.79
C2 R 18.4-26 467 1450 0.2257 101.90
Tractor F 16.9-28 429 1367 0.1955 155.75
Tractor R 24.5-32 620 1826 0.3773 97.94
Grain Cart 23.1-30 587 1707 0.3340 142.03

The pressures used did not coincide 
with those recommended by the manufac-
turer, obtained through the calculation 
program (5).

The combine harvester 1 is the only 
machine whose values were close to 
optimum values. The other machines 
used pressures that differ from the 
pressures they should have been using by 
approximately 18%.

Penetration resistance
Significant differences were observed 

between machines and loading conditions 
as well as between sampling sites when 
analyzing the effect caused by the passage 
of the combine harvesters and the tractor 
plus the grain cart. The passing of the 
combine harvesters and the tractor plus 
the grain cart with both loading conditions 
(empty and fully loaded) caused greater 
penetration resistance in the center of the 
footprint. This contradicts other authors 
who point out that the greatest compaction 
using conventional tires occurs in the 
center of the footprint (9).
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Machinery traffic caused greater 
compaction effect of 60-80 cm on both 
sides of the center of the footprint with 
values greater than the control treatment 
in the heaviest load condition. The increase 
in mass per axle in addition to pressures 
different from those recommended by the 
manufacturer may have been the cause 
of this effect. This coincides with studies 
carried out by Schjønning et al. (2008), 
who described that surface compaction was 
recorded only with pressures higher than 
those recommended by the manufacturers.

On the contrary, the passage of empty 
machinery did not generate compaction 
effects on the soil at the greatest distance 
(60-80 cm) on neither  side of the center 
of the footprint, at depths of 0 to 10 cm 
(table 3). It is important to point out that, 

in the surface (0 to 10 cm), the values 
determined through penetrometer could 
be affected towards both sides of the 
center of the footprint by a lateral soil 
displacement effect. These values may 
be even lower values than the control 
treatment (15, 17).

At greater depths, the values were 
more consistent and always superior to 
the control treatment, even at 30-40 cm 
of depth (table 3; table 4, page 168; tables 
5 and 6, page 169). These results would 
explain the increase in PR values even at 
the most distant sampling sites from the 
center of the footprint. This is directly 
related to the increase in machine masses 
by storing harvested grain in their hoppers.

Table 3. Depth 0-10 cm. Statistical analysis of penetration resistance. PR values 
expressed in MPa. Moisture values expressed as a percentage.

Tabla 3. Profundidad 0-10 cm. Análisis estadístico de resistencia a la penetración. 
Valores de RP expresados en MPa. Valores de humedad expresados en porcentaje.

+Different letters present statistical differences. Duncan test p < 0.05.
+ Diferentes letras presentan diferencias estadísticas. Test de Duncan p < 0,05.

Machines Moisture 
(%)

C1 60 cm L C1 30 cm L

Center

C1 30cm R C1 60 cm R

C2 80 cm L C2 40 cm L C2 40cm R C2 80 cm R 

T+GC 60 cm L T+GC 30cm L T+GC 30cm R T+GC 60 cm R

CH 1 E 19.7 0.840  p 1.130 jkl 1.270   g 1.150 hijk 0.880    o

CH 1 F 20.0 1.120 kl 1.380   e 1.470   d 1.380      e 1.190    h

CH 2 E 20.2 0.930   n 1.160 hij 1.390   e 1.170     hi 0.980  m

CH 2 F 19.6 1.090    l 1.540    c 1.610   b 1.540      c 1.140 ijk

T + GC E 20.4 0.980 m 1.310    f 1.48 0 d 1.300     fg 0.980  m

T + GC F 20.0 1.180  h 1.630   b 1.750   a 1.620      b 1.176  hi

Control 
Treatment 20.3 1.000 m 1.000  m 1.000 m 1.000     m 1.000  m
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The highest values determined 
through the use of the penetrometer 
were observed in the passage of the 
tractor plus the grain cart, and in the 
harvester 2 in fully loaded hopper condi-
tions (table 3,  page   167; table 4, page 
168; tables 5 and 6, page 169), coinciding 
with the highest contact pressures calcu-
lated for each machine. 

Even with these increases, the data 
were inferior to the 2 MPa considered 
critical for root development in the first 20 
cm of depth according to (2) (table 3, page 
167 and table 4). It is noticeable how the 
effect of the successive passes, even using 
machines with low mass,  turns important. 
This resulted in the highest compaction 
values evaluated with the penetrometer.

Bulk density
BD results, after the passes of the 

combine harvesters and the tractor plus 

the grain cart, resembled PR results. 
Statistical differences were observed 
between machines, loading conditions 
and sampling sites.

The passage of the combine harvesters 
and the tractor plus the fully loaded grain 
cart caused greater densification in the 
center of the footprint with a negative trend 
towards the sides. Nonetheless, it was 
higher than the control treatment value 
even at a distance of 60-80 cm on both 
sides of this sampling site. The maximum 
values were recorded with the tractor plus 
the grain cart (center of footprint, 30 cm 
on both sides), throwing data similar or 
superior to 1.45 - 1.46 Mg m3. 

These data were considered critical for 
root development of gramineae in clayey 
soils according to studies of Reinert  et 
al. (2008) and Sadras and Calviño (2001) 
despite the fact that this equipment has 
the smallest mass.

Table 4. Depth 10-20 cm. Statistical analysis of penetration resistance. PR values 
expressed in MPa. Moisture values expressed as a percentage.

Tabla 4. Profundidad 10-20 cm. Análisis estadístico de resistencia a la penetración. 
Valores de RP expresados en MPa. Valores de humedad expresados en porcentaje.

Different letters present statistical differences. Duncan test p < 0.05.
Diferentes letras presentan diferencias estadísticas. Test de Duncan p < 0,05.

Machines Moisture 
(%)

C1 60 cm L C1 30 cm L

Center

C1 30cm R C1 60 cm R

C2 80 cm L C2 40 cm L C2 40cm R C2 80 cm R 

T+GC 60 cm L T+GC 30cm L T+GC 30cm R T+GC 60 cm R

CH 1 E 20.8 1.268   qr 1.471 no 1.572  l 1.461  o 1.254  rs

CH 1 F 20.6 1.483 mn 1.737  fg 1.777 e 1.734  g 1.489  m

CH 2 E 20.3 1.241      s 1.491  m 1.669 h 1.493 m 1.241    s

CH 2 F 20.8 1.600     k 1.839   d 1.936 b 1.832  d 1.600    k

T + GC E 20.5 1.283   pq 1.610   k 1.753 f 1.628   j 1.279 pq

T + GC F 20.3 1.654    hi 1.878   c 1.974 a 1.874  c 1.635    ij

Control 
Treatment 20.4 1.291     p 1.291   p 1.291 p 1.291  p 1.291   p
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Table 5. Depth 20-30 cm. Statistical analysis of penetration resistance. PR values 
expressed in MPa. Moisture values expressed as a percentage. 

Tabla 5. Profundidad 20-30 cm. Análisis estadístico de resistencia a la penetración. 
Valores de RP expresados en MPa. Valores de humedad expresados en porcentaje.

Different letters present statistical differences. Duncan test p < 0.05.
Diferentes letras presentan diferencias estadísticas. Test de Duncan p < 0,05.

Table 6. Depth 30-40 cm. Statistical analysis of penetration resistance. PR values 
expressed in MPa, moisture values expressed as a percentage.

Tabla 6. Profundidad 30-40 cm. Análisis estadístico de resistencia a la penetración. 
Valores de RP expresados en MPa. Valores de humedad expresados en porcentaje.

Different letters present statistical differences. Duncan test p < 0.05.
Diferentes letras presentan diferencias estadísticas. Test de Duncan p < 0,05.

Machines Moisture 
(%)

C1 60 cm L C1 30 cm L

Center

C1 30cm R C1 60 cm R

C2 80 cm L C2 40 cm L C2 40cm R C2 80 cm R 

T+GC 60cm L T+GC 30cm L T+GC 30cm R T+GC 60 cm R

CH 1 E 20.6 1.502  q 1.587 no 1.699   l 1.594    n 1.508   q

CH 1 F 20.8 1.704   l 1.814 gh 1.870  e 1.834   fj 1.664   m

CH 2 E 21.0 1.533  p 1.732   k 1.856 ef 1.757    ij 1.507   q

CH 2 F 21.2 1.745 jk 1.846    f 2.000  b 1.852  ef 1.752 ijk

T + GC E 20.7 1.774   i 1.798   h 1.900  d 1.812 gh 1.751 ijk

T + GC F 21.3 1.853 ef 1.967    c 2.080  a 1.962    c 1.857  ef

Control 
Treatment 20.8 1.363   r 1.363    r 1.363  r  1.363    r 1.363    r

Machines Moisture 
(%)

C1 60 cm L C1 30 cm L

Center

C1 30cm R C1 60 cm R

C2 80 cm L C2 40 cm L C2 40cm R C2 80 cm R 

T+GC 60 cm L T+GC 30cm L T+GC 30cm R T+GC 60 cm R

CH 1 E 21.5 1.396   p 1.470  n 1.572 jk 1.507 m 1.357   q

CH 1 F 20.8 1.507  m 1.630 hi 1.727  g 1.612    i 1.532    l

CH 2 E 21.3 1.403   p 1.564  k 1.624 hi 1.567  k 1.400   p

CH 2 F 21.4 1.610    i 1.820   e 1.943  a 1.813  e 1.613    i

T + GC E 21.5 1.424   o 1.630 hi 1.774   f 1.638  h 1.421   o

T + GC F 21.0 1.850 cd 1.874  b 1.953  a 1.858 bc 1.830 de

Control 
Treatment 21.6 1.429   o 1.429  o 1.429  o 1.429  o 1.429   o
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This situation indicates that the double-
passage effect on the same footprint, i.e. 
the 4-axis passage, was more important 
than the mass involved, in a similar way to 
that observed with a penetrometer. These 
effects were evident for all evaluated 
depths (table 7, tables 8 and 9, page 171 
and table 10, page 172).

Combines 1 and 2 affected the soil bulk 
density differently in both full and empty 
conditions at all depths measured at the 
sides of the center of the footprint, even 

though estimated contact pressure values 
were not very different (table 2, page 
166). This indicates that contact pressure 
value alone, cannot predict compaction 
risks due to traffic.

The greatest effects of densification 
caused by traffic were at 20-30 cm depth 
and on both sides of the center of the 
footprint (table 9, page 171). A negative 
trend towards the sides was observed 
for all cases following the same trends 
evaluated with the penetrometer.

Table 7. Depth 0-10 cm. Statistical analysis of bulk density. BD values expressed in 
Mg m-3. Moisture values expressed as a percentage.

Tabla 7. Profundidad 0-10 cm. Análisis estadístico de densidad aparente. Valores de Da 
expresados en Mg m-3. Valores de humedad expresados en porcentaje.

Different letters present statistical differences. Duncan test p < 0.05.
Diferentes letras presentan diferencias estadísticas. Test de Duncan p < 0,05.

Machines Moisture 
(%)

C1 60 cm L C1 30 cm L

Center

C1 30cm R C1 60 cm R

C2 80 cm L C2 40 cm L C2 40cm R C2 80 cm R 

T+GC 60 cm L T+GC 30cm L T+GC 30cm R T+GC 60 cm R

CH 1 E 19.7 0.977  m 1.231    i 1.272    h 1.192    j 1.056    l

CH 1 F 20.0 1.178     j 1.328    f 1.380 de 1.329    f 1.173   j

CH 2 E 20.2 1.131   k 1.270   h 1.420    c 1.270   h 1.120 k

CH 2 F 19.6 1.316  fg 1.382 de 1.472   b 1.387 de 1.314 fg

T + GC E 20.4 1.050     l 1.280   h 1.367    e 1.290 gh 1.070    l

T + GC F 20.0 1.383 de 1.464   b 1.531    a 1.454   b 1.409 cd

Control 
Treatment 20.3 1.124    k 1.124   k 1.124   k 1.124   k 1.124   k
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Table 8. Depth 10-20 cm. Statistical analysis of bulk density. BD values expressed in 
Mg m-3. Moisture values expressed as a percentage.

Tabla 8. Profundidad 10-20 cm. Análisis estadístico de densidad aparente. Valores de 
Da expresados en Mg m-3. Valores de humedad expresados en porcentaje.

Different letters present statistical differences. Duncan test p < 0.05.

Diferentes letras presentan diferencias estadísticas. Test de Duncan p < 0,05.

Table 9. Depth 20-30 cm. Statistical analysis of bulk density. BD values expressed in 
Mg m-3. Moisture values expressed as a percentage.

Tabla 9. Profundidad 20-30 cm. Análisis estadístico de densidad aparente. Valores de 
Da expresados en Mg m-3. Valores de humedad expresados en porcentaje.

Different letters present statistical differences. Duncan test p < 0.05.
Diferentes letras presentan diferencias estadísticas. Test de Duncan p < 0,05.

Machines Moisture 
(%)

C1 60 cm L C1 30 cm L

Center

C1 30cm R C1 60 cm R

C2 80 cm L C2 40 cm L C2 40cm R C2 80 cm R 

T+GC 60 cm L T+GC 30 cm L T+GC 30cm R T+GC 60 cm R

CH 1 E 20.8 1.170 q 1.267 p 1.331 m 1.282 o 1.171 q

CH 1 F 20.6 1.302 n 1.457 g 1.506   f 1.440 h 1.279 o

CH 2 E 20.3 1.167 q 1.360  l 1.441   h 1.379 k 1.164 q

CH 2 F 20.8 1.400  j 1.553 d 1.582  c 1.538 e 1.418  i

T + GC E 20.5 1.143 r 1.378 k 1.466   g 1.393  j 1.151  r

T + GC F 20.3 1.461 g 1.578 c 1.694   a 1.603 b 1.460 g

Control 
Treatment 20.4 1.170 q 1.170 q 1.170   q 1.170 q 1.170 q

Machines Moisture 
(%)

C1 60 cm L C1 30 cm L

Center

C1 30cm R C1 60 cm R

C2 80 cm L C2 40 cm L C2 40cm R C2 80 cm R 

T+GC 60 cm L T+GC 30 cm L T+GC 30cm R T+GC 60 cm R

CH 1 E 20.6 1.342   q 1.404 n 1.500  i 1.398  n 1.358 p

CH 1 F 20.8 1.384   o 1.550 h 1.61    f 1.549  h 1.399 n

CH 2 E 21.0 1.354   p 1.469  l 1.562 g 1.483 jk 1.336 q

CH 2 F 21.2 1.426 m 1.627 e 1.691 c 1.647  d 1.407 n

T + GC E 20.7 1.406  n 1.570 g 1.631 e 1.568  g 1.384 o

T + GC F 21.3 1.479  k 1.702 b 1.768 a 1.711  b 1.492 ij

Control 
Treatment 20.8 1.262   r 1.262  r 1.262 r 1.262  r 1.262  r



172Revista de la Facultad de Ciencias Agrarias

R. J. Hidalgo et al.

Table 10. Depth 30-40 cm. Statistical analysis of bulk density. BD values expressed in 
Mg m-3. Moisture values expressed as a percentage.

Tabla 10. Profundidad 30-40 cm. Análisis estadístico de densidad aparente. Valores de 
Da expresados en Mg m-3. Valores de humedad expresados en porcentaje.

Different letters present statistical differences. Duncan test p < 0.05.
Diferentes letras presentan diferencias estadísticas. Test de Duncan p < 0,05.

Machines Moisture 
(%)

C1 60 cm L C1 30 cm L

Center

C1 30cm R C1 60 cm R

C2 80 cm L C2 40 cm L C2 40cm R C2 80 cm R 

T+GC 60 cm L T+GC 30cm L T+GC 30cm R T+GC 60 cm R

CH 1 E 21.5 1.287      r 1.357     o 1.399    m 1.354     o 1.300 pq

CH 1 F 20.8 1.369     n 1.510       i 1.581      e 1.514       i 1.362 no

CH 2 E 21.3 1.309     p 1.438     k 1.464       j 1.437     k 1.301 pq

CH 2 F 21.4 1.421       l 1.583     e 1.672     b 1.602     d 1.430   kl

T + GC E 21.5 1.293   qr 1.548     g 1.644      c 1.537     h 1.290  qr

T + GC F 21.0 1.554    fg 1.674      b 1.734     a 1.670      b 1.564    r

Control 
Treatment 21.6 1.298 pqr 1.298 pqr 1.298 pqr 1.298 pqr 1.298 pq

References to tables 3 to 10
Center (Center of the footprint); C1 30 cm L (Combine 
harvester 1 30 cm to the left of the center of the 
footprint); 30 cm R C1 (Combine harvester 1.30 cm 
to the right of the center of the footprint); C1 60 cm L 
(Combine harvester 1.60 cm to the left of the center of 
the footprint); 60 cm R C1 (Combine harvester 1.60 cm 
to the right of the center of the footprint); C2 40 cm L 
(Combine harvester 2.40 cm to the left of the center of 
the footprint); C2 40 cm R (Combine harvester 2.40 cm 
to the right of the center of the footprint); C2 80 cm L 
(Combine harvester 2.80 cm to the left of the center 
of the footprint); C2 80 cm R (Combine harvester 2.80 
cm to the right of the center of the footprint); T plus 
GC 30 cm L (Tractor plus grain cart 30 cm to the left of 
the center of the footprint); T plus GC 30 cm R (Tractor 
plus grain cart 30 cm to the right of the center of the 
footprint); T plus GC 60 cm L (Tractor plus grain cart 
60 cm to the left of the center of the footprint); T plus 
GC 60 cm R (Tractor plus grain cart 30 cm to the right of 
the center of the footprint). CH 1 E, combine harvester 1 
empty; CH 1 F, combine harvester 1 fully loaded; CH 2 E, 
combine harvester 2 empty; CH 2 F, combine harvester 
2 fully loaded; T plus GC E, Tractor plus grain cart; T 

plus GC F, Tractor plus fully loaded grain cart.

Referencias para tablas 3 a 10
Centro (centro de huella); C1 30 cm L (Cosechadora 
1 30 cm a la izquierda del centro de huella); C1 
30 cm R (Cosechadora 1 30 cm a la derecha del 
centro de huella); C1 60 cm L (Cosechadora 1 60 
cm a la izquierda del centro de huella); C1 60 cm 
R (Cosechadora 1 60 cm a la derecha del centro 
de huella); C2 40 cm L (Cosechadora 2 40 cm a 
la izquierda del centro de huella); C2 40 cm R 
(Cosechadora 2 40 cm a la derecha del centro 
de huella); C2 80 cm L (Cosechadora 2 80 cm a 
la izquierda del centro de huella); C2 80 cm R 
(Cosechadora 2 80 cm a la derecha del centro 
de huella); T más BC 30 cm L (Tractor más carro 
granelero 30 cm a la izquierda del centro de huella); 
T más BC 30 cm R (Tractor más carro granelero 
30 cm a la derecha del centro de huella); T más BC 
60 cm L (Tractor más carro granelero 60 cm a la 
izquierda del centro de huella); T más BC 60 cm R 
(Tractor más carro granelero 30 cm a la derecha del 
centro de huella). CH 1 E, cosechadora 1 vacía; CH 1 
F, cosechadora 1 llena; CH 2 E, cosechadora 2 vacía; 
CH 2 F, cosechadora 2 llena; T más BC E, tractor más 
carro granelero vacío; T más BC F, tractor más carro 

granelero lleno.
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Conclusions

The passage of the tractor plus 
the fully loaded grain cart caused the 
greatest compaction at all sampling 
depths, exceeding 60 cm on both sides 
of the center of the footprint. The values 
obtained were close to or higher than the 
those suitable for crop development.

The compaction effect caused by the 
passage of the two combined harvesters 
in fully loaded condition is considered 
critical for crop development up to 30 cm 
on both sides of the center of the footprint.

The tractor plus the grain cart traffic 
within crop lots is neither convenient 
nor advisable according to the obtained 
results. To design a strategy for harvesting 
with controlled traffic becomes necessary. 
Nevertheless, if the detected levels of 
compaction remain the same in the next 
crop cycle should be verified.

To verify that tires used in harvesting 
equipment can withstand the stresses, 
turns important. Inflation pressure should 
also be verified since a tire's load carrying 
capacity is related to this pressure.
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Abstract

Analyzing time series data with remote sensing provides a better understanding of 
vegetation dynamics, since previous conditions and changes that have occurred over a 
given period are known. The objective of this paper was to analyze the current status 
and recent advances in the use of time series data obtained from remote sensors for 
vegetation monitoring. A systematic search of scientific papers was performed and 
167 papers were found, published during the period 1996 to 2017. No significant 
difference in the amount of years analyzed was found between time series analyzed with 
a single sensor and those analyzed with a combination of several sensors (i.e. Landsat 
and SPOT, Landsat and Sentinel, among others). However, the combination of data 
from different sensors (fusion of images) can improve the quality of the results. Special 
attention must also be given to the fusion of optical and radar data, since this offers more 
unique spectral and structural information for land cover and land use assessments.
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Resumen

El análisis de datos de series de tiempo con sensores remotos proporciona una 
mejor comprensión de la dinámica de la vegetación, ya que se conocen las condiciones 
y cambios previos que se han producido en un período determinado. El objetivo de este 
trabajo fue analizar el estado actual y los avances recientes en el uso de datos de series 
de tiempo obtenidos de sensores remotos para el monitoreo de vegetación. Se realizó 
una búsqueda sistemática de artículos científicos y se encontraron 167 artículos publi-
cados entre 1996 y 2017. No se encontraron diferencias significativas en la cantidad de 
años analizados entre las series temporales analizadas con un solo sensor y aquellas 
analizadas con una combinación de varios sensores (es decir, Landsat y SPOT, Landsat y 
Sentinel, entre otros). El número de años analizados con datos de series de tiempo fue 
similar, ya sea utilizando un solo sensor o una combinación de diferentes sensores. Sin 
embargo, la combinación de datos de diferentes sensores (fusión de imágenes) puede 
mejorar la calidad de los resultados. También se debe prestar especial atención a la 
fusión de datos ópticos y de radar, ya que ofrecen información espectral y estructural 
más exclusiva para las evaluaciones de la cubierta terrestre y el uso de la tierra.

Palabras clave
fenología • cobertura de la tierra • análisis multi-temporal de teledetección • análisis 
espacio-temporal • fusión de imágenes

Introduction

Characterizing plant cover is 
essential for managing natural resources, 
modeling environmental variables and 
understanding habitat distribution (14). 
Vegetation dynamics have been monitored 
using a variety of approaches, from obser-
vational methods conducted directly in the 
field (26) to those based on remote sensing 
(2) from plot level (1), to regional (9, 37) 
and global scales (7). Different vegetation 
classes or types can be identified by their 
unique spectral characteristics i.e. reflec-
tance or emissivity (44). Thus, remote 
sensing offers an advantageous method 
of monitoring since imagery can cover 
large geographic areas, and has become 
an essential method for understanding 
large-scale environmental changes (22). 
While a plethora of remote sensors 
exist, those most commonly applied in 

vegetation monitoring include Landsat 
(TM, ETM + and currently Landsat 8 OLI), 
SPOT, MODIS, NOAA-AVHRR, IKONOS and 
QuickBird (36, 44). 

In recent years, sensor capabilities 
have considerably improved in terms 
of spatial, spectral and temporal 
resolution (44). This technological 
evolution provides information in greater 
quantity and with improved precision (5). 
Increased accessibility to remote sensing 
data and greater computing capacity have 
completely changed the way of using 
these data. At present, the use of more 
complex analysis with novel algorithms 
for detecting changes in vegetation cover 
using time series data is becoming more 
frequent (46). Although there is current 
research that reports trends in the use of 
time series data, these studies only report 
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trends for a single sensor (e.g. Landsat) 
(4, 46), while other remote sensors have 
not been the subject of extensive review. 
It is therefore necessary to report trends 
in the use of time series data for the 
monitoring of vegetation with respect 
to more sensors, greater periodicity and 
involving the study of more ecosystems. 
For this reason, the main objective of this 
research was to analyze the current status 
and recent advances in the use of time 
series data obtained from remote sensors 
for vegetation monitoring. Systemati-
zation of this collection in a database 
will provide an overview with which to 
identify the background, knowledge gaps 
and trends of the current research. 

Materials and Methods 

A search of scientific papers exploring 
the topic of "monitoring of vegetation 
using time series data" was carried out 
using the Web of Science website (http://
apps.webofknowledge.com). A database 
of published papers was constructed 
containing the following information 
fields: reference, year of publication, 
paper title, journal, impact factor, source 
of funding, spatialized (mapped) results, 
number of authors, number of institu-
tions involved, study objective, area of 
influence, country, size and location of 
the study area, vegetation and land use, 
climate, platform/sensor, number of 
sensors used, spatial resolution, number 
of images analyzed, years analyzed, 
main data, ancillary data, software, main 
algorithms used and purpose of algorithm 
and variables of interest. The data were 
subsequently grouped into ranges and 
categories of similar data in order to 
facilitate their representation and statis-
tical description.

The papers were classified into two 
groups: those using one sensor and those 
presenting a combination of two or more 
sensors (e.g. Landsat sensors and SPOT 
sensors combination, Landsat sensors 
and Sentinel sensors combination, among 
others). A means test (Kruskal-Wallis test, 
p ≤ 0.05) was performed in R Studio (2013) 
between these groups in order to identify 
which group featured the most robust time 
series (more years analyzed). To ensure 
coherence of the results in this review, 
opinions were sought from experts. 

Results

Temporal trend
Initially, 186 papers were detected by 

the search, of which 167 were chosen for 
analysis (see supplementary material). 
Studies of all types of vegetation and 
climate were included. The rest of papers 
did not study vegetation, and some 
articles even belonged to other branches 
of science. The 167 papers analyzed were 
published in the period 1996 to 2017 
(August). No papers were found for the 
year 1998, and the highest number of 
papers on the study topic was published 
in 2012. Three periods of research output 
productivity were identified: the first was 
observed during the period 1996-2002, 
with an average of 1 to 3 papers published 
per year; the second covered the period 
2003-2010, with an average of 3 to 10 
papers published per year; and the third 
was identified for the period 2011-2017, 
with an average of 11 to 18 papers. This 
revealed a clear and increasing trend in 
the number of papers published per year 
from 1996 to 2017 (figure 1, page 178).
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Most preferred journal for publication 
The published papers were mainly 

distributed among 70 journals, where the 
lowest impact factor was 0.2442 for the 
"Iranian Journal of Science & Technology", 
and the highest was 8.502 for the journal 
"Global Change Biology". In addition, 
there were journals that were prominent 
in terms of quantity of publications 
(table 1, page 179).

Papers published per country 
While time series data analysis for 

monitoring vegetation has been conducted 
practically worldwide, China and Brazil 
are the prominent countries in terms of 
the number of studies published (figure 2, 
page 179).

Most studied ecosystems
The main ecosystems studied, as well 

as the main types of climate that occur 
in the data analyzed, are shown in figure 
3 (page 180). It should be noted that 

Figure 1. Number of papers/studies grouped by year of publication in vegetation 
monitoring using time series data (167 papers consulted).

Figura 1. Número de investigaciones/estudios agrupados por año de 
publicación en el monitoreo de vegetación usando datos de series de tiempo 

(167 documentos consultados).
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the main ecosystem and climate studied 
worldwide are forests and the tropical 
climate, respectively.

Most used approach/methodology
The main methodologies found are 

based on classification of plant cover and 
monitoring of phenological states. Most of 
these methods use the vegetation index 
NDVI as the main element. These, in combi-
nation with other algorithms, help the 
extraction of results. An interesting aspect 
found was that the research mostly utilized 
climatic information as ancillary data. In 
table 2 (page 181), vegetation monitoring 
is summarized. The NDVI is the most 
reported algorithm in the literature.

Sensors used
The most used satellites were SPOT, 

followed by Landsat, although it should 
be noted that a combination of data from 
several different satellites is used in some 
studies (table 3, page 181).



179Tomo 52 • N° 1 • 2020

Monitoring vegetation using remote sensing time series data

Table 1. Journals with highest number of publications in vegetation monitoring using 
time series data (167 papers consulted).

Tabla 1. Revistas con más publicaciones en el monitoreo de vegetación usando datos 
de series de tiempo (167 artículos consultados).

Journal Impact factor Number of publications Percentage

Remote Sensing of Environment 6.265 27 16.16

International Journal of Remote Sensing 1.724 27 16.16

Remote Sensing 3.244 11 6.58

International Journal of Applied Earth 
Observation and Geoinformation 3.93 9 5.38

Forest Ecology and Management 3.064 5 2.99

Journal of Applied Remote Sensing 1.107 5 2.94

Others (5 publications) - 83 49.70

Total   167 100

Figure 2. Global studies published in the field of vegetation monitoring using time 
series data, grouped by country (167 papers consulted).

Figura 2. Estudios publicados a nivel global en el campo del monitoreo de vegetación 
usando datos de series de tiempo, agrupados por país (167 documentos consultados).
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Figure 3. Papers published on vegetation monitoring using time series data, grouped 
by type of ecosystem (a) and by type of climate (b), from a total of 167 papers analyzed.

Figura 3. Documentos publicados sobre el monitoreo de la vegetación usando 
datos de series de tiempo, agrupados por tipo de ecosistema (a) y por tipo de clima 

(b) estudiado, 167 artículos analizados.

0

10

20

30

40

50

60

70

80

Forest Grasslands Agriculture Global Other Not reported

N
°P

ap
er

s

Ecosystem or land use 

a

b

0

10

20

30

40

50

60

70

80

90

100

Tropical Sub-tropical Temperate Semi-arid Cold Not reported

N
°P

ap
er

s

Climate



181Tomo 52 • N° 1 • 2020

Monitoring vegetation using remote sensing time series data

Table 2. Main algorithms/indexes and approaches for vegetation monitoring using 
time series data.

Tabla 2. Principales algoritmos/índices y enfoques para el monitoreo de la vegetación 
usando datos de series de tiempo.

Algorithm/index Number of publications 
in which it appears Main purpose

Normalized Difference 
Vegetation Index (NDVI) 72 To determine vegetation status, discrimination 

of vegetation cover and soil loss.

Supervised Classification 12 Classify types of land use and vegetation.

Leaf Area Index (LAI) 10 Condition of vegetation, vegetation cover.

Difference Normalized Burn 
Ratio (DNBR) 9 Classification of post-fire vegetation.

Enhanced Vegetation Index (EVI) 6 To determine vegetation phenology.

Others 58 -

Table 3. Most used satellites/sensors in published papers addressing vegetation 
monitoring using time series data (167 papers consulted).

Tabla 3. Satélites/sensores más utilizados en artículos publicados sobre el monitoreo 
de la vegetación utilizando datos de series de tiempo (167 documentos consultados).

Satellite Sensor Spatial resolution (m) Number of papers 

SPOT 5
Vegetation (VGT-II) 1000 15

HRG (Xi) 10-20 7

SPOT 4
Vegetation (VGT-I) 1000 77

HRVIR (Xi) 20 3

SPOT 2, 3 HRV (XS) 20 12

Landsat 8 OLI 30 9

Landsat 7 ETM+ 30 24

Landsat 5 TM 30 24

Landsat 1, 2,3 MSS 30 6

Aqua MODIS (MYD) 250, 500, 1000 4

Terra
MODIS (MOD) 250, 500, 1000 32

MISR 1100 1

Aqua/Terra MODIS (MCD) 250, 500, 1000 9

NOAA AVHRR 1000, 4000, 8000, 64000 28

Others 1.8, 4, 300, 500, 1000 13
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It was also found that most of the 
studies featured analysis of periods from 1 
to 10 years, while only one study analyzed 
a period of more than 40 years (110 years) 
(figure 4).

Figure 4. Number of papers grouped by the category of number of years of remotely 
sensed time series data used for vegetation monitoring.

Figura 4. Número de artículos agrupados por la categoría de años de datos de series 
temporales de teledetección utilizados para el monitoreo de la vegetación.
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Specifically, the most analyzed period 
was from 2000 to 2010 (figure 5) since it 
was observed that the time series studies 
mainly analyzed the period from the year 
1980 to date. 

Figure 5. Starting and ending years of the time series data analyzed in vegetation 
monitoring studies (167 papers consulted, the period between the dotted vertical line 

denotes the most commonly analyzed period of time).
Figura 5. Año de inicio y final de las series de tiempo analizadas en estudios de 

monitoreo de la vegetación (167 documentos consultados, el período entre la línea 
vertical punteada indica el período de tiempo más analizado).
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The reviewed papers and the opinions 
of experts indicate that, in recent years, 
the combination of data (image fusion) 
from different sensors (e.g. Landsat 
sensors and SPOT sensors combination, 
Landsat sensors and Sentinel sensors 
combination, among others) has served 
to improve its quality (45) and therefore 
deserves special attention. Our results 
indicated that 77 of 167 articles used 
combinations of several sensors. These 
papers have mostly been published in the 
last decade, thus representing a current 
trend in the analysis of time series data.

No significant difference was found 
between the average of the number of 
years analyzed using only one sensor 
(8.18 years) and that using a combination 
of several sensors (8.4 years) (significance 
of 0.05) (figure 6).

Figure 6. Comparison of the number of years of vegetation monitoring analyzed using 
time series data, performed with a single sensor or with a combination of several 

sensors. Total of 167 papers analyzed.
Figura 6. Comparación del número de años de monitoreo de vegetación analizados 

utilizando datos de series de tiempo, realizados con un solo sensor y con una 
combinación de varios sensores, 167 artículos analizados.
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Discussion

Our study reveals some important 
trends found in vegetation monitoring 
studies using time series data over the 
period 1996-2017 (August). The number 
of vegetation monitoring papers published 
using time series data has shown a 
considerable increase over the last 7 years 
of this period. This supports that reported 
by Zhuang et al. (2013), who also found 
a significant increase in the number of 
papers published in recent decades in 
the field of remote sensing. This pattern 
is due to the fact that remote sensing is a 
rapidly advancing technology and has in 
recent years experienced unprecedented 
growth due to the development of sensors 
and increased information technology 
capacities, including processing, storage 
and data base formation (30).
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The journals that published the greatest 
number of papers in the field of vegetation 
monitoring using time series data were 
Remote Sensing of Environment and 
International Journal of Remote Sensing. 
Likewise, Zhuang et al. (2013) reported 
that these two journals are among those 
with the most papers published in the 
field of remote sensing over recent years. 
In terms of the geographic location of 
scientific production, China and Brazil are 
the leaders in this field (48). These two 
countries are in the group of 20 countries 
with the highest scientific production 
(published papers) in the field of remote 
sensing. Indeed, China is the second most 
productive country in the world, after the 
United States (48). 

The most studied ecosystem is forest, 
followed by grassland and then by 
general global monitoring of vegetation. 
This is logical, since forests are the 
most widely distributed ecosystems 
on the planet (42). However, it should be 
noted that the study of other ecosystems 
is also of great importance. 

Of the 167 papers reviewed, the 
methodologies used for vegetation 
monitoring most commonly featured the 
Normalized Difference Vegetation Index 
(NDVI). The NDVI, developed by Rouse 
et al. (1974), stands out in that, since 
its appearance, it has quickly become 
the most dominant satellite observable 
metric for spatio-temporal changes (18) 
and has been successfully used to explore 
vegetation dynamics (20), although 
in recent years there has also been an 
attempt to improve and evaluate the 
performance of algorithms and indices 
to improve vegetation monitoring (35). 
Some notable studies were also found, 
using a considerable number of indices 
(6, 11, 19, 23). 

A further important factor in vegetation 
monitoring using time series data, is that 
of the satellites utilized. Landsat satellites 
are the most commonly used in remote 
sensing; however, in the analyzed data, 
SPOT satellites appear as the most used 
in multi-temporal studies. This could be 
explained by some limitations of Landsat, 
(e.g. temporal resolution or images 
contaminated by cloud and shadow) 
(12). For this reason, the suite of SPOT 
sensors is the most widely used alter-
native to Landsat (32) and some authors 
state that it is particularly suitable for 
vegetation mapping at global and regional 
scales (44). With regards to Landsat, it 
should be noted that most studies that use 
Landsat data correspond to more recent 
years, since initiation of the free and open 
Landsat data policy in 2008 (47). This 
is therefore a satellite of great potential 
for the future given its availability (i.e. 
free and open access). In recent decades, 
the cost of data storage has dramatically 
decreased, providing a viable basis for 
time series analysis that demands Landsat 
data (46). 

Most studies have analyzed time series 
of between 1 and 10 years. However, 
since 2010, more complex investiga-
tions have been carried out. This could 
also be strongly influenced by the free 
access policies of Landsat, as mentioned 
above, as well as the launch of the MODIS 
sensor onboard the Aqua/ Terra satellites 
notable for its temporal resolution (28). 
Remote sensing is a rapidly advancing 
technology (40) and has now reached a 
price point where the images acquired by 
these systems are truly accessible (36). 
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New trends for the analysis of time 
series data
Advances in remote sensing technology, 

in terms of software, processes and infor-
mation acquisition, mean that it is now 
possible to conduct research with data 
from several different sensors (2, 15, 24, 
29, 31). While this could in theory produce 
more robust time series, statistical 
testing shows that there is no significant 
difference between time series analyzed 
with data from a single sensor and those 
analyzed with a combination of data from 
several sensors. Nevertheless, the combi-
nation of data (image fusion) improves 
the quality of the results (13) since this 
technique can integrate different image 
data and provide more information than  
the derived from a single sensor (39).

In this sense, K. de Beurs (personal 
communication, February 16, 2018) 
indicates that special attention should be 
given to the use of fusion of optical and radar 
data, since this offers more unique spectral 
and structural information for land cover 
and land use assessments. This coincides 
with Joshi et al. (2016), who indicate 
that future research should focus on the 
development of robust optical and radar 
data fusion techniques, including those that 
test the frequency with which time series 
and variable spatial resolution data sets can 
be combined in a significant manner with a 
minimum loss of information.

The main difference between these 
types of data is that, compared to optical 
satellite images, synthetic aperture 
radars (SARs) have certain advantages 
for vegetation monitoring due to the 
fact that microwave sensors have longer 
wavelengths, can penetrate vegetation 
canopies, and are not influenced by the 
presence of clouds or haze (16, 17). 
Some SARs have a short revisit time and 
high spatial resolution, which could be 

beneficial for vegetation monitoring. Since 
optical and SAR image data respond to crop 
characteristics differently, their comple-
mentary information can be valuable to 
support vegetation monitoring (39).

Another aspect of great interest, at 
present and for the future, is the use of 
free access data and software. According 
to Wulder et al. (2012), open access to data 
promotes greater international collabo-
ration to meet the land observation needs 
of the twenty-first century. In this sense, 
the Landsat satellite network stands out 
for both the long history and free access 
of its data set (25). It is also important to 
mention the establishment of a Landsat-9 
Architecture Study Team that define  
capabilities and implementation strategy. 
Landsat-9 has been authorized and is 
proceeding towards a December 2020 
launch. Planning for missions beyond 
Landsat-9 is also underway, with the USGS 
defining future Landsat measurement 
needs (e.g., Landsat-10 and -11) (43).

While the ability to use a multitude 
of images acquired in a single region has 
changed the perception on the Landsat 
value, some properties of this satellite 
are currently critical (41). One limitation 
of Landsat is that the satellites can only 
revisit the same area every 16 days, and 
the acquired Landsat data for specific 
areas can be contaminated by cloud and 
shadow. The temporally sparse time-series 
Landsat data are, therefore, unsuitable for 
global monitoring of rapid changes in the 
vegetation and terrestrial surface (12).

A potential approach for utilization of 
Landsat data is represented by data fusion 
techniques that integrate imagery across 
sensors, effectively leveraging the most 
desirable characteristics from multiple 
sensors. The spatial, spectral and temporal 
resolution of any given sensor can thus 
potentially be enhanced by merging bands 
within or across sensors (32).
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Special attention should also be paid 
to the Sentinel-2 satellite since, in terms 
of spatial and temporal resolution, it 
provides an alternative to SPOT and 
Landsat, with narrower bands for better 
identification of characteristics, additional 
channels in the red edge spectral domain 
that allow evaluation of vegetation 
status and specific bands for improved 
atmospheric correction (10, 27). There 
has even been experimentation with 
the fusion of Landsat and Sentinel-2 
satellite data, showing great potential 
for timely monitoring of rapid changes 
(38). Currently, the Harmonized Landsat/
Sentinel-2 (HLS) project provides a 
surface reflectance product that combines 
observations from USGS/NASA's Landsat 8 
and ESA's Sentinel-2 satellites at moderate 
spatial resolution (30 m). The main goal is 
to provide a unique dataset based on the 
data of both satellites in order to reduce 
the revisit time to 3-5 days, depending on 
latitude (8).

Conclusions

Most of the articles analyzed (64.7%) 
were published in the last 7 years of the 
study period, reflecting the great changes 
that remote sensing has undergone in 
terms of data availability. China and Brazil 
are the countries with the highest number 

of vegetation monitoring studies using 
time series data. The main ecosystems 
studied are the forests, although in recent 
years it is common to find studies of 
vegetation monitoring at the global scale.

The SPOT satellites have been the most 
used for vegetation monitoring using time 
series data, but Landsat satellites aim 
to be the most popular in the future due 
to the availability, periodicity and easy 
handling of its data. Also important is the 
Sentinel-2 satellite, which is notable for its 
greater temporal resolution. 

On average, the number of years 
analyzed with time series data was similar 
using either a single sensor or a combi-
nation of different sensors. However 
the combination of data from different 
sensors (image fusion) can improve 
results quality, while the use of fusion of 
optical and radar data points towards a 
new trend in this field.

Our findings in this review of literature 
on vegetation monitoring using time 
series data will contribute to future work 
in this field, improving decision-making 
about periods for analysis and appro-
priate data selection from remote sensors.
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Abstract

The main objective of this study was to determine the sustainability status of three 
agroecosystems in arid areas, and to identify the critical aspects that limit it, through the 
use of economic, ecological and socio-cultural indicators. Three agroecosystems (AE) were 
selected from the Department of 25 de Mayo, San Juan. Its main economic activity is goat 
farming and, to a lesser extent, cultivation of orchards, as well as subsistence economic 
activities. To determine the state of sustainability, the indicators were selected and subse-
quently standardized and weighted according to their relative importance with respect 
to sustainability. The results indicated that none of the dryland AE achieves sustainability 
simultaneously in its three dimensions. The systemic analysis through indicators showed 
that the critical variables are food self-sufficiency, water access, livestock survival, and 
technical assistance, among others. The methodology used is simple, allowing  to detect the 
sustainability status of the three EAs, and to identify the critical variables that jeopardize 
the permanence of the AE over time.
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Introduction 

One of the subjects addressed by 
agroecology is the evaluation of agroeco-
systems (AE) in terms of their state of 
sustainability. This responds to certain 
concerns expressed by scientists and 
technicians, given the environmental and 
social crisis in rural production systems, 
as a consequence of the "modern" 
agriculture imposed by the Green 
Revolution (10, 42, 47). The "sustainable 
development" concept was officialized 
in 1987 by the World Commission on 
Environment and Development, and it was 
defined as that which "meets the needs of 
the present without compromising the 
ability of future generation to fulfill theirs". 
In that context, the term "sustainable 
agriculture" was raised in response to the 
decreasing quality of natural resources, 
or of the productive base of modern 
agriculture (7). The concept is linked to 
the objectives of sustainable development 
launched by the UN in 2015 aiming to 

Resumen

El objetivo principal de este estudio fue determinar el estado de sustentabilidad 
de tres agroecosistemas en tierras áridas, e identificar los aspectos críticos que la 
limitan, mediante el uso de indicadores económicos, ecológicos y socioculturales. Se 
seleccionaron tres agroecosistemas (AE) del departamento de 25 de Mayo, San Juan. 
Su principal actividad productiva es la producción caprina y en menor medida la 
producción de huerta, ambas orientadas a una economía de subsistencia. Los indicadores 
seleccionados se estandarizaron y ponderaron de acuerdo a su importancia relativa con 
respecto a la sustentabilidad. Los resultados indican que ninguno de los AE alcanza la 
sustentabilidad en sus tres dimensiones simultáneamente. El análisis sistémico a través 
de indicadores mostró que las variables críticas son la autosuficiencia alimentaria, el 
acceso al recurso hídrico, la supervivencia del ganado y la asistencia técnica, entre otras. 
La metodología utilizada fue fácil de usar, permitió detectar el estado de la sustentabi-
lidad de los tres AE e identificar las variables críticas que ponen en peligro la perma-
nencia de los AE en el tiempo.

Palabras clave
analisis multidimensional • agroecología • tierras secas • tierra no irrigada

eradicate poverty, ensure food security, 
stop land degradation, and biodiversity 
loss, among other aspects (54). Although 
the sustainability of a production system is 
a controversial concept under permanent 
construction, there is broad consensus 
on the fact that agriculture production 
has gone from purely technical to a much 
complex issue, requiring consideration of 
ecological, economic, and sociocultural 
aspects for its assessment (19, 42, 58). 

Agroecology postulates that, in 
order to understand the reality of AE, 
an integrative, holistic and systemic 
perspective is required, leaving aside the 
reductionist vision usually held by agrarian 
sciences when analyzing production 
systems. The agroecosystem approach has 
commonly been simplified to one or few of 
its components, without addressing their 
interactions or including the man as one 
of its main components (44, 49). In this 
sense, the agroecology approach must be 
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put into practice through research that 
allows understanding the socio-ecological 
relationships within agroecosystems; 
accounting for the complex phenomena 
that result from these interactions; and 
making a diagnosis of such realities 
from a systemic approach (40, 52, 58). 
Also, agroecology acknowledges and 
values traditional indigenous and rural 
agriculture knowledge wisdoms (9, 13, 
35, 48). This way of understanding nature 
has reached its objectives of productivity 
accounting for biodiversity and using 
the natural resources in a sustainable 
fashion (1, 22, 56), where techniques are 
adapted to the local socioeconomic and 
ecological conditions. Although some 
of these systems, mainly developed by 
farmers for food self-sufficiency are 
considered as sustainable a priori, publi-
cations operationalizing the concept by 
using tools to effectively evaluate the 
condition of these systems are scarce (18), 
or only consider one dimension (21, 25). 
Since the evaluation of AE sustainability 
involves the analysis of multiple dimen-
sions, the use of indicators as tools for 
such end is proposed. This methodology 
has been tested by several authors that 
evaluated the sustainability of tradi-
tional production systems (1, 11, 19, 35, 
39, 57). For example, commonly used 
indicators are food self-sufficiency (46), 
soil cover (10), biodiversity (45), water 
quality (5, 43), and basic needs satisfaction 
(24). An indicator is defined as a variable 
selected according to an adopted criterion, 
which responds to social, ecological 
and economic local characteristics, and 
is in agreement with the selected scale 
of analysis. In consequence, a group of 
indicators measured in a given AE inform 
about its state of sustainability in a given 
moment, and allow detecting the critical 
variables that jeopardize the permanence 
of AE in time. 

On the other hand, experiences 
evaluating sustainability of AE in drylands, 
more specifically in non-irrigated lands, 
are scarce compared to those in AE of oases 
or irrigated lands (3, 39, 58). In general, 
non-irrigated AE are characterized by 
being of difficult access and isolated from 
the main urban cores, not presenting 
well-defined property boundaries. Also, 
their access to water comes from different 
sources (20). San Juan province is located 
in the arid strip of center-west Argentina. 
Here, territory is sectorized in oases, 
occupying 3% of the area, and where most 
urban and rural-urban centers merge with 
majorly intensive production systems. 
The rest of the territory is comprised 
by mountain chains and drylands. In 
these areas, the rural communities and 
indigenous descendants are strategically 
and sparsely distributed within extensive 
production systems based on a subsis-
tence economy. Their main economic 
activity is goat farming, and to a lesser 
extent, orchard cultivation for self-suffi-
ciency. In this context, we ask: 1- which 
is the state of these AE in the economic, 
ecological and sociocultural fields? 2- Are 
these systems sustainable? 

To answer these questions, 
sustainability was considered as an 
historical, dynamic and situated concept, 
subjected to constant reconceptualization 
and change (18). An AE is considered 
sustainable if it meets the following 
sustainability criteria (46): economically 
viability, sociocultural acceptance, and 
productive and ecological suitability. Each 
of these objectives are measured by a 
group of indicators. 

Our hypothesis was that local 
economic, ecological and sociocultural 
indicators determine critical points of 
sustainability in the production systems 
of the arid communities established in the 
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Central Mountain. The objective of this study 
was to determine the state of sustainability 
of three agroecosystems of arid lands, and 
to identify the critical aspects that limit this 
sustainability, using economic, ecological and 
sociocultural indicators. 

Materials and methods

Study area
The study area is located towards the 

South of San Juan province, in 25 de Mayo 
department, which corresponds to the 
former wetland Lagunas de Guanacache, 
declared as a Ramsar Site in 1999 (figure 1).

The polygon towards the the right corresponds to the Wuarpe Sawa Community area, within the Ramsar 
Lagunas de Guanacache Site (gray polygon). The color points correspond to the studied agroecosystems.

El polígono de puntos ubicado a la derecha corresponde con el área de la Comunidad 
Wuarpe Sawa, dentro del Sitio Ramsar Lagunas de Guanacache (polígono gris). 

Los puntos de color corresponden con los agroecosistemas en estudio.

Figure 1. Study area, in 25 de Mayo, San Juan, Argentina.
Figura 1. Área de estudio, departamento de 25 de Mayo, San Juan, Argentina. 
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It is the seventh wetland of Argentina 
and the first in extension (980000 hectares 
including the Guanacache, Desaguadero 
and Bebedero lacoons (www.ramsar.org.
ar) (33, 50, 51). The Ramsar Site is located 
in the center-west of Argentina, in the Cuyo 
Region, and it belongs to the Desaguadero 
- Salado basin. These wetlands form a 
system of lagoons and chained marshes, 
fed by the Mendoza and San Juan rivers, 
which discharge into the Desaguadero 
river. At the present, this system behaves 
like an endorheic basin, due to the great 
use of its waters from the main tributaries 
in the upper and middle parts of its routes. 
It is a continental wetland system of 
natural origin composed of rivers, lagoons 
and marshes, and of historical, archaeo-
logical and cultural value.

Regarding relief, Guanacache is a plain 
called "Gran llanura de la travesía". It is a 
deep sedimentary basin formed by a great 
depression slightly tilted towards the east, 
filled by sandy, silty and clayey sediments of 
lacustrine, fluvial, and wind origin (2, 4, 26).

From a biogeographic point of view, the 
area corresponds to the Monte province, 
which is characterized by a dry, warm 
climate, with summer, torrential rainfall 
that varies between 80 and 200 annual 
mm, and wide thermal amplitude (17). 
Physiognomically, the Monte is a mosaic 
of three types of vegetation: a) shrub 
steppes, dominated by species of the family 
Zigophyllaceae; b) edaphic steppes of 
halophyte shrubs, such as Suaeda divaricata, 
Atriplex spp., Allenrolfea vaginata; and 
c) forests, mostly dominated by species of 
the genus Prosopis. 

Description of the production systems
Three AE located on the south 

section of the San Juan river were 
selected. The 3 AE belong to the Wuarpe 
Sawa community, acknowledged as 

descendants of indigenous peoples by the 
Instituto Nacional de Asuntos Indígenas 
(INAI) in the year 2000 (figure 1, page 
193). The AE were selected using the 
snowball method (15). The average 
extension of these production systems 
is 560 hectares, but they do not present 
defined boundaries, and the parcels 
are delimited by the foraging resources 
of the herds of each AE (20). The most 
common productive activities are cattle 
breeding (with an average of 80 heads 
per AE), and, to a lesser extent, orchard 
production (vegetables and seasonal 
fruits) for self-consumption. Goats are 
one of the few resources that provide 
income to the families, and their breeding 
takes place traditionally, with animals 
foraging extensively in the open field. In 
the recent past, the productive landscape 
was much different, and the farmers 
called themselves "dwellers", due to their 
tight relationship with activities related 
to the presence of lagoons (29). Other 
activities that provide income to the 
AE families are temporary pruning and 
harvest in the nearby vine and pistachio 
settlements, as well as craft making with 
wool, leather and ceramic. 

Water access is a key point for the 
development of productive activities, 
and the quantity and quality of water 
varies according to the four available 
sources: the San Juan river, water 
wells, perforations, or water trans-
ported through a municipal tank truck 
(the only way of access to drinking water). 
It should be highlighted that the water well 
and perforation technologies (present 
in AE1 and AE2, and absent in AE3) do 
not provide quality water for animal or 
people consumption, or to be used in 
the orchard (55); thus, not used by the 
farmers. For that reason, such sources 
were not considered when performing the 
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sustainability analyses, and only sources 
with permanent use were addressed. 

The marketing routes of young 
and adult goats take place through a 
"cabritera", which buys the animals from 
the community to resell them in the nearby 
urban center. Other marketing routes 
include the landowners of the region and 
particular customers who go to the farms. 
Certain farm products are directly sold 
to the individual customers by personal 
delivery, and crafts are made on request 
and sold to individual customers or craft 
centers in Mendoza. 

Data collection
To collect agroecological information 

regarding ecological, economic and 
sociocultural aspects of the production 
systems, as well as information about the 
perception and knowledge of the AE, the 
following methods were used: participant 
observation (14), semi-structured inter-
views to each familiar unit (AE1: a couple, 
a son, a daughter and a granddaughter, 
AE2: a couple and two sons, AE3: two 
people), and visits around the AEs with a 
family member. 

To address water quality (whether it is 
suitable for different uses; e. g. human and 
animal consumption, orchard irrigation, 
other uses) water samples were taken 
from each surveyed source of each AE 
according to the protocol proposed by 
INTA (27). Samples were placed in 1-liter 
aseptic plastic containers for physical-
chemical determinations, and 250 ml 
were used for bacteriological measures. 
The samples were analyzed by the 
INA-CRAS (National Institute of Water-
Regional Center for Groundwater), and by 
the Institute of Technological Research. 

To address the offer of forage resources, 
3 physio-structural transects within the 
farm area of each AE were established 
during the forage supply period, using 
the Point Quadrat method adapted for 
the Monte area. At each transect, the 
frequency of forage species, their specific 
contribution, and specific contribution 
by contact (considered as a relative 
expression of biomass) were determined 
(23, 34, 36).

Sustainability indicators
Sustainability indicators were built, 

standardized and weighted according 
to the methodology proposed by 
Sarandón (44). The threshold value of 
sustainability (TVS), defined as the mean 
value of the adopted scale of values 
(0 to 4, in this case) corresponded to 2. 
Weighting was performed by multiplying 
the value from the scale by a coefficient 
according to the relative importance of 
each of the sustainability variables. The 
economic, ecological and sociocultural 
indicators were calculated as the algebraic 
sum of their components, multiplied by 
their weight, to finally estimate the General 
Sustainability Index (GSI). 

Description and weight of the 
indicators

The methodology applied to build the 
indicators allowed obtaining a series of 
standardized and weighted indicators 
and sub indicators for each analyzed 
sustainability dimension (economic, 
ecological and sociocultural, table 1, 
page 196). Below, the way in which each 
indicator and sub indicator were measured, 
the categories adopted by each indicator 
within the standardized scale, and their 
subsequent weighting are shown. 
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Table 1. Summary of the indicators, sub-indicators, their estimation methodology, and 
weighing adopted in the estimated indexes (IE, IEC, ISC).

Tabla 1. Resumen de los indicadores, subindicadores, metodología utilizada para calcular 
cada uno y la ponderación que adoptó cada uno en el cálculo de los indices (IE, IEC, ISC).

Economic Indicators Economic subindicators Method Weighing

Food Self-sufficiency (FS)
Number of products for self-consumption (NPSC) Interview, participant observation 2

Area destined to Self-Consumption (ASC) In situ measurement 2

Economic Risk (ER)

Number of Marketing Channels (NMC) Interview

Diversification of Sale Products (DSP) Interview, participant observation

Dependence on external inputs (DI) Interview

Productive Activities (PA) Interview, participant observation 2

Extraproperty Work (EPW) Interview 2

Ecological Indicators Ecological Subindicators

Access to Water (AW)
Water - Quantity (QUAN) Interview 2

Water - Quality (QUAL) Water analysis 4

Livestock Survival (LS) Interview 2

Foraging Resources (FR)
Quality of the Foraging Resources (QUALFR) Transects 2

Quantity of the Foraging Resource (QUANFR) Interview, Transects

Social Indicators Social Subindicators

Basic Needs Met (BNM)

Household (H) Interview, participant observation 

Health (HE) Interview

Education (ED) Interview

Technical Assistance (TA) Interview 2
Satisfaction of the 

Production System (SPS) Interview 2

The economic dimension was 
measured through three indicators:

1-Food Self-sufficiency (FS). A 
self-sufficient AE, in terms of the food 
produced within its limits, is considered 
sustainable. This indicator is composed by 
two sub indicators:

-Number of products for self-
consumption (NPSC). Measured as the N° 
of products aimed at family consumption,  
including animal and plant products. 

0: 1 product is produced.
1: 2-3 products are produced.
2: 4-5 products are produced.
3: 5-6 products are produced.
4: More than 7 products are produced.
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-Area destined to Self-Consumption 
(ASC). Measured as the area destined for 
the cultivation of vegetables and fruits for 
family consumption. 

0: less than 15 m 2.
1: between 15-30 m 2.
2: between 30-40 m 2 .
3: between 40 - 50 m 2. 
4: Higher than 50 m 2.
2-Economic Risk (ER). An AE that 

reduces the economic risk and insures the 
productive-economic capital for the future 
generations is considered sustainable. 
This indicator is composed by four sub 
indicators: 

-Number of Marketing Channels 
(NMC). Measured as the N° of channels 
through which each AE commercializes 
goats and/or other products. 

0: no marketing channel. 
1: 1-2 marketing channels.
2: 3 marketing channels.
3: 4 marketing channels. 
4: more than 5 marketing channels. 
- Diversification of Sale Products (DSP). 
Measured as the N° of products 

destined to market, either from the 
orchard, livestock, craft, fabric, and/or 
processed products.

0: 1 product for sale.
1: 2 products for sale.
2: 3 products for sale.
3: 4 products for sale.
4: More than 5 products for sale.
-Dependence on external inputs (DI).
Measured as the % of inputs that an 

AE must destine in order to guarantee 
livestock and/or orchard production.

0: 80 - 100% of dependence.
1: 60 -80% of dependence. 
2: 40 -60% of dependence. 
3: 20 al 40% of dependence. 
4: 0 al 20% of dependence. 
-Productive Activities (PA). Measured 

as the N° of productive activities carried 
out within the limits of the AE. 

0: No productive activities.
1: 1-2 productive activities are carried out.
2: 3 productive activities are carried out.
3: 4 productive activities are carried out.
4: More than 5 productive activities are 

carried out. 
3-Extraproperty Work (EPW). An AE in 

which its members use labor to enhance 
or maintain the intra property production 
is considered sustainable. This indicator 
was measured as the participation of the 
members of the family within each AE in 
extraproperty work throughout the year. 

0: extraproperty work during the 
whole year. 

1: extraproperty work during three 
seasons.

2: extraproperty work during half of 
the year. 

3: occasional extraproperty work. 
4: no need of extraproperty work. 
Since AEs respond to a self-sufficiency 

economic model, the indicators of food 
self-sufficiency and extraproperty  work; 
along with the sub indicator of number of 
productive activities were assigned twice 
the weight of the rest of the indicators for 
the economic dimension. For the calcu-
lation of the economic dimension index, 
the following formula was used: 

 

The ecological dimension was 
measured through 3 indicators: 

1-Access to Water (AW). An AE with 
free access to quality water quality 
resources, for all the activities that 
depend on this resource, is considered 
sustainable. This indicator is composed by 
two sub indicators:

-Water - Quantity (QUAN). Measured as 
the % of activities (that depend on water 
resources) covered within the AE, as a 

(2* 2* ) / 4 ( 2* ) / 5 (2* ) / 2
3

NPSC ASC NMC DSP DI AP EPWIE + + + + + +
=
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function of the quantity of water within 
that AE.	

0: Covers 0-20% of its needs.
1: Covers 20-40%.
2: Covers 40-60%.
3: Covers 60-80%.
4: Covers 80-100%.
-Water - Quality (QUAL). Measured 

through the analysis of water samples 
from the sources, as the quality of the 
resource for different uses (water for 
human and animal consumption, for 
irrigation, and other uses).

0: Unsuitable.
1: Suitable for two uses. 
2: Suitable for three uses, including 

human consumption.
3: Suitable for four uses.
4: Suitable for multiple uses.
2-Livestock Survival (LS). An AE that 

minimizes livestock losses through time is 
considered sustainable. This indicator is 
measured as goat losses in % of mortality/
year, and acknowledges the multiple 
causes that can derive in livestock death. 

0: More than 20% of mortality.
1: Between 15-20% of mortality.
2: Between 10-15% of mortality.
3: Between 5-10% of mortality.
4: Between 0-5% of mortality.
3-Foraging Resources (FR). An AE 

with enough foraging resources to 
meet livestock demands, is considered 
sustainable. This indicator is composed by 
two sub indicators: 

-Quality of the Foraging Resources 
(QUALFR). Measured as a function of the 
specific quality of the species with higher 
contribution of forage biomass within the AE. 

0: Bad.
1: Regular.
2: Good.
3: Very Good.
4: Excellent.
- Quantity of the Foraging Resource 

(QUANFR). Measured as the percentage 

of food needs that the foraging resource of 
the AE is able to fulfill.	

0: Covers up to 20% of the diet.
1: Covers between 20-40% of the diet.
2: Covers between 40- 60% of the diet.
3: Covers between 60 - 80% of the diet.
4: Covers between 80 - 100% of the diet.
The calculation of the ecological 

dimension index assigned double weight 
to the water access indicators, especially 
water quality, as well as to livestock 
survival, since it is the main productive 
activity within the AE. Also, double weight 
was assigned to forage quality, given its 
importance in the nutritional intake of the 
herd. The following formula was used:

 

The sociocultural dimension was 
measured through 3 indicators:

1-Basic Needs Met (BNM): An AE in 
which the farmers have insured housing 
with services, permanent access to 
health service and to the different educa-
tional levels is considered sustainable. 
This indicator is composed by three sub 
indicators: 

 -Household (H). Measured as the state 
of the household, including water and 
electricity services. 

0: Without household and services.
1: Incomplete household/ no service.
2: Incomplete household/one service.
3: Complete household/two services. 
4: Complete household/all the services. 
-Health (HE). Measured as the access 

to a health center (the possibility of 
arriving or having access to the health 
center without inconveniences) with 
medical staff and adequate equipment/
infrastructure for medical assistance. 

0: Without access to health center. 
1: Access to health center/ no 

equipment/ temporary medical staff. 

2*(( 2* ) / 3) 2* (2* ) / 3
5

W QUAN W QUAL LS QUALFR QUANRFIEC − + − + + +
=
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2: Access to health center/ scarce 
equipment/ temporary medical staff. 

3: Access to health center/ moderately 
equipped/ temporary medical staff. 

4: Access to health center/ adequate 
equipment/ permanent medical staff. 

-Education (ED). Measured as the 
access to the different education levels 
(the possibility of arriving or having 
access to the educational center). 	

0: No access to education.
1: Access to primary level. 
2: Access to primary and secondary 

levels/ with restrictions. 
3: Access to primary and secondary 

levels/ without restrictions.
4: Access to primary, secondary and 

higher level. 
2-Technical Assistance (TA). A system is 

sustainable if it is reachable to technicians 
that can improve the production status. It 
is measured as the presence of technical 
assistances in the field, and the feasibility 
of carrying out technical measures that 
improve the production status. 

0: No technical assistance. 
1: Eventual technical assistance/ no 

proposals.
2: Eventual technical assistance/

undone proposals.
3: Frequent technical assistance/

developing proposals. 
4: Frequent technical asssistance/

completed proposals.
3-Satisfaction of the Production System 

(SPS). An AE is considered sustainable and 
able to support itself in time if its farmers 
are satisfied with the productive activities, 
measured as the degree of satisfaction 
in relation to the productive activities 
carried out. 

0: Discontent, would not do it anymore.
1: Not at all satisfied, would live 

somewhere else. 

2: Moderately satisfied, would keep 
producing. 

3: Satisfied, did better before.
4: Satisfied, would not do anything else.
The sociocultural dimension index was 

calculated giving double weight to the satis-
faction of the production system, since a 
discontent farmer has higher probabilities of 
abandoning the activity. Also, the technical 
assistance was weighted with the following 
formula, since AE have few resources and 
are isolated from urban centers and roads:

 
 

Finally, the General Sustainability 
Index was calculated as the algebraic 
sum of all the indexes that compose the 
sustainability dimensions:

ISG= (IE+IEC+ISC)/3
 

Results

Sustainability analysis	
The use of indicators allowed 

detecting the state of sustainability of the 
three analyzed AE. Broadly, the only AE 
with a general sustainability index (GSI) 
higher than the threshold value was AE 
1 (GSI= 2.3), while AE2 and AE3 were 
below that threshold (table 2 and figure 2, 
page 200). Figure 3 (page 201) and table 
1 (page 196) show the individual analysis 
of the economic (EI), ecological (ECI) and 
sociocultural indexes (SCI) for each AE. 
The results indicate that the three studied 
AE varied according to the addressed 
dimensions, and that neither of them 
reached the TSV in the three dimensions. 

( ) / 3 2* 2*
5

H HE ED SPS TAISC + + + +
=
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Figure 2. Spider web chart of the sustainability indicators in the three agroecosystems 
in drylands of San Juan, Argentina. The outer limits represent the ideal value of 

sustainability (4), and the intermediate limit the threshold value (2). In asterisk: 
economic (E), ecological (EC) and Sociocultural (SC) indicators are indicated with 

asterisks, quotes, and normal text, respectively. 
Figura 2. Representación gráfica en un diseño en tela de araña, de los indicadores 
de sustentabilidad en tres agroecosistemas de tierras áridas, San Juan, Argentina. 

Los límites exteriores representan el valor ideal de sustentabilidad (4) y el intermedio 
el valor umbral (2). Con asterisco: económicos (E); con comillas: ecológicos (EC) y los 

que no tienen marca socioculturales (SC).
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Table 2. Values of the set of indicators with their respective economic (IE), ecological 
(IEC), and sociocultural (ISC) indexes; and the general sustainability index (ISG) for the 

three agroecosystems in drylands of San Juan, Argentina.
Tabla 2. Valores del conjunto de los indicadores con sus respectivos índices económico 

(IE), ecológico (IEC), sociocultural (ISC) y el índice de sustentabilidad general (ISG) 
para los tres agroecosistemas de zonas áridas, San Juan, Argentina.

FS ER EPW IE AW FR LS IEC BNM SPS TA ISC ISG

AE1 4 3.2 3 3.44 1.33 2.00 1 1.07 1. 67 3 2 2.33 2.3

AE2 0.5 1.4 1 0.88 1.33 2.00 1 1.07 1. 67 3 2 2.33 1.4

AE3 0.5 1.2 4 2.04 1 2.00 1 1.00 1.33 3 0 1.47 1.5
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Figure 3. Values of the three dimensions of sustainability indexes: economic (EI), 
ecological (ECI) and sociocultural (SCI) dimensions. The bar on the far right indicates 

the value of the general sustainability index (GSI).
Figura 3. Valores de los índices de las tres dimensiones de la sustentabilidad: índice 
de la dimensión económica (IE), de la dimensión ecológica (IEC) y de la dimensión 

sociocultural (ISC). La última barra a la derecha indica el valor del índice de 
sustentabilidad general (ISG).
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In the case of EI, AE1 widely exceeded 
the other AE within the established 
scale (EI= 3.44), while AE2 did not reach 
sustainability in this dimension (EI= 0.88) 
and AE3 reached the TSV.

However, for the ECI the situation 
was similar in the three agroecosystems, 
with none reaching the TSV; while for 
SCI, AE1 and AE2 obtained the same 
value (SCI= 2.33), reaching the threshold 
sustainability value. On the other hand, 
AE3 reached a lower to the TSV value 
(SCI= 1.47).

When analyzing the indicators for 
each dimension, it was observed that AE3 
reached food self-sufficiency with a high 

number of foods produced in the area, 
enough to cover the whole family needs 
(figure 2, page 200). Also, AE3 reduced the 
economic risk by diversifying production 
and increasing the number of products 
for sale and the marketing channels. In 
the other AE, food self-sufficiency was not 
reached (both with FS= 0.5, table 2, page 
200), nor did they reduce the economic 
risk (ER= 1.4 and 1.2 in AE2 and AE3, 
respectively). These two AE did not exhibit 
diversification of productive activities and 
had none to 1 or 2 marketing channels. 
The only indicator within economic risk 
that was similar among the three AE was 
the low dependence of external inputs. 
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On the other hand, the indicator extra-
property work exceeded the TSV in AE1 
and AE3 (figure 2, page 200), but not in 
AE2, since this system is mainly sustained  
by such incomes (EPW= 1).

For the ecological dimension, a critical 
situation was found in the three analyzed 
systems. For the indicator access to 
quality water, the resource was partially 
available in AE1 and AE2 (for example, 
human consumption was only partially 
satisfied), while AE3 showed an even 
worse situation (AW= 1), since it only 
counts with one water source. The San 
Juan river is shared by the three AE, but 
its flow varies throughout the year, and 

its quality is only suitable for animal 
consumption and orchard. Regarding goat 
survival, the three AE showed 15-20% 
losses due to mortality (LS= 1 in the three 
AE, table 2; figure 2, page 200), with the 
following causes mentioned in the inter-
views: illness, attacks by wild dogs and 
malnutrition. The latter was related with 
foraging resource availability in the area, 
which did not cover 60% of the diet, 
although its quality (i.e., the nutritional 
status of the available foraging species) 
was good in the three systems. The species 
that provide the higher foraging biomass 
for livestock are Prosopis alpataco and 
Lycium spp. (figure 4). 

Figure 4. Specific contribution by contact (CSC), expressed as percentage of the 
foraging species to the forage supply season.

Figura 4. Contribución específica por contacto (CSC) expresada en porcentaje de las 
especies forrajeras para la época de oferta forrajera.
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Regarding the social dimension 
indicators, they showed that the basic 
needs were not satisfied in neither of the 
AE, with AE3 showing the lowest values 
(BNS= 1.33, table 2, page 200).

Despite this, farmers were satisfied with 
the productive activities, and did not express 
they would rather perform other activities. 
Regarding the technical assistance indicator, 
AE3 did not present any type of assistance, 
while in the other two systems technicians 
reached the area and made suggestions, yet, 
not carried out. 

Discussion 

Our results confirm the former 
hypothesis of this research: the indicators 
for the three dimensions (economic, 
ecological and sociocultural) used at the 
local scale, determine the critical points 
that jeopardizes the sustainability of 
the AEs over time. Sustainability is a 
multidimensional concept, that should 
thus be understood and evaluated in 
a systemic and holistic fashion. The 
obtained results suggest that the analyzed 
AE do not reach sustainability, since it 
is not achieved in its three dimensions. 
Furthermore, considering the objec-
tives that sustainable agriculture should 
meet (46), and that were proposed as 
a framework for this study, none of the 
analyzed systems meets them all simulta-
neously. Instead, differences in the values 
of the economic, ecological and sociocul-
tural dimension indices were found. This 
situation agrees with that found in other 
studies that have evaluated sustainability 
at the farm scale, although in those studies 
the systems did reach sustainability 
(3, 46). The dimensions were composed 
by indicators that reflected their state. The 
economic dimension was found to be the 

most variable for the three systems, while 
the ecological dimension was very similar, 
and the sociocultural dimension resulted 
similar between AE1 and AE3, but differed 
for AE3. 

The variability in the economic 
dimension indicators of the three AE might 
be due to the fact that each AE adopts 
diverse strategies that define the economy 
of each system. Although AE1 and AE3 
are economically sustainable, substantial 
differences were found between these 
systems. AE1 is held due to the diversifi-
cation of its productive activities, products 
for self-consumption and sale, and the 
relation established with the diverse 
consumers. Also, this AE is sustained 
through family labor, which occurs exclu-
sively within its limits, and which might 
explain why the members of this AE do 
not participate in extraproperty jobs. On 
the other hand, AE3 is not sustained by 
a diversification of productive activities, 
therefore it does not present a diversity of 
products for consumption, while  livestock 
production is lower and occurs only to 
sustain domestic demand. This might be 
due to the fact that this AE is composed by 
elderly members that have retired from 
market-oriented production and that 
cannot carry out extraproperty work as 
another possible strategy for the economic 
growth of the system. Their main objective 
is to keep the productive capital needed 
to subsist. On the other hand, AE2 did 
not reach sustainability in the economic 
dimension, and a different life strategy 
than that of AE1 and AE3 was detected. 
In this system, there is no diversity of 
productive activities, since it dedicates 
exclusively to goat breeding, such as AE3. 
However, AE2 commercializes livestock, 
ensuring an influx of money for family 
needs or for buying livestock forage. In 
contrast to the other AE, this system is 
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largely sustained by extraproperty work, 
for which the family invests time, leaving 
aside diversification within the farm. 

As in this study, a study performed in 
Salinas Grandes, Catamarca addressing 
economic diversification in multiple-
use systems (28) found a diversity of life 
strategies within the community members, 
with some people carrying out diver-
sified productive activities while others 
dedicated almost exclusively to a certain 
activity (cattle ranching in that case) and 
others had extraproperty jobs. Several 
agroecology publications promote the 
diversification strategy, and it is usually 
referred to as that one of the bases to reach 
sustainable agroecosystems. Furthermore, 
it is recognized that polycultures, 
agroforestry and other diversification 
methods imitate natural ecological 
processes (8, 12, 16, 30, 35, 45, 53). On the 
other hand, extraproperty jobs reduce the 
use of natural resources within the farm, 
and gives independence of the climatic and 
economic uncertainties to the people who 
adopt this strategy (28). 

The analysis of the ecological 
dimension was similar for the three AE, 
but certain differences regarding the 
components of this dimension were 
detected in AE3, mainly due to the 
lack of water resources in this system, 
compared to the other two. This could be 
explained by the fact that this AE is more 
isolated, (figure 1, page 193) impeding 
the municipal tanker truck to and provide 
drinking water. "Not even the techni-
cians with technical proposals can reach 
the farm" (information from one of the 
interviews). In AE1 and AE2, the water 
extracted through the wells and perfora-
tions has very high salt content, and thus 
cannot be used for productive activities. 
These sources are virtually voided, 
despite being functional (55). The San 

Juan river is the common water source for 
all the AE, through which the herd water 
needs of the three AE, the orchard water 
needs of AE1, and the consumption needs 
through filtration in AE3 are provided. To 
this respect, a study by Tapia et al. (2017) 
about water source quality in the study 
area, found that the water provided by the 
San Juan river is suitable for the different 
activities. It is worth mentioning that this 
source does not have a permanent water 
course, and water is scarce in the seasons 
where it is most needed, due to its utili-
zation in the upstream oasis. 

In response to this situation, the 
members of the AE develop different 
strategies to provide water to the herds, 
such as the fabrication of pastures inside 
the river, where they extract water through 
excavation. These kind of subsistence 
strategies, together with solid the strong 
roots, might explain that the AE still remain 
in the area, even under critical conditions.

In the Lavalle desert, towards the south 
of the study area, the situation regarding 
water resources is similar to that from our 
study area, where the surface flows that 
supply water to the area are scarce and 
discontinuous, and subterranean waters 
have high salinity levels, even exhibiting 
high levels of hydroarsenism (59).

Regarding foraging resources, the 
indicators reflect that its quality is good 
for the three AE, while its quantity is 
not enough to meet goat demands. The 
latter explains why these systems have 
to buy extra foraging inputs for the herds, 
although they are still insufficient and 
usually destined to cover feeding needs of 
horses (mean of transport). On the other 
hand, goat survival is critical in the three 
systems. The most common identified 
causes of goat death are starvation, attacks 
by dogs, and diseases due to lack of sanitary 
control, among others. Although this is 
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the main productive activity and farmers 
would not dedicate to anything else, it is 
deteriorating. To this respect, a study case 
with goat farmers in the Lavalle desert 
(59), next to the study area, showed that 
goat production is strongly compromised 
because ranching is held in degraded 
areas with low foraging availability, due 
to a lack of calving planification, a high 
percentage of animals with brucellosis 
(chronic infectious contagious disease 
produced by Brucella melitensis), and a 
lack of adequate management practices, 
among other factors. The analysis of 
the ecological dimension could deepen, 
through the consideration of variables 
related to orchard development, such as 
soil management or crop rotation, among 
others. They were left aside in this study 
due to orchard being a secondary activity. 

Sustainability of the socioeconomic 
dimension was reached in AE1 and 
AE2, while AE3 did not exceed the STV. 
Although livelihood and health access 
conditions are similar among the three 
systems, access to education and technical 
assistance is not. The members of AE3 
claimed not having the opportunity to go 
to school, thus they dedicated to farming 
activities since childhood. On the other 
hand, technical assistance for this AE does 
not have continuity in time, and technical 
proposals are only partially achieved, for 
which resources (such as vaccines) are 
only guaranteed at certain seasons or 
times of the year. The situation is more 
critical in AE3, where technical assistance 
is null. Once more, this could be due to 
this farm being isolated. Finally, farmers 
are satisfied with the activity, to the point 
that they do not do anything else. Such 
satisfaction, their roots, and the "hope 
that the lagoons will appear again", justify 
why these systems remain in the site 
despite the critical sustainability condi-
tions identified in this study. 

The results of this study confirm the 
utility of indicators for multidimensional 
evaluations, through which an analysis of 
the state of the productive systems can 
be held at different levels. Addressing 
both general issues, such as the GSI, to 
more specific situations, allow detecting 
economic, ecological and sociocultural-
factors under critical states, that might 
jeopardize sustainability at the farm level. 
In turn, this methodology allows detecting 
how the different values interrelate among 
each other, and explains the functioning 
of each system. Also, the weight of the 
indicators came out through consensus 
within the working group, and has been 
used in other studies (46). Undoubtedly, 
results can vary according to the criteria 
used to weight the indicators, including the 
participation of the farmers in this decision, 
as suggested by Roming et al. (1996), and 
Lefroy et al. (2000). Since this study is a 
synchronic evaluation, it has certain limita-
tions that can be overcome through an 
evaluation in time (diachronic), addressing 
the trends of the system, analyzing whether 
the compromising reality of these AE might 
change if, for example, all the AE had 
unrestricted access to quality water. 

Although sustainability is a situated 
concept, the local indicators used 
in this study can be applied in other 
rainfed agroecosystems with similar 
characteristics. The analysis performed 
can be deepened by measuring other 
variables. For example, in the ecological 
dimension, goat production can be 
evaluated through technical-productive 
parameters, such as flock structure, or 
pregnancy and birth rates (37, 38). In the 
social dimension, community interaction 
and land tenure could be measured (32); 
while in the economic sphere, other 
indicators can be addressed, such as 
family income composition (6).
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Ultimately, the decision about the 
variables chosen to assess sustainability is 
determined by the objective of the study, 
the scale of analysis (farm, land, region), 
the type of establishment, productive 
activity, farmer characteristics, and the 
possibilities of carrying out the effective 
measurement of the mentioned variables.

Conclusions

The indicators used to measure 
sustainability in dryland agroecosystems 
allow identifying critical points that 
might jeopardize the sustainability of the 
different dimensions analyzed. In our study, 
no agroecosystem exceeds the threshold 
sustainability value simultaneously in all 
three dimensions, even when the general 
sustainability index does reach this value. 
In general, the indicators with a critical 
state were food self-sufficiency in the 
economic dimension; access to water 
resources and livestock survival in the 

ecological dimension; and technical assis-
tance in the field, and satisfaction of basic 
needs in the socio-cultural dimension. In 
this sense, the multidimensional analysis 
of sustainability showed that these 
indicators should be taken into account 
when seeking intervention alternatives 
in the agroecosystems, and when making 
decisions regarding their sustainable 
development.

The development and use of indicators, 
even with their limitations, is an adequate 
and flexible tool to evaluate trends, 
establish differences among productive 
systems, and detect critical variables that 
hinder the achievement of sustainable 
agriculture. In turn, the detection of these 
variables can derive in the implemen-
tation of management and self-governance 
measures by the technicians and local 
actors, aiming at improving sustainability 
in the AE. The indicators used are easy to 
measure, inexpensive, and reflect the reality 
in the different dimensions addressed.
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Agro-economic viability from two croppings of broadleaf 
vegetables intercropped with beet fertilized with 

roostertree in different population densities
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Abstract

The objective of this study was to evaluate the sustainability and agro-economic 
viability from two croppings of coriander (C) and two of arugula (A) intercropped with 
beet (B) as a function of roostertree additions to the soil in different population densities. 
The experimental design was a randomized complete block, with treatments arranged in 
a 4 x 4 factorial scheme with four replications. The treatments resulted from the combi-
nation of four amounts of roostertree biomass (6, 19, 32 and 45 t ha-1 on dry basis) with 
four population densities of coriander, beet and arugula (20C-50B-20A%, 30C-50B-30A%, 
40C-50B-40A% and 50C-50B-50A% of the recommended densities in their single crops). 
The maximum agronomic efficiency of the polyculture of coriander, beet and arugula 
was obtained with the density of 40C-50B-40A and the amount of 19 t ha-1 roostertree 
biomass incorporated into the soil. The highest profitability of the polyculture was 
obtained with the density of 20C-50B-20A (%) and the amount of 45 t ha-1 of this green 
manure. High agro-economic efficiency can be obtained by cultivating the polyculture 
of coriander, beet and arugula when well-manageding the factors of production, fertil-
ization with roostertree and population densities. 

Keywords 
Coriandrum sativum • Beta vulgaris • Eruca sativa • Calotropis procera • Polyculture • 
Agronomic and economic viability • arugula
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Resumen

El objetivo de este estudio fue evaluar la sostenibilidad y la viabilidad agroeconómica 
de dos cultivos de cilantro (C) y dos de rúcula (A) intercalados con remolacha (B) en 
función de las cantidades de diferentes densidades de población de roostertree añadidas 
al suelo. El diseño experimental fue un bloque completo aleatorizado, con tratamientos 
dispuestos en un esquema factorial de 4 x 4 con cuatro repeticiones. Los tratamientos 
fueron el resultado de la combinación de cuatro cantidades de biomasa de roostertree 
(6, 19, 32 y 45 t ha-1 en base seca) con cuatro densidades de población de cilantro, remo-
lacha y rúcula (20C-50B-20A%, 30C-50B- 30A%, 40C-50B-40A% y 50C-50B-50A% de las densi-
dades recomendadas en sus cultivos individuales). La máxima eficiencia agronómica del 
policultivo de cilantro, remolacha y rúcula se obtuvo con la densidad de 40C-50B-40A 
en la cantidad de 19 t ha-1 de biomasa de roostertree incorporada al suelo. La mayor 
rentabilidad del policultivo se alcanzó a la densidad de 20C-50B-20A (%) y la cantidad de 
45 t ha-1 de este abono verde. Se puede obtener una alta eficiencia agro-económica culti-
vando el policultivo de cilantro, remolacha y rúcula cuando se manejan bien los factores 
de producción, la fertilización con roostertree y las densidades. 

Palabras clave
Coriandrum sativum • Beta vulgaris • Eruca sativa • Calotropis procera • Policultivo • 
Viabilidad agronómica y económica • rúcula

Introduction

The demand for healthy and quality 
products is increasing every day. Thus, 
the concerns cannot only be limited to the 
crop productivity and quality of production 
sought, but also to how it will be achieved. 
Therefore, there is a need for adaptation 
of agronomic practices and their economic 
evaluations, which will guarantee such 
requirements (5).

The intercropping systems are 
presented as viable alternatives, although 
they already are traditional practices 
present in Brazilian agriculture and 
applied mainly to in family-based rural 
properties. Characterized by the planting 
of two or more crops, in the same space and 
time, these technologies use little external 
inputs and strongly influence productivity, 
since they provide a better use of the envi-
ronmental resources and the interaction 
between the system's component crops 

(1). Proper management of production 
factors such as fertilization and popu-
lation densities of the component crops, 
can reduce competition for environmental 
resources and increase crop and system 
productivity (19).

As cultivation of vegetables requires is 
notable for its intense management, leading 
to considerable environmental impacts, it 
can be said that this agricultural segment can 
benefit from the use of these practices, with 
the possibility of locating the olericulture 
within the context of more sustainable agri-
culture and for small producers that act with 
extreme difficulties in the sector (18, 24).

In Brazil, these systems have received 
increasing attention from researchers. 
Increasing use and efficiency in the 
production of broadleaf, tuberous vege-
tables has provided positive with regards to 
the agricultural sustainability indicators (4).
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However, polycultures from the broadleaf 
crops coriander and arugula intercropped 
with beet have been practiced in the 
Brazilian semi-arid region given that 
they are economically valuable crop that 
offer healthy products for northeastern 
consumers. The obtention of efficiency 
and productivity with the best combi-
nation of these crops in polyculture system, 
should meet the demand in the region. It 
is known, however, that the efficiency of 
these cropping systems is conditioned by 
a series of important factors of production, 
with emphasis on crop types, population 
densities, spatial arrangements, spacing, 
and fertilization, among others.

Efficiency of these intercropping 
systems can be evaluated through 
different methods. One of the most used 
is the amount of food produced per unit 
area, considered of greatest interest for 
the small farmers, the main users of the 
system. Another evaluation considers 
the generated profit, through economic 
analysis. Researchers usually use the land 
equivalent ratio (LER) and more recently, 
the productive efficiency index of inter-
cropping systems through Data Envel-
opment Analysis (DEA), incorporating 
biological and economic advantages of the 
intercropped systems (11).

Studying the multiple cultivation of 
arugula (A), carrot (C) and coriander 
(Co) fertilized with different amounts of 
hairy woodrose and population densities, 
Oliveira et al. (2017) observed that the most 
productive agroeconomic performance of 
the system was obtained with a quantity of 
biomass of 18.21 t ha-1 of hairy woodrose 
incorporated in the soil and in the population 
density of 50A-50C-50Co (%) of the RDSC. 

On the other hand, Oliveira et al. (2015) 
investigating the viability of the multiple 
cropping of arugula, carrot and lettuce 
fertilized with different amounts of roost-

ertree in different proportions, observed 
that the best agronomic performance of this 
multiple cropping was recorded with the 
amount of 55 t ha-1 of roostertree incorpo-
rated into the soil. The proportion of popu-
lation density of these three vegetables 
of 50A-50C-50L (%) of RDSC was that that 
provided the greatest agronomic viability of 
the multiple cropping systems.

Aiming to contribute with information 
on viable and sustainable technologies 
for the production of coriander, beet and 
arugula vegetable crops in multiple crop 
system, this work had the objective of eval-
uating the agro-economic performance of 
coriander and arugula intercropped with 
beet as a function of fertilization with 
roostertree biomass at different popu-
lation densities in semi-arid environment.

Materials and Methods

The experiment was conducted at the 
Experimental Farm ‘Rafael Fernandes’, 
belonging to the Universidade Federal 
Rural do Semi-Árido (UFERSA), located 
in the Alagoinha district, a rural area of 
Mossoró-RN (5° 03' 37" S and 37° 23' 50" 
W Gr) June to November 2011. According 
to Thornthwaite, the local climate is BShw, 
i.e. semi-arid (2). During the experimental 
period, the values of average temperature 
was 27 °C; minimum of 25 °C; maximum of 
31°C; relative humidity of 66 %; radiation 
of 918 kJ m-2; rainfall of 0 mm; atmospheric 
pressure of 1011 h Pa and temperature of 
dew point of 19 °C.

The soil of the experimental area was 
classified as Oxisol dystrophic argisolic (7). 
In this area, soil samples were collected 
at a depth of 0-20 cm and then sent to 
the Water Analysis Laboratory, Soils and 
Plants of the EMBRAPA-PE for analysis, 
yielding the following results: pH  = 7.7; 



213

Agro-economic viability from broadleaf vegetables intercropped with beet

Tomo 52 • N° 1 • 2020

organic matter = 4.34 g kg-1; E.C. = 2.81 dS 
m-1; P = 3.0 mg dm-3; K+ = 0.016 cmolc dm-3; 
Ca+2 = 3.54 cmolc dm-3; Mg+2 = 1.05 cmolc 
dm-3 and Na = 0.029 cmolc dm-3.

The experimental design was a 
randomized complete block, with treat-
ments arranged in a 4 x 4 factorial scheme 
with four replications. The treatments 
resulted from the combination of four 
amounts of roostertree biomass (6, 19, 
32 and 45 t ha-1 on dry basis) added to 
the soil with four population densities 
of coriander (Coriandrum sativum), 
beet (Beta vulgaris), and arugula (Eruca 
sativa) of 20C-50B-20A%, 30C-50B-30A%, 
40C-50B-40A% and 50C-50B-50A% of the 
recommended densities in their single 
crops – RDSC.

The preparation of the soil consisted of 
manual cleaning of the area with the aid 
of a hoe, followed by harrowing and rising 
of beds. Pre-planting solarization with 
transparent plastic, type Vulcabrilho Bril 
Fles 30 microns for 45 days was done in 
order to reduce soil phytopathogens and 
the possible appearance of damping off, 
which would affect crop productivity.

Roostertree (Calotropis procera) was 
collected from native vegetation of areas 
of the rural zone of the municipality of 
Sousa-Paraiba, Brazil. They were crushed 
into pieces of two to three centimeters 
and left to dry at room temperature until 
they reached the point of hay, being stored 
with a moisture content of 10%. Nutient 
content was quantified with randomly 
chosen samples. The obtained chemical 
composition was: N = 29.58 g kg-1; P = 4.08 
g kg-1; K = 50.09 g kg-1; Ca = 16.55 g kg-1; 
Mg = 9.50 g kg-1, S = 4.39 g kg-1; Fe = 700 
mg kg-1; Zn = 44 mg kg-1; Cu = 13 mg kg-1; 
Mn = 220 mg kg-1, B = 56.49 mg kg-1; Na = 
995.13 mg kg-1 and a C:N ratio = 16: 1.

Intercropping was established in alter-
nating strips of coriander and arugula 
between the beet strips in the of 50% 
area occupied by beet, 25% by coriander 
and 25% by arugula. Each plot consisted 
of four strips of four rows each: a strip of 
broadleaf, a strip of beet, a strip of other 
broadleaf and a strip of  beet, flanked 
in the side of the first strip with a strip 
of beet and in the other side flanked by 
an arugula strip, used as borders. The 
total area of the plot was 4.80 m2, with 
a harvest area of 3.20  m2. The spacing 
and number of broadleaf plants in the 
plots varied according to the popu-
lation densities studied. The population 
densities used in single crop in the region 
are 500,000 plants per hectare for beet 
(27) and 1,000,000 plants per hectare for 
coriander and arugula (10, 14).

The experimental plots were fertilized 
with the respective quantities of roost-
ertree studied, and 50% of the quantities 
for each plot were incorporated 16 days 
before planting the crops in the inter-
cropping (15). The remaining 50% were 
incorporated 40 days after sowing (26). 
After the incorporation of roostertree to 
the soil, daily irrigations were carried out 
in two shifts with the purpose of favoring 
the microbial activity of the soil in the 
decomposition process.

The vegetable cultivars were Verdão, 
Early Wonder and Cultivada. The sowing 
of the component crop was performed on 
August 25 and 26, 2011, in holes of approx-
imately three centimeters deep, placing 
three to four seeds per hole. Roughing of 
arugula and beet was made 11 days after 
the planting, leaving only two plants per 
hole for arugula and one for beet. Cori-
ander thinning was done 14 days after 
sowing, leaving two plants per hole. 



214

 F. C. de Andrade Filho et al.

Revista de la Facultad de Ciencias Agrarias

During the conduction of the 
experiment, weed control was manually. 
Harvesting of arugula and coriander 
occurred on September 26 and 28, 2011, 
respectively.

The second cropping of  coriander  
and arugula was performed on October 
18, 2011, with the same procedures of 
the first cultivation as marking, sowing, 
adding coconut substrate on the rows and 
providing first irrigation. In the following 
week, some seeds were replanted and 12 
to 14 days after sowing, arugula and cori-
ander were thinned, leaving two plants 
per hole. Beet was harvested on November 
08, 2011.

In addition to the green mass yields 
of coriander (Yc) and arugula (Ya) and 
the commercial productivity of beet 
roots (Yb), the following agronomic and 
economic indices were evaluated in the 
polycultures:

a) Score of the canonical variable (Z) 
- Obtained from the multivariate analysis 
of the green mass yields of coriander and 
arugula and commercial productivity of 
beet roots.

b) Productive efficiency index (PEI) – It 
was obtained from the Data Envelopment 
Analysis (DEA) model (22) with constant 
returns to the scale (29), since there was 
no significant difference in the scales. This 
model has a mathematical formulation Xik: 
is the input i value (i = 1, ..., s) for treatment 
k (k = 1, ..., n); Yjk: is the output j value 
(j = 1, ..., r), for treatment k; vi and uj: are 
weights assigned to inputs and outputs, 
respectively; and O: is the treatment being 
analyzed.

The evaluation units were each treat- 
ment, from a total of sixteen resuting 
from the combination of four roostertree 
biomass amounts incorporated to the 
soil and four populations densities of the 
component crops. The outputs were the 
green mass yields of coriander and arugula 
(sum of the first and the second harvest), 
and the commercial productivity of beet  
roots.  To evaluate  yield of each plot, it was 
assumed that each plot utilized a single 
resource with a unitary level, following  a 
similar approach to that used by Soares de 
Melo and Gomes (2004), since the outputs 
incorporated the possible inputs.

In the modeling of this study, the profit 
margin (index described in the following 
item) was used as input.

c)	 Gross Income (GI) - It was obtained 
through the value of the production 
per hectare, based by the price paid to 
producers in the region in December 2011. 
For coriander, the paidprice was R$ 6.25 
kg-1, R$ 1.50 kg-1 for beet and R$ 4.60 kg-1 
for arugula.

d)	 Total costs (TC) production – Calcu-
lated after Silva et al. (2015). The production 
total costs were calculated at the end of the 
productive process in December 2011, 
based on total expenditure per hectare 
of cultivated area, covering the services 
provided by stable capital, i.e., the contri-
bution of current capital and the value of 
alternative costs or  opportunities.

e) Net income (NI) - Obtained from the 
difference between gross income (GI) and 
total costs (TC).

1
v
i i ioMax v x=∑

1 1s
j j jou y=∑ =
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f) Return Rate (RR) - Calculated from 
the ratio between gross  income  and  
total costs. It reveals how many reals are 
obtained in return for every real invested 
in the evaluated intercropping system.

g)	 Profit margin (PM) - It was obtained 
by the ratio between net income (NI) and 
gross income (GI), expressed as a percentage.

Univariate analyses of variance were 
performed on agronomic and economic 
indices of polycultures using the statistical 
package SISVAR (9) for the randomized 
complete block design with treatments 
arranged in factorial scheme. Tukey's test 
at 5% probability was used to compare the 
averages between the population densities 
of vegetable crops. A fitting procedure of 
response curves was performed in each 
index as a function of roostertree amounts 
incorporated into the soil through Table 
Curve package (6).

Results

Agronomic indices 
Significant interactions between the 

amounts of roostertree biomass added 
to soil and population densities of the 
component crops were observed in the 
vectors of coriander and arugula yields 
and beet root productivity, by the Wilks 
criterion (table 1, page 216).

By examining the eigenvalues and 
vectors associated with the significant 
effects of the interaction (A x D), it was 
observed that 87.83% of the total variance 
was explained by the linear combination 
of X1 given the first eigenvalue. This 
result was different from those obtained 
by Porto et al. (2011) in a polyculture of 
lettuce, carrot and arugula conducted in 
the same region. The linear combination 
was dominated entirely by X1 (Ya = arugula 
yield), where in terms of relative impor-

tance to the linear combination of variable 
X1 was about 2.18 times more efficient 
than variable X2 and 500 times more effi-
cient than variable X3 (table 1, page 216).

The discriminant function or canonical 
variable obtained from crop yields was Z 
= 0.458 Yc + 0.012 Yb + 0.751 Ya (table 1, 
page  216). This equation obtained the 
scores of each treatment, which subse-
quently, were then submitted to the 
univariate analysis of variance. From this 
analysis, it was found that, by partitioning 
the amounts of roostertree biomass 
within each population density, the scores 
of the canonical variable of the densities 
of 40C-50B-40A and 50C-50B-50A, increased 
with increasing amounts of roostertree 
biomass until maximum values of 7.11 
and 5.49 in the green manure amounts of 
13.02 and 20.09 t ha-1, decreasing up to 
the highest amount of manure (45 t ha-1) 
incorporated into the soil. There was no 
adjustment of response function for the 
scores of the canonical variable in the 
population densities of 20C-50B-20A and 
30C-50B-30A (figure 1, page 217).

On the other hand, by partitioning 
the population density interaction within 
each amount of the green manure, it was 
observed that the scores of the canonical 
variable Z in the population densities of 
40C-50B-40A and 50C-50B-50A stood out 
from scores of the densities of 20C-50B-20A 
and 30C-50B-30A with 6 t  ha-1 of added 
roostertree biomass. The population 
density score of 40C-50B-40A overcame 
the other scores of the densities of 
20C-50B-20A, 30C-50B-30A and 50C-50B-50A 
in the amounts of 19 and 45 t ha-1 of roost-
ertree biomass and the population density 
score of 50C-50B-50A outperformed the 
scores of the densities of 20C-50B-20A, 
30C-50B-30A and 40C-50B-40A with 32 t 
ha-1 of the incorporated green manure 
(figure 1, page 217).
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Table 1. Multivariate variance analysis of the coriander and arugula yields and commercial 
productivity of beet roots, eigenvalues, and vectors associated with significant effect of 

the interaction between roostertree biomass amounts incorporated into the soil and the 
population densities, and discriminant function of the Z canonical variable.

Tabla 1. Análisis de varianza multivariado de los rendimientos de cilantro y rúcula 
y productividad comercial de raíces de remolacha, valores propios y vectores 

asociados con el efecto significativo de la interacción entre las cantidades de biomasa 
de roostertree incorporadas en el suelo, las densidades de población, y la función 

discriminante de la variable canónica Z.

* Yc - Green mass yield of coriander; Yb - Commercial Productivity of beet roots; Ya - Green mass yield of arugula.
* Yc - rendimiento de masa verde de cilantro; Yb - Productividad comercial de raíces de remolacha; 

Ya - rendimiento de masa verde de rúcula.

Source of variation Degrees of 
Freedom for F λ (Wilks) F Prob> F

Blocks (9;104.8) 0.002 137.13 0.0001

Amounts (A) (9;104.8) 0.079 21.28 0.0001
Combinations of population 

densities (D) (9;104.8) 0.002 137.13 0.0001

A x D (9;104.8) 0.024 12.06 0.0001
Significant effect of A x D

Variate Latent root % Variance Coefficient Standard deviation Relative Importance       
*Yc – X1

12.63 87.83
0.416 1.009 0.458

Yb – X3 0.002 13.844 0.002
Ya – X2 0.909 1.241 1.000

Yc – X1 0.528 1.009 2.721
Yb – X3 0.019 13.844 0.098
Ya – X2 1.71 11.82 -0.194 1.241 1.000

Yc – X1 -0.930 1.009 8.455
Yb – X3 0.12 0.85 0.042 13.844 0.382
Ya – X2 1.109 1.241 1.000

Canonical variable (Z)
86.65 90.28 Z = 0.458 Yc + 0.012 Yb + 0.751 Ya

There was a significant interaction 
between the different population densities 
of the component crops and the amounts 
of roostertree biomass added to the soil 
in the productive efficiency index (PEI). 
Partitioning the amount of roostertree, 
within each population density, it was 
observed that in the population density of 

40C-50B-40A there was an increase of the 
PEI with the increasing amounts of green 
manure incorporated up to the maximum 
value of 1.00 with 12.87 t ha-1. No response 
function adjustment for PEI was observed 
for densities of 20C-50B-20A, 30C-50B-30A 
and 50C-50B-50A (figure 2, page 217).
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Means followed by different lowercase letter in the Y axis differ statistically by Tukey test at 5% probability.
Las medias seguidas por diferentes letras minúsculas en el eje Y difieren estadísticamente según la prueba de 

Tukey con un 5% de probabilidad.

Figure 1. Score of the canonical variable Z as a function of the amounts of roostertree 
biomass for the population densities.

Figura 1. Puntuación de la variable canónica Z en función de las cantidades de biomasa 
de roostertree para las densidades de población.

Means followed by different lowercase letter in the Y axis differ statistically by Tukey test at 5% probability.
Las medias seguidas por diferentes letras minúsculas en el eje Y difieren estadísticamente según la prueba de 

Tukey con un 5% de probabilidad.

Figure 2. Productive efficiency index as a function of the amounts of roostertree 
biomass for the population densities.

Figura 2. Índice de eficiencia productiva en función de las cantidades de biomasa de 
roostertree para las densidades de población.
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Partitioning the population densities 
within each amount, it was recorded that 
the PEI in the density of 50C-50B-50A stood 
out significantly from the others within 
the amounts of 6 and 45 t ha-1 roostertree 
biomass, while this index in the densities 
of 40C-50B-40A and 50C-50B-50A stood out 
from the densities of 20C-50B-20A and 
30C-50B-30A in the amounts of 19 and 
32  t ha-1 of the green manure added to 
the soil. The highest productive efficiency 
index (1.00) was obtained in the density 
of 50C-50B-50A with 19 t ha-1 of roostertree 
biomass (figure 2, page 217).

Economic indicators
A significant interaction was also 

found between the different combinations 
of population densities of the component 
crops and the amounts of roostertree 
added to the soil in the gross income (GI), 
net income (NI), rate of return (RR) and 
profit margin (PM) (figure 3).

By partitioning the roostertree 
biomass amount within each population 
density, increases in the GI, NI, RR and  PM  
values were observed  in  the  densities  
of 20C-50B-20A and 50C-50B-50A. It was 
observed, with the increasing amounts of 

Figure 3. Gross income (A), net income (B), rate of return (C) and profit margin (D) of 
the coriander, beet and arugula polyculture as a function of the amounts of roostertree 

biomass and population densities.
Figura 3. Ingreso bruto (A), ingreso neto (B), tasa de rendimiento (C) y margen 
de ganancia (D) del policultivo de cilantro, remolacha y rúcula en función de las 

cantidades de biomasa de roostertree y densidades poblacionales.
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roostertree until the maximum values of 
R$ 28,962.60 and R$ 23,448.98 ha-1; R$ 
13,482.67 and R$ 975.40 ha-1; 1.89 and 
1.05, and 45.40 and 3.36%, in the amounts 
of 13.60 and 23.39 t ha-1; 10.16 and 18.23 t 
ha-1; 10.88 and 19.91 t ha-1, and 10.97 and 
19.91 t ha-1, respectively. Then decreased 
up to the greatest amount of green manure 
added to the soil. For the above mentioned 
indices, no adjustments of response func-
tions were observed in the population 
densities of 30C-50B-30A and 40C-50B-40A 
(figure 3, page 218).

On the other hand, after partitioning 
the population densities of the component 
crops within each amount of roostertree 
biomass incorporated into the soil, it was 
recorded that the gross income in the 
densities of 30C-50B-30A, 40C-50B-40A and 
50C-50B-50A stood out from that density 
of 20C-50B-20A in the roostertree amounts 
of 6 and 19 t ha-1. Whit the amount of 32 
t ha-1 of roostertree, GI in the densities 
of 30C-50B-30A and 40C-50B-40A stood out 
from that of the densities of 20C-50B-20A 
and 50C-50B-50A. With the amount of 45 
t ha-1 of the green manure, there were no 
significant differences in the gross income 
between population densities within each 
amount of roostertree added to the soil 
(table 2, page 220).

The net income in the density of 
30C-50B-30A stood out significantly from 
the densities of 20C-50B-20A, 40C-50B-40A 
and 50C-50B-50A in the amounts of 6, 
19 and 32 t ha-1 of roostertree biomass, 
even when expressing negatively in 
the amounts of 6 and 19 t ha-1 of roost-
ertree added to the soil. Whith 45 t ha-1 
of the green manure, NI in the density of 
20C-50B-20A outperformed with respect to  
the population densities of 30C-50B-30A, 
40C-50B-40A and 50C-50B-50A (table 2, 
page 220).

The rate of return of the density of 
30C-50B-30A stood out from the densities of 
20C-50B-20A, 40C-50B-40A and 50C-50B-50A 
in the amounts 6, 19 and 32 t ha-1 of roost-
ertree biomass. For 45 t ha-1, this rate 
of return in the density of 20C-50B-20A 
outperformed that of the densities of 
30C-50B-30A, 40C-50B-40A and 50C-50B-50A 
(table 2, page 220).

There was no profit margin between 
the population densities studied in the 
amounts of roostertree of 6 and 19 t 
ha-1 incorporated into the soil. With 32 
t ha-1 of the green manure, this profit 
margin was expressed in the population 
densities of 20C-50B-20A, 30C-50B-30A and 
40C-50B-40A outperforming the density 
of 50C-50B-50A. Finally, the highest prof- 
itability was achieved in the population 
density of 20C-50B-20A with 45 t ha-1 roost-
ertree biomass added to the soil (table 2, 
page 220).

Discussion

Agronomic/biological efficiency
Efficiency of an intercropping system 

depends directly on the management and 
crops involved (23). Thus, the appropriate 
management of factors of production, 
such as fertilization, population density, 
planting spatial arrangement, among 
others, can reduce the competition 
between the component crops by envi-
ronmental resources and increase the 
efficiency of the system in agronomic 
and economic terms. This increase in 
efficiency is due to the ecological and 
economic benefits of the complemen-
tarity of the species involved, increasing 
the production of the intercropping 
when compared to monocultures, or to 
the chemical, physical and biological 
enrichment of the soil that improve root 
exploration (3, 12).
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Table 2. Mean values of gross income (GI), net income (NI), rate of return (RR) and 
profit margin (PM) of the coriander, beet and arugula polyculture as a function of 

different amounts of roostertree biomass added to the soil and population densities.
Tabla 2. Valores medios del ingreso bruto (IG), el ingreso neto (NI), la tasa de 

rendimiento (RR) y margen de ganancia (PM) del policultivo de cilantro, remolacha y 
rúcula en función de las diferentes cantidades de biomasa de roostertree añadido al 

suelo y las densidades de población.

* Means followed by different lowercase letters in the column differ statistically by Tukey test at 5% probability.
* Medias seguidas de diferentes letras minúsculas en la columna difieren estadísticamente mediante la prueba 

de Tukey al 5% de probabilidad.

Combinations of 
population densities

Amounts of roostertree (t ha-1)
6          19         32         45

GI (R$ ha-1)
20C-50B-20A       7,200.14 b    9,760.56 b   19,785.99 b   28,257.81 a
30C-50B-30A     14,403.97 a  14,373.52 a   25,288.71 a   26,351.43 a
40C-50B-40A     11,864.37 a  10,911.26 a   23,264.97 a   28,827.51 a
50C-50B-50A     11,630.03 a  14,190.22 a   14,166.45 c   23,646.23 a

NI (R$ ha-1)
20C-50B-20A      -6,734.31 b   -3,574.84 a     4,849.22 ab   12,870.38 a
30C-50B-30A      -1,732.28 a   -2,314.38 a     8,150.14 a     8,762.20 b
40C-50B-40A      -6,448.42 b   -9,103.90 b     3,949.85 b     9,061.73 b
50C-50B-50A      -8,970.42 b   -6,961.88 b    -7,436.32 b     1,592.80 c

RR
20C-50B-20A          0.52 b        0.75 ab        1.33 ab       1.84 a
30C-50B-30A          0.89 a        0.86 a        1.47 a       1.50 b
40C-50B-40A          0.65 b        0.52 c        1.20 b       1.46 b
50C-50B-50A          0.56 b        0.67 bc        0.65 c       1.07 b

PM (%)
20C-50B-20A      -97.87 d     -33.72 b      23.97 a      45.40 a
30C-50B-30A      -12.07 a     -16.88 a      31.59 a      32.81 b
40C-50B-40A      -54.54 b     -96.47 d      16.42 a      31.25 b
50C-50B-50A      -78.38 c     -50.95 c     -54.49 b        5.88 c

The results of the significant inter-
action recorded in this research between 
the amounts of roostertree added to the 
soil and the population densities of the 
component crops in the canonical variable 
score and in the productive efficiency 
index show that the levels of one factor 
behaved differently within each level of 
the other factor, thus revealing that there 
are more productive and agronomically 
efficient intercropping systems with high 
quality products. These results for the 

polyculture of coriander, beet and arugula 
in terms of agronomic efficiency are 
explained by better use of environmental 
resources in the density of 40C-50B-40A 
with the amount of 19 t ha-1 roostertree 
biomass, not observing the negative 
influence of competition for water and 
nutrients to the plants. This means that 
when we combine production factors such 
as population density of the component 
crops and fertilizer doses in polyculture, 
it is possible to obtain satisfactory and 
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viable results in terms of production and 
agronomic efficiency, making it easier for 
farmers to practice this type of cultivation.

Given this, it is up to us to select the  
agronomically most productive systems. 
Working with the polyculture of arugula, 
carrot and lettuce, Oliveira  et  al. (2015) 
did not obtain significant interaction in 
the agronomic variables evaluated but 
recorded that the intercropped system 
of better agronomic efficiency of the 
polyculture was that obtained with the 
amount of 55 t ha-1 of roostertree added 
to the soil and in the population density 
of 50A-50C-50L (%) of the RDSC. This 
result differed from that obtained in 
this research, where the best productive 
efficiency index of the polyculture was 
reached with 14.23 t ha-1 of roostertree 
incorporated into the soil in the popu-
lation density of 40C-50B-40A (%) of the 
RDSC. This difference in results is due to 
the types of polycultures used, being stem 
vegetables more efficient than broadleaf 
vegetables and beet, where the benefits 
of complementarity between the species 
occur more efficiently (19). 

The organic fertilizer to be decom- 
posed, besides providing nutrients, 
stimulating root growth and increasing 
absorption after humi-fication, becomes 
a main source of negative loads in the 
soils increasing cation retention and 
allowing greater absorption of nutrients 
by plants (16).

In addition, it also has high soil buff-
ering power, i.e., the higher the content of 
organic matter humidified in the soil, the 
greater its resistance to the sudden change 
in pH of the medium. One of the main 
characteristics related to the quality of an 
organic fertilizer for soil is its C/N ratio, 
controlling the availability of nutrients to 
plants (13).

When used in an adequate quantity, 
the organic matter immediately reduces 
the apparent density of the fertilized 
layer and promotes the aggregation of 
particles, giving the soil favorable condi-
tions of aeration and friability, increasing 
its water retention capacity (17). The 
increase in water retention may be related 
to the decrease in density and increase in 
total porosity and change in aggregate size 
distribution, which may change the pore 
size distribution (8).

It is known that population densities 
have been used in intercropped systems of 
cultivated species, and their use in vege- 
table crops has been increasing. With the 
proper management of this production 
factor, it is possible to increase the effi- 
ciency in the use of fertilizer and available 
resources (water, light and nutrients), 
consequently increasing crop productivity 
and agronomic efficiency in the associ-
ation of crops.

The overall density of the inter-
crops and the relative proportions of the 
component crops are important in deter-
mining yield and production efficiency 
of these systems. When components are 
present in approximately equal numbers, 
productivity and efficiency appear to be 
determined by the most aggressive culture 
in the intercropping (30).

IIn the case of this research the most 
aggressive crop was beet. In agronomic 
terms, the best productive performance 
of the polyculture of cori- ander, beet and 
arugula was reached at the density of 
40C-50B-40A of the RDSC with 19 t ha-1 
roostertree biomass incorporated into 
the soil.
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Economic efficiency
One of the questions that arise when 

working with vegetable crop polycul-
tures is whether the productive or agro-
nomic performance of the intercropping 
systems evaluated is translated in terms 
of economic efficiency. This is not an easy 
question to answer, since polyculture 
systems with vegetables are complex 
and depend on a number of factors, such 
as the crops involved, type and quality of 
products produced, prices of products, 
indicators and indices used in economic 
evaluation, among others.

Based on the partitioning of the inter-
action between the amounts of roost-
ertree biomass added to the soil and the 
population densities evaluated in the 
polyculture of coriander, beet and arugula, 
it can be verified that the best agronomic/
biological efficiency of the polyculture was 
reached with the density of 40C-50B-40A of 
the RDSC and the incorporation of 19 t 
ha-1 of roostertree biomass into the soil, 
while the best economic efficiency of the 
polyculture was obtained with the density 
of 20C-50B-20A and 45 t ha-1 of this green 
manure. These results lead producer 
choose whether to use a high population 
with intercropped systems fertilized with 
a low roostertree amount or a low popu-
lation with a high roostertree amount. 

The indicators chosen to express 
economic efficiency of the polyculture 
of coriander, beet, and arugula in this 
research were the net income and profit 
margin, which are strongly dependent 
on the total cost of production of each 
treatment and on the product prices 
coming from each treatment.

The net income is one of the indicators 
that best expresses the economic value of 
an intercropping system when compared 
to gross income, because the total 
costs of production are deducted. The 
expenses that most affect these costs of 
production are those with inputs, labor, 
maintenance and conservation of facilities 
and equipment. If these intercropping 
systems are run by family farmers, where 
the workforce in the production of crops is 
carried out by the family itself, this means 
that the expenditure of this labor force 
would become an extra profit for the farmer 
and the intercropped production systems 
would increase their economic efficiency. 
When production factors like fertilization 
and population density in polyculture of 
broadleaf and tuberous crops are well 
managed, family farmers can benefit from 
efficient production systems with high 
quality products for the market. These 
indexes allow the producer to visualize 
the best technology for the coriander, beet 
and arugula production process, in terms 
of agro- economic efficiency.

Cultivating a polyculture of arugula, 
carrot and lettuce in semi-arid region, 
Oliveira et al. (2017) obtained agroeco- 
nomic efficiency using a high population 
density of 50A-50C-50L (%) of the RDSC 
and a low roostertree amount of 25 t ha-1 
incorporated into the soil. This result is 
close to the obtained agronomic efficiency 
of the polyculture of coriander, beet and 
arugula of this research. In view of this, 
one can observe agroeconomic advantage 
in cultivating polycultures among 
broadleaf and tuberous crops in semi-arid 
environment.
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Conclusions

The maximum agronomic efficiency 
of the polyculture of coriander, beet and 
arugula was obtained with the density of 
40C-50B-40A with of 19 t ha-1 roostertree 
biomass incorporated into the soil. The 
maximum economic efficiency of the poly-
culture of coriander, beet and arugula was 
reached with the density of 20C-50B-20A 
with the amount of 45 t ha-1 roostertree 
biomass added to the soil. High agro-

economic efficiency can be obtained by 
cultivating the polyculture of coriander, 
beet and arugula by well managing 
production, fertilization with roostertree 
and population densities among the 
component crops. This cropping system 
should be recom- mended to family 
farmers who produce leafy and tuberous 
vegetable crops in a sustainable way in 
semi-arid environment.
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Abstract

This document aims to evaluate the determinants of the price of pears in the interna-
tional fresh fruit market, from an innovative vision in a complex world. The panel data 
methodology was applied. The variables considered were the different prices (CIF/kg) 
of pear, apple and stone fruits, their per capita consumptions, real per capita income, 
consumer price indexes and real exchange rates. Pear consumption responds especially 
to apple consumption, but also to prices of apples and peaches, real per capita income, 
consumer price indexes and countries’ exchange rates. This might imply improving  
commercial efficiency in international trade, effective budgets in price formation, and 
giving new impetus to studies on the price of fruits and foods with a new vision.
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Introduction

The historical paradigm in the fruit 
market is that the main determinant of 
the sale price is the volume of supply 
of the same product. It responds to a 
simple model, with direct relationship, 
offer and price. Numerous studies 
provide information on price elasticity in 
fruits (2, 7, 12, 18, 19, 20, 30).

Also many studies indicate that 
demographic factors and economic 
growth also influence the consumption of 
fruits (1, 3, 5, 8, 11, 15).

Literature on the topic shows publica-
tions on the demand of apples and pears, 
at the level of individual countries and not 
globally (Vosloo and Groenewald 1969, 
Tunstal and Quilkey 1990 and Kavitha 
et al. 2016). Vosloo and Groenewald (1969) 
focused on the apple demand analysis 
in South Africa, where the availability 
of pears and oranges is considered as a 
factor explaining the price of apples.

On the other hand, Tunstal and Quilkey  
(1990), used the disappearance of storage 
pears to explain the average monthly 
price of apples in the Victorian wholesale 
market. Other investigations explain the 

Resumen

Este documento tiene como objetivo evaluar los determinantes del precio de la pera 
en el mercado internacional, en la demanda en fresco; desde una visión innovadora en 
un mundo global y complejo. Se aplica la metodología de panel de datos. Las variables 
consideradas son los diferentes precios de importación (CIF/kg) de pera, manzana y 
duraznos; sus consumos per cápita, ingresos reales per cápita, índices de precios al 
consumidor y tasas de cambio de los países. Esto implica mejorar la eficiencia comercial 
en el comercio internacional, presupuestos efectivos en la formación de precios, además 
de dar un nuevo impulso a los estudios sobre el precio de las frutas y los alimentos con 
una nueva visión.

Keywords
peras • manzanas • duraznos • precio importación CIF

link between prices of pear and apple, as is 
the case of (Wani et al. 2015). A significant 
change in the fresh fruit market can be driven 
by the emergence of new consumption 
preferences (4, 9, 17, 26, 27, 29).

This contrasts with the recent opinion 
of some commercial operators of the inter-
national fruit business, at least partially. 
They point out that the definition  of price 
for pears is not based on their volume of 
supply, but on the price of late peaches at 
the beginning of the pears harvest, and 
then on the supply of apples for the rest 
of the season. 

The discussion with people linked to the 
international trade of fruits (mainly pears 
and apples), highlight the importance of 
evaluating this new vision in the formation 
of the sale price in a globalized environment, 
thinking that perhaps changes in trade 
are evident and that currently they are 
not considered in a commercial planning. 
For an improvement in the efficiency 
of the value chain. Kevin Moffitt, Pear 
Bureau Northwest President (22), 
comments on a favourable opinion to 
relaunch the research on price behaviour. 
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This situation encouraged the project 
of a structural and comprehensive 
analysis on the determination of the main 
factors in the price of pears worldwide, 
combining the offer of both hemispheres 
-north and south. The novelty is the 
analysis based on world trade, in relation 
to other fruits -analysing peaches and 
apples- and economic variables of the 
main importing countries - per capita real 
income, price indexes and actual annual 
country exchange  rates.

Materials and methods

Our analysis used yearly data from the 
period 1990-2015. The sample panel was 
composed of 18 countries, the main world 
importers in the international demand 
for fresh pears: Brazil, Canada, Denmark, 
France, Germany, India, Indonesia, Italy, 
Malaysia, Mexico, Portugal, Russian 
Federation, Saudi Arabia, Singapore, 
Spain, Sweden, UK and USA.  China and 
Argentina are the main exporters, but have 
low relevance as importers worldwide. 
This research focused on demand factors 
from the main importing countries.

The variables considered for the 
analysis were pear prices (cif/kg), per 
capita consumptions of pears, apples 
and stone fruits, per capita real income, 
consumption price indexes and real 
annual country exchange rates (local 
currency per USD). The data source 
was the World Development Indicators 
(28). As usual, all the values were 
converted in their natural logarithms, 
to reduce variability, and were codified 
to facilitate data handling and computer 
processing. Logistics of perishable foods 
in the domestic market affects prices and 
consumer availability (23), for this reason 
choosing of the import price (cif:  Cost 

Insurance and Freight) allowed avoiding 
asymmetries of wholesale and retail prices.

As stated by Greene (2012), Maddala, 
G. S. (2001), Hsiao et al. (1999), in 
statistics and econometrics, panel data 
(or longitudinal data) refers to multi-
dimensional data frequently involving 
measurements over time, containing 
observations of multiple phenomena 
obtained over multiple time periods 
for the same firms, regions, countries 
or individuals. Time series and 
cross-sectional data are special cases of 
panel data that are in one dimension  with 
only one panel member or individual for 
the former, one time point for the latter. 
Panel data analysis is a statistical method, 
generally used in social sciences, epide-
miology, energy and econometrics, which 
deals with two and "n"-dimensional (in and 
by the cross sectional/times series time) 
panel data. The data are usually collected 
over time and over the same "individuals". 
Then a regression is run over these two 
dimensions. Multidimensional analysis is 
an econometric method in which data are 
collected over more than two dimensions 
(typically, time, individuals, and some 
third dimensions). A simplified common 
panel data regression model looks like 

yit=a+bxit+εit

where:
y = the dependent variable
x = the independent variable
a and b = the coefficients
i and t = indices for individuals and time.

The error εit is subject for hypothesis. 
Assumptions about this error term 
determine whether we speak of fixed 
effects or random effects. In a fixed 
effects' model, εit,  is assumed to vary 
non-stochastically over i or t making the 
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fixed effects model similar to a dummy 
variable model in one dimension. In a 
random effects' model, εit is assumed to vary 
stochastically over i or t requiring special 
treatment of the error variance matrix. 

Panel data analysis has three more-or-
less independent approaches: indepen-
dently pooled panels, used as benchmark, 
random effects models and fixed effects 
models  (or first differenced models). The 
selection between these methods depends 
upon the objective of the analysis, and the 
problems concerning the exogeneity of 
the explanatory variables. 

The main assumption of the indepen-
dently pooled panels is that  there are no 
unique attributes of individuals within the 
measurement set, and no universal effects 
across time. On his turn, the key assumption 
of the fixed effect models (FEM), also known 
as Least Squares Dummy Variable Model 
(LSDVM), is that  there are unique attri-
butes of individuals that are not the results 
of random variation and that do not vary 
across time. To draw inferences only about 
the examined individuals, is adequate.
The main statement of the random effect 
models (REM) is that there are unique, time 
constant attributes of individuals that are 
the results of random variation and do not 
correlate with the individual regressors. 
This model is adequate if we want to draw 
inferences about the whole population and 
not only the examined sample. The Durbin-
Wu-Hausman or simply the Hausman 
specification test, is a statistical hypothesis 
test  in  econometrics  named after  James 
Durbin, De-Min Wu, and  Jerry A. Hausman 
that evaluates the  consistency  of an 
estimator when compared to a less efficient 
alter- native estimator which is already 
known to be consistent. It helps to evaluate 
if a statistical model corresponds to the data.

Let  y=bX+e be a linear model

where:
y =  the dependent variable
X = a vector of regressors
b = a vector of coefficients
e = the error term.

We have two estimators for b, b0 and b1. 
Under the null hypothesis, both estimators 
are consistent, but b1 is efficient (has the 
smallest asymptotic variance), at least 
in the class of estimators containing 
b0. Under the alternative hypothesis, 
b0 is consistent, whereas b1 is not. The 
Wu-Hausman statistic is defined as: 

(1)

H = (b1-b0)1(Var(b0)-Var(b1))† (b1-b0),

where:
† = denotes the Moore-Penrose pseudo-

inverse. Under the null hypothesis, this 
statistic has asymptotically the chi-squared 
distribution with the number of degrees of 
freedom equal to the rank of matrix Var(b0) 
- Var(b1). If we reject the null hypothesis, 
it means that b1 is inconsistent. This test 
can be used to check for the endogeneity 
of a variable (by comparing instrumental 
variable (IV) estimates to ordinary least 
squares (OLS) estimates). It can also be 
used to check the validity of extra instru-
ments by comparing IV estimates using a 
full set of instruments Z to IV estimates that 
use a proper subset of Z. Note that for the 
test to work in the latter case, we must be 
certain of the validity of the subset of Z and 
that subset must have enough instruments 
to identify the parameters of the equation. 
Hausman, also showed that the covariance 
between an efficient estimator and the 
difference of an efficient and inefficient 
estimator is zero. 

The advantages and disadvantages of 
panel data models can also be seen in the 
referred literature  (6, 10, 13, 16).
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Results

The explanatory power of the estimated 
models, were highly and statistically 
significant. The Hausman test showed 
that, among the three cited models (table 
1), the random effects model (EGLS Panel), 
was the best for studying  this complicated 
international food market.

However, the type of effects and the 
statistical significance of the coefficients 
were concordant in the three considered 
models. Using the results of the estimation 
based on the EGLS Panel estimation 
method, the Hausman test proved to be 
the best solution in the current situation 
(table 2, page 230).

Table 1.  Results of the three panel data model estimates. 
Tabla 1. Resultados de las estimaciones de los tres modelos de panel de datos.

Notes: *, **, ***, statistically significant. at 1%,5%,10%, respectively. Our own estimation using Eviews (v.9).
Notas: *, **, ***, estadísticamente significativo al 1%,5%,10%, respectivamente. Nuestra propia estimación 

utilizando Eviews (v.9).

Variable/model Fixed Random Pooled

Method of estimation Panel GLS Panel (EGLS) Panel LS

lpearpr_cifkg -0.346024    * -0.348696     * -0.520346       *

lappleprcif_kg 0.177930   ** 0.176639   ** 0.069696

lapplepc_cons 0.968417    * 0.969268     * 1.008693      *

lc_pr_index 0.053387    * 0.053628     * 0.097675       *

lexch_rate -0.122623  ** -0.119824 *** 0.244522 ***

lreal_pc_income 0.076901*** 0.076756   ** 0.070982       *

lst_fr_prcifkg 0.126818  ** 0.131625   ** 0.796797       *

lsw_fr_prcif_kg -0.128052 -0.126397 -0.305942       *

C -1.651984    * -1.678863    * -3.739812       *

R-squared 0.974204 0.727621 0.805164

Adjusted R-squared 0.972705 0.722746 0.801677

S.E. of regression 0.202179 0.201273 0.544976

Sum squared resid 1.757.678 1.492.618 1.327.586

Log likelihood 9.531.239   -3.656.929

F-statistic 649.5805    * 149.2618     * 230.905       *

Prob (F-statistic) 0.0000 0.0000 0.0000

Durbin-Watson stat 1.155.552 1.123.151 0.2616

LR test – Redundant fixed effects      

Cross-section F df: (17,430) 165.753954    *    

Cross-section Chi-squared (17) 922.010666    *    

Correlated Random Effects - Hausman Test      

Chi-Sq. Statistic (df=8)   3.874.579  

Prob (Ch-sq)   0.8683  
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All the coefficients or elasticities were 
statistically significant, four of them at 
the 1% level of significance, three at 5% 
and one at 10%. The only coefficient or 
elasticity that was not significant in statis-
tical terms at the usual levels of signifi-
cance is the price (cif) of stone fruits. 
Possibly explained, by the influence of 
late variety stone fruit that impacts the 
beginning of the pear harvest.

The overall regression (REM) was 
highly significant in statistical terms (Prob 
(F-stat) = 0.0000). The explicative power 
of this model (random effects model) 
was 0.72 and highly significant since 
F-stat=149.26 and Prof (F-stat=0.0000), 
while in the fixed effects the R-squared 
is very high (97.4%), and significant 
(F-Stst=649.58 and Prob (F-statistic) = 
0.0000. We had to be cautious about these 
interpretations since some possibilities 
of having autoregressive errors taking in 
account the Durbin-Watson test (Durbin-
Watson, d=1.156) were present. However, 
we did not suspect of heterocedasticity, 
nor of multicolinearity among the expli-

cative factors considered using the classic 
test and the correlation's test. 

We did not reject the endogeneity 
problem since we could not reject the 
null hypothesis (chi-squared stat=3.87, 
d.f. = 8, Prob (ch-sq) = 0.87) stating that the 
regressors were correlated with the model 
errors. As referred before, the Hausman 
test (table 2) suggested that the best model 
to identify and measure the explicative 
factors of the demand for pears was the 
random effects' one. Furthermore, the 
Likelihood Ratio (LR) test applied to the 
results of the fixed effects model suggested 
the rejection of the redundancy of the 
different sections.

With these results, we got empirical 
evidence that pear consumption is 
positively associated with the prices 
of apples (elasticity=0.178**), with 
per capita apple’s consumption 
(elasticity=0.968*), with the average 
index price (elasticity=0.053*), with real 
per capita income (elasticity=0.077***) 
and with the price of stone fruits 
(elasticity=0.127**). 

Table 2. Hausman test comparisons (Fixed/Random).
Tabla 2. Comparación del test de Hausman (Fijo/Aleatorio).

Notes: Our own estimation using Eviews (v.9). / Notas: Nuestra propia estimación utilizando Eviews (v.9).

Cross-section random effects test comparisons

Variable Fixed Random Var (Diff.) Prob.

lpearpr_cifkg -0.346024 -0.348696 0.000086 0.7739

lappleprcif_kg 0.177930 0.176639 0.000023 0.7861

lapplepc_cons 0.968417 0.969268 0.000056 0.9098

lc_pr_index 0.053387 0.053628 0.000004 0.8986

lexch_rate -0.122623 -0.119824 0.000030 0.6084

lreal_pc_income 0.076901 0.076756 0.000221 0.9922

lst_fr_prcifkg 0.126818 0.131625 0.000015 0.2215

lsw_fr_prcif_kg -0.128052 -0.126397 0.000188 0.9039
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On the other hand, pear consumption 
was negatively correlated both with pear 
price (cif) (elasticity = -0.346 *) and 
exchange rate (elasticity = -0.123 **). 
The demand elasticities of the factors for 
pears could be classified as rigid since all 
of them have absolute values less than 1, 
suggesting that there was no much scope 
to intervene in the market. Besides pear 
consumption, price-response to its own 
price and to the price of fruits like apple 
and stone fruits should be expected. Pear 
consumption is especially and moderately 
responsive to apple consumption (0.968) 
(the highest elasticity consumption). 

The explanatory power of the 
estimated models, were highly and 
statistically significant. The Hausman 
test showed that, among the three cited 
models, the random effects model, was the 
most indicated to study this complicated 
international food market. However, the 
type of effects and the statistical signifi-
cance of the coefficients were concordant 
in the three considered models.

Tunstal and Quilkey (1990) reached 
the same conclusion established in this 
work when studying the relationship 
between pears and apples.

Conclusions

The analysis adds empirical evidence 
to the fact that the consumption of pear 
responds especially to the consumption 
and the price of apple. Other determi-
nants of the demand for pears are the 
set of selling prices for apples and stone 
fruits (for example, nectarines and 
peaches at the beginning of the pear 
harvest), and the real per capita income. 
The synergy between pears and apples in 
the fresh produce market is an important 
conclusion and a feature that confirms 
that pear sellers generally also sell apples 
and vice versa.

The result of the research is relevant 
to the pear exporting producers and 
companies (Argentina, the world's leading 
exporter), as well as to academics linked 
to the international trade of fresh fruits; 
providing knowledge that may increase 
efficiency in the value chain.

Surely, this research will change the 
paradigm in the fresh pear business in 
general (confirming the opinion of those 
linked to foreign trade. It will also boost 
research on the price elasticity with a new 
global approach and complex vision in the 
fruit and other foods market.
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Abstract

This study aimed to identify the attributes influencing the purchase decision process 
of the olive oil consumer belonging to "Millennials" in the Metropolitan Region, Chile. 
The method includes data collection from 408 people and a combination of factorial 
and cluster analysis. The results identified two segments in the millennial consumers. 
In the purchasing, one of the consumer groups, with 150 people, attached importance 
to product information and origin, as well as oil category, colour, and acidity. The other 
group with 258 people rejected a large part of the attributes, except for that related to 
electronic commerce. These results suggest that the search for attractive attributes in 
a broad sense is relevant and should be considered in the development of commercial 
strategies for the segment that positively values ​​all attributes. However, for that segment 
rejecting intrinsic attributes, it would be advisable to deepen on aspects related to 
technology and social network.
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Resumen

Este estudio tiene como objetivo identificar los atributos que influyen en el proceso de 
decisión de compra del consumidor de aceite de oliva perteneciente a "Millennials" en la 
Región Metropolitana, Chile. El método incluye la recolección de datos de 408 personas y 
una combinación de análisis factorial y de conglomerados. Los resultados identifican dos 
segmentos en los consumidores milenarios. En la compra, uno de los grupos de consumi-
dores, con 150 personas, da importancia a la información y al origen del producto, así 
como a la categoría de aceite, al color y a la acidez. El otro grupo con 258 personas rechaza 
gran parte de los atributos, excepto el relacionado con el comercio electrónico. Estos resul-
tados sugieren que la búsqueda de atributos atractivos en sentido amplio es relevante y 
debe ser considerada en el desarrollo de estrategias comerciales para el segmento que 
valoren positivamente todos los atributos. Sin embargo, para ese segmento que rechaza 
los atributos intrínsecos, sería aconsejable profundizar en aspectos relacionados con la 
tecnología y las redes sociales.

Palabras clave
aceite de oliva • consumidor • segmentación • millenials • Chile

Introduction

The "Millennials" or "Generation Y" is 
an increasing market that prefers healthy 
products, such as olive oil. In Chile, this 
generation is about 5,5 million people 
(31% of the population). Reasons to 
understand this segment of the market in 
order to develop commercial strategies 
for companies, as well as designing 
public policies related to the promotion 
of healthy food like olive oil are strategic. 
Thus, the objective of this study is to know 
what the Chilean Millennial consumers 
consider when buying olive oil.

Meanwhile, since the year 2000, the 
olive oil industry has been extraordinarily 
developed. Olive oil is a recognized product  
for its health benefits (29), in line with the 
preferences of "generation Y", including 
health fact like fat content, and animal 
or plant origin (26). Moreover, consumer 
preferences vary among countries. For 
instance, in Southern Europe, olive oil is 

widely known and mainly consumed for 
its health benefits (48, 50, 59). However, 
there is a relevant gap for market 
development in emerging countries like 
Chile, where the use of this product has 
been increasing progressively among 
the population, showing special concern 
about healthy diets (7). Between 2005 
and 2015, olive oil consumption in Chile 
almost doubled, going from 204 grams to 
over 390 grams (8). Meanwhile production 
has been significantly growing from 2005 
to 2014, going from 2,000 t to 18,500 t (9). 
Specifically, in the case of the Chilean 
market, preferences are driven to extra 
virgin oil in glass bottles, in less-than-
one litre formats and fruity flavoured. 
About the usage given to the oil in this 
market, it is mostly chosen for salads, 
whereas the European market uses it 
in all types of consumption, including 
cooking and frying. In addition, in Chile, 
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olive oil has a known value in relation to 
health benefits (48, 50,  59).  There  is a 
relevant gap of  market  development  in 
emerging countries like Chile, where the 
use of this product has been increasing 
progres- sively among the population, 
especially showing more concern about 
healthy diets (7, 21). Between 2005 and 
2015, olive oil consumption in Chile 
almost doubled, going from 204 grams 
to over 390 grams (8). While production 
has been significantly growing from 2005 
to 2014, going from 2,000 t to 18,500 t 
(9). Specifically, in the case of the Chilean 
market, preferences are driven to extra 
virgin oil in glass bottles, in less-than-
one litre formats and fruity flavoured. 
About the usage given to the oil in this 
market,  it is mostly chosen for salads, 
whereas  the European one uses it with all 
types   of consumption, including cooking 
and frying. In Chile, olive oil shows a 
higher income elasticity of demand than 
other oils (54). Therefore, the increase 
in demand in this country is somewhat 
conditioned by people’s purchasing power. 
On the other hand, the demand between 
2006 and 2015 has shown a trend toward 
decreasing imported oil consumption due 
to a preference for national oils (9). In 
Chile, 80% is locally produced, whereas 
20% is imported mainly from Argentina 
and Spain (8).

 Given the aforementioned,  and since 
by the year 2020, Millenial will constitute 
a worldwide market of 200 billion dollars 
annually it might be relevant to learn 
these specific consumers (61). In that 
sense, some researchers consider that 
"generation Y" is made up of people 
born between 1980 and 2000 (17). One 
generation corresponds to a cohort 
of people born over 20 years, sharing 
beliefs, attitudes and behaviours, while 
feeling members of the same generation, 

and having experienced significant 
historical events and trends at the same 
stage of life (63). According to Taylor and 
Cosenza (2002), most of the millennial 
generation is already inserted into the 
workforce and has extensive techno-
logical knowledge, which makes them 
important consumers (62). This point 
suggests that the "online" market may 
be thriving in addressing these types of 
customers (9).

Moreover, to understand the 
millennials it is necessary to keep in mind 
that they have dealt with big, exciting, and 
dynamic changes during their childhood 
and youth, such as virtual business 
opportunities and gender equality. They 
also consider the opinion of non-govern-
mental organizations and groups for their 
decision-making process (53). In the 
Chilean case, the Millennial generation 
is characterized by their appreciation 
of economic aspects as well as social 
aspects like social  network and pleasant 
workplaces, among  others. Pincheira and 
Arenas (2016), report that their main 
characteristics are dependent on social 
network and access to technology (51).

The industry of olive oil in Chile
The Chilean olive oil industry has 

had sustained growth, from the nineties 
to the present. Domestic and export 
demand-supply have increased (8). 
This is partly explained because olive 
oil is considered an essential food in 
the Mediterranean Diet, and it has been 
associated with a significant contri-
bution to people's longevity as well as the 
prevention of heart diseases, diabetes, 
obesity, and cancer (44, 48). 
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Attributes olive oil considered by 
consumers

The description of attributes 
considered in the consumption of olive 
oil is based on the "multi-attribute" classi-
fication, which conceives the quality of 
a product as a set of attributes that are 
separated into "intrinsic" and "extrinsic" 
signals (25, 35, 41, 49, 65, 66). Intrinsic 
signals allow the objective measurement 
of quality. These qualities impregnate 
the product with its functionality and 
are related to its physical appearance, 
are specific to each product, disappear 
when they are consumed (49), and cannot 
be altered without changing the nature 
of the product itself (3). On the other 
hand, extrinsic attributes have a more or 
less close relationship with the product, 
but remain, by definition, outside their 
essence (49). Cheng et al. (2008) consider, 
totally or partially, as extrinsic attributes 
the price, the brand, and the advertising 
(28). Other extrinsic attributes are the date 
of manufacture and consumption, place 
of origin of the product and production 
techniques (6, 28). Specifically, in the 
case of olive oil, Del Giudice et al. (2012), 
refer to both types of attributes. The 
extrinsic attributes are, for example, certi-
fication of origin of olive oil, safety of the 
associated product to the production 
method (organic system and traceability), 
commercial brand and price (16). On the 
other hand, intrinsic attributes are mainly 
the flavour and colour. In Chile, Romo et al. 
(2015) suggested a positive relationship 
between acidity (intrinsic attribute) and 
the oil quality as well as between the 
latter and the origin. They also raised an 
inverse relationship between payment 
arrangement and olive oil in plastic 
bottle (55). Regarding the presented 
background, this investigation had the 
following hypothesis (H1): It is possible to 

identify two or more segments of Chilean 
consumers in the millennial generation 
who consider different attributes in the 
purchase of olive oil

Materials and methods

Data description
The study site was the "Commune of 

La Florida" (local and administrative area) 
in the Metropolitan Region of Chile. It has 
a total population of 397,456 habitants, 
with 198,706 males and 198,750 females 
(30). This area is constituted of four main 
sectors: "San José de la Estrella", "Santa 
Raquel", "La Florida", and "Lo Cañas". 
These sectors show different socioeco-
nomic groups allowing to characterize 
this area as multiclass commune with a 
heterogeneous population (52).

The sample was selected by "conve-
nience", and it drives to a population 
segment including 468 Millennials 
resident in the "Commune of La Florida". 
From this sample, 408 (87.2%) people 
declared usual or sporadic  consumption of 
olive oil. The remaining 60 people (12.8%) 
do not consume olive oil. Consequently, 
the valid sample number of consumers 
for the analysis was 408 persons. The 
survey was conducted face-to-face by 
stopping people in different places of the 
Commune of La Florida, between March 
and June 2018. Convenience sampling has 
been widely used for market research of 
different products (18, 26, 37).

Methodological approach and 
empirical model

In the first instance, descriptive 
statistics were obtained, including 
absolute and relative frequency analysis 
of sociodemographics, purchasing 
habits, consumption of olive oil, use, 
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and preferences according to the olive 
oil category. Then a Factor Analysis 
with maximum likelihood as method of 
extraction was applied to the statements 
related to purchasing attributes of olive oil 
consumers. This is a multivariate analysis 
technique used to study and interpret the 
correlations between a group of variables, 
in which the correlation is due to common 
factors whose objective is to identify 
those common factors. At the same time, 
it seeks to reduce data provided by a 
correlation matrix making it easier to 
explain without excessive data loss (48). 
To validate the former, the dimensionality 
reduction model required the following 
conditions: factorial loads (observed 
component/ variables) over 0.5 (64), 
constructs made by at least 3 observed 
variables  (31, 32), Cronbach´s Alpha over 
0.7 (23), total variance explained over 
60% (27) and KMO index over 0.6 (19). 
Subsequently, those variables obtained by 
Factor Analysis were analyzed by Cluster 
Analysis obatining the market segmen-
tation variable, similarly to that used in 
Irish wine consumers (22), Tunisian and 
French olive oil consumers, and Chinese 
wine consumers (11).

This technique allows analysing 
a set of variables classifying those of 
maximum homogeneity within the group 
and maximum heterogeneity among the 
groups (48).

RESULTS

From the total, 51.7% corresponded to 
females, whereas 48.3% corresponded to 
males, a similar result to that reported by 
National Institute of Statistics - INE (30) 
about the sociodemographic distribution 
of the Metropolitan Region. Most respon-
dents were between 31 and 36 years old, 
corresponding to 41.4% followed by those 

between 25 and 30 years old with 40.2% 
and then those between 18 and 24 years 
old with 18.4% (table 1).

Descriptive background of olive oil 
consumption in Chilean Millenials

From all the respondents, 87.2% 
declared that they consumed olive oil, 
whereas 12.8% claimed they did not. 
This result is similar to that reported 
by Matsatsinis et al. (2007) for Greek 
consumers. The difference lies in the 
frequency of consumption and the 
consumed quantity, which are higher 
among the Greeks than the Chileans (36).

From all surveyed consumers of olive 
oil, 51.1% claimed to do it daily, and 
28.2% claimed to do it weekly, which is 
in accordance with the data obtained in 
prior studies in Chile (40, 42). Regarding 
the frequency of olive oil purchase, this is 
mostly done monthly, with 69.8% (40).

The quantity of olive oil oftenly 
purchased per occasion by respondents is 
500 cubic centimetres (cc) (46.8%). This 
is similar to that reported by Mora and 
Magner (2008). Additionally, 13.5% of 
people buy 1,000 cc formats while 3.2% of 
person buy-in formats over 1,000 cc. This 
result is different from that reported by 
Metta and Guinard (2010) about American 
consumers with a higher consumption 
frequency of 1,000 cc (1 Litre) (39).

Table 1. Age and gender of  the 
respondents.

Tabla 1. Características de género y edad 
de los encuestados.

Gender  Frequency  Percentage
Female 211 51.7%
Male 197 48.3%
Age
19-24 75 18.4%
25-30 164 40.2%
31-36 169 41.4%



238Revista de la Facultad de Ciencias Agrarias

M. Mora et al.

The category of olive oil most 
frequently consumed by all the respon-
dents was that of extra virgin olive oil with 
71.8%, similar to that reported for Greek 
consumers (36).

Attributes of olive oil purchasing.
A Factorial Analysis was applied 

to identify the attributes in olive oil 
purchasing. Initially, the analysis 
considers 12 observed variables as 
attributes related to the purchasing 
process, but only 8 observed variables 
are maintained. The discarded attributes 
corresponded to the "trademark", the 
"system of organic production", "olive 
variety", and "price". All of them presented 
correlations with the factor under 0.3. 
Price, was isolated only by one factor, and 
consequently excluded from  the factor 
model. The KMO index was 0.76, which is 
considered acceptable (19). Table 2 shows 
how the attributes considered when 
purchasing olive oil can be explained 
by two groups or "factors" of attributes. 

The former - called "Extrinsic Attri-
butes" factor included "information at 
the point of sale", "electronic advertising 
and offers", "internet sales", and "product 
origin", being those related to "electronic 
commerce", the ones that showed negative 
correlations with the component.

These attributes related to electronic 
commerce have been considered an 
important factor by olive growing 
companies, since the image of the product 
on the internet is considered essential to 
boost sales (38). This factor, with 29.9% 
of variance, was explained by 4 observed 
variables, with a Conbrach's Alpha of 
0.73. The other factor, called "Intrinsic 
Attributes" included "olive oil category", 
"acidity", "flavour", and "colour". This 
factor, representing 27.7% of the variance 
was explained by 4 observed variables and 
had a Conbrach's Alpha of 0,74, considered 
acceptable by literature (2, 23, 43).

Considering the results of Factor 
Analysis in table 2, a hierarchical Cluster 
Analysis was applied to obtain two 
consumer segments (table 3, page 239).

Table 2. Oil olive:  Attributes/Dimensions related to purchase decision process.
Tabla 2. Aceite de oliva: atributos / dimensiones relacionadas con el proceso de 

decisión de compra.

KMO: 0.76. Varimax Rotation. * Values in columns show factorial loads (factor correlation).
0,76. Rotación varimax. * Los valores en las columnas muestran las cargas factoriales (correlación de factores).

Statement Extrinsical Attributes Intrinsical Attributes
Information at the point of sale 0.80 0.11
Electronic advertising & offers -0.75 0.02
Internet sales -0.70 0.24
Product origin 0.68 0.09
Category of extra-virgin olive oil 0.09 0.78
Acidity 0.37 0.74
Flavour 0,32 0,72
Colour 0.05 0.69
Variance explained by factor (%) 33.93% 27.74%
Accumulated variance (%) 33.93% 61.67%
Cronbach's Alpha 0.73 0.74
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Table 3. Segment characterization based on factors influencing olive oil purchase.
Tabla 3. Caracterización de segmentos basada en factores que influyen en la compra de 

aceite de oliva.
Group 1 
(n=258)

Group 2 
(n=150) F Sig.

Extrinsic Attributes (Information at the 
point of sale, Electronic advertising & offers, 
Internet sales and Product origin)

-0.340 0.585 86.316 0.000

Intrinsic Attributes (Category of extra-
virgin olive oil, Acidity Flavour and Colour) -0.470 0.808 213.205 0.000

Group 1: "Non- Traditional or Millennials 
Consumers" (n=258). This result is the 
biggest of both groups, mainly formed by 
people between 30 and 35 years old. This 
segment was characterized by having a 
negative attitude towards the olive oil origin.

This is similar to that reported for 
French and Tunisian consumers, where 
one of the three segments detected showed 
an unfavourable tendency upon the origin 
attribute (11). Additionally, it showed 
negative attitudes upon information at the 
point of sale and upon intrinsic attributes, 
such as acidity and flavour, which could be 
associated with ignorance of the product. 
On the contrary, it showed positive 
attitudes upon those attributes related 
to electronic commerce. It is important 
to mention that a significant number of 
consumers in this segment have a daily 
consumption frequency, mainly used 
to dress salads and usually purchased 
monthly at supermarkets (over 96% of 
the segment) (table 4, page 240).

Group 2: "Traditional Consumers" 
(N=150). This group was mainly formed 
by people between 24 and 35 years 
old, representing 36.7% of the sample, 
declaring that they consumed olive oil. 
The main characteristic of this segment 
was their favourable attitude to consider 
intrinsic attributes in their purchase, such 
as category, acidity, flavour and colour. 
Along with a positive attitude towards 
advertising at points of sale, which is in line 
with that reported by Adasme et al. in 2013 
concerning vegetable consumption (1). 
Just as the previous group, this segment 
mainly showed daily consumption and 
monthly purchases at supermarkets 
(table 4, page 240).

There were no significant differences 
in any segment in relation to daily 
consumption and considering olive oil as 
an expensive product. More than 90% of 
surveyed consumers considered olive oil 
to be expensive and declared to have a 
daily consumption. 
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Discussion

What do "Millennials" consumers  of 
oil olive consider when purchasing in 
the Metropolitan Region, Chile? That was 
the central question of this survey. The 
smallest group of olive oil consumers 
(n=150) declared to consider  oil category 
in the purchase. This preference is in line 
with that reported by Mtimet et al. (2013), 
who determined that the Tunisian 
consumers' favourite type of oil is extra 
virgin followed by virgin olive oil (46). 
Bernabéu et al. (2009) obtained similar 
results in Spanish consumers.

About the preferred purchase format 
of the consumers of this survey, our 
results agree on those found by Santosa 

Table 4. Segment characterization based descriptive aspects of olive oil consumption.
Tabla 4. Caracterización de segmentos basados en aspectos descriptivos de consumo 

de aceite de oliva.

Significant differences, p<=0.05, with Pearson's Chi-squared Test.
Diferencias significativas, p<=0,05, mediante Test de Chi-cuadrado.

Frequency 

%

Frequency

%
Group 1( n=258) Group 2 

(n=150)

 How often do you buy olive oil? p= 0.029
Weekly 6 2.3% 1 0.7%
Monthly 163 63.2% 115 76.7%
Occasionally 89 34.5% 34 22.7%

258 100.0% 150 100.0%
How do you use olive oil? p= 0.050

Just salads 180 69.8% 85 56.7%
Salads & fried foods 40 15.5% 25 16.7%
Cooking in general 38 14.7% 40 26.7%

258 100.0% 150 100.0%
Where do you usually buy olive oil? p= 0.003

Supermarket 248 96.1% 130 86.7%
Specialized Shop 5 1.9% 6 4.0%
Internet 5 1.9% 3 2.0%
Grocery store/Olive mill 0 0.0% 11 7.3%

258 100.0% 150 100.0%

and Guinard (2011), who determined 
that consumers of extra virgin olive 
oil from the State of California, USA, 
preferred purchase formats of 750 cc and 
500 cc (58). According to the authors, this 
result could be related to the fact that 
extra virgin olive oil market in the USA is 
an emerging market, which is relatively 
similar to the case of the Chilean market. 
Additionally, In Chile olive oil is considered 
as a valuable good because there is a direct 
relationship between consumers' income 
and quantities of olive oil demanded (54). 
The most usual purchase place is the 
supermarket, which is like that reported 
for Greek consumers (34).
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Regarding the Cluster Analysis, two 
groups of consumers were found. Group 
1 called "Non- Traditional or Millennials 
Consumers", included the most significant 
number of consumers with 258 respon-
dents. Group 2 called "Traditional 
Consumers", included 150 people. The 
main differences between both groups 
were centered upon those attributes 
considering intrinsic characteristics, such 
as acidity, colour and flavour, and those 
extrinsic ones, such as online advertising 
and offers and internet sales.

When purchasing olive oil, Group 1 
considered attributes associated with 
electronic commerce instead of intrinsic 
ones. About flavour, literature points out 
a new generation of extra virgin olive oil 
consumers that seem to prefer a product 
with a quite simple and neutral flavour, 
thus generating an important market 
division (12, 13, 16, 45, 46, 57). For this 
group of consumers, since they value the 
intrinsic attributes of olive oil, the attitude 
towards the product could be improved 
if information about it was provided, as 
suggested by Salazar-Ordonez et al. (2018), 
for Spanish consumers.

Group 2 evaluated intrinsic attributes 
at the moment of purchasing, especially 
those of flavour and colour, which is 
similar to that reported by Del Giudice 
et al. (2012). These attributes had been 
used in the past (16), possibly influenced 
by the previous generation. This group 
also considered product origin and infor-
mation provided at the point of sale. 
Besides, consumers from Group 1 did not 
appreciate attributes like origin and infor-
mation at the point of sale, which could 
be associated to inadequate knowledge 
or appreciation of the product. In relation 
to similarities, both groups considered 
olive oil to be expensive. In this context, 
the research made by Dekhili and 
d'Hauteville (2009) reported that price 

is the most critical free -choice attribute 
when choosing olive oil in Tunisianand 
France (10). Moreover, Delgado and 
Guinard (2011) determined that price, 
available information, and the prestige of 
AOEV (Extra-Virgin Origin Appeal) were 
crucial factors encouraging purchases of 
the American survey respondents (12).

Regarding origin, both the studies in 
Spanish consumers (4), and in northern 
California consumers of extra-virgin olive 
oil (58), determined that origin was an 
important attribute, preferring those olive 
oils of national origin in Spain as much as 
in the USA. This result agrees on that found 
in Segment 2, although this attribute is not 
considered in Segment 1. Origin of olive oil 
is positively considered by the consumers 
of Segment 2 and could work as a driving 
force to choose this product (11, 60). 

Trademark is an important attribute 
when purchasing olive oil in traditionally 
producing countries, such as Italy (14, 15) 
and Spain (20, 23). However, the results 
obtained in Chilean consumers concerning 
trademark was not associated with 
purchasing. This situation is related to the 
relatively recent development of the olive 
oil market in Chile.

Finally, it would be interesting to 
include, in a future research other attri-
butes, such as "packaging design". 
This attribute should be addressed for 
millennial consumers, since it is considered 
as an important factor in non-technological 
innovation in the Agri-food industry (24).

Conclusions

The results obtained suggest that 
the decision to purchase olive oil in the 
surveyed consumers can be explained by 
intrinsic ("category of oil", "flavour", and 
"colour") and extrinsic attributes ("infor-
mation at the point of sale", "electronic 
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advertising & offers", "internet sales", and 
"product origin").

The results allow establishing two 
groups or segments of the consumer in 
Generation Y. There is a group of consumers 
of a traditional profile, with a similar 
behaviour to generation X or older ones. 
This group considers attributes, such as 
colour, flavour, acidity, oil category, infor-
mation at the point of sale, and oil origin at 
the moment of purchase. The other group 
is a more typical Millennials with a high 
appreciation of online communication 

and a rejection of attributes considered by 
more traditional consumers.

The results indicate the need to 
develop specific marketing strategies for 
this generation, emphasizing the creation 
of product knowledge, related to infor-
mation on the characteristics of the olive 
varieties used in oil production, olive oil 
tastings, and, above all, distribution and 
communication channels linked to social 
networks and the Internet. Emphasis 
should be made in tuning with the require-
ments of each market segment.
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ABSTRACT 
 

The Mexican agrarian sector is currently facing a series of structural problems that 
have a direct impact on the potential of agricultural activities that provide rural 
families with food and economic livelihoods, particularly to those living in marginal 
rural commu- nities. A total of 132 interviews were conducted with farmers from 
marginal commu- nities in central Mexico. From the total, 64.2% had decreased their 
agricultural activity in order to engage in other activities and increase their income. 
Ninety-four percent (94.7%) of families spend between 50 and 100% of their income 
on food. The binomial logit model determined that there was a 95.4% probability of a 
family member securing employment outside the peasant production unit. Despite this, 
family income does not cover basic requirements satisfactorily. In the current context, 
peasants are subjected to food poverty and income instability. As a result, they look for 
livelihood options outside the agricultural activities that only allow them to subsist. It 
is highly probable that peasant families will continue to implement  a variety of 
survival strategies with increasing frequency, to the detriment of Mexican family units 
and rural communities. 
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RESUMEN 
 

El sector agrario en México enfrenta problemas estructurales que influyen directa- 
mente en la posibilidad de que las actividades agrícolas sean el sustento alimentario y 
económico de las familias campesinas, particularmente las que viven en comunidades 
rurales marginadas. Se aplicaron 132 entrevistas a campesinos de comunidades margi- 
nadas del centro del país, destacando que el 64,2% ha disminuido la actividad agrícola 
con el fin de realizar otras actividades y obtener ingresos, y el 94,7% de las familias 
destinan entre el 50 y 100% de sus ingresos a la alimentación. Utilizando un modelo 
logit binomial se determinó una probabilidad de que el 94,5% se emplee fuera de la 
unidad de producción campesina para obtener ingresos, aun así, no cubren satisfacto- 
riamente sus necesidades alimenticias y otras necesidades básicas. En el entorno actual 
del sector, los campesinos muestran vulnerabilidad alimentaria e inestabilidad en la 
obtención de ingresos, por lo que buscan opciones de vida familiares más allá de las 
actividades agrícolas que les permitan subsistir. Existe la posibilidad de que las familias 
campesinas continúen implementando diversas estrategias, y que vayan en aumento, en 
detrimento de las propias familias y del campo mexicano. 

 
Palabras clave 
estrategias campesinas • unidad de producción campesina • comunidades agrícolas • 
ingresos no agrícolas • México 

 
 

INTRODUCTION 
 

Mexico is a country with an important 
rural sector. Agricultural and livestock 
production   activities   are   performed   
in 57% of  its  territory  (35),  and  23%  
of its  population  lives  in  rural  areas 
The Instituto Nacional de Estadística y 
Geografía (INEGI) defines a  population  
as rural when it has less than 2,500 
inhabitants (21). 

Over the years, the Mexican agricul- 
tural sector has faced problems such as 
insufficient agricultural production, food 
dependency, lack of dynamism in rural 
employment, rural poverty, emigration, 
and devastation of natural resources. 
These problems are structural and 
historical, and cannot only be explained 
by specific policies, commercial treaties, 
or the vast process of globalization (31). 
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After facing macroeconomic 
disparities that led to an economic crisis 
and increasing external debt, Mexico 
declared a foreign debt moratorium in 
1982. In order to obtain new loans, the 
Mexican Government had to adhere to 
several conditions set by the World Bank 
and the International Monetary Fund, 
which required implementing struc- tural 
adjustment policies in line with the 
neoliberal development model (2, 19, 30). 

This   situation   was   not    exclusive 
to Mexico. Since the beginning of the 
economic crisis in 1980, and the debt 
crisis during that decade, Latin American 
and Caribbean countries were forced to 
implement drastic stabilization policies 
and structural adjustment programs to 
radically modify growth and development 
concepts   (14,   22).   Neoliberal   policies 
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in Latin America are characterized by 
fiscal adjustment, privatization, price 
adjustment, trade liberalization, attracting 
foreign investment, welfare state and 
labor market reforms (5). 

The three main features of neoliberal 
restructuring in the Mexican agrarian 
sector were: 1) reducing state functions; 
2) implementing the North American 
Free Trade Agreement, and 3) amending 
Article 27 of the Constitution (30). There 
was a clear anti-agricultural bias in the 
economic strategy during the first years 
of adjustment, as agriculture was not 
considered a priority sector. Important 
growth factors  in  the  pre-neoliberal  
era, such as government expenses and 
investment, were substantially reduced, 
and as the results of economic reforms 
fell far short of expectations, agricultural 
growth was left behind (3, 32). 

From 1988 to 1994, the political 
agenda for modernizing rural Mexico 
focused on redirecting government 
investment towards farmers with 
commercial and competitive potential in 
open market conditions. Small and 
medium-scale farmers weresoonclassified 
as "inefficient" and "non-competitive" and 
were excluded from government.  As an 
alternative, they were provided with 
social programs, which to date supply food 
rations and stipends to poor households. 
The peasants were no longer classified as 
"farmers", but as "poor" (3). 

The restructuring gave rise to a 
decrease in production units, loss of  
rural employment, a fall in rural wages, 
abandonment of farms by large numbers 
of farmers, and significant emigration to 
the United States (8, 34). In turn, this led to 
the restructuring of basic grain productive 
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capacity (33), i.e., maize, wheat, beans, 
and rice. Of these basic foodstuffs, maize 
is the most important and the main crop 
grown by most peasants. 

Latin American countries have 
expressed   concern   about   being   able 
to mitigate the negative effects of 
globalization on inequality. In this context, 
programs such as conditional cash 
transfers play an important role in redis- 
tributing income to the poor, alleviating 
the negative effects of globalization on 
inequality. International remittances 
could become one of the largest financial 
inflows of resources to reduce poverty 
levels in countries such as Mexico and 
Brazil, which have increased levels of 
migration due to market-oriented political 
reforms. Income derived from the welfare 
state and other government transfers, has 
played a crucial role in mitigating the 
effects of "macroshocks" caused by 
globalization, specifically among the 
poorest segments of Brazilian society 
(28). 

This study aimed to determine 
whether peasants need to engage in 
activities other than agriculture to obtain 
income, and verify if this strategy is 
sufficient to cover their basic needs. 

In order to address the objective, the 
next section describes the most salient 
features of peasant production  units,  
social reproduction and peasant 
strategies. This is followed by a detailed 
description of the methodology. The 
fourth section discusses the main results 
obtained from the binomial logit model 
that analyses the probability of peasant 
families working in activities other than 
the agricultural sector. The last section 
presents the most relevant conclusions 
drawn from the study.  
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Peasant production units, social 
reproduction strategies, and peasant 
strategies 

The Mexican rural population is 
comprised primarily of peasants. Peasant 
Production Units (PPU) are distinguished 
by the following traits: small-scale 
production; minimum or null levels of 
investment in infrastructure and materials; 
limited access to resources and production 
services; reliance primarily on family 
labor; products are intended for family 
consumption and sometimes for limited 
sales, showing some degree of poverty. In 
addition, the PPU is an indivisible whole 
comprising a house, a backyard, a space 
adjacent to the house where families can 
grow crops or raise small livestock for 
household use, and a plot. 

In a context wherein poverty primarily 
affects peasants, they are faced with the 
difficult task of situating themselves 
within the globalized economy. As such, 
the strategies they implement for the 
social reproduction of the family are 
different from those aimed at improving 
the level of wellbeing. Social reproduction 
strategies are a set of practices through 
which individuals or families strive to 
maintain or improve their social position 
in the class structure (9) by establishing a 
link between individual choices and 
social structures (25). When strategies 
are strongly conditioned by a context of 
inequality and vulnerability, they are 
referred to as survival strategies. These 
strategies cover the minimum 
satisfaction of needs to ensure the most 
immediate reproduction of life and are 
not  guaranteed  by  the   current   mode 
of production or by the social policies 
implemented under the economic model. 
Strategies implemented in times of crisis 
can mitigate the crisis and guarantee 
subsistence, but little more. In short, 
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strategies developed in situations of social 
vulnerability are an indicator of social 
inequality (18, 20, 25, 29). 

In turn, peasant strategies are a 
complex set of behavior and actions 
concerning nature and society, in a certain 
historical and geographical context, in 
response to structural situations in which 
peasants must constantly readapt. They 
are targeted at renewing the material 
resources that enable social reproduction. 
For the majority of peasants, progressive 
participation in nonagricultural activities 
is a response to their social reproduction 
crisis and only enables them to survive 
(10, 16, 23, 25). 

The continuity or collapse of the PPU 
depends, at least in part, on its capacity to 
navigate a complex network of farm and 
non-farm activities, within a continuously 
fluctuating environment (10, 16).  The 
risk management strategies of the rural 
poor are based on income diversification, 
migration, and subsistence farming, 
giving rise to a relative increase in 
mercantile activities in relation to 
production for family consumption (6). 

Neoliberal  policies   have   stimu- 
lated  peasant   differentiation,   given  
that increased impoverishment forces 
peasants to seek employment and income 
opportunities outside the PPU.  There  
has been an increase in non-agricultural 
activities, multi-activities, multifunc- 
tionality in agriculture, emigration, and 
the proletarianization of the agricul-  
tural workforce. However, to this day, 
unemployment and an impoverished 
standard of living are recurring conditions 
in rural areas (23, 24). Public and private 
cash transfers, particularly remittances, 
have increased significantly and have an 
important impact  on  the  total  income  
of rural families, helping to alleviate 
poverty (32). In effect, the traditional 
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resistance of peasants is continually 
renewed and reformed, given that must 
depend on their own initiatives when 
abandoned by governments (7, 10, 28). 

This paper argues that peasant 
strategies are primarily for survival. They 
can be defined as a broad range of activities, 
based on experience, skills and individual 
knowledge, implemented to alleviate 
socioeconomic adversity resulting from 
structural adjustment. All family 
members participate in running the home 
and obtaining income outside the PPU. In 
general, the arrangements are not 
permanent but vary according to the 
options available, the family members 
who perform them, and the available 
economic resources. 

 
MATERIALS AND METHODS 

 
Primary data were obtained from 11 

rural communities in the states of Hidalgo, 
Mexico, and Morelos located in the 
country's central region. Rural commu- 
nities in these states have a high or very 
high degree of marginalization: 78.8% in 
Hidalgo, 76.8% in Mexico, and 63.6% in 
Morelos. Marginalized communities face 
a high degree of social vulnerability, with 
effects that are beyond personal or family 
control, given that they derive from a 
production model that does not provide 
the same opportunities for all. There are 
five degrees of marginalization: very high, 
high, medium, low, and very low, which 
are determined by the magnitude of 
deficiencies in education, housing, 
population distribution, and monetary 
income (13). In fact, all 11 communities 
included in this study have a high degree of 
marginalization (12). The sampling aimed 
to determine the situation and structure 
of the PPU; hence, the sampling units were 
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peasants. The sampling was quasi-random 
(11). In the selection of individuals, the 
only requirement was that they 
performed or have performed 
agricultural activities for obtaining food 
or income. Direct interviews with 132 
individuals were conducted, enough to 
make relationship inferences. The size of 
the sample for each state was determined 
by proportional affixation (11) i.e., the size 
of the subsamples was proportional to the 
rural population with a high degree of 
marginalization. From April to June 2015, 
45 interviews were conducted in Hidalgo, 
78 in Mexico, and 9 in Morelos. 

The questionnaire used consists of 
eight sections: Location; General data 
about the interviewee and their home; 
Agricultural activities; Food basket; 
Income; Diversification of activities; 
Public services, and Agrarian programs. 
The analyses performed in this study were 
based on the performance and intensity 
of agricultural activities; the composition 
and origin of the food basket consumed 
by families; income sources; the activities 
performed in addition to agriculture, and 
access to government programs. 

The productive and socio-economic 
conditions of the peasant families were 
described, and the variables used in the 
statistical analysis were specified from the 
systematized primary data. 

As food insufficiency and low-income 
forcesfamily members toseekemployment 
in several activities, peasant strategies 
relating to employment were explained 
using a logit model. A binomial regression 
model was chosen in which the 
explanatory variable has only two 
possible outcomes (17). The variable to be 
modeled or predicted is identified as the 
dependent variable Y, and the explanatory 
or independent variables are designated 
X

1
, X

2
, ...X

k 
. 
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The dependent variable is categorical 
and usually dichotomous (1). The 
relationship between the dependent 
variable and the  explanatory  variables  
is non-linear. The maximum likelihood 
method was used to estimate the 
dependent variable due to its dichotomous 
nature, solving the problem of 
heteroskedasticity. The probability distri- 
bution function defines a probability 
distribution from 0 to 1. Given that the 
interpretation of the coefficients is not 
immediate, an alternative measure to the 
coefficient of determination is required to 
measure the model's goodness of fit (26). 

Considering the above, the dependent 
variable was defined as Peasant Strategies 
with Employment, which refers to 
whether or not income was supplemented 
by permanent or temporary employment 
of a family member. The categories defined 
were: Employment and Other situation. 
The first refers to whether or not a family 
member was temporarily or permanently 
employed outside the PPU. For farmers to 
be considered in the model estimation, 
they had to have performed agricultural 
activities, generating income or not. Only 
123 out of 132 farmer responses were 
included because nine individuals had 
abandoned agricultural activities. 

In order to find a significant relationship 
between    the    dependent    variable and 

analyzed by the chi-square statistic. Thus, 
when the associated probability was less 
than 0.05, the null hypothesis of 
independence between the variables was 
rejected, and the conclusion drawn that 
the variables studied were related (4) SPSS 
version 15.0 for Windows was used. Based 
on the significance of the independent 
variables, only the variables that  could  
be more relevant to the construction of 
the logit model were considered in order 
to determine which variables, acting 
together, might have a greater influence on 
the decision to diversify activities through 
employment (table 1, page 252). 

A stepwise backward regression 
method was used for the likelihood ratio 
as it gives rise to different models for 
predictive purposes highlighting the most 
parsimonious ones. It involves starting 
with all the selected independent 
variables and eliminating those  lacking   
statistical   significance (1).  To  measure  
the  goodness  of   fit, the percentage of 
correct estimates  in  the model was used, 
as it facilitates the comparison between 
the predicted values and the observed 
values. The cut-off point of probability Y 
to classify the individual variables was 
0.5. The equation used to calculate the 
probabilities was as follows: 

 
1 

other variables, a bivariate analysis was 
performed, using contingency tables 

P  (Y  1) 
1 e 

 
(0 1 X1 2  X 2 

 
...



k Xk ) 

 

where: 






 


 

 
= Parameters of the model 

X

 X


 X

 
= Independent variables 

e = Exponential function. Raise 
the number e (Euler constant, whose 
approximate value to the thousandth is 
2.718) to the power contained within the 
parenthesis (1). 
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Table 1. Variables included in the logit model. 

Tabla 1. Variables incluidas en el modelo logit. 
 

Variable Name Categories 

Dependent 

Income supplemented via permanent 
or temporary employment of a family 
member 

 
PSEmplo 

 

Employment = 1 

Other situation = 0 

Independent 

Maize production ProdMaize 
Up to 2 t = 1 

Over 2 t = 0 

Maize production destination DestProd 
Consumption and sale = 1 

Consumption = 0 

Age of head of family AgeHF 
Over 50 = 1 

20 to 49 = 0 

Peasant production unit structure PPU 
Plot = 1 

Plot and backyard = 0 

Type of agricultural crops ProdAgri 
Basic grains = 1 

Basic grains and others = 0 

Decrease in agricultural activity DecAct 
Yes = 1 

No = 0 

Government support for production 
(Proagro Productivo Programme) 

Proagro 
Receives support= 1 

No support = 0 

Government support for health 
(Seguro Popular Programme) 

SegPop 
Receives support = 1 

No support = 0 

Source of maize for family 
consumption 

SourMaize 
Plot = 1 

Plot and purchase = 0 

 
Food sufficiency for family 
consumption 

 
SufCon 

Not always = 1 

Frequently = 2 

All year = 3 

Percentage of income spent on food SpeFood 
50 to 100% = 1 

Up to 50% = 0 

 

 
Family members collaborating in 
agricultural activities 

 
 

CollAA 

Head of family = 1 

Adults 20-45 years = 2 

Adults 45-65 years = 3 

Whole family = 4 

None (labourers) = 5 

Income sufficiency to cover family 
needs 

SufInc 
Insufficient = 1 

Principal needs = 0 

 
 
 
 
 
 

 
 
 

             Revista de la Facultad de Ciencias Agrarias                                                                          252 
       



M. A. Quintero Peralta et al. 
 

 
RESULTS 

Peasant production units description 
Agricultural activities 
Agriculture in the PPUs focuses  on  

the production of small-scale basic grains 
for family consumption or sporadic local 
sales (table 2). Activities are primarily 
performed in small, non-irrigated, family-
owned plots, although it is common to rent 
or loan land, or to work in share- 
cropping, which are the means by which 
landless peasants  produce.  A  decrease 
in agricultural activity was observed in 
64.2% of the peasants studied; due to the 
decline in profitability of farming and the 
need to perform other activities to obtain 
income. For the rest (35.8%), there was 
no decrease in agricultural activity 
because farming is their main source of 
income; in addition to the fact that 
employment oppor- tunities lack in their 
communities. The main reason for 
performing agricul- tural activities is to 
obtain food (44.7%). 

 

 
 
Livestock husbandry primarily takes place 
in the backyard. 

A total of 76.7% families grow between 
0.5 and up to two t of maize, while 16.7% 
grow between two and four t. However,    
a  minority  (6.7%)  grow  more  than  
four t, a volume that guarantees family 
consumption and a quantity for external 
sales. Practically all the interviewed 
families (99.2%) consume all or part of 
the harvested crops, and 66.7% sell small 
surpluses in local markets. 

 
Food basket 
Although a significant part of the maize 

and beans for family consumption comes 
from plots (60.6% and 27.3% respec- 
tively), families need to buy additional 
amounts to satisfy their food needs. 

 
 

 

Table 2. Main characteristics of peasant production units. 

Tabla 2. Principales características de las unidades de producción campesina. 
 

Activities performed1
 

 
Agricultural: 99.20% 

Maize: 97.6%  
Livestock: 54.50% 

Poultry: 50.4% 

Beans: 59.3% Sheep: 8.9% 

Other crops: 38.2% Cattle: 7.3% 

Access to land for production 

 

Landowners: 88.6% 

Plot less than 1 ha: 19.3%  

Farmers without land: 11.4% 
From 1 to 2 ha: 46.2% 

From 2 to 5 ha: 30.3% 

From 5 to 10 ha: 4.2% 

Labour for agricultural activities 

Only family labor: 97.6% The whole family collaborates: 39.0% Workers with wages: 2.4% 

Spaces for farming 

Plot only: 47.2% 

Plot and backyard: 49.6% 

Backyard only: 3.2% 

1 The sum of the breakdown of activities is greater than 100% because several activities are performed simultaneously. 
1 La suma del desglose de las actividades es mayor a 100% porque se realizan varias a la vez. 
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This reflects the decrease in  agricul- 
tural activity and the insufficiency of the 
volumes obtained. The consumption of 
other types of food varies according to 
the season and availability of money. Fruit 
and vegetables are bought by 56.1% of 
families, while meat (chicken for 49.2%) 
comes mainly from the backyard; 2.3% 
never eat meat. 

All the interviewees explained they 
only have enough supplies for two  full  
meals  per  day. This situation, along with 
maize insuf- ficiency for the majority and 
infrequent consumption of other types of 
food needed for a balanced diet, shows 
major constraints in the availability of 
and access to food. This is supported by 
the fact that only 32.6% stated that the 
food produced or purchased was 
sufficient for the family food supply 
throughout the year - two meals per day. 
For 67.4%, it was insufficient. 

 
Income and food expenditure 
Since the late 1990s, predictions 

about neoliberal policies having long-
term significant effects, especially on 
income distribution were made (5). Only 
21.9% of families have a single source of 
income. Of this group, 9.1% depend on 
agricultural activities and the rest on 
permanent or temporary employment, or 
conditional cash transfers. Of the families 
who obtain income from various sources, 
67.4% obtain income primarily from 
government support programs for 
production or social welfare; 61.4% from 
agricultural activities and various 
permanent or temporary employments; 
and to a lesser extent, 4.5% from 
remittances. Of the families receiving 

 
 

 

         

        Revista de la Facultad de Ciencias Agrarias      

 government support, 30.3% benefit from 
more than one program, usually Proagro 
Productivo and Prospera. 

For 53.8% of families, income comes 
from various family members; for the 
rest, only from the head of the family. For 
62.9%, income only covers food, and for 
3.8%, their income is not enough for 
obtaining food. A significant proportion of 
income is spent on food; 94.7% of families 
spend 50 to 100% of their income on 
food. This highlights the inability of 
peasants to meet other basic needs that 
impact family welfare. Rural families are 
in a situation of food fragility because 
when income falls, food acqui- sition is 
directly affected in quantity, quality, and 
diversity. Peasants have to buy cheaper 
food, usually industrialized products with 
low nutritional value. 

 
Diversification of activities. Peasant 

strategies 
To a large extent, heads of families 

contribute to the family income by 
combining agricultural activities with 
temporary employment, or by exclusively 
securing employed outside the PPU (table 
3, page 255). Whether as a supplementary 
source or a primary source of income,  
the main activities performed  in  order  
of importance are as follows: agricul- 
tural day laborers in Mexico or abroad, 
construction laborers, and any activity 
within the service or trade sectors. Those 
who emigrate do so mainly within the 
country, and those who emigrate abroad 
work in the United States and Canada. 
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Table 3. Diversification of activities of the head of the family. 

Tabla 3. Diversificación de actividades del jefe de familia. 
 

Activities performed % 

Only agricultural activities 26.5 

Agricultural activities and temporary employment 49.2 

Temporary or permanent employment 20.5 

Emigrate (temporary, indefinite, definitive) 8.3 

Other 3.8 

 

For 83% of the interviewees, the 
reason for performing various activities is 
to supplement income. Other reasons are 
the decrease in the profitability of agricul- 
tural activities, low prices for produce 
(19.8%), creation of opportunities for 
young people or non-existent jobs in their 
communities (27.4%). 

Diversification of activities highlights 
what various authors have analyzed 
about the effects of globalization on 
poverty, inequality and income distri- 
bution: the creation of winners and losers 
and increasing inequalities (28). 

 
Binomial logit model results 
The method used in this study reached 

results after 7 steps. The summary (the 
Cox and Snell R2) indicated that 34.1% of 
the variation of the dependent variable is 

explained by the independent variables 
included  in  the  model.   Goodness of fit, 
determined through the Hosmer- 
Lemeshow test, indicates a good fit of the 
model in the seventh step (p= 0.948), given 
the high value of the predicted probability. 
Therefore, the hypothesis stating that the 
coeffi- cients are equal to zero is rejected. 
The model was able to accurately classify 
82.2% of those employed outside the PPU 
as well as 77.9% who are either employed 
or in another situation (table 4). 

Table 5 (page 256) shows the final 
variables in the model, the regression 
coefficients (B) with the corresponding 
standard errors (ET), the Wald chi-square 
test, the degrees of freedom, significance 
level, and the value of Exp(B) with its 
confidence intervals. 

 
 

 

Table 4. Dependent variable classification table (a). 

Tabla 4. Tabla de clasificación de la variable dependiente (a). 
 

 
Observed 

Predicted 

PSEmplo Percentage 
correct Other situation Employment 

 
Step 7 

PSEmplo 
Other situation 35 14 71.4 

Employment 13 60 82.2 

Overall percentage   77.9 

(a) The cut-off value is 0.500. / (a) El valor de corte es 0,500. 
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Table 5. Variables included in the equation. 

Tabla 5. Variables incluidas en la ecuación. 

  

 
B 

 

 
E.T. 

 

 
Wald 

 

 
gl 

 

 
Sig. 

 

 
Exp(B) 

I.C. 95% for 
EXP(B) 

Lower 
Limit 

Upper 
Limit 

 
 
 

 
Step 7(a)

 

ProdMaize 1.353 0.543 6.202 1 0.013 3.868 1.334 11.218 

DestProd -1.607 0.592 7.365 1 0.007 0.200 0.063 0.640 

AgeHF -1.536 0.537 8.177 1 0.004 0.215 0.075 0.617 

PPU -0.953 0.499 3.638 1 0.056 0.386 0.145 1.027 

DecAct 1.567 0.571 7.547 1 0.006 4.794 1.567 14.667 

Proagro -1.153 0.508 5.154 1 0.023 0.316 0.117 0.854 

SegPop 1.290 0.531 5.903 1 0.015 3.631 1.283 10.277 

Constant 1.062 0.958 1.228 1 0.268 2.891  

(a) Variables introduced in Step 1: ProdMaize, DestProd, AgeHF, PPU, ProdAgri, DecAct, Proagro, SegPop, 
SourMaize, SufCon, SpeFood, CollAA4, SufInc. 

(a) Variables introducidas en el paso 1: ProdMaize, DestProd, AgeHF, PPU, ProdAgri, DecAct, Proagro, SegPop, 
SourMaize, SufCon, SpeFood, CollAA4, SufInc. 

 
 

Based on these results and considering   
the order in which the independent   
variables show greater influence on the 
dependent variable, it can  be  argued 
that employment outside the PPU is 
higher when: i) agricultural activity 
decreases (DecAct); ii) maize production 
(ProdMaize)    is    less    than    2    t,    and 
iii) the family receives support from the 
Seguro  Popular  Programme   (SegPop). 
In the opposite direction, employment 
outside the PPU is lower when: i) maize 
production (DestProd) is intended for 
consumption  and  sale;  ii)  the  head  of 

     the family (AgeHF) is over 50 years old; 
     iii) the  PPU  consists  only  of  a  plot, and 

iv) the family receives support from the 
Proagro Productivo Programme (Proagro). 
In turn, a predictive analysis was also 
performed using the regression coeffi- 
cients  to  calculate  probabilities.   Thus, 
to calculate the probability of a family 
member being employed outside the PPU, 
the logit model equation is as follows: 

1 

1 e
 z

 

 
where: 
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Taking into account the variables 
related to production and the categories 
that express the highest frequency among 
the farmers interviewed, the variables 
can be characterized as follows: maize 
production is less than 2 t, and is intended 
only for family consumption; the PPU 
consists of only the plot; agricultural 
activity has decreased in recent years;  
the family does not receive support for 
production (Proagro Productivo), and has 
no healthcare service (Seguro Popular). 
Under these conditions the probability is 
as follows: 

 
P = (PS Employment) = 0.954 

 
In other words, there is a 95.4% 

probability for a family member being 
employed outside the PPU in order to 
supplement income. 

Similarly, assuming there is a 
significant improvement in the productive 
variables, i.e. that agricultural activity has 
not decreased, more than two t of maize 
are produced for consumption and sale, 
and that there is government support for 
production and family healthcare, then 
the probability is as follows: 

 
P = (PS Employment) = 0.204 

 
In other words, if such conditions were 

met there would be a 20.4% probability 
for a family member being employed 
outside the PPU. 

In light of the above, it can be seen that 
agricultural production is an important 
determinant when it comes to imple- 
menting strategies involving permanent 
or temporary employment that can 
improve  income  levels  and  contribute 
to ensuring survival. Furthermore, 
government support is  also  important,  
if available, given that it decreases the 

 
 

    Tomo 52 • N° 1 • 2020                                              

 

probability of peasants implementing 
survival strategies involving employment 
outside the PPU. These results are in line 
with those obtained in other studies that 
show the potential of transfer programs 
(such as Procampo/Proagro and Oportuni- 
dades and Seguro Popular) to improve the 
living conditions of farmers (37). 

However, it is also important to note 
that the implementation of these programs 
has benefited large producers more than 
small producers (29, 36). Consequently, 
there needs to be more progress made in 
the design of more flexible and democratic 
public support should be made, 
addressing the specific problems 
presented by small farmers and peasants 
in rural Mexico. 

Although rural poverty in Latin 
America has declined over the past three 
decades, it is still exceptionally high. Some 
of the ways out of poverty are through 
agriculture, multi-activities, and assis- 
tance. The data is surprising given that 
among those households with land, 73% 
in Mexico and 34% in Nicaragua, obtain 
more than half of their income from non-
agricultural activities. Poor house- holds 
are limited to easily accessible low-paid 
agricultural work. However, the most 
effective way out of poverty for the rural 
poor in Latin America is via multi- 
activities (15). 

 

CONCLUSIONS 

 
The environment where peasants 

currently live in rural Mexico has forced 
them to look for livelihood options 
outside of  agricultural  activities  in  
order to survive. In the PPU, agricultural 
activities do not generate enough benefits 
given that production does not cover the 
basic needs of the families interviewed. In 
other words, farmers experience food 
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vulnerability and income instability as 
well as difficulty in adequately satisfying 
basic requirements to achieve a minimum 
level of wellbeing or improve their 
quality of life. 

The food fragility to which the inter- 
viewed peasant  families  are  subjected  
is reflected in the limited number of full 
meals they consume per day and the 
limited consumption of the wide variety 
of foods required for a balanced and 
nutritious diet. This, along with the large 
percentage of income spent on food, and 
the involvement of more and more family 
members in different income-supplement 
activities, indicate that the various 
strategies rural families  resort  to,  do 
not allow them to satisfy the primordial 
human need for food. As a result, there    
is little possibility of covering other basic 
needs. The food situation reflects the 
impoverishment of peasant families and 
the violation of a fundamental human 
right. Serious food deficiencies in the 
rural population can lead to high levels  
of malnutrition, with severe impacts on 
future generations. 

The strategies implemented by the 
interviewed peasants are determined 
primarily by the conditions of the Mexican 

agrarian sector. If the current agrarian 
public policies approach is maintained, 
there will be little possibility of improving 
agricultural activities or generating 
employment opportunities for rural 
populations, with the risk of exacer- 
bating and perpetuating the marginali- 
zation of peasants. The results of the 
peasant strategies observed through the 
inter- views, focused on increasing 
income, are insufficient for families to be 
able to live from their labor and in better 
conditions within their environment. 
Therefore, it is highly likely that this 
situation of poverty and marginalization 
will intensify, to the detriment of peasant 
families and rural Mexico. 

It is highly probable that the condi- 
tions detected in this study, are present   
in innumerable  cases  among  peasants  
in  different  regions  of   the   country. 
This highlights  the  need  to  revitalize 
the productive capacity of PPUs via 
specific public policies that need to be 
designed from a different perspective 
than that of current policies. Despite 
reduced production, agricultural activity 
performed in PPUs remains a relevant 
survival strategy. Actions must be imple- 
mented to ensure this practice does not 
disappear from the rural family dynamic. 
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Spatio - temporal spread of Plum pox virus infecting 
European plum (Prunus domestica L. cv. D'agen) orchard 

in Mendoza, Argentina

Distribución espacial y temporal del Plum pox virus en un 
monte de ciruelo europeo (Prunus domestica L. cv D'agen) 
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Abstract

Sharka, caused by Plum pox virus (PPV), is considered one of the most serious viral 
diseases of stone fruits worldwide due to the great yield losses in orchards. In Rama 
Caída, Mendoza, a 5-year study (2007-2011) was conducted in a European plum cv 
D’agen orchard using samples from leaves and DAS-ELISA assay against PPV in order 
to determine incidence over time and spatial spread. Incidence significantly increased 
between 2007 and 2009, while for the next two years the increase was not statistically 
significant. Spatial point pattern of PPV at the plot was characterized by the occurrence 
of some heterogeneous clusters of infected trees located up to 65 m in the west-east 
direction of the rows over the five years. Point pattern and correlation type-approaches 
were undertaken using joint-count and Ripley's K function and showed that the detected 
infected plants had a disease aggregation pattern both in west-east and south-north 
directions, as well as within and between rows across the plot. This short-distance local 
dispersion would be associated with diverse factors, such as vector aphids, that were not 
evaluated in this study. Hence, this work can serve as a basis for further studies of sharka 
dispersion in Cuyo region.
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Resumen

Sharka causada por Plum pox virus (PPV) es considerada la enfermedad más nociva 
de los frutales de carozo debido a las pérdidas que produce en los montes frutales. En 
Rama Caída (Mendoza) se estudió la dispersión del PPV en un monte de ciruelo europeo 
cv D’agen durante 2007 a 2011 a través del análisis de muestras de hojas de árboles 
individuales por DAS-ELISA, para determinar la incidencia y distribución espacial de 
virus. Entre 2007 y 2009, el aumento en la incidencia fue estadísticamente signifi-
cativo mientras que en 2010 y 2011 este no resultó significativo. El PPV se distribuyó 
en el lote, como un patrón de puntos caracterizado por agrupamientos heterogéneos de 
árboles infectados, ubicados hasta los 65 m en dirección oeste-este de las filas. A través 
del análisis de patrones de puntos y de correlación de árboles infectados, mediante la 
función K de Ripley y el estadístico Joint-count, se comprobó que las plantas infectadas 
presentaron un patrón espacial agregado, tanto en sentido oeste-este (entre filas), como 
sur-norte (dentro de fila), indicando una dispersión a corta distancia. Este escenario 
puede responder a múltiples factores no estudiados, como la presencia de áfidos 
vectores, y constituir las bases de futuros estudios de dispersión de PPV en Cuyo.

Palabras clave
Sharka • Prunus domestica cv. D'agen • análisis estadístico espacial y temporal 

del virus • PPV

Introduction

Sharka disease, caused by Plum 
pox virus (PPV, genus Potyvirus, family 
Potyviridae) is considered one of the 
most destructive diseases of stone fruit 
(apricots, Japanese and European plum, 
peach and cherry) worldwide (8, 15).

The disease causes important economic 
losses in stone fruit orchards affecting the 
appearance, flavour and texture of fruits, 
to the point of making them undesirable 
both for fresh consumption and industry. 
It may also cause premature fruit drop, 
thereby reducing production (15).

The virus was first detected in 
Bulgaria (1) and is present in countries 
of Western and Eastern Europe, Northern 
Africa and North and South America. In 
Argentina, it was detected in 2004 (12) 
in Japanese plum and apricot orchards in 
San Juan province and, more recently, in 

European plum in Mendoza province. PPV 
is disseminated via infected propagation 
material (buds, grafts) from one place to 
another, such as between countries, and/
or regions/locations within a country. 
Deficient or absent sanitary control 
between regions is considered the cause 
of PPV introduction to virus-free areas (2). 

Once PPV is introduced to a 
geographical site, local dissemination 
among nearby plants can occur through 
vector aphids. There are about 20 aphid 
species that can transmit the virus in an 
uncontrolled, natural manner, carrying 
the virus from a diseased plant to healthy 
ones (23). There is no direct correlation 
between virus transmission capacity and 
vector Prunus colonization, because PPV 
can be efficiently transmitted both by 
species that do not colonize stone fruit 
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trees (visitor aphids) and by species that 
form colonies in Prunus, with leaves and 
fruits being the main inoculum sources 
(24). While the disease expands rapidly in 
fruit orchards, progression rate can vary 
with the PPV strain (D or M, or others such 
as REC) and the Prunus species involved 
(plum, apricot or peach)(17, 24).

Studies on PPV dispersion in stone 
fruit trees have been conducted in 
different European countries over several 
years, such as Spain (18) France (11) and 
Greece (33), as well as USA and Canada 
in North America (20) involving different 
Prunus species. Their results showed that 
the spatial dispersion of PPV responds to 
different distribution patterns (8, 11, 18, 
20, 24, 33). Data collected by intensive 
mapping include details of the spatial 
arrangement of sampling units.

The disease distribution pattern is a 
characteristic that can be attributed to a 
series of points (infected trees) and that 
describes their location in terms of relative 
distance of each point with respect to the 
remaining ones (32). Given that plant 
disease data can display spatial patterning 
in a number of different ways, it is useful 
to analyze spatial patterns using different 
approaches and search for congruence in 
the detected patterns (14, 28).

Accordingly, Join-count statistics (10) 
may be used to analyze spatial association 
for disease incidence data (26). This 
approach is appropriate when each 
individual plant is considered a sampling 
unit. Another robust method to measure 
the randomness of binary data of spatial 
points are the stochastic models proposed 
by Ripley (14, 30)widely used for analysis 
of spatial patterns, both in local dispersion 
(i.e. within row and across rows) (31) and 
regional      dispersion (long distance dispersion)
(19, 20).

Models are also used to understand 
how plant diseases develop in a population 

over time. With models, the many 
individual observations are reduced to a 
few model terms, making it much easier to 
visualize and, ultimately, understand the 
studied phenomena (26).

Generalized linear mixed models 
(GLMMs) are an appropriate tool for 
evaluating virus incidence over time 
based on binary variables allowing 
taking into account possible correlations 
between observations measured on a 
single individual over time (25). 

According to this, we postulate that 
a point pattern of infected PPV trees on 
orchards has an aggregated or clustered 
spread. A random distribution (complete 
spatial randomness, CRS) would be the 
null hypothesis for statistical analyses, 
whereas the alternative hypothesis 
postulates that the distribution pattern 
of infected trees is either regular or 
clustered (27). The aim of this work was 
to analyze and evaluate the spatial and 
temporal natural spread of Sharka virus in 
an European plum orchard in the southern 
area of Mendoza province, Argentina, from 
2007 to 2011. 

Materials and methods

Orchard sampling design 
The study was conducted in a 

European plum (Prunus domestica 
L. cv D'Agen) orchard located in Rama 
Caída district (34° S, 68° W), San Rafael 
department, southern Mendoza province, 
Argentina. The orchard (1 ha) is charac-
terized by a rectangular planting pattern 
of 3 x 4 m spacing between plant and 
row, comprising 750 trees on 25 rows 
(100 m) in west-east direction and 90 m 
in south-north direction. Sampling was 
performed during spring (October) from 
2007 to 2011, and included all the trees 
in the orchard, some of which exhibited 
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chlorotic symptoms and ring spots in 
leaves, as well as premature fruit drop. 

Virus detection 
Samples of expanded leaves (16 leaves 

per plant) were taken from branches 
oriented to the four cardinal points.

The double antibody sandwich-enzyme-
linked immune sorbent assay (DAS- ELISA) 
was used, following the protocol of Clark 
and Adams (1977), using Inmunoglobulins  
and conjugates of PPV (Bioreba). Plates 
(NUNC 96-well polystyrene) were coated 
using 1:1000 IgG dilutions and conjugate. 
The extract was processed using 0.5 g of 
basal third of leaves diluted in 1/10 w/v 
extraction buffer.

Commercial positive controls 
(Bioreba) and negative controls (virus-
free plum or healthy controls) were used. 
Plates were read at 405 nm in a Bio-TEK 
ELX800 Reader. Plants were considered 
healthy when their absorbance reading 
value was higher than twice the mean of 
healthy control plants. 

Temporal analyses
Virus incidence and dispersion for the 

whole plot (750 trees) was assessed from 
2007 to 2011. PPV infection was confirmed 
by DAS-ELISA, resulting in diseased trees 
(classified as D) and non-infected-healthy 
trees (classified as H). With these values 
of disease status, the incidence progress 
curve was fitted for the evaluated period 
with a generalized linear mixed model 
(GLMM) with the logit link function (25). 

Year was included as a fixed effect and 
tree as a random effect in order to account 
for the intra-tree correlation along the years.

The estimated mean annual disease 
incidence was compared between years 
using the a posteriori test of Fisher's LSD 
(α=0.05). Analyses were performed using 
the software InfoStat (13).

Spatial analyses
Spatial distribution of PPV in Rama 

Caída orchard was analyzed via a spatial 
autocorrelation analysis, showing the 
spatial effects using georeferenced 
data, here applied at an individual tree 
level. We used two analyses in order 
to study the spatial pattern of PPV 
disease: 1) join-count statistics (10), and 
2) Ripley's K function (30). Both methods 
describe the degree of clustering of 
individuals, in this case, in relation to PPV 
presence. The values of these statistics 
indicate if the pattern is clustered, random 
or dispersed. 

Join-count
Join-count statistics is an area 

pattern method used to assess the 
spatial association of categories. We 
considered two point classes, D and H, 
where D represents virus presence in 
trees and H, absence of the disease in the 
tree, to determine the number of pairs 
of points with the same characteristic 
(presence or absence, DD or HH), within 
a neighbourhood defined by the distance 
between trees. Then the method calcu-
lates if the number of pairs of the same 
type, e.g., DD (i.e., both trees are infected) 
is higher or lower than the value expected 
by chance, considering the total number 
of Ds and Hs and the number of pairs of 
points defining the neighbourhood.

A similar approach is used for the 
events in which the pairs of HH trees 
(healthy plants) or DH trees (one healthy 
and one infected plant) are counted. 

The neighbourhood was represented 
by a connectivity matrix (W) of N×N 
in size, where N is the number of trees 
and each W element (wij) has a value of 
1 to 0, depending on whether the ith tree 
is neighbour of the jth tree (wij =1) or not 
(wij =0). For example, in cases of points 
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of the same type (DD) the statistic Jij is 
defined as equation (1): 		

					   
	 (1)

where:
 f(Di, Dj) is a function of a value of 
1 if trees i and j are D type, and of 
0 (f(Ai, Aj)=0) if any of the trees i and j are 
not type D, for all i≠j.

The indices considering the number of 
adjacent (neighbours) Joins of the same type 
(DD or HH) quantify the degree of positive 
spatial autocorrelation, whereas the index 
based on the number of adjacent regions 
that do not contain the same category 
(DH) describes the degree of negative 
autocorrelation. We defined neighbours 
using a distance-based connectivity matrix 
W, where neighbours were defined as 
locations within 4 m, from 4, 8, 12, 16, 20, 
24, 28, 32, 36, 40, 44, 48, 52, 56, 60, 64 up to 
100 meters, which corresponds to the entire 
west-east length of the plot. 

The results are expressed for each 
pair of connections (DD, HH, DH) as a 
standard normal deviate (SND), obtained 
by subtracting the expected paired values 
from the observed ones and dividing by 
the standard deviation. Thus, significance 
(α = 0.05) of SND would correspond to 
a ±1.96 threshold. To confirm the null 
hypothesis, a permutation procedure was 
used via Monte Carlo simulation, by which 
the categories are randomly reassigned 
with each simulation and the "join count" 
statistic of interest is calculated.

The fraction of simulations with a statis-
tical value below the observed one, provides 
the p value. We used join count statistics 
to address whether the observed DD was 
considerably larger than expected in each 
evaluated year. The join-count statistic was 

1 ( , )
2ij ij i j

ij
J w f D D= ∑

calculated using the spdep library (6) in R 
(29). 

Ripley’s K function 
The spatial concentration of points in 

the absence of randomness determines 
the interaction or spatial dependency 
among points across space, which is also 
described with the Ripley’s K function. If 
“y” is the mean of infected trees per unit 
area (density), then ( )yK d  is the number 
of infected trees within the distance (d) 
from an arbitrarily selected infected tree.

If a group of points is randomly 
distributed, for example via a Poisson 
process with λ density, the expected 
number of points in a circle of "d" radius is 
λπd2; thus, the Ripley's K function (30) can 
quantify the deviation from randomness 
(theoretical distribution) and reflect the 
type, intensity and range of the spatial 
pattern by analyzing the distances 
between all points. In this study, which is 
based on a rectangular plot, the equation 
(2) is fitted:

				  
(2)

for i≠ j
where:
 n = the number of points (trees) in 

the sample
A = the plot area in m2

wij =  the correction factor of the 
edge effect

Iij (d) equals 1 if dij ≤d and 0 if dij>d, with 
dij being the distance between points i and j.

The factor wij is calculated 
following (16). The function L (modified 
Ripley’s K function) ( ) ( ) /L d K d= π

 was 
used to linearize the function and stabilize 
the variance. This implied representation 

2 1

1 1
( ) ( )

n n

ij ij
i j

K d n A w I d− −

= =

= ∑∑
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of L (d)-d against distance d, thereby 
fitting the null hypothesis to a value of 
zero (4). 

Therefore, an aggregate pattern occurs 
when L(d)-d is significantly higher than 
zero and a regular pattern, when L(d)-d 
is significantly lower than zero (31). The 
null hypothesis of spatial randomness 
was proven via 100 Monte Carlo simula-
tions. To ensure the performance of a 
significance Monte Carlo test at 0.05 level, 
999 simulations were performed (5, 7). 
Ripley's K function was modelled using 
the spatstat library (3) in R (29).

Results

Temporal disease progression
The results of the DAS-ELISA analysis, 

showed 19 positive trees in 2007, 15 
new infected plants in 2008 and 14 new 
infected plants in 2009, whereas in 2010 
and 2011, only 6 and 10 new plants were 
infected, respectively (table 1).

The initial incidence was 2.53% in 
2007, then 2% in 2008, 1.86% in 2009, 
0.8% in 2010 and 1.34% in (2011), 

respectively. A total of 64 new plants 
infected with PPV were detected over the 
five years (table 1).

The fitted generalized linear mixed 
model (GLMM) showed significant 
increases in incidence between 2007 
and 2008 and between 2008 and 2009 
whereas in the last two years (2009-2011), 
the increase in incidence was not statisti-
cally significant.

The proportion of infected trees over 
time was 2.5 % (± 0.6) in 2007; 4.5% (± 0.8) 
in 2008, 6.4 % (± 0.9) in 2009; 7.2 % (± 0.9) 
in 2010 and 8.5 % (± 1.0) in 2011.

The disease cumulative incidence 
increased over time. However, between 
2009 and 2011, the rate of increase was 
lower than at the beginning of the study, 
as shown by the disease progress curve 
(DPC) (figure 1, page 267). 

Spatio-temporal point pattern analysis 
The spatial distribution pattern of PPV 

infection in the European plum cv D'agen 
orchard showed that diseased trees were 
not randomly distributed. Rather, the 
pattern found was "heterogeneous aggre-
gation" of infected plants within the plot. 

Table 1. Analysis of European plum cv D'agen for Plum pox virus by DAS- ELISA in a 
plot from Rama Caída, Mendoza, Argentina.

Tabla 1. Análisis por DAS-ELISA de Plum pox virus en ciruelo europeo cv D'agen en un 
monte de Rama Caída, Mendoza, Argentina.

* Different letters indicate statistically significant differences.
* Letras diferentes indican diferencias estadísticamente significativas.

Year Number of 
analysed plants 

Number of new 
infected plants/ year 

Incidence/ 
year (%)

Cumulative number 
of infected plants 

Cumulative 
Incidence*

2007 750 19 2.53 19 2.5 a
2008 750 15 2.0 34 4.5 b
2009 750 14 1.86 48 6.4 c
2010 750 6 0.8 54 7.2 c
2011 750 10 1.35 64 8.5 c
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The distribution map of infected trees 
and healthy trees of the studied orchard 
is represented in a scatter plot (figure 2, 
page 268-270), with each point repre-
senting a tree. At the beginning of the 
study (2007), the disease was located in 
the first five rows of plants (up to 20 m), 
with west-east direction in the plot (figure 
2A, page 268).

Different letters indicate statistically significant 
differences (Fisher’s LSD at α=0.05). Bars represent 

standard deviations (SD) of data. 
Letras diferentes indican diferencias 

estadísticamente significativas 
(prueba de Fisher  α=0,05). Las barras representan 

los desvíos estándar (DS).

Figure 1. Disease progression curve 
(DPC) of sharka disease (Plum pox virus 

infection) in a plot of European plum 
cv D'agen in Rama Caída, Mendoza, 

during 2007-2011. The figure shows the 
cumulative incidence of PPV over the 

5-year study period.
Figura 1. Curva de progreso de 
la enfermedad de sharka (DPC) 

(Plum pox virus) en un monte de ciruelo 
europeo cv D' agen de Rama Caída 

(Mendoza) estudiado entre 2007 y 2011. 
Se muestra la incidencia acumulada (%) 

en cada año. 

In the second year (2008), new 
diseased trees were observed around the 
initially infected trees, forming heteroge-
neous associations, which did not extend 
more than 20 m (figure 2B, page 268), 
and another group of isolated plants was 
observed at between 45 and 65 m during 
the third year (2009) (figure 2C, page 269), 
New plants in the clustered group around 
the trees detected in the first years were 
detected in the last study year (2011), as 
well as other isolated plants or weakly 
clustered plants, which appeared at a 
distance of 70 to 100 m (figure 2D, page 
269; figure 2E page 270; table 1, page 266).

Evaluation of the spatial point 
pattern by join-count method

The results obtained using the join-
count statistic showing the joins of the 
same type category (DD), and adjacent 
(neighbours) to the presence-presence 
(DD) infection class, are presented in 
table 2 (page 271). They reject the null 
hypothesis of a random distribution 
of diseased plants (p-value<0.01) and 
indicate aggregated clustered disease 
distribution pattern. Autocorrelation was 
observed between individuals close to a 
given tree with respect to those located 
at a distance between 0 and 96 m in 
east-west direction.

In table 2 (page 271), we present 
only the DD presence-presence category 
(join-count statistic data), which was 
considerably larger than the expected 
value (value under complete randomness) 
in the five years evaluated.

The analyses show that the calcu-
lated join-count statistic was higher than 
expected for each year and for each one 
of the distances considered to define the 
neighbourhoods for each tree.
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Left: Spatial pattern of PPV-diseased trees (large dots) and healthy (PPV-free) trees (small dots). Right: 
Ripley K-function versus distance in m (r). The black solid line corresponds to the observed K function (Kobs), 
the dotted line to the theoretical K-function (Ktheo) and the grey area to the envelope obtained through Monte 

Carlo simulation. Kobs is higher that the envelope simulated for a random point pattern indicating spatial 
dependency between trees in a short distance (clustered spatial pattern).

Izquierda: Patrón espacial de árboles infectados con PPV (círculos grandes) y árboles 
sanos (círculos pequeños). Derecha: Función K de Ripley en función de la distancia en m (r). La línea 
continua corresponde a la función empírica Kobs,, la línea discontinua  a la función K teórica (Ktheo) y el 

área gris corresponde a los intervalos obtenidos mediante simulación Monte Carlo para la hipótesis de 
aleatoriedad espacial. La función de distribución empírica Kobs , se encuentra por encima del límite del 

intervalo obtenido por simulación para una distribución al azar, indicando dependencia espacial entre los 
árboles infectados en distancias cortas (patrón agregado).

Figure 2. Spatial and temporal analysis of Plum pox virus (PPV) infection in a plot of 
European plum D’agen during 5 years (2007-2011). 

Figura 2. Análisis de la distribución espacial y temporal del Plum pox virus (PPV) en un 
lote de ciruelo europeo durante 5 años (2007-2011). 
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Left: Spatial pattern of PPV-diseased trees (large dots) and healthy (PPV-free) trees (small dots). Right: 
Ripley K-function versus distance in m (r). The black solid line corresponds to the observed K function (Kobs), 
the dotted line to the theoretical K-function (Ktheo) and the grey area to the envelope obtained through Monte 

Carlo simulation. Kobs is higher that the envelope simulated for a random point pattern indicating spatial 
dependency between trees in a short distance (clustered spatial pattern).

Izquierda: Patrón espacial de árboles infectados con PPV (círculos grandes) y árboles sanos (círculos 
pequeños). Derecha: Función K de Ripley en función de la distancia en m (r). La línea continua corresponde 
a la función empírica Kobs,, la línea discontinua  a la función K teórica (Ktheo) y el área gris corresponde a los 

intervalos obtenidos mediante simulación Monte Carlo para la hipótesis de aleatoriedad espacial. La función 
de distribución empírica Kobs , se encuentra por encima del límite del intervalo obtenido por simulación para 

una distribución al azar, indicando dependencia espacial entre los árboles infectados en distancias cortas 
(patrón agregado).

Figure 2 (cont.). Spatial and temporal analysis of Plum pox virus (PPV) infection in a 
plot of European plum D’agen during 5 years (2007-2011). 

Figura 2 (cont.). Análisis de la distribución espacial y temporal del Plum pox virus 
(PPV) en un lote de ciruelo europeo durante 5 años (2007-2011). 
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Left: Spatial pattern of PPV-diseased trees (large dots) and healthy (PPV-free) trees (small dots). Right: 
Ripley K-function versus distance in m (r). The black solid line corresponds to the observed K function (Kobs), 
the dotted line to the theoretical K-function (Ktheo) and the grey area to the envelope obtained through Monte 

Carlo simulation. Kobs is higher that the envelope simulated for a random point pattern indicating spatial 
dependency between trees in a short distance (clustered spatial pattern).

Izquierda: Patrón espacial de árboles infectados con PPV (círculos grandes) y árboles sanos (círculos 
pequeños). Derecha: Función K de Ripley en función de la distancia en m (r). La línea continua corresponde 
a la función empírica Kobs,, la línea discontinua  a la función K teórica (Ktheo) y el área gris corresponde a los 

intervalos obtenidos mediante simulación Monte Carlo para la hipótesis de aleatoriedad espacial. La función 
de distribución empírica Kobs , se encuentra por encima del límite del intervalo obtenido por simulación para 

una distribución al azar, indicando dependencia espacial entre los árboles infectados en distancias cortas 
(patrón agregado).

Figure 2 (cont.). Spatial and temporal analysis of Plum pox virus (PPV) infection in a 
plot of European plum D’agen during 5 years (2007-2011). 

Figura 2 (cont.). Análisis de la distribución espacial y temporal del Plum pox virus 
(PPV) en un lote de ciruelo europeo durante 5 años (2007-2011). 
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For example, in the second study 
year (2008), the value recorded at 4 m 
was 4.75 vs 0.75 (expected value), at 
8 m (2.93 vs 0.75), showing that this 
significant difference is large up to 60 m 
(1.05 vs 0.75), with a statistical signifi-
cance p-value of 7.9×10-16.

The difference starts decreasing at 
64 m and up to 96 m (data not shown), 
with a join-count of 0.79 at 96 m in 2008, 
which is close to the expected value 
(0.75) under randomness, while p-value 
increases to 4.4×10-16.

The same trend is observed in the 
following years: 2009 (1.88 vs. 1.51); 2010 
(1.84 vs. 1.77) and 2011 (2.63 vs. 2.52).

A reduction of the statistic value 
is observed with increasing distance, 
indicating a lower significant difference 
between the observed and the expected 
values at 96 m. However, the difference 
remains significant, indicating aggre-
gation of diseased plants (p value<0.05) 
and positive autocorrelation between 
nearby individuals. 
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Table 2. Spatial analysis of Plum pox virus dispersion in a European plum cv D'agen plot using 
the join-count autocorrelation statistic. 

Tabla 2. Análisis espacial de la dispersión del Plum pox virus en un lote de ciruelo europeo cv 
D'agen a través del estadístico de autocorrelación Join-count.

* The calculated (join-count statistic) and **expected statistic values for disease presence category (DD) and for W-E distances 
between rows every 4 m, (from 4 m to 40) as well as for 60 m and 96 m, in the plot are shown for each year from 2007 to 2011. 
* El estadístico Join Count calculado y el **estadístico de valores esperados para la categoría presencia de enfermedad (DD) y para 

la distancia oeste-este entre filas cada 4 m (desde 4 hasta 40 m) y también para los 60 m y 96 m de distancia se muestran en la 
tabla, para cada año desde 2007 hasta 2011.

Year Distance (m) Statistic 
(Join count)*

Expected 
Value** Variance P-value

2007

4 2.54 0.25 0.063 2.2×10-16

8 1.56 0.25 0.0014 2.2×10-16

12 1.40 0.25 0.007 2.2×10-16

16 1.34 0.25 0.004 2.2×10-16

20 1.20 0.25 0.003 2.2×10-16

24 0.88 0.25 0.002 2.2×10-16

36 0.57 0.25 0.00089 2.2×10-16

40 0.50 0.25 0.0007 2.2×10-16

60 0.44 0.25 0.0004 2.2×10-16

96 0.27 0.25 1.3×10-5 4.4×10-16

2008

4 4.75 0.75 0.180 2.2×10-16

8 2.93 0.75 0.046 2.2×10-16

12 2.35 0.75 0.022 2.2×10-16

16 2.29 0.75 0.012 2.2×10-16

20 1.98 0.75 0.008 2.2×10-16

24 1.70 0.75 0.006 2.2×10-16

36 1.29 0.75 0.0028 2.2×10-16

40 1.17 0.75 0.0024 2.2×10-16

60 1.05 0.75 0.0014 7.9×10-16

96 0.79 0.75 4.9×10-5 1.2×10-09

2009

4 6.87 1.51 0.346 2.2×10-16

8 5.14 1.51 0.090 2.2×10-16

12 4.13 1.51 0.043 2.2×10-16

16 3.88 1.51 0.023 2.2×10-16

20 3.47 1.51 0.015 2.2×10-16

24 3.08 1.51 0.011 2.2×10-16

36 2.40 1.51 0.0058 2.2×10-16

40 2.19 1.51 0.0052 2.2×10-16

60 1.88 1.51 0.0035 1.2×10-10

96 1.56 1.51 0.0001 1.3×10-7

2010

4 9.50 1.77 0.402 2.2×10-16

8 6.52 1.77 0.105 2.2×10-16

12 5.45 1.77 0.050 2.2×10-16

16 4.77 1.77 0.017 2.2×10-16

20 4.10 1.77 0.018 2.2×10-16

24 3.69 1.77 0.013 2.2×10-16

36 2.80 1.77 0.0070 2.2×10-16

40 2.59 1.77 0.0062 2.2×10-16

60 2.24 1.77 0.0044 6.9×10-13

96 1.84 1.77 0.0001 3.3×10-9

2011

4 12.33 2.52 0.557 2.2×10-16

8 8.68 2.52 0.145 2.2×10-16

12 7.17 2.52 0.070 2.2×10-16

16 6.21 2.52 0.038 2.2×10-16

20 5.34 2.52 0.025 2.2×10-16

24 4.83 2.52 0.019 2.2×10-16

36 3.86 2.52 0.0102 2.2×10-16

40 3.59 2.52 0.0094 2.2×10-16

60 3.14 2.52 0.0070 14.7×10-13

96 2.63 2.52 0.0002 3.6×10-12
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Evaluation of the spatial point 
pattern by Ripley’s K-function method

The analysis of the PPV virus spatial 
spread via Ripley's K statistic indicated a 
non-random distribution of diseased trees 
as well as a clustered pattern in the plot. 
Ripley’s K function was fitted for each 
sampling year (2007 to 2011) and data of 
virus presence in trees were compared as 
a function of the distance between them.

Figure 2 (page 268-270),  shows the 
graphs of the theoretical Ripley’s function 
and the fitted function for a maximum 
distance (r) of 23 m, corresponding to a 
quarter of the total distance between trees 
90 m in south-north direction.

The envelope ∝= 0.05 (Khi (r)-Klo (r)) 
for the theoretical distribution under 
Complete Spatial Randomnes, obtained 
by Monte Carlo simulation, is shown 
in grey. The empirical function Kobs(r) 
obtained from the data collected for each 
year evaluated was above the theoretical 
function Ktheo(r) and the simulated 
envelopes, suggesting that trees infected 
with PPV show a clustered pattern. The 
separation between the collected Kobs data 
and the Ktheo theoretical curve was greatest 
in 2007, decreasing in the following 
years, even in 2011. Therefore, in the 
first year there would be a higher spatial 
dependency in the distribution of infected 
plants. This distribution is observed 
along the distance (23 m) analyzed by the 
Ripley’s K function. Spatial dependency 
was higher during the first two years of 
study, when incidence was higher.

DISCUSSION 

The European plum plot evaluated for 
PPV presence in Rama Caída is the only 
plot where PPV has been detected in San 
Rafael up to now.

Sample collection was made under 
controlled management conditions 
during the study period. After the end of 
this study, the process of eradication of 
positive plants, following the regulatory 
process for diseases of quarantine 
concern, was implemented.

In the D'agen plum plot, PPV positive 
trees were serologically detected by 
DAS-ELISA during the 5-year study period 
(2007-2011), showing increasing number 
of diseased plants over time. This finding 
indicates that the virus dispersed to 
healthy trees in the plot over time, but with 
a significantly lower number of infected 
plants in the last years than in the first two 
years, suggesting that PPV epidemic was 
at very early stage during the study.

PPV distribution observed by the 
spatial and temporal pattern suggests that 
PPV has spread naturally, forming hetero-
geneous aggregations of diseased trees in 
the orchard. The number of infected plants 
that appeared with increasing distance, 
gradually decreased from the focus of the 
earliest infected plants and especially in 
the last two years of study with respect to 
the plants detected in the first three years. 

In the plum orchard in Rama Caída, 
spatial clusters were observed at 4 m 
within the row (from initial focus) and  
up to 65 m across rows. These small 
clusters indicated a relationship between 
sharka diseased trees (D) that were at a 
close distance. Over time, other isolated 
or weakly clustered plants appeared 
at a distance of 70 to 100 m (W-E) in 
2010-2011, indicating a lower disease 
progression over space and time.

Heterogeneous aggregated spatial 
associations occurred close in space 
and time, which was confirmed with 
similar approximation by autocorrelation 
spatial analysis with Ripley's K function 
and Join-count. This result supports the 
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hypothesis of tree aggregation and is in 
agreement with Madden et al. (2007). 
Our results indicate an aggregated point 
pattern that has a positive correlation, i.e. 
between the infected tree and the distance 
between each one.

The results also suggest that the 
spatially closest trees had a greater proba-
bility of becoming infected than healthy 
trees separated from diseased ones (at 
least up to 96 m), which is in agreement 
with Madden et al. (2007). Accordingly, 
studies of PPV-D spread in orchards 
from Pennsylvania (USA), conducted 
using autocorrelation analyses between 
1999 and 2000, reported the presence of 
clusters, which were stronger within rows 
than between rows, with fewer and smaller 
aggregations with increasing  distance 
(17, 20). Similarly, in apricot orchards 
infected with PPV-D in France, new sympto-
matic trees were sometimes found to be 
close to previously infected ones, forming 
infection clusters over time (24).

Other findings of PPV-D spread reported 
for orchards in Pennsylvania and Canada 
indicated that a few clusters of new infected 
trees appeared around already infected 
trees, within a range of 25-150 m (17, 20). 
All of these findings are in agreement with 
or similar to our results. 

By contrast, in eastern Spain, no 
clusters of trees infected with PPV-D 
were observed between adjacent trees 
or within rows in apricot and peach 
orchards. Rather, the clusters were formed 
at greater distances and with no specific 
direction, i.e., no spatial disease gradients 
were observed over time (18). In Rama 
Caída orchard, we observed a west-east 
trend of PPV spread. However, the 
formation of new associations of positive 
trees occurring over time did not show a 
disease gradient in the plot. 

Studies on the spatial distribution of 
PPV-D conducted in different countries 
attributed the formation of spatial aggre-
gations at a short distance (less than 
100 m) to the virus transmission by 
viruliferous aphids. Distribution can 
result in aggregations or groups of trees 
that are both far from the initially infected 
trees and around the trees immediately 
adjacent to an infected tree (8, 18).

Our study shows that the area infected 
with PPV has expanded from west to 
east, coinciding with the prevailing wind 
direction in the area. This fact, along 
with results on the distribution pattern 
and the short distance evaluated, would 
suggest that the observed spread might 
be associated with movement of aphid 
vectors, a fact that has not been evaluated 
in this work. It has been suggested that 
PPV expansion would depend both on the 
presence of and proximity to viruliferous 
aphids sources (34).

The fruit species and the cultivar 
would also contribute to susceptibility to 
PPV and to the aphid, as observed in Chile 
(21, 22) and in France (23).

Our future research on sharka disease 
and PPV spread will focus on vector 
presence and aphid species disseminating 
PPV, their population dynamics and virus 
transmission efficiency. 

Conclusion

The natural dispersion of Plum pox virus 
in European plum analyzed and quantified 
using mixed generalized models and 
functions with autocorrelation analysis, 
was led to determine the movement of 
infection among close spatially plants. 
These tools allowed to contrast the 
hypothesis of randomness of the disease 
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in the infected bush, resulting in an 
aggregate distribution of the disease in 
aggregate, under the presence of clusters 
of infected trees. In turn the incidence of 
the disease was higher at the beginning 
of the study and lower for the following 
years, meaning that the infection rate 
among nearby trees decreased over time 
as dispersion distance increased from the 

first test plants. These results allowed us 
to evaluate the movement of the disease 
in European plum cv D'agen, which could 
be used in future studies of distribution of 
the virus in other cultivars or species of 
stone fruit and other growing regions in 
Argentina, as well as to improve disease 
management and control measures.
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Abstract 

The disease known as coffee corky-roots associated to the infection by the root-knot 
nematode Meloidogyne paranaensis is an important issue for coffee crop in several 
countries. In Mexico, particularly in the Veracruz state, considerable loses are recorded 
annually in Coffea arabica plantations by corky-root disease. Previous studies have 
revealed the presence of fungi in coffee corky-root tissues. However, these fungi have 
not been yet identified. This work aimed to identify at species level the fungi associated 
to the coffee corky-root symptoms and determine their pathogenicity on coffee plants. 
Coffee roots with corky-root symptoms were collected in eight sites distributed through 
the major coffee growing region of Veracruz. Observations of inside cortical root tissues 
under scanning electron microscope revealed abundant mycelium and conidia in 
corky-root samples in contrast with absence of any fungi development in healthy roots. 
Forty-nine fungi strains from internal corky-root tissue were isolated and identified at 
species level by ITS sequences. Fusarium oxysporum was the most frequent species and 
the only present in all of the corky-root samples. These strains were selected for the 
pathogenicity test. All F. oxysporum strains colonized the vascular system of coffee plants 
although none caused wilting symptoms.
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Resumen

La corchosis de la raíz del café asociada a la infección del nematodo agallador de la 
raíz Meloidogyne paranaensis es un importante problema para el cultivo de café en varios 
países. En México, particularmente en el estado de Veracruz, se registran considerables 
pérdidas anuales en las plantaciones de Coffea arabica por esta enfermedad. Estudios 
anteriores han revelado la presencia de hongos en los tejidos afectados con corchosis 
de la raíz del café. Sin embargo, estos hongos aún no han sido identificados. El objetivo 
de este trabajo fue identificar a nivel de especie los hongos asociados a la corchosis 
de la raíz y determinar su patogenicidad en plantas de café. Se recolectaron raíces de 
cafetos con síntomas de corchosis en ocho sitios distribuidos a través de la principal 
región cafetalera de Veracruz. Las observaciones de los tejidos internos de las raíces 
bajo el microscopio electrónico de barrido revelaron abundante micelio y conidios en 
muestras de raíz con corchosis, en contraste con su ausencia en raíces sanas. Se aislaron 
49 hongos de los tejidos internos afectados con corchosis y se identificaron a nivel de 
especie mediante secuencias de ITS. Fusarium oxysporum fue la especie más frecuente y 
la única presente en todos los sitios de muestreo, por lo que estas cepas fueron seleccio-
nadas para la prueba de patogenicidad. Todas las cepas de F. oxysporum fueron capaces 
de colonizar el sistema vascular de las plantas de café, aunque ninguna causó síntomas 
de marchitez.

Palabras claves
Coffea arabica • nematodo agallador • hongos filamentosos

Introduction

Coffee takes the second place among 
the most worldwide traded products 
(after oil) providing economic livelihood 
to more than 125 million people. During 
the coffee cycle 2015/2016 the producing 
countries all together, exported more than 
110 million, 60-kg bags (22). 

In Mexico, Arabica coffee planta-
tions represent almost the 90% of the 
coffee production and still plays an 
important socio economic role in many 
rural areas with high level of poverty. 
Additionally, Arabica plantations 
provide many important ecosystemic 
services to the country, since this crop 
is predominantly grown in agroforestry 
systems and in ecologically sensible 
mountainous areas (20). However, Mexico 

coffee exportable production has been 
decreasing, almost constantly, since 
the end of the 90’s falling from around 
4 million to less than half million of 60-kg 
bags for the last harvest, 2015/2016 (22). 
This dramatic decrease in production is 
caused by different reasons like the aging 
of most coffee plantations and biotic 
stresses. In this sense, the coffee leaf rust 
has affected Mexican coffee crop mainly 
during the last three years, in addition, 
to plant-parasitic nematodes which have 
wide distribution in all coffee growing 
regions of Mexico (21). Today, coffee leaf 
rust and plant-parasitic nematodes are 
the two major phytosanitary problems 
affecting Arabica coffee plantations 
throughout Latin America (1, 42).
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Nonetheless, while coffee leaf rust 
incidence and damage are determined 
by many factors such as, micro and 
macroclimate conditions and agronomic 
practices, plant-parasitic nematodes 
represent a continued and underlying 
threat for both Arabica and Robusta 
plantations with a high potential damage. 
Due to the lack of analysis and detection 
of plant-parasitic nematodes in nurseries 
and the fact that seedlings show symptoms 
after high nematode densities are reached, 
field nematode infestations continue to 
expand.

Moreover plant-parasitic nematodes 
create a continued stress during the 
entire lifetime of the plantation. No 
complete eradication by control methods 
is possible, in addition to the unsafe usage  
of susceptible germplasm (41). The major 
nematode damages in Latin America are 
caused by root-knot nematodes (RKN), 
Meloidogyne spp. (42), particularly by 
two species associated with a devastating 
syndrome called coffee corky-root disease: 
Meloidogyne arabicida, to date only detected 
in Costa Rica (24) and M. paranaensis, with a 
wider distribution, in Brazil (11), Guatemala 
(42), and Hawaii (11).

In Mexico, coffee corky-root disease has 
been detected since the 1960s in the state 
of Veracruz (the second national coffee 
producing state) and M. paranaensis has 
been confirmed by using specific SCAR 
molecular markers as the RKN species 
linked to coffee corky-root symptoms (25).

The affected coffee trees show a 
progressive decline, starting with chlorosis 
followed by flower, leaf and fruit fall, until 
the death of plants. This occurs in a period 
between two to four years depending on 
agro-ecological conditions and mainly 
when plants begin to produce (5).

The root system of infested plants 
shows numerous small elongated galls 
on young white roots and large swelling 
on older and more lignified roots accom-
panied by large, deep and cracked cortical 
tissues, reminding of cork aspect  (5). 
These corky symptoms can affect the 
primary roots including the taproot, up 
to the plant crown and even reaching the 
first centimeters of the stem as observed 
in this work. Cuttings of these corky root 
swellings reveal numerous M. paranaensis 
females with their egg masses (25) It is 
noteworthy that, in Mexico, the fungus 
Fusarium oxysporum has been strongly 
associated to coffee plants with corky-root 
symptoms (16) along with other fungi 
like Cylindrocladium sp., Fusarium solani, 
Trichoderma sp. and Verticillium sp. (36).

After the aforementioned to research 
those fungi directly associated with 
internal tissues of coffee roots damaged 
by nematodes, collected from different 
sites of coffee regions, tuns necessary. 
Therefore, the objectives of this work 
were to: i) observe the presence of fungi in 
the affected tissues, ii) isolate and identify 
the fungal community associated with the 
coffee corky-root disease using molecular 
methods and iii) conduct pathogenicity 
test of isolated fungi on coffee plants 
without the presence of the nematode 
M. paranaensis.

Materials and methods

Sampling 
The sampling of coffee corky-roots 

was done on eight coffee plantations 
distributed in the main coffee cropping 
area of the Veracruz state, located between 
the eastern slope of the Mexican Trans 
Volcanic Belt and the southern slope of the 
Sierra Madre Oriental.
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The sampled coffee plantations were 
selected based on field technical information 
and on previous studies that registered the 
presence of the corky-root disease or spots 
in coffee plantations with affected roots and 
aerial symptoms such as, chlorosis, deficient 
growth, defoliation and premature death 
of plants. On each plantation, roots were 
taken from 8-9 coffee plants with corky-root 
symptoms to form one composite sample 
of each sampling site. In a previous study, it 
was determined that in all coffee corky-root 
collected samples the only present RKN was 
M. paranaensis (25). 

Scanning electron microscope obser-
vations	

For the scanning electron microscope 
(SEM) observations, 3 months old seedlings 
of an in vitro propagated F1 intraspecific 
hybrid line of Coffea arabica (7) cultivated in 
6 litres pots filled with previously sterilized 
substrate were infested with a population 
of M. paranaensis reared on tomato plants 
in greenhouse. This population was initially 
collected on coffee at one of the eight 
sampling sites of this study, Jilotepec site 
(table 1, page 281-282).

The plants were kept in a green-
house for one year to obtain numerous 
corky-roots. The roots were washed with 
tap water to remove the excess of soil. 
Longitudinal cuts of corky-roots were 
made with scalpel, and 1 mm thickness 
rectangular sections (2 mm x 5 mm) of 
inner tissues of the corky-root parts were 
collected and fixed in glutaraldehyde at 
2% for 5 days to preserve the structural 
integrity. Subsequently, the samples were 
submitted to a dehydration process with 
increasing concentrations of ethanol (10, 
30, 50, 70 and 90% from 15 to 25 min in 
each concentration) until conserving the 
tissue root sections in absolute alcohol. 

The samples were placed in a filter 
paper bag and dehydrated in a critical 
point camera. Then the samples were 
mounted on aluminum cylindrical stubs 
and coated with gold-palladium for its 
further observation under SEM. Root 
sections of healthy plants of same age 
(15 months) were collected and processed 
in the same way as controls. 

Isolation and identification of fungi
For the fungi isolations, roots from 

the eight sampling sites, apparently with 
recently formed corky swelling, were 
selected to avoid saprophytic fungi that 
may be present in old corky-root forma-
tions. Roots were carefully washed with 
tap water to remove adhered soil, then 
disinfected by consecutively soaking in 
70% alcohol (during 1 minute), 3% NaCIO 
(1 min), 96% alcohol (30 seconds); and 
then rinsed tree times with distillated 
sterile water. Longitudinal cuts of the 
corky-root tissues were made and 
fragments of the inner tissues were 
extracted and placed in Petri dishes 
prepared with potato dextrose agar (PDA) 
and chloramphenicol (1 mg mL-1).

Fungi mycelia that grew from the 
extracted inner part of corky-root tissue 
fragments were transferred to other Petri 
dishes with PDA, until pure cultures from 
each isolate were obtained. To identify the 
fungi at species level, DNA was extracted 
from 25 mg of mycelia of each strain using 
the extraction kit: Fungal/Bacterial DNA 
MiniPrep Zymo Research. A molecular 
marker of 500 bp, that encompasses the 
Internal Transcriber Spacer (ITS) 1, the 
5.8 rDNA, and the ITS2 molecular markers, 
was used and amplified by PCR (34).

The PCR products were analyzed 
on a 1.2 % agarose gel; and the DNA 
was purified and sent to Macrogen INC 
for sequencing. 
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The obtained sequences were edited 
in the e-Biox program and compared by 
BLAST analysis to the database of the 
National Center for Biotechnology Infor-
mation (NCBI). 

Pathogenicity tests of fungi in coffee 
plants

The 27 Fusarium oxysporum strains 
previously isolated and identified were 
selected for pathogenicity test because 
they were the only species found at  
all sampling sites. The inoculum was 
prepared by culturing mycelium of each 
strain in flasks with oat-yeast extract 
(10 g L-1 and 1 g L-1) liquid medium. The 
flasks were incubated in an orbital shaker 
at 150 rpm and 25°C during 5 days. The 
conidia concentration was determined 
with a Neubauer chamber and was 
adjusted to 1.106 spores per mL. 

Ex vitro plantlets of Coffea arabica with 
two or three pairs of leaves of a F1 intra-
specific hybrid H18 (ET06 wild Ethiopian 
accession x introgressed Cv. Naryelis) 
were used for this experiment. Besides 
the fact that ex vitro plantlets accli-
mated in horticultural trays filled with 
sterilized peat-moss allowed working 
with pathogen-free vegetal material 
this germplasm micropropagated by 
somatic embryogenesis provided strongly 
homogeneous material (8). Plantlets 
were extracted from horticultural trays 
and roots were carefully washed in 
distilled sterile water. Two different 
groups of plantlets were prepared for 
F. oxysporum inoculation.

The first group of plantlets was predis-
posed to the fungus infection by cutting 
the roots 1 cm from their apex with a 
sterile scalpel (13, 35). In the second 
group, plantlets were kept with intact 
roots. Each strain of F. oxysporum was 
inoculated on 5 plantlets of each of the 

two groups by submerging rootlets in 
75 mL of a conidia suspension for 20 min 
(17). In each case, a group of plantlets 
without F. oxysporum inoculation was 
used as control. Subsequently all coffee 
plantlets were sowed in 100 mL pots filled 
with a sterilized (twice autoclaving) peat 
moss-sand 2:1 mix and placed in a green-
house at 25 ± 2°C with relative humidity 
of 80-90% a 12 hours photoperiod. 
The experiment was arranged under 
a completely randomized design. The 
plantlets were manually watered every 
72 hours with sterile water.

45 days after the inoculation, the plants 
were extracted from the pots, 45 days 
after the inoculation. Roots were washed 
with sterile distilled water to remove the 
substrate. Symptoms like lesions, root 
necrosis and wilt were annotated through 
a scale from 1 to 5 in order to determine 
the severity rate of disease according 
to Parke and Grau (1993) and Reis and 
Boiteux (2007) where: 1 = Plant without 
symptoms; 2 = Plants without wilting 
symptoms, but with light brown spots on 
the root; 3 = Plants with vascular necrosis 
symptoms and wilting symptoms, 
but without yellowing of the leaves; 
4 = Generalized necrosis in the root, wilting 
and severe chlorosis; 5 = Dead plant.

To detect the vascular colonization of 
the different F. oxysporum strains along 
the root and the stem, three plants of 
each strain were selected in each group 
of plants. The surface of both parts of 
the plantlets was subsequently disin-
fected with 70% alcohol (during 1 min), 
3% NaCIO (1 min) and 96% alcohol 
(30 seconds); then rinsed three times with 
sterile distilled water.

The first 3 mm next to the collar plant 
cutting were removed from root and 
stem parts.
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Table 1. Geographic data of sampling sites and molecular identification of fungal 
species associated with coffee corky-root disease.

Tabla 1. Datos geográficos de los sitios de muestreo e identificación molecular de las 
especies de hongos asociadas a la corchosis de la raíz del cafeto.

Location
Municipality/

Locality
Altitude 
m a. s. l.

Host 
species, 

and 
cultivar

Isolate 
code

Molecular 
species 

diagnostic
% 

identity
NCBI accession 

number

N 19°54'13.1"

W 97°13'28.4"

Atzalan,

Napuala
689

Coffea 
arabicacv. 
Costa Rica 

95

Na1 Fusarium 
oxysporum 99 KU847855

Na2 Purpureocillium 
lilacinum 99 KC157741

Na3 Penicillium 
citrinum 99 KX090324

Na4 Fusarium 
oxysporum 99 KU847855

Na5 Stereum 
complicatum 99 KJ140584

Na6 Fusarium 
oxysporum 94 KY073258

N 19°51'50.8"

W 97°10'06.8"

Atzalan,

Chachalacas
664

Coffea 
canephora 

cv. 
unknown

Ch1 Fusarium 
oxysporum 99 LT571434

Ch2 Fusarium 
oxysporum 99 KC304813

Ch3 Purpureocillium 
lilacinum 100 KM458848

Ch4 Purpureocillium 
lilacinum 99 KX347471

Ch5 Fusarium 
oxysporum 100 KF718222

N 19°50'27.6"

W 96°47’05.8"

Yecuatla,

La Victoria
559

Coffea 
arabica cv. 

Typica

Ye1 Beauveria 
bassiana 99 KX219590

Ye2 Purpureocillium 
lilacinum 99 FJ765023

Ye3 Fusarium 
oxysporum 100 KX196809

Ye4 Alternaria 
longissima 99 DQ865104

Ye5 Fusarium solani 99 KU377471

Ye6 Alternaria 
longissima 96 DQ865104

Ye7 Fusarium 
oxysporum 100 KC304807

Ye8 Fusarium solani 98 KU878142

N 19°35'42.2"

W 96°53'01.4"

Jilotepec,

Paso San Juan
996

Coffea 
arabica cv. 
Costa Rica 

95

Ji1 Penicillium 
citrinum 100 KX090324

Ji2 Fusarium 
oxysporum 100 KU680363

Ji3 Fusarium 
oxysporum 100 KX196807

Ji4 Fusarium 
oxysporum 100 KX058057

Ji5 Fusarium solani 100 HQ176441

Ji6 Penicillium 
citrinum 100 KX090324

Ji7 Penicillium 
citrinum 100 KX090324
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Table 1 (cont.). Geographic data of sampling sites and molecular identification of 
fungal species associated with coffee corky-root disease.

Tabla 1 (cont.). Datos geográficos de los sitios de muestreo e identificación molecular 
de las especies de hongos asociadas a la corchosis de la raíz del cafeto.

Location
Municipality/

Locality
Altitude 
m a. s. l.

Host 
species, 

and 
cultivar

Isolate 
code

Molecular 
species 

diagnostic
% 

identity
NCBI accession 

number

N 19°19'45.4"

W 96°58'20.1"

Cosautlán,

La Lagunilla
1152

Coffea 
canephora 

cv. 
unknown

Co1 Fusarium 
oxysporum 100 KT896661

Co2 Gliocladiopsis 
curvata 99 JX500723

Co3 Fusarium 
oxysporum 96 KC282839

Co4 Fusarium 
oxysporum 100 KC304799

Co5 Fusarium 
oxysporum 100 KC304807

N 19°11'44.5"

W 96°56'38.1"

Sochiapa,

Sochiapa
1361

Coffea 
arabica cv. 

Caturra

So1 Fusarium 
oxysporum 98 KY073257

So2 Fusarium 
oxysporum 100 KJ699122

So3 Fusarium 
oxysporum 100 KC304800

So4 Fusarium solani 100 JQ676178

So5 Fusarium 
oxysporum 100 KC787019

So6 Fusarium 
oxysporum 98 XR001936475

So7 Fusarium 
oxysporum 99 KU847855

N 19°03'16.5"

W 96°55'41.3"

Ixhuatlán 
del Café, 

Moctezuma
1186

Coffea 
arabica cv. 

Garnica 
and 

Pacamara

Mo1 Fusarium 
oxysporum 100 EU715659

Mo2 Fusarium 
oxysporum 100 KC304813

Mo3 Penicillium 
citrinum 100 KX090324

Mo4 Penicillium 
citrinum 100 KX090324

N 19°01'50.7"

W 96°56'58.0"

Ixhuatlán del 
Café, Nevería 1219

Coffea 
arabica cv. 
Bourbon 

and 
Caturra

Ne1 Fusarium solani 99 JQ712137

Ne2 Purpureocillium 
lilacinum 99 KX347471

Ne3 Fusarium 
oxysporum 99 EF590327

Ne4 Fusarium 
oxysporum 100 KX196809

Ne5 Fusarium 
oxysporum 99 KC304802

Ne6 Pochonia 
chlamydosporia 99 KT583165

Ne7 Fusarium 
oxysporum 100 KT896661
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The remaining root and stem parts 
were cut over a 50 mm length from the 
base into 10 sections of equal length. Root 
and stem sections of each plantlet were 
placed horizontally clockwise arranged 
into 90 mm Petri dishes with PDA- 
Chloramphenicol.

The Petri dishes with root and stem 
sections were accommodated in the 
laboratory under a totally randomized 
design and were incubated at 25°C 
for 8 days and examined every day for 
outgrowths of the fungi from the vascular 
ring of each root or stem section. The 
mycelia that grew from the root or stem 
fragments was transferred to Petri dishes 
with PDA to obtain pure cultures and to 
molecularly identify them in accordance 
with the methodology described above. 
The depth or height reached by the fungus 
inside the root or stem was determined 
from the re-isolation data for the root or 
stem sections for each plant (35).

Data on symptoms and plant 
development were analized by one-way 
ANOVA for each group of plants 
(wounded and healthy roots). The 
data obtained from the frequency of 
re-isolation between the two groups of 
plants (wounded and healthy roots) and 
between plant organ (root and stem), 
were used to build a distance matrix, 
calculating statistical distances with the 
Bray-Curtis method. To assess the effect 
of the groups of plant and plant organ 
on the frequency of fungal re-isolation, 
the distance matrix was analyzed with 
a permutational analysis of variance 
(PERMANOVA). To compare the vascular 
colonization between each isolate, the 
data was evaluated as a function of the 
frequency of re-isolations in the stems and 
roots in the ten sections arranged from the 

base of the stem or root every 5mm up to 
50 mm. Percentage values of re-isolations 
were submitted to one-way ANOVA. 

Results and discussion

Coffee corky-root disease, tissue  
observations

Many females, eggs and second juvenile 
stage (J2) of M. paranaensis were observed 
in the roots affected with the coffee corky-
root disease (figure 1a, 1b and 1c, page 
284). Cell lesions caused by the movement 
of the J2 through the root tissues were 
also observed (figure 1b, page 284). Corky 
protrusions with presence of numerous 
M. paranaensis individuals (females, J2 
and egg masses) were observed on the 
stem up to about 5 cm above ground 
(figure 1d, page 284). To our knowledge, 
this the first report of RKN presence and 
symptoms at this above ground distance  
in plant stem. The pericycle and cortical 
tissues of corky-roots and stem lower 
parts of infested coffee plants showed cell 
distortions and corrugations, as well as 
some cell wall thickenings (figure 1b and 
1c, page 284; figure 2a and 2b, page 285).

No change in cortical cell volume was 
observed in corky-root tissues compared 
to healthy tissues, but hyperplasia like 
process was observed in cortical cell 
layers leading to a lateral expansion of 
the root or stem cortex. Presence of many 
conidia was observed in the cells of the 
infested tissues, as well as abundant 
mycelium crossing the cell walls, even in 
tissue areas where nematodes were not 
observed (figure 2c, d, page 285).
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a) Longitudinal section of an infested root showing numerous M. paranaensis females (red arrows) inside 
the corky tissues 10X; b) Detail of a root inside corky tissue with a female (white arrow) and J2 stage 

juveniles (red arrows) of M. paranaensis 350X; c) Egg mass of M. paranaensis (center of the picture) with the 
eggs already wrapped by the gelatinous matrix and surrounded by distorted and corrugated tissues 270X; 

d) Corky-root symptoms on the stem base of a 12 month aged coffee seedling.
a) Sección longitudinal de una raíz infestada que muestra numerosas hembras de M. paranaensis (flechas rojas) en 

el interior del tejido afectado 10X; b) Detalle de una raíz dentro del tejido corchoso con una hembra (flecha 
blanca) y juveniles J2 (flechas rojas) de M. paranaensis 350X; c) Masa de huevos de M. paranaensis (centro del 
cuadro) con los huevos envueltos por la matriz gelatinosa y rodeados de tejidos distorsionados y corrugados 

270X; d) Síntomas de corchosis en la base del tallo de una plántula de café de 12 meses.

Figure 1. Coffee corky-root disease symptoms associated to Meloidogyne paranaensis 
parasitism on Coffea arabica. 

Figura 1. Síntomas de la corchosis de la raíz del cafeto asociada al parasitismo de 
Meloidogyne paranaensis en Coffea arabica. 
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a) Transversal section of a corky formation on the stem 60X; b) Transversal section of a corky-root 120X; 
c) Pericycle cells in an infected root with presence of mycelia 700X; d) Transversal section of the vascular 
system of a coffee corky-root with presence of mycelium and conidia 1600X; e) Pericycle cells in a healthy 
root 700X; f) Longitudinal section of a vascular system of a healthy coffee root with presence of numerous 

sap organic particles 1600X. f= lesions left by the growth of females; m= mycelium; c = conidia.
a) Sección transversal de una formación corchosa en el tallo 60X; b) Sección transversal de una raíz con 

corchosis 120X; c) Células del periciclo en una raíz infectada con presencia de micelio 700X; d) Sección transversal 
del sistema vascular de una raíz de café con corchosis con presencia de micelio y conidios 1600X; e) Células de 

periciclo en una raíz sana 700X; f) Sección longitudinal de un sistema vascular de una raíz de café sana con 
presencia de numerosas partículas orgánicas de savia 1600X. f = lesiones dejadas por el crecimiento de las 

hembras; m = micelio; c = conidios.

Figure 2. Sections of healthy and infested coffee roots and stems observed under 
scanning electron microscope.

Figura 2. Secciones de raíces y tallos de café sanos e infestados observados bajo 
microscopio electrónico de barrido.
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Many organic particles which nature 
was confirmed by energy-dispersive X-ray 
spectroscopy (72.1% C and 27.9% O) 
(figure 2e, f, page 285), were observed 
in the vascular system of healthy roots. 
This material was not observed in the 
vascular systems of diseased roots, 
revealing a dysfunction in the vascular 
nutrient transport. Numerous bacteria 
were observed in the corky root tissues 
(figure 3a, b) while no bacteria were 
observed in healthy tissues. To date no 
bacteria has been reported as associated 
to the coffee corky-root disease. However, 
after these observations it seems 
necessary to investigate if some of these 
bacteria detected in the inner corky-root 
tissues could be involved in the patho-
genesis of the disease as being part of 
the corky-root pathobioma or if they just 
have an opportunistic role as saprophytes 
developing on decaying tissues. Studies 
on tomato indicate that the communities 
of endophyte bacteria are significantly 
affected by the infection of the nematode 
M. incognita bringing some new groups of 
bacteria, particularly those that contribute 

to the nematode infection process by 
degrading the plant cell walls or allowing 
a mutualistic relation with the provision 
of nutrients (37). 

Diversity of fungi associated to 
coffee corky root disease

Forty-nine fungi strains were obtained 
from the coffee corky-root inner tissues. 
According to the molecular identifi-
cation, 55% of the isolates correspond 
to Fusarium oxysporum; 12% to 
Penicillium citrinum; 10% to F. solani; 
10% to Purpureocillium  lilacinum; 4% to 
Alternaria longissima and the remaining 
8% to the following species: Baeuveria 
bassiana, Gliocladiopsis curvata, Pochonia 
chlamydosporia and Stereum complicatum. 

The isolation of all fungi for each 
sampling site is summarized in table 1 
(page 281-282). Except for F. oxysporum 
and F. solani, all fungi species found in 
this work are registered for the first time 
on coffee corky-roots. Alternaria sp., 
B. bassiana, F. oxysporum and P. citrinum 
have been registered as endophyte of 
healthy coffee plant roots (30, 39, 40). 

Figure 3. Bacteria inside cells of coffee corky-root tissues: a) 6000 and b) 13000X.
Figura 3. Bacterias dentro de las células de los tejidos de una raíz de 

café con corchosis: a) 6000 y b) 13000X.
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G. curvata is a fungus previously isolated 
from soil and plants debris, although its 
ecology or role as potential pathogen of 
plants is less known (23). S. complicatum 
is a saprophytic fungus commonly found in 
decaying wood tissues (3).

P. lilacinus and P. chlamydosporia are 
fungi commonly associated to nematodes. 
They may be found parasitizing 
M. paranaensis (19).

F. oxysporum was the only species found 
in all sampling sites of this study. In Costa 
Rica, the simultaneous role of F. oxysporum 
and the RKN, M. arabicida as causal agents 
of a similar coffee corky-root disease was 
demonstrated (4). In Puerto Rico, strains 
identified as F. oxysporum f. sp. coffeae, 
have been registered as pathogen, causing 
vascular wilting in coffee plants infested 
with the RKN, M. incognita, but without 
corky-root symptoms (27). 

In Brazil, this same F. oxysporum f. sp. 
coffeae was reported for causing vascular 
wilting without the presence of nematodes 
(10). It has also been registered in 
abundance in the rhizosphere of coffee 
plants infected with the RKN M. exigua, 
without causing any symptoms of corky-
root or vascular disease. I has even been 
checked that some of this strains could 
have nematicide activity (15).

On the other hand, though F. solani 
has only been detected on four sampling 
sites, this fungus has also been previously 
detected in coffee corky-roots in the State 
of Veracruz (36). However, the only report 
of F. solani as a confirmed causal agent of 
a coffee disease is from Kenya, causing 
a coffee root rot (2). F. oxysporum and 
F. solani are considered separately as a 
complex of species including numerous 
plant pathogenic strains referred as 
special forms, related to some host 

plant(s); opportunistic strains that cause 
infections in humans and animals and 
saprophytic populations that are found 
commonly in soil, roots in senescence and 
vegetal debris (12, 38).

Pathogenicity and vascular coloni-
zation of Fusarium oxysporum on 
Coffea arabica plants.

Six weeks after inoculation, plants 
with the healthy and wounded roots 
did not show any wilting symptoms of 
wilting. Of the 1680 fragments examined 
in each group of plants, 354 re-isolations 
of F. oxysporum were achieved in plants 
with healthy roots and 288 in the plants 
with injured roots (0.06868, p = 0.001). 
No re-isolate was obtained from control 
plants. In both groups of plants, the fungi 
strains colonized the root, but not all 
the stems (0.11666 p = 0.001) and the 
re-isolation of the strains was discon-
tinuous (figure 4 and 5, page 288).

All F. oxysporum strains were 
re-isolated in healthy roots, where 330 
(93.2%) re-isolations corresponded to 
root and 24 (6.8%) to stems.

The strains Co5, Na4 and Co3 presented 
the highest (F = 7.8995, p = 0.00) frequency 
along the root with 93, 83 and 80% respec-
tively. Ten strains of F. oxysporum were 
re-isolated from the stem of the plants 
with healthy roots.

The strain So1 presented the 
highest (F = 3.0639, P = 0.00) frequency of 
re-isolations in the stem (33%) to 30 mm 
hight, although the NE 5 strain was isolated 
at 40 mm from the stem base. In the plants 
with injured roots 25 of the 27 strains of 
F. oxysporum were re-isolated from the roots, 
270 (93.75%) re-isolations corresponded to 
the root and 18 (6.25%) to stems. 
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The colors on the bars indicate the frequency of re-isolation in each longitudinal section of the stem or root: 
0= , 1= , 2=, 3=

Los colores en las barras indican la frecuencia de reaislamientos en cada sección longitudinal del tallo o de la 
raíz:  0= , 1= , 2=, 3=

Figure 4. Vascular colonization of Fusarium oxysporum strains in root and 
stem, 45 days after inoculation in Coffea arabica plants with not wounded roots.

Figura 4. Colonización vascular en raíz y tallo de las cepas de Fusarium oxysporum 45 días 
después de la inoculación en plantas de Coffea arabica con raíces sin heridas. 

The colors on the bars indicate the frequency of re-isolation in each longitudinal section of the stem or root: 
0= , 1= , 2=, 3=

Los colores en las barras indican la frecuencia de reaislamientos en cada sección longitudinal del tallo o de la 
raíz:  0= , 1= , 2=, 3=

Figure 5. Vascular colonization of Fusarium oxysporum strains in root and stem, 
45 days after inoculation in Coffea arabica plants with wounded roots.

Figura 5. Colonización vascular en raíz y tallo de las cepas de Fusarium oxysporum 
45 días después de la inoculación en plantas de Coffea arabica con raíces con heridas. 
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The Ch1 and Na6 strains presented the 
highest (F=3.8618, P= 0.000) percentage 
of re-isolations in root, with 80 and 67%, 
respectively.  Eleven strains of F. oxysporum 
were re-isolated from the stems of this 
group of plants with injured root. The 
Co5 strain presented the highest percentage 
of the re isolation (23%) to the height of 
40 cm (F = 3.2517, P = 0.00). However, the 
maximum height was recorded for the 
strains Ch1 and Ch2 which were found at 45 
and 50 mm from the stem base, respectively.

Different studies mention that the 
phytopathogenic fungi that causes 
withering, enter the roots by mechanic 
wounds, like the ones caused by nematode 
penetration (14) and in the case the RKN 
by the wounds caused by the expulsion of 
the eggs masses (18). Nevertheless, our 
results it is prove that this wounds are not 
necessary for F. oxysporum to colonize the 
vascular systems of coffee plants, since 
F. oxysporum isolated from corky root 
disease, colonized coffee plant roots with 
and without wounds.

All the studied strains colonized the 
root but only some got to the stem. The 
movement of the fungus to the stem is 
considered a pathogenicity indicator.  
Nevertheless, in this work, none of the isola-
tions of F. oxysporum caused symptoms of 
vascular withering (9, 26, 32).

Some studies suggest that the phyto-
pathogenic fungi can colonize their host 
and behave as endophytes long before 
presenting any symptoms of disease, 
which are expressed when the host plant 
goes into stress (33).

In coffee plants, it might possible that 
the strains of F. oxysporum present in the 
roots with the corky root disease enter the 
plant as endophytes and remain without 
causing any symptoms until the plant goes  
into any kind of stress (29). However this 
hypothesis must be studied.

Conclusions

According to the observations, tissues of 
coffee infested with corky-root diseases have 
nematodes, fungi and bacteria interacting 
at once. F. oxysporum is a major fungus 
associated with coffee corky-root disease.

F. oxysporum strains isolated from 
corky-root disease do not cause wilting 
symptoms in coffee plants in the absence 
of nematode M. paranaensis. Nevertheless, 
more studies in vivo and at molecular 
level should be conducted, detecting 
pathogenicity genes and determining 
if these strains are latent pathogens or 
saprophytes in coffee roots before being  
affected by nematodes.
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Abstract

Squash landraces (Cucurbita maxima) are maintained by small farmers as a major nutri-
tional food. Twenty seven of these landraces were collected in Argentinian Andean Valleys 
and morphologically characterized. Genetic diversity was evaluated with microsatellite 
markers designed for Cucurbita pepo and Cucumis melo and evaluated for the first time in C. 
maxima. Seven microsatellite primers detected 26 alleles with 3.10 average alleles per locus. 
The genetic diversity reached an average of 0.26; a Polymorphic Information Content (PIC) 
of 0.20 and 45.5% of polymorphic loci. Higher diversity was found at intra population level. 
No evidence of lineal correlation between the observed diversity and the geographical distri-
bution of squash landraces was found. Results demonstrate a moderate genetic diversity for 
all populations, with a wide range of variation in different groups. A subgroup of 10 popula-
tions with the highest levels of genetic diversity was considered for maintenance within core 
collections in the Vegetable Crop Germplasm Bank of Agricultural Research Station (EEA) La 
Consulta, Mendoza, National Institute of Agricultural Technology (INTA). Anthropogenic and 
environmental processes, mainly abandonment of cultivated areas and frequent droughts 
could erode squash landraces diversity. Conservational strategies and new collecting expedi-
tions can be decided based on the genetic diversity found.
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Resumen

En Argentina los pequeños agricultores mantienen poblaciones de zapallo (Cucurbita 
maxima) de gran importancia nutricional. Veintisiete de estas poblaciones fueron 
recolectadas en los valles andinos y caracterizadas morfológicamente. Marcadores 
microsatélites diseñados para Cucurbita pepo y Cucumis melo se aplicaron por primera 
vez en C. maxima para evaluar diversidad genética. Siete cebadores detectaron 26 alelos 
con 3,10 alelos promedio por locus. La diversidad genética alcanzó una media de 0,26; 
el contenido de información polimórfica (PIC) de 0,20 y el 45,5% de los loci resultaron 
polimórficos. La diversidad a nivel intrapoblacional fue mayor que entre poblaciones. No 
se encontró correlación lineal entre la diversidad observada y la distribución geográfica 
poblacional. La diversidad genética fue moderada para el conjunto de poblaciones, con 
un amplio rango de variación. Un subgrupo de 10 poblaciones con los mayores valores 
de diversidad genética fue considerado para su mantenimiento dentro del Banco de 
Germoplasma de la Estación Experimental Agropecuaria (EEA) La Consulta, Instituto 
Nacional de Tecnología Agropecuaria (INTA). Los procesos antropogénicos y ambien-
tales, principalmente el abandono de áreas cultivadas y las frecuentes sequías, estarían 
erosionando la diversidad de estos recursos. Sobre la base de los resultados obtenidos 
se pueden plantear estrategias de conservación y nuevas expediciones de colecta.

Palabras clave
Marcadores microsatélites • diversidad genética • bancos de germoplasma • recursos 
genéticos • zapallo • Cucurbita maxima

Introduction

Squash (Cucurbita maxima Duchesne) 
is a native species of South America 
traditionally used for its fruit nutritious 
value, and is cultivated worldwide mostly 
in temperate zones. Cucurbita maxima 
Duchesne subsp. andreana (Naudin) Filov, 
from humid lowlands of Bolivia and warm 
temperate zones of Argentina and Uruguay, 
is considered as the putative ancestor of C. 
maxima (47, 51, 61). Archeological studies 
indicate that C. maxima was brought from 
Peru to northern Argentina, with evidence 
of domestication about 1800 years B.C. in 
Peru and between 500 to 1000 years A.C. 
in Argentina (38). Squash was domesti-
cated and adapted to different environ-

mental conditions in Andean areas, where 
diversity of local landraces is found.

The Andean Valleys of Argentina are 
part of the Peruvian-Bolivian center of 
origin of different cultivated species, and 
considered the southern limit of many 
primitive cultivars and/or crop species 
used since pre-Columbian times (58). These 
valuable genetic resources are maintained 
by local communities using their traditional 
agriculture, contributing to farmer sustain-
ability. Squash is a fundamental food in their 
diet, since is highly digestible and provides 
valuable antioxidant nutrients such as alpha 
and beta carotenes, precursors of vitamin A 
(18, 22, 31, 59). 
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Squash landraces are extremely 
variable in fruit shape, size and color, 
characteristics traditionally used for their 
classification (6, 34). 

Cucurbita maxima is a diploid 
(2n = 2x  = 40), decline, allogamous 
species with a broad genetic base (10). 
However, conservation of crop diversity 
is threatened due to environmental and 
socioeconomic factors, such as frequent 
droughts and farms abandonment. In 
this context, landraces preservation is 
a priority in Argentina. Recuperation 
of Andean squashes was part of a first 
systematic effort to preserve the diversity 
of local crops (2, 3, 41, 43, 56).

Molecular tools are currently widely 
used for evaluating crop diversity (14, 
32, 34, 37). genetic diversity of C. maxima 
collections has been determined with 
different markers (4, 20, 21, 30, 64) like 
microsatellites (33, 36, 65, 68).

This study aimed to evaluate 27 popu-
lations of C. maxima collected in Andean 
Valleys of Argentina (56), using microsat-
ellites markers (65, 68) for the first time 
in Argentinian C. maxima germplasm. 
These landraces were previously morpho-
logically characterized (43). 

The results obtained are strategic to 
preserve squash landraces diversity in 
germplasm banks.

Materials and Methods 

Collecting expeditions and morpho-
logical characterization

Eight collecting expeditions, between 
2005 and 2008, were conducted covering 
agro-ecological regions of northwestern 
Argentina (NOA), Cuyo and Patagonia 
(figure 1, page 296). An exhaustive collection 
of squash accessions was performed in 
Andean communities where local farmers 

maintained their crops in different environ-
ments using diverse crop managements 
(41, 56). Twenty seven accessions of various 
morphotypes (figure 2, page 297) collected 
in different localities during the first two 
expeditions to Valle Fértil (Province of 
San  Juan), and Northwestern Argentina 
(table 1, page 298), were selected for field 
evaluation (41, 43), and molecular char-
acterization. During two seasons 49 plant, 
flower, fruit, and seed traits were measured 
using morphological traits for the genus 
Cucurbita (27, 43). As a control, C. maxima 
‘Marino FCA’ and ‘Veronés INTA’ were used 
(43, 56).

DNA extraction
Genomic DNA of five seedlings per 

accession of the 27 selected landraces 
(table 1, page 298) was extracted (13). In 
addition, two cultivars of C. maxima ‘Marino 
FCA’ and ‘Veronés INTA’, one of Cucurbita 
moschata Duchesne ‘Paquito INTA’ and one 
of Cucurbita pepo L. were included.

Amplification and visualization of 
microsatellite markers

At the time this study was conducted, 
no reports of microsatellite markers 
specifi- cally designed for C. maxima were 
available. Therefore markers developed 
from microsatellites designed for Cucumis 
melo L. (65) and C. pepo (68) were used for 
the first time in C. maxima. Two hundred 
fifty-seven primer pairs designed for C. 
melo were evaluated in five C. maxima 
accessions and two controls of C. melo 
species. Eight primers designed for C. pepo 
and recommended as polymorphic for C. 
maxima (68) were first evaluated in five 
C. maxima accessions and one accessions 
of C. pepo species as control. PCR experi-
ments were performed on a PTC-100 Ther-
mocycler MJ Research Inc. (Bio-Rad, Foster 
City, California, USA). 
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Ecoregions are highlighted with different colors: NEA: Northestern Argentina (Chaco, Formosa, Entre Ríos, 
Corrientes, Misiones); NWA: Northwestern Argentina  Jujuy, Salta, La Rioja, Catamarca, Tucumán, Santiago 

del Estero); Cuyo (San Juan, Mendoza, San Luis); Pampas (Córdoba, Buenos Aires, La Pampa, Santa Fe); 
Patagonia (Río Negro, Neuquén, Chubut, Santa Cruz, Tierra del Fuego).

Las ecorregiones se destacan con diferentes colores: NEA noreste argentino (Chaco, Formosa, Entre Ríos, 
Corrientes, Misiones);NOA noroeste argentino (Jujuy, Salta, La Rioja, Catamarca, Tucumán, Santiago del 

Estero); Cuyo (San Juan, Mendoza, San Luis); Pampa (Córdoba, Buenos Aires, La Pampa, Santa Fe); Patagonia 
(Río Negro, Neuquén, Chubut, Santa Cruz, Tierra del Fuego).

Figura 1. Geo-referenced collection points of C. maxima landraces in Argentina.
Figure 1. Puntos de colecta de poblaciones de C. maxima en Argentina georreferenciados.
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a, b, c “Zapallito redondo del tronco” (C. maxima Duch. var. zapallito (Carrière) Millán) (variety consummed only in 
Argentina: bushy plants, with fruits growing near the principal stem, edible immature fruit ). d-j Winter squashes 

(plants with long trailing vines, edible mature fruit): d Elongated oblong. e Globular show type. f Turban. g Flattened. 
h Acorn delicious type. i Flattened and/or globular creole gray squash type. j Elliptical or oval Hubbard type (27).

a, b, c "Zapallito redondo del tronco" (C. maxima Duch. var. zapallito (Carrière) Millán) (variedad consumida 
solo en Argentina. Desarrolla plantas sin guías, sus frutos crecen cerca del tallo principal y se consumen 

inmaduros). d-j Zapallos de invierno (plantas con guías largas, fruto comestible a la madurez): d oblongo 
alargado. e Tipo globular. f Turbaniforme g Achatado. h Tipo delicioso. i Zapallo gris criollo aplanado y/o 

globular. j Tipo Hubbard elíptico u oval (27).

Figure 2. Fruit morphotypes found among C. maxima landraces. 
Figura 2. Morfotipos de frutos encontrados en las poblaciones de C. maxima.

The following reaction mixture to 
15  µl final volume was formulated: 40ng 
DNA, 5x buffer with magnesium chloride 
(final concentration of 1.5mM MgCl2), 
0.16 mM dNTPs, 0.03µM of each primer; 1 
unit Taq polymerase (Promega, Madison, 
Wisconsin, USA,). Samples were subjected 
to the following thermal profile for ampli-
fication: four minutes of denaturing at 
94°C, 35 cycles of denaturing at 94°C for 
45 seconds, 45 seconds of annealing at 
48°C and 30 seconds of elongation at 72°C, 
with a final elongation step of 72°C for five 
minutes. PCR products were evaluated by 
electrophoresis on a 6% denaturing poly-
acrylamide gels (PAGE). Amplification 
fragments were visualized on a 3130 ABI 
Genetic Analyzer (Applied Biosystems, 
Foster City, USA), primers that amplified 
polymorphic fragments were synthe-
sized attaching a DNA fragment known 

as M13 (-21) universal tail (62) on the 
forward primer 5' end. This fragment is 
complementary to the universal tail M13 
(-21) which is labeled with a fluorescent 
dye and added to the reaction mixture of 
PCR. Thus, during the polymerase chain 
reaction, fragments are labeled by incor-
porating a tail sequence and can be eval-
uated by capillary electrophoresis and 
laser detection. The new mixture of PCR 
included the forward primer synthesized 
with M13 (-21) tail, reverse primer and 
tail labeled M13 (-21) with each of the 
following fluorescent dyes: FAM, JOE, HEX 
or TAMRA. Mix 15 µl reaction was formu-
lated by the following way: 40ng DNA, 
5x buffer, 2mM MgCl2, 0.16mM dNTPs, 
0.05µM forward tailed primer, 0,2µM 
reverse primer, 0.2µM universal M13 tail 
(-21) marked, 0.5 units Taq polymerase 
(Promega, Madison, Wisconsin, USA).

A B C D E

F G H I J
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Table 1. Squash accessions. 
Tabla 1. Entradas evaluadas.

Acc. accession number, between brackets number of passport of INTA EEA La Consulta Germplasm Bank; S 
Lat.-W Long.: Geographical coordinates of collection points; political location. 

Acc.: número de entrada, entre paréntesis número de pasaporte, Banco de Germoplasma EEA La Consulta, 
INTA; S Lat.-W Long.: coordenadas geográficas del punto de colecta; ubicación política.

Acc. Alt. S Lat.-W Long. Locality-Department-Province
13 (687) 961 30°29.843-'67°34.514' Puesto San Marcos. San Agustín del Valle Fértil. San Juan
14 (688) 929 30°31.768-67°33.701' Usno. San Agustín del Valle Fértil. San Juan
17 (678) 1133 30°19.930'-67°39.299' Baldes Del Rosario. San Agustín del Valle Fértil. San Juan
19 (694) 653 30°55.544'-67°15.346' Baldes Del Rosario. San Agustín del Valle Fértil. San Juan
20 (696) 1249 30°13.275'-67°41.736' Baldecitos. San Agustín del Valle Fértil. San Juan
22 (697) 906 30°33.974'-67°32.288' Usno. San Agustín del Valle Fértil. San Juan
24 (699) 722 30°47.871'-67°19.641 Agua Cercada. Valle Fértil. San Juan
36 (681) 640 30°55.750'-67°15.54' Baldes De Astica. San Agustín del Valle Fértil. San Juan
53 (348) 1208 27º56.493'-65º41.887' La Higuera. Balcosna. Catamarca
62 (361) 1274 27°51.769'-65°45.830' Balcosna de Afuera. Catamarca
76 (620) 1906 26°43.865'-66°03.179' Loro Huasi. Santa María. Catamarca

127 (309) 1215 27°43.082'-67°08.234' Londres. Catamarca
143 (387) 1246 27º39.160'-67º1.358' Artasa. Belén. Catamarca
161 (673) 1263 27º37.895'-67º01.580' Belén. Catamarca

173 (2482) 2083 27°09.279'-66°42.368' Los Nacimientos. Catamarca
185 (676) 2131 26º21.446'-66º01.552' Pichao. Tucumán
195 (418) 1951 25º59.672'-66º1.686' San Antonio. Cafayate. Salta
210 (424) 2004 25°59.749'-66°01.681' San Antonio. Cafayate. Salta
215 (425) 1999 25º59.611'-66º1.498' San Antonio. Cafayate. Salta
225 (428) 1811 26°05.982'-66°00.953' Divisadero. Salta
233 (430) 2432 25º22.507'-66º26.134' Refugios. Luracatao. Salta
244 (431) 2400 25º22.195'-66º25.994' Refugios. Luracatao. Salta
284 (434) 1663 24°02.022'-65°26.015' Cabrerías. Luracatao. Salta
324 (440) 2293 23°41.405'-65°27.011' Chañarcito. Jujuy
367 (441) 2370 23º39.246'-65º25.851' Hornillos. Jujuy
382 (443) 2761 23°30.892'-65°24.643' Juella. Tilcara. Jujuy
523 (445) 3169 23º5.324'-65º22.926' Hornaditas. Humahuaca. Jujuy

PCR conditions were the following: 
5 minutes of denaturing at 94°C, 40 
cycles of five minutes of denaturing at 
94°C, 45 seconds of annealing at 48°C 
and 45 seconds of elongation at 72°C; in 
the following 11 cycles, the annealing 

temperature was increased to 53°C, with 
a final elongation of 10 minutes at 72°C. 
Table 2 (page 299) lists used primers. The 
results were analyzed using GeneMapper 
4.0 software (Applied Biosystems, Foster 
City, USA). 
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Data Analysis
Genetic variability from population 

allele frequencies and genotype was 
determined. Genetic diversity parameters 
were estimated for each locus and for 
multiple loci: polymorphic loci proportion 
and average genetic diversity, using the 
formula: 

where
m = number of loci
pij = frequency of allele
 i = locus j

Genetic diversity per locus (52), 
average observed heterozygosity (Ho), 
unbiased or expected heterozygosity 
of Nei (He) (53), number of alleles per 
locus and number of effective alleles per 

locus (35) were also calculated. Squash 
accessions were compared based on the 
different measures of genetic variability 
by non-parametric Friedman test (23) 
under a classification criterion. Population 
structure was evaluated by calculating 
allele fixation index F that describes the 
reduction of population heterozygosity:

 

Wright's F statistics (70) were measured 
following the definition of Nei (1973), and 
the gene flow among populations was esti-
mated from Fst statistic using the formula 
of Wright (1951). For measuring biological 
diversity, allelic richness (r) by direct 
counting and the Shannon-Weaver index 
(H) (61) were calculated according to the 
following formula: 

Table 2. Microsatellite primers selected. 
Tabla 2. Cebadores microsatélites seleccionados.

Primer name, expected fragment size expressed in base pairs (bp), microsatellite motif and nucleotide 
sequence of the forward and reverse primers used for microsatellite amplification. In red: universal fragment 

sequence M13 (-21) coupled to the forward primer in its 5 'end.
Denominación del cebador, tamaño del fragmento esperado expresado en pares de bases (pb), motivo del 

microsatélite y secuencia nucleotídica de los cebadores Forward y Reverse utilizados para la amplificación de 
los fragmentos microsatélites. Se destaca en rojo la secuencia del fragmento universal M13 (-21) anexada al 

cebador Forward en su extremo 5´.

Name
Expected 
size (pb)

SSR motif Forward Reverse

cm 22 177 (AG)24
5´-TGT AAA ACG ACG GCC AGT 
CCA AAA CGA CCA AAT GTT CC-3´

5´-ATA CAG ACA CGC 
CTT CCA CC-3´

cp 24 130-150 (AG)4
5´-TGT AAA ACG ACG GCC AGT 
GTG CTG CAT GTT GGA TGT CT-3´

5’- GTG ACC ATG GAC 
AAC ACG TC-3´

cp 25 100-120 (CACC)4
5´-TGT AAA ACG ACG GCC AGT 
CTC TTC CGA TTC TCC GCT TA-3´

5´-TTC GAA CTT GAG 
CAA GCA AA-3´

cp 33 190-200 (TC)3(CACC)4
5´-TGT AAA ACG ACG GCC AGT 
CTC TTC CGA TTC TCC GCT TA-3´

5´- CCG ATC AAG AAC 
AGC ACA GA -3´

cp 46 160-180 (CACC)4
5´-TGT AAA ACG ACG GCC AGT 
TCT TCC GAT TCT CCG CTT AG-3´

5´-GCA CAG AAA ACG 
GGG TAA AA-3´

cp 52 180-195 (CACC)4
5´-TGT AAA ACG ACG GCC AGT 
TCA CTT CTC CCC TTC TCT GC-3´

5´-TTC GAA CTT GAG 
CAA GCA AA -3´

cp 56 130-150 (CACC)4
5´-TGT AAA ACG ACG GCC AGT 
TCC ATT TCC ACT CAT TTT TC-3´

5´-GAT CCA GTT GAA 
GCG ATT AC-3´
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where
S = total number of types of traits 

studied 
pi = measure of relative abundance of 

each of these types.

Genetic distances between accessions 
were established by the simple matching 
index of similarity (66). Similarity was 
converted to distance by the transformation:

where
S = the similarity coefficient (simple 

matching)

Analysis of molecular variation (19) was 
applied to evaluate population structure 
using squared Euclidean distances. Prin-
cipal Coordinates Analysis (25) was 
carried out on the proximity matrix to 
order populations by similarity. Molecular 
and morphological data were correlated 
by Mantel test (45) and the Generalized 
Procrustes Analysis (15, 26). Percentage 
of consensus between the two ordinations 
(molecular and morphological) was calcu-
lated as a measure of association between 
the two groups of markers.

Accessions were grouped according to 
their morphological characteristics and 
molecular profiles by cluster analysis, 
implicating genetic distances of Gower 
and unweighted pair-group arithmetic 
average method (UPGMA) algorithm. The 
InfoGen version 2011 (7) and Genalex 6 
(55) softwares were used.

Results 

Six from eight designed primers for C. 
pepo were selected. Two hundred fifty-
four primer combinations designed for 

C.  melo were monomorphic and three 
polymorphic in C. maxima.

Only one primer combination of the 
three polymorphic ones, amplified consis-
tently according to the conditions detailed 
in materials and methods. These results 
demonstrate the difficulty to transfer 
microsatellite marker between Cucumis 
and Cucurbita species.

Seven primer combinations (table  2, 
page 299) were finally selected to analyze 
all C.  maxima accessions and controls 
(table  1, page 298). Thirty-one alleles with 
an average of 4.4 alleles per primer were 
obtained. Twenty six alleles were detected in 
C. maxima, and only five amplified exclusively 
in C. moschata and C. pepo accessions used as 
controls (table 1, page  298). One microsat-
ellite marker (CP24) was monomorphic for 
all C. maxima accessions. However, it gave a 
differential band for C. pepo, becoming useful 
for discriminating this species (41).

Genetic variability
Genetic diversity estimated for all 

accessions of C. maxima reached an 
average value of 0.26 (0.007-0.66), 
Ho average for all seven loci was 0.17 
(0-0.54), He of 0.23 (0-0.69), loci poly-
morphic percentage of 45.5%, and PIC 0.2 
(0.007-0.61). Ho per locus was lower than 
He in all cases. Nevertheless, accessions 
17, 53, 76, 127, 143, 195, 215, 225, 233, 
244, 382 (table 1, page 298) had allele 
fixation indices (F) with average negative 
values over all seven loci, indicating a 
slight excess of heterozygous individuals.

Around eighty percent of the evaluated 
accessions were homozygous at five loci 
(CP25, CP33, CP46, CP52 and CP56). The 
difference between populations was given 
by the presence of certain combinations 
of fragments instead of being defined by 
unique fragments.

Forty eight percent of alleles were 
unique or rare, with frequencies below 5%. 
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One allele was exclusive for C. moschata, 
four for C. pepo and three for C. maxima. 
Moreover, seven alleles resulted rare for 
C. maxima accession set (table 3). Some 
of these unique alleles allowed adjusting a 
routine technique in seed lots to discrim-
inate an interspecific commercial hybrid 
between C. maxima and C. moschata (40).

Populations 22, 36, 53, 62, 127, 161, 225, 
233, 382 and 523 significantly overcame the 
others in their values of genetic diversity, 
PIC, Ho and He (figure 3, page 302).

In terms of population structure, a 
moderate differentiation in population 
allele frequencies (Fst 0.199) with a small to 
moderate non-random effect mating within 
populations (Fis 0.099) was observed.

Molecular analysis of variance (AMOVA) 
showed that the genetic variability (p <0.05) 
was large within accessions (82%). Coeffi-
cients Phi pop and Phi st (0.18) indicated a 
moderate differentiation among accessions 
and individuals from the same population, 
considering as high values those above 0.25. 
Regarding accessions diversity and their 
geographic origin in Argentina (Provinces), 
only 2.03 % of the variability is explained by 
this distribution, being this value not signif-
icant (p = 0.18). The degree of gene flow 
(Nm) was close to 1 (Nm = 0.88).

Biodiversity
Biodiversity indices showed Cata-

marca as the Argentinean Province with 
the highest allelic richness, with 22 of 
the 26 amplified alleles for C. maxima, 
followed by Salta and San Juan, both with 
19 alleles. Catamarca also had the greatest 
value for the Shannon-Weaver index, 
surpassing the total mean value, followed 
by Jujuy and Salta in order of magnitude 
(table 4). The results found in Catamarca, 
Salta and Jujuy agree with values obtained 
in the number of polymorphic loci, genetic 
diversity, He and average number of alleles 
(figure 4, page 303).

Table 3. Unique or rare alleles found in the different species evaluated.
Tabla 3. Alelos raros o únicos encontrados en las diferentes especies evaluadas. 

Acc.: accession number. / Acc.: número de entrada.

SSR name Cucurbita maxima Cucurbita moschata Cucurbita pepo 
CP24 183 pb (unique)
CP25 113 pb (rare)
CP33 192 bp (rare) 200 pb (unique)
CP46 176 bp (rare) 186 bp, 169 bp (unique)
CP52 158 bp (rare)

CP56 164 bp (rare)
171 pb (unique, acc. 22)

CM22
170 bp (rare)
168 pb (rare)
184 bp (unique, acc. 184)
162 pb (unique, acc. 215)

171 bp (unique)

Table 4. Allelic richness (r) and Shannon-
Weaver index (Shaw) by province.

Tabla 4. Riqueza alélica (r) e índice de 
Shannon-Weaver (Shaw) por provincia.

Bootstrap cycles = 1150; confidence 0.95. 
Ciclos Bootstrap = 1150; confianza 0,95.

Province r ShaW
Total 26 2-61
San Juan 19 2.44
Catamarca 22 2.72
Tucumán 12 2-28
Salta 18 2.45
Jujuy 16 2.54
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Genetic distances
Genetic distances among populations 

reached values ranging from 0.18 to 0.82, 
with an average of 0.50. In many cases, 
genetic distances between C. maxima 
populations were greater than the 
average distance between C. maxima and 
C. moschata species, used as control. 

A subset of squash populations were 
dissimilar to the majority of the acces-
sions and exceeded the average distance 
for all populations evaluated. This special 
subgroup included accessions 22, 36, 53, 62, 
127, 161, 225, 233, 382 and 523 (figure 3).

Cluster analysis
The first three coordinates in Principal 

Coordinates Analysis (PCoA) explained 56% 
of observed variability (figure 5, page 304) 
and produced four accessions clusters.

First coordinate grouped accessions 
based on genetic diversity parameters: 
group number 1 (G1) included acces-
sions 62, 127 and 161 from Catamarca, 
which recorded the highest number of 
alleles (21), greater number of effective 
alleles (2.04), genetic diversity (0.43) 
and He (0.48).

Numbers in the abscissa indicate C. maxima accessions (table 1, page 298); accessions used as controls: Ma 
‘Marino FCA’ and Ve ‘Veronés INTA’ C. maxima, Pa: ‘Paquito INTA’ C. moschata, Pe: ‘Pepo angola’ C. pepo. 

En la abscisa se indican las poblaciones de C. maxima (tabla 1, pág. 298) y las variedades utilizadas como controles: 
Ma 'Marino FCA' y Ve 'Veronés INTA' C. maxima, Pa: 'Paquito INTA' C. moschata, Pe: 'Pepo angola' C. pepo.

Figure 3. Average population profiles based on: Genetic Diversity, PIC, Ho, He and their 
corresponding standard errors. 

Figura 3. Perfiles poblacionales promedio y sus errores estándar basados en los 
parámetros de Diversidad Genética, PIC, Ho, He.
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A core group (G2) with intermediate 
characteristics of diversity included acces-
sions 22, 36, 523, 382; with 15 alleles and 
average genetic diversity values of 0.3, Ho 
of 0.31, He of 0.34, an average number of 
2.1 alleles and 1.56 effective alleles. The 
third group (G3) was the least diverse 
including the majority of the accessions 
and controls of C. maxima and C. moschata 
species. This group had 10 alleles and a 
lower value of polymorphic loci of 0.22 % 
versus 0.86 % found in the previous groups. 
The genetic diversity of G3 was 0.1, Ho of 
0.09, He of 0.11, average number of alleles 

was 1.45 and 1.27 effective alleles. The 
second coordinate ordered the depending 
on the number of shared alleles. Acces-
sions 233, 225, 53 and C. pepo accession 
formed group 4 (G4), differing from the 
previous clusters and sharing five of the 
eight alleles present in C. pepo. However, 
this last control presented lower diversity 
values than the rest of the accessions of 
G4. The third coordinate separated acces-
sions 17, 62, 173 and 184 for sharing a 
rare heterozygous genotype for the CM22 
marker with two alleles of 168 and 185 bp 
(figure 5, page 304). 

Province names in the abscissa, indices values in ordinates.
Nombre de las provincias en las abscisas, valores de los índices en las ordenadas.

Figure 4. Average provincial profiles based on genetic diversity, PIC, Ho, He, and their 
corresponding standard errors. 

Figura 4. Gráfico de perfiles promedio provinciales, con sus errores estándar, de 
diversidad genética, PIC, Ho, He. 



304

I. M. Lorello et. al.

Revista de la Facultad de Ciencias Agrarias

Marino FCA and Veronés INTA (C. maxima), Paquito INTA (C. moschata) and Pepo (C. pepo) showing the first 
two coordinates of the Principal Coordinates Analysis (ACoorP) and four groups (G1-G4). Numbers indicate 

accessions according to table 1 (page 298); icons indicate Argentinean Provinces.
Marino FCA y Veronés INTA (C. maxima), Paquito INTA (C. moschata) y Pepo (C. pepo) según las dos primeras 
coordenadas del Análisis de Coordenadas Principales (ACoorP) y cuatro grupos (G1-G4). Los números en el 

gráfico indican las poblaciones de acuerdo a la tabla 1 (pág. 298); los íconos indican la provincia de procedencia.

Figure 5. Scatter plot of  27 populations of C. maxima and 4 controls.
Figura 5. Gráfico de dispersión de 27 poblaciones de C. maxima y 4 testigos. 
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Generalized Procrustes Analysis, 
based on previous morphological data 
(41, 42, 43, 56) and molecular infor-
mation, explained 78.7% of the variability 
in the first two axes. Ordering consensus 
between molecular and morphological 
markers was moderate (73.65%), in 
addition 14 of the 27 populations showed 
a consensus order below means (73.65%). 
Both, molecular and morpho- logical 
markers discriminated against the two 
controls belonging to C. maxima from the 
set of populations: Marino FCA differed 
to a greater extent at morphological level 
and Veronés INTA at molecular level.

A cluster analysis was also performed 
using morphological and molecular data. 
Interestingly, four clusters of accessions 
were also generated, mainly explained 
by fruit traits, growth habit, and type of 
consumption (figure 6, page 306). 

Molecular genetic variability was taken 
in consideration in second place. 

Cluster 1 included accessions from 
C. maxima var. zapallito “zapallito redondo 
del tronco”, with an average genetic 
diversity of 18%, 40% of polymorphic loci 
and 10.75 average alleles per accession. 

Cluster 2 included entries with 
mixtures of commercial types; genetic 
diversity reached 7%, 14.3% polymorphic 
loci and eight average alleles per accession.

Cluster 3 included accessions with 
long vines and winter fruits type with a 
genetic diversity average of 11.3 %, 26 % 
polymorphic loci and 10.41 alleles per 
accession.

Cluster 4 included those entries with 
larger winter fruits and greatest genetic 
variability; genetic diversity averaged 
35.7%, 85.75% of the loci were poly-
morphic and amplified 17 alleles per 
accession on average.

Discussion 

The Argentinean squashes landraces 
from different Andean environments 
are characterized for the first time by 
molecular markers and now preserved in 
the Vegetable Crop Germplasm Bank of 
EEA La Consulta, Mendoza, which belongs 
to the National Network of Germplasm 
Collections, INTA. An initial screening of 
microsatellite from C. pepo and C. melo 
allowed the selection of proper markers 
to use in C. maxima diversity analysis. A 
technique for generating amplification 
products and detecting useful markers 
for conservation of C. maxima genetic 
resources in germ- plasm banks, was 
developed. These results will facilitate 
future work in molecular studies.

The transferability of microsatellite 
markers between C. maxima and C. melo 
was very low, but one selected microsat-
ellite effectively segregated C.  moschata 
accession, and was useful in inter-
specific hybrid detection for breeding 
programs (39). 

Most, diversity values were similar 
to the ranges found in other Cucurbit-
aceae studies (8, 20, 60, 67), and lower 
than those obtained by Lv et al. 2012, 
Mashilo et al. (2016) and Kong et al. 2014. 

Meanwhile, Hamrick and Godt (1996) 
suggested a polymorphic loci ratio of 40% 
and an expected heterozygosity of 0.168 
for Cucurbitaceae, similar to those found 
in the Argentinean accessions evaluated. 

High frequency of homozygous geno-
types for loci CP25, CP33, CP46, CP52 and 
CP56 suggests a tendency of allele fixation 
by mating between relatives. The small 
size of C. maxima populations grown in 
orchards of Andean farmers could favor 
inbreeding.
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Figure 6. Cluster analysis based on morphological and molecular traits of 27 C. maxima 
accessions and two controls: ‘Marino FCA’ and ‘Veronés INTA’ C. maxima.

Figura 6. Análisis de conglomerados de 27 entradas de C. maxima y dos testigos de 
la misma especie: Marino FCA y Veronés INTA, utilizando caracteres morfológicos y 

moleculares. 
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Rare alleles found are of great interest 
for the improvement and preservation of 
biodiversity given that they match with 
genetically diverse entries. Moreover, the 
presence of unique alleles allowed differ-
entiating related species such as C. maxima, 
C. moschata and C. pepo. These rare alleles 
may also be useful to assess gene flow, 
pollen, and seed contamination, and to 
facilitate identification of duplicates and 
unique accessions in gene banks. Species-
specific alleles for Cucurbita species were 
also observed by Ferriol et al. (2003) and 
Kazminska et al. 2017.

Genetic differentiation among entries 
and among individuals within the same 
accession was moderate (Phi st and Phi pob 
0.18), coinciding with the results obtained 
by Andrés (1990), Cerón González et al. 
(2010), and Decker-Walters  et al. (1990) 
within the genus Cucurbita. The degree 
of gene flow, close to one, indicates that 
genetic drift acts independently and 
may generate population differentiation. 
Migration rate and genetic drift act in 
equivalent magnitudes. Genetic drift is 
favored by the gradual reduction in the 
number and size of C. maxima cultivated 
populations as well as by anthropic 
selection. On the other hand, gene flow acts 
as a force that maintains genetic cohesion 
between populations (17, 57). Different 
results were found by Mashilo et al. (2016) 
in Lagenaria siceraria (Molina) Standl. with 
low differentiation levels justified by the 
high levels of genetic flow.

Observed variability was concentrated 
at intra population level (82%), coinciding 
with previous studies in related species as 
Citrullus lanatus L. (49) and C. moschata 
(9). Reproductive system of C. maxima 
propitiates intra population diversity 
because of its flower protandry, high fertility, 
monoecious structure and entomophily 
pollination. Moreover, Cucurbitaceae 

natural seed dispersal is carried out by 
animals that consume their fruits and 
disperse them with their feces. Farmer’s 
management includes diversification 
strategies for food production supporting 
the observed intra population diversity 
observed. These strategies include 
cultivating diverse C. maxima varieties 
and other cucurbit species simultaneously 
inside the orchard without reproductive 
barriers, and selecting cultivars for their 
different qualities for consumption, 
conservation features, and resistance to 
pests, drought and diseases.

Closest populations generally tend 
to be similar as geographical proximity 
favors gene flow. However, a consistent 
pattern for this statement, is not observed. 
There is no linear spatial structuring of 
the observed genetic diversity and no 
evidence of isolation by distance, meaning 
that population genetic differentiation, 
is not explained by geographic distance. 
These results agree with those obtained 
by Montes-Hernández and Eguiarte 
(2002), who pointed out the high potential 
for pollen dispersion of Cucurbita genus 
despite having specific pollinators.

In addition, the farmer’s tradition 
of seed exchange, deeply anchored in 
Andean culture, contributes to generate 
genetic diversity in family orchards. 
Thus, geographical isolation of farmers 
in some high Andean valleys of north-
western Argentina, mainly in Salta and 
Jujuy, seems to lack the effect of promoting 
greater differentiation among accessions 
found in different areas. The results differ 
from those of Nanoumé et al. (2013), who 
studied watermelon landraces from Mali 
founding positive correlation between 
genetic distances and geographical ones, 
indicating “that seed exchange has not 
been so widely used that it can overcome 
local adaptation”.
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Biodiversity indices point Catamarca 
and Jujuy as the Provinces with the greatest 
genetic diversity for cultivated squashes. 
These results are consistent with Vavílov 
(1931), who postulate the region of the 
tropical Andes, including NW Argentina, 
as the center of origin of C. maxima. 
Higher genetic diversity at molecular level 
in NWA region was also evident at the 
morphological level (41,  43); particularly 
in Calchaquíes valleys region (Catamarca, 
Jujuy) where probably some factors allow 
greater genetic differentiation. Environ-
mental conditions where temperate climate 
prevails, with an average altitude of 1200 m 
and access to irrigation, may promote the 
establishment of larger orchards where the 
effects of genetic drift are attenuated.

Values of biological diversity observed 
for 27 accessions of Cucurbita maxima 
were higher than those found by Ceron 
González et al. (2010) for Cucurbita 
argyrosperma Huber, Cucurbita ficifolia 
Bouché, C. moschata, and C. pepo. Indices 
of genetic and biological diversity, in 
general, had a wide range of variation 
among entries. Most accessions showed 
an excess of homozygotes relative to 
what would be expected if populations 
were in Hardy-Weinberg equilibrium, 
revealing loss of genetic variability. This 
phenomenon favors fertility decline, and 
lower adaptative capacity.

However, a subset of ten entries (22, 36, 
53, 62, 127, 161, 225, 233, 382 and 523) 
showed a slight excess of heterozygotes. 
These entries had significantly higher 
diversity indices, showed rare and unique 
alleles and constituted unique gene pools. 
These features place them in an advan-
tageous position against environmental 
changes that exert selective pressure 
on C. maxima. Also, these entries result 
interesting for suggesting progenitors for 
hybrid varieties, and inferring evolutionary 
and crop management phenomena.

Genetic distances were similar to those 
found by Ferriol et al. (2003) and higher 
than the ones in Baranek et al. (2000) and 
Gong et al. (2013) for C. maxima. They 
were also higher than the ones of Ntuli et 
al. (2015) for C. pepo, Kong et al. (2014) for 
C. maxima and C. moschata, and Wu et al. 
(2011) for C. moschata.

In many cases, genetic distances 
between populations of C. maxima was 
greater than the average distance between 
C. maxima and the control (C. moschata 
species). These results may indicate 
the presence of interspecific gene flow 
between C. maxima and C. moschata due 
to the tradition of cultivating different 
different, altogether in orchards. Decker-
Walters et al. (1990) mentioned the 
natural formation of interspecific hybrids 
between C. maxima and C. moschata. 
Therefore the existence of these hybrids 
within the set of studied populations, is 
feasible. 

No clear association was found between 
molecular and morphological markers. 
This lack of correlation corroborates that 
the used molecular markers, were designed 
from genomic libraries enriched in micro- 
satellites (65, 68). Markers obtained by this 
method are generally found in unexpressed 
genomic regions. 

Generalized Procrustes Analysis 
allowed a wide interpretation of the rela-
tionships between accessions and to get a 
better description of the genetic diversity 
(12). Molecular markers discriminated 
populations of C. maxima better than 
morphological ones. There is a tendency 
that the most vigorous and larger fruit 
populations express higher genetic 
diversity. However, the population number 
382 resulted to be one of the most diverse 
of the collection, even though it belongs to 
C. maxima var. zapallito (“zapallito redondo 
del tronco”). This result may be due to the 
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significantly lower number of populations 
of this commercial type, representing 3 out 
of the 27 populations evaluated. 

Molecular diversity was lower than 
morphological diversity. Despite of the 
great range of morphotypes and agro-
ecological adaptation of C. maxima native 
populations, its genetic base is not as wide 
as expected. These results agree with other 
native plant species of South America, 
such as bean (Phaseolus vulgaris  L.) (5), 
peanut (Arachis hypogea  L.) (28), and 
maize (Zea mays L.), where many races 
with different morphological character-
istics are observed, but are genetically 
closely related (11). Results indicate that 
the Andean populations of C. maxima 
derived from one or a few wild populations 
of C. maxima subsp. andreana, possibly 
domesticated in the humid lowlands of 
Bolivia and in warm temperate areas of 
South America (61). The morphological 
diversity observed would be the result 
of species adaptation to Andean hetero-
geneous ecological environments, and 
anthropic selection.

Conclusion

Microsatellite markers revealed 
moderate genetic diversity among 27 
C.  maxima landraces from different 
Andean environments. Genetic diversity, 
both between (18%) as within popu-
lations (82%) was found. A subset of 
ten entries showed significantly higher 
diversity indices, constituiting unique 
gene pools.

This evaluation will allow the incorpo-
ration of C. maxima populations in breeding 
programs; facilitate its management in the 
Vegetable Crop Germplasm Bank of INTA 
EEA La Consulta; enable broadening the 
species genetic base, raise core collec-
tions, and aid in planning future collecting 
expeditions. Moreover, it will enable to 
establishing in situ and ex situ conser-
vation strategies and promote its use by 
the Andean communities.
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Abstract

The first records of Feltiella curtistylus Gagné (Diptera: Cecidomyiidae) in Argentina 
are reported. Larvae from this species were captured in strawberry (Fragaria x ananassa 
Duch.) leaflets heavily infested with Tetranychus urticae Koch (Acari: Tetranichidae) in 
Famaillá, province of Tucumán, Argentina (27°03’S, 65°25’W). In 2015 (June, September 
and October), 16 larvae were collected; in 2016 (October, November and December), 
23 larvae; and in 2017 (September, October and November), 49 larvae. Since F. curti-
stylus was found associated to a mite of agricultural importance in strawberry crops. 
This predatory gall midge has a potential for being considered a biological control agent.

Keywords
predatory gall midge • Tetranychus urticae • strawberry • biological control
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Resumen

Se presenta los primeros registros de Feltiella curtistylus Gagné (Diptera: Ceci-
domyiidae) en Argentina. Las larvas de esta especie fueron capturadas en folíolos de 
frutilla (Fragaria x ananassa Duch.) fuertemente infestados con Tetranychus urticae Koch 
(Acari: Tetranichidae) en Famaillá, provincia de Tucumán, Argentina (27°03'S, 65°25'O). 
En 2015 (junio, septiembre y octubre) se recolectaron 16 larvas; en 2016 (octubre, 
noviembre y diciembre), 23 larvas; y en 2017 (septiembre, octubre y noviembre), 49 
larvas. Dado que F. curtistylus se encontró asociado a un ácaro de importancia agrícola 
en los cultivos de frutilla, este mosquito depredador tiene un potencial para ser consi-
derado un agente de control biológico.

Palabras clave
mosquito depredador • Tetranychus urticae • frutilla • control biológico

Introduction

The genus Feltiella (Diptera: Ceci-
domyiidae), represented by 10 species, 
is cosmopolitan and its larvae almost 
exclusive predators of red spider mites 
(Acari: Tetranychidae) (5, 6).

Argentina cultivates ≈1300 ha of straw-
berries (Fragaria x ananassa Duch.) and 
produces ≈45500 t/ year, with the straw-
berry industry being very important from 
both, social and economic points of view 
(9). Surveys of the arthropod fauna asso-
ciated with strawberry crops in Argentina, 
indicated that the most abundant species 
is Tetranychus urticae Koch (Acari: 
Tetranychidae) (10), an important straw-
berry pest that causes growth retardation 
and decreased production and quality (3).

The larval stage of Feltiella, as 
described for F. acarisuga (Vallot), the 
most studied species of this genus, feeds 
on all of the developmental stages of 
spider mites, from eggs to adults (1). 
During three annual strawberry (Fragaria 
x ananassa Duch.) production seasons 
(2015, 2016 and 2017), strawberry 
leaflets infested with two-spotted spider 
mites (T. urticae) were collected, taken to 
the lab and observed by light microscopy 

at INTA’s Estación Experimental Agro-
pecuaria Famaillá (Tucumán province, 
Argentina; 27°0’S, 65°2’W, 363 m altitude). 
Many of those leaflets presented Diptera 
larvae feeding on eggs, protonymphal 
and adult stages of two-spotted spider 
mites (figure 1, page 316). In 2015 (June, 
September and October), 16 larvae were 
collected; in 2016 (October, November 
and December), 23 larvae; and in 2017 
(September, October and November), 49 
larvae. Mean monthly temperatures in 
which gall midges larvae were collected 
are presented in table 1 (page 316).

A total of 58 leaflets with 83 larvae 
were placed in Petri dishes with the 
bottom covered by smooth plaster base, 
and kept humid until adults emerged. 
Adult specimens (males and females) 
were preserved in 70° alcohol and sent 
to Raymond J. Gagné, Washington DC, 
USA for identification. They were iden-
tified as Feltiella curtistylus Gagné (table 
2, page  217), which is the first record of 
this species in Argentina. Some of the 
collected specimens were deposited in 
INTA Famaillá and Smithsonian Institution 
(USNM), Washington, DC, USA collections.
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Table 1. Temperatures (mean, mean minimum and mean maximum) of months in 
which F. curtistylus larvae were collected from strawberry leaves in the 2015-17 period.
Tabla 1. Temperaturas (media, media mínima y media máxima) de los meses en que se 

recolectaron larvas de F. curtistylus de hojas de frutilla en el período 2015-2017.

Temperature (ᵒC)
Month Mean Mean min. Mean max.

2015
Jun 13.8 8.7 19.9
Sep 17.2 10.8 24.1
Oct 18.3 12.9 24.1

2016
Oct 20.0 14.0 25.9
Nov 21.7 15.9 28.1
Dic 24.5 18.8 31.4

2017
Sep 17.2 10.1 24.5
Oct 20.3 14.2 27.8
Nov 23.7 17.0 30.7

Figure 1. Feltiella curtistylus larva feeding from two-spotted spider mites on the 
abaxial underside of a strawberry leaf.

Figura 1. Larva de Feltiella curtistylus se alimenta de arañuelas roja en la parte abaxial  
de una hoja de frutilla.
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Table 2. Morphology of F. curtistylus. Adapted from Gagné (1984).
Tabla 2. Morfología de F. curtistylus. Adaptado de Gagné (1984). 

Adult
Body Body without conspicuous markings.

Head

Eyes large, about 8 facets long at vertex; facets circular, slightly farther apart at midheight of eye 
than elsewhere. Posvertical peak present. Labrum shorter than labellae, triangular. Hypoproct 
as short as labrum, lined with long setulae laterally. Labella short, broad, hemispherical 
in lateral view. Palpus 4 segmented. Male antenna: flagellomeres binodal, tricircumfilar; 
flagellomere 3 with internode and neck slightly shorter than preceding node, circumfilar loops 
regular, not quite reaching next distal node or circumfilum, and setulae sparse on basal node 
beyond circumfilum and between circumfila 2 and 3.

Thorax
Wing length, 1.1- 1.2 mm; R5 almost straight, joining C a little before wing apex; Rs not evident. 
Anepisternum bare. Anepimeron with vertical row of setae. Foretarsal claws toothed, other 
bare. Empodia as long as claws.

Male 
abdomen

Tergites 1-6 short, with single sparse, entire row of caudal setae, a few lateral setae, 2 basal, widely 
spaced trichoid sensilla, and scattered, sparse scales. Tergite 7 with 1-2 caudal setae laterally, 0-1 
lateral setae, 2 trichoid sensilla basally, and O scales. Tergite 8 bare, weakly sclerotized. Sternites 
2-7 as short as tergites, with single row of caudal setae and a horizontal row at midlength, 2 
closely approximated trichoid sensilla, and no scales. Sternite 8 with both horizontal rows of 
setae approximated, the trichoid sensilla farther apart than on preceding sternites.

Female 
abdomen

Tergites 1-8 and sternites 2-8 as for male with the following differences: tergite 7 with 
complete caudal row of setae, 1-2 lateral setae, and a few scales; tergite 8 only with 2 trichoid 
sensilla, unsclerotized. Sternite 7 with double row of caudal setae and the 2 horizontal rows 
not closely approximated; sternite 8 unsclerotized, with only 2 basal trichoid sensilla. Tergite 
9 and sternite 9 evenly covered with setae of equal length. Cerci large, evenly covered with 
setae that decrease in length from base of cercid to apex, with 2 ventrocaudal basiconic setae. 
Hypoproct short, with 2 caudal setae.

Larva (third instar)
Mead capsule short, cupulate, antennae and cephalic apodemes longer than head. Only anterior end of 
spatula visible on specimens studied. Integument mostly smooth; spicules only on pseudopods and venter 
of terminal segment. Collar papillae not visible. Ventral thoracic papillae not visible. Posteroventral papillae 
of abdomen on short lobes but setae barely longer than wide. The 2 pseudopods of thoracic segments 2 and 
3 and the 3 pseudopods of abdominal segments 1-7 short. Dorsal and pleural papillae on short lobes, setae 
of approximately equal length, more or less blunt-toothed, pleural setae slightly more pointed than dorsals. 
Terminal segment with 6 dorsal papillae, all on short lobes, innermost pair with shortest setae, 2 outermost 
pairs longer, of equal length, curved. Anus dorsal, anal papillae not evident.

Pupa (unknown)

Thus far, in South America, F. curtistylus 
was known only from Petrolina (9°23'34"S, 
40°30'28"W), state of Pernambuco, Brazil 
(4), associated with Tetranychus evansi (6), 
one of the main tomato pests in Brazil’s 
Northeastern Region (8). Specimens of this 
cecidomyiid were also captured in mosquito 
traps in Vaca Key, Florida, USA (24°43'1.2’’N, 
81°4'22.8’’W) (7). From 10 species of 
Feltiella worldwide known, only F. insularis 
Felt has been found in Argentina, more 

precisely in La Plata city horticultural belt 
(Buenos Aires province), associated with T. 
urticae in tomato crops (2). 

This is the first record of F. curtistylus in 
Argentina, and the first time this predator 
has been found associated with T. urticae. 
Its adaptive capacity is noteworthy, since 
it was found in different environments/
climates, separated by thousands of kilo-
meters, within the American continent 
(table 3 and figure 2, page 318).
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Table 3. Dispersion of Feltiella curtistylus Gagné in the American continent: characteristics 
of the sites where the insect has been reported, including the present record.

Tabla 3. Dispersión de Feltiella curtistylus Gagné en el continente americano: 
características de los sitios donde se ha reportado el insecto, incluido el registro actual.

Location Country Koppen-Geiger 
climatic classification Climate Average 

temperature (ᵒC)
Annual 

rain (mm)
Famaillá Argentina Cfa hot and warm 19.9 965
Petrolina Brazil BSh local stepe 24.8 435
Florida Keys USA Aw tropical 25.2 1004

Figure 2. Locations where F. curtistylus has been found in the American continent.
Figura 2. Ubicaciones donde se ha encontrado F. curtistylus en el continente americano.
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This finding should be complemented 
with bioecological studies of F. curtistylus 
to determine its role in the strawberry 
agroecosystem, since it would compete 
for its prey with other predators regularly 
found in strawberry crops in Argentina, 
such as Phytoseiulus longipes Evans and 
Neoseiulus californicus (Mc Gregor) (Acari: 
Phytoseiidae), Orius sp. (Hemiptera: 
Anthocoridae) and Crysoperla externa 

(Hagen) (Neuroptera: Chrysopidae), 
among others (10). F. curtistylus could 
also be considered a potential biological 
control tool for other strawberry spider 
mites such as T. cinnabarinus (Boisduval), 
a serious strawberry pest in Chile (11). 
Predation bioessays should be carried out 
to determine the efficacy of F. curtistylus 
as spider mite predator, and to analyze its 
potential inclusion in IPM programs.
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Abstract

The venereal diseases Bovine Trichomoniasis (BT) and Bovine Genital Campylobacte-
riosis (BGC) cause economic losses in endemic areas, such as the province of La Pampa in 
Argentina, where bovine production is typically extensive. This study used data compiled 
from 2007 to 2013 by the Official Program for the Control and Eradication (PCE) of venereal 
diseases, to determine the prevalence, incidence and persistence of BT and BGC and to provide 
projections up to 2020. Fourteen univariate models were used to adjust each time series. The 
prevalence and incidence of both diseases significantly decreased during the studied period, 
while the persistence has remained constant. The prevalence of BT has diminished from 
7.48% in 2007 to 3.03% in 2013, while the prevalence of BGC has diminished from 9.36% to 
3.15%. The incidences have been reduced to an annual average of 0.60 for BT and 0.67 for 
BGC. Although the estimation models are not able to accurately predict the future epidemio-
logic rates of BT and BGC in La Pampa, projections show a significant decreasing trend of the 
prevalence and incidence of BT and BGC. The persistence of BGC is expected to remain close 
to the 2007-2013 average, while the persistence of BT did not adjust to any of the 14 models 
used. These results indicate that PCE has been effective in reducing the infection of disease-
free herds. However, in order to reduce the ratio of persistent herds, other preventive and 
management measures should be considered.
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Resumen

Las enfermedades venéreas Tricomoniasis bovina (BT) y Campilobacteriosis genital 
bovina (BGC) causan pérdidas económicas en áreas endémicas, como en la provincia de 
La Pampa en Argentina, donde la producción bovina es típicamente de carácter extensivo. 
Este estudio ha utilizado datos compilados de 2007 a 2013 por el Programa Oficial para el 
Control y la Erradicación (PCE) de enfermedades venéreas, con el objetivo de determinar 
la prevalencia, incidencia y persistencia de BT y BGC y proporcionar proyecciones hasta 
2020. Catorce modelos univariantes fueron utilizados para ajustar cada serie temporal. 
La prevalencia e incidencia de ambas enfermedades han disminuido significativamente 
durante el período estudiado, mientras que la persistencia se ha mantenido constante. La 
prevalencia de BT ha disminuido del 7,48% en 2007 al 3,03% en 2013, mientras que la 
prevalencia de BGC ha disminuido del 9,36% al 3,15%. Las incidencias se han reducido a 
un promedio anual de 0,60 para BT y 0,67 para BGC. Aunque los modelos de estimación 
no pueden predecir con precisión las tasas epidemiológicas futuras de BT y BGC en La 
Pampa, las proyecciones muestran una tendencia decreciente significativa de la preva-
lencia e incidencia de BT y BGC. Se espera que la persistencia de BGC se mantenga cerca 
del promedio de 2007-2013, mientras que la persistencia de BT no se ajustó a ninguno de 
los 14 modelos utilizados. Estos resultados indican que PCE ha sido eficaz para reducir la 
infección de rebaños libres de enfermedades. Sin embargo, para reducir la proporción de 
rebaños persistentes, se deben considerar otras medidas preventivas y de manejo.

Palabras clave
Bovino • campilobacteriosis genital bovina • monitoreo de enfermedades venéreas • 

tricomoniasis bovina • modelización

Introduction

Bovine Trychomoniosis (BT) and 
Bovine Genital Campylobacteriosis 
(BGC) are venereal diseases of economic 
importance, characterized by infertility, 
embryonic death, abortions, irregular 
reproductive cycles and long culling 
intervals (6). BGC infected herds can 
reduce fertility rates up to 20% and 
increase abortion rate up to 10% (16). 
Additionally, sterility may occur in about 
11% of infected heifers (24). BT has also 
been associated to low weights at birth 
and reductions of more than 50% in the 
weaning rate (4, 35). In the USA infection 
produced by BT is estimated to generate 
economic losses of over 650 million 
dollars (48).

BT is caused by Tritrichomonas foetus 
and BGC by Campylobacter fetus veneralis 
(11, 45). Both diseases are transmitted 
during coitus, being the bulls asymp-
tomatic carriers. When they reach 3 or 4 
years of age they remain as permanently 
infected reservoirs, while cows are usually 
recovered after a period of 6-12 months 
(1, 8, 22). Furthermore, there is neither 
treatment nor vaccination effective 
enough for these diseases (5, 7, 52).

Both diseases are distributed 
worldwide, although they tend to be 
endemic in areas where bovine production 
is typically extensive and based on natural 
breeding, such as the province of La 
Pampa in Argentina (15, 31).
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The economic importance of the bovine 
sector and the concern for the low repro-
ductive efficiency led to the implemen-
tation in 2006 of a Provincial Program for 
the Control and Eradication (PCE) of BT and 
BGC. The inclusion in PCE is compulsory 
for all herds, and positive animals must be 
removed from the herd within 120 days. 
However, animals can be medically treated 
as long as negativity is certified through 
three post-treatment negative tests (29).

Data generated by PCE provides an 
opportunity to determine epidemiological 
indicators for BT and BGC. Furthermore, 
in Argentina no epidemiological indicators 
are generated at a national level. In these 
situations where there is no existing infor-
mation about occurrence at a national level, 
the estimations and projections represent 
and essential tool in order to understand 
the health requirements and, conse-
quently, to establish prevention and control 
measures (30, 53). However, aspects such 
as resistance to diseases, reproductive 
characteristics or adaptation to difficult 
environments will always be of value and 
should be target of greater scientific and 
informative efforts (34). 

Different estimation methods have 
been used in order to predict occurrence 
rate, including decomposition methods, 
ARIMA models, Bayesian models or 
linear regression (20, 26, 42, 46, 57). The 
advantages and applicability conditions 
are specific of each model of analysis and 
depend on the type of data that constitute 
the time series (10).

The present study aims to determine 
population epidemiological indicators for 
BT and BGC in the province of La Pampa 
(Argentina) for the period 2007 – 2013, 
and to provide projections for the inci-
dence, prevalence and persistence of both 
diseases until 2020.

Material and methods

Study area and population
The study area was the province of 

La Pampa in Argentina, which includes 
approximately 6% of the total bovine 
population of the country (43). La Pampa 
is located in the geographic center of 
Argentina and covers an area of around 
143.440 km2 (approximately about 5.2% 
of Argentina). Farm production in La 
Pampa is extensive and involves two 
main production systems: herds that 
produce calves for fattening establish-
ments and herds where breeding, rearing 
and fattening are carried out on the same 
premises (full-cycle herds).

The study population consists in all 
herds (from 2,000 to 6,000) annually tested 
under PCE from January, 1st to December, 
31rd 2013. PCE regulation in La Pampa 
requires BT and BGC testing of all non-
virgin bulls in the herd in order to authorize 
the movement of cattle to another herd, 
feedlot or slaughterhouses (43). Therefore, 
the study population corresponds to all the 
existing herds in La Pampa between 2007 
and 2013, except the few herds with no 
animal movements during this period.

All non-virgin bulls in La Pampa are tested 
twice a year as part of PCE. The methodology 
for sample collection and diagnosis is thor-
oughly described by Molina et al. (29). A bull 
is classified as negative if the results obtained 
in two consecutive tests are negative, and 
positive if at least one test yielded positive 
results (34). Herds with at least one positive 
bull were classified as positive.

Data
This study used annual data gathered 

and reported by PCE from January, 1st 
2007 to December, 31rd 2013. Annual 
prevalence, incidence and persistence of 
BT and BGC were analyzed.
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Prevalence is defined as the ratio of 
positive herds to the total tested herds. Inci-
dence is defined as the ratio of new positive 
herds to the total tested herds. Persistence 
is defined as the ratio of positive herds in 
the year n that were also positive in the 
year n – 1 to the total tested herds.

Estimation methods
In order to characterize the behavior of 

each time series, different models have been 
built and evaluated using prevalence, inci-
dence and persistence as dependent variables 
(Y) and time as the independent variable (X). 
Overall, 14 models have been evaluated for 
each time series: random walk, random walk 
with drift, constant mean model, lineal trend 
model, quadratic trend model, exponential 
growth trend model, S-curve model, simple 
exponential smoothing, Brown’s lineal 
exponential smoothing, Holt’s exponential 
smoothing, quadratic exponential smoothing, 
ARIMA (1,0,0) and ARIMA (1,0,1). 

Coefficients for each model have been 
estimated using least square method and 
contrasted by t-tests (2, 13). Adjustments 
were determined by the root mean square 
error (RMSE), the mean absolute error (MAE) 
and the mean absolute percentage error 
(MAPE). Adequacy was contrasted using 
white noise tests to check if the residuals 

were independent and normally distributed 
(14). It is possible that several models could 
be identified for each time series, so it is 
necessary to choose an optimum model. This 
optimum model was determined based on 
Akaike information criterion (AIC) and on 
Schwartz Bayesian criterion (SBC) (19). All 
models were retrospectively validated by 
comparing the means of the obtained esti-
mates and those observed during the period 
2007–2013 (45).

All statistical analysis was performed 
with a significance level of alpha ≤ 0.05 
and using the software SPSS v.15.0.

Results

Table 1 shows the prevalence of BT 
and BGC registered during the period 
2007 – 2013 in La Pampa. An average 
9.51% of the sampled herds showed at 
least one bull positive to BT or BGC. Herds 
infected with either of the two diseases 
have been reduced from 14.18% in 2007 
to 5.57% in 2013, involving an annual 
average decrease of 0.78%. Herds with 
positive bulls to both diseases averaged 
1.60%. Co-infection has been reduced by 
an annual average of 0.18%, from 2.66% 
in 2007 to 0.60% in 2013.

Table 1. Herd-level prevalence of BT and BGC during the period 2007–2013 in 
La Pampa (Argentina).

Tabla 1. Prevalencia a nivel de rebaño de BT y BGC durante el período 2007-2013 en 
La Pampa (Argentina).

Year Herds BT BGC BT or BGC BT and BGC
2007 3,610 270 (7.48 %) 338 (9.36 %) 512 (14.18 %) 96 (2.66 %)
2008 4,105 418 (10.18 %) 421 (10.26 %) 679 (16.54 %) 160 (3.90 %)
2009 2,352 95 (4.04 %) 127 (5.40 %) 190 (8.08 %) 32 (1.36 %)
2010 4,078 140 (3.43 %) 250 (6.13 %) 346 (8.48 %) 44 (1.08 %)
2011 5,167 168 (3.25 %) 283 (5.48 %) 397 (7.68 %) 54 (1.05 %)
2012 5,588 135 (2.42 %) 232 (4.15 %) 337 (6.03 %) 30 (0.54 %)
2013 5,777 175 (3.03 %) 182 (3.15 %) 322 (5.57 %) 35 (0.61 %)
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Prevalence of BT and BGC has been 
reduced by an annual average of 0.44% 
and 0.51%, respectively. Prevalence of 
BT has decreased from 7.48% in 2007 to 
3.03% in 2013, while the prevalence of 
BGC has diminished from 9.36% to 3.15%.

The average persistence of BT and BGC 
was 26.78% and 18.98%, respectively. 
While the persistence of BT has been 
reduced from 53.03% in 2007 to 39.13% 
in 2013, the persistence of BGC has slightly 
increased from 25.93% to 26.47% in 2013 
(table 2).

The incidence of both diseases has 
been reduced by an annual average of 
0.61% for BT and 0.67% form BGC.

The projections reveal a reduction of 
the rates of prevalence and incidence of 
BT and BGC (table 3).

Results exposed in table 4 (page 325) 
indicate that the expected changes are 
statistically significant. The prevalence of 
BT showed the best adjustment with the 
S-curve model. An annual reduction of BT 
prevalence by 0.25% is expected, reaching 
0.54 % (0.10–2.07 95% CI) in 2020.

Table 2. Persistence and incidence of BT and BGC during the period 2007-2013 in 
La Pampa (Argentina).

Tabla 2. Persistencia e incidencia de BT y BGC durante el período 2007-2013 en 
La Pampa (Argentina).

Year BT Persistence BGC Persistence BT Incidence BGC Incidence 
2007 - - 270 (7.48 %) 338 (9.36 %)
2008 143 (53.03 %) 88 (25.93 %) 275 (6.94 %) 333 (8.30 %)
2009 24 (5.84 %) 27 (6.51 %) 71 (3.03 %) 100 (4.28 %)
2010 13 (13.33 %) 26 (20.59 %) 127 (3.13 %) 224 (5.52 %)
2011 37 (26.42 %) 52 (20.65 %) 131 (2.55 %) 231 (4.52 %)
2012 39 (22.95 %) 39 (13.75 %) 96 (1.74 %) 193 (3.48 %)
2013 53 (39.13 %) 61 (26.47 %) 122 (2.13 %) 121 (2.11 %)

Table 3. Estimation models with the best adjustment for epidemiological indicators of 
BT and BGC in La Pampa (2007-2013). 

Tabla 3. Modelos de estimación con el mejor ajuste para indicadores epidemiológicos 
de BT y BGC en La Pampa (2007-2013).

 RSME: the root mean square error; MAE:  the mean absolute error; MAPE: the mean absolute percentage 
error; AIC: Akaike information criterion; SBC: Schwartz Bayesian criterion.

RSME: error cuadrático medio; MAE: error absoluto medio; MAPE: error absoluto medio (%); AIC: criterio de 
información de Akaike; SBC: criterio bayesiano de Schwartz.

Variable Model RMSE MAE MAPE AIC SBC
Prevalence BT Y = e (β1 + β2/t) 1.846 1.076 20.441 1.798 1.782
Prevalence BGC Y = e (β1+ β2 . t) 1.189 0.769 11.540 0.917 0.902
Prevalence BT or BGC Y = e (β1 + β2/t) 2.146 1.184 10.853 2.099 2.083
Prevalence BT and BGC Y = e (β1 + β2 . t) 0.762 0.430 22.834 0.030 0.014
Persistence BT Y = β1 + β2 . t 13.742 10.245 42.171 5.352 5.937
Persistence BGC Y = β1 4.780 3.675 19.361 3.414 3.407
Incidence BT Y = e (β1 + β2/t) 0.964 0.642 17.548 0.499 0.483
Incidence BGC Y = e (β1 + β2/t) 0.984 0.667 15.202 0.539 0.523
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Table 4. Coefficients of the estimation models of epidemiological indicators of BT and 
BGC with the best adjustment in La Pampa (2007-2013).

Tabla 4. Coeficientes de los modelos de estimación de indicadores epidemiológicos de 
BT y BGC con el mejor ajuste en La Pampa (2007-2013).

Variable Model
Constant Slope

β1 E.E. t P β2 E.E. t P
Prevalence BT Y = e (β1 + β2/t) -415.152 111.637 -3.71 0.011 837,364 224,390 3.73 0.012
Prevalence BGC Y = e (β1 + β2 . t) 365.193 62.409 5.85 0.002 -0.180 0.031 -5.82 0.002
Prevalence BT or BGC Y = e (β1 + β2/t) -347.606 67.329 -5.16 0.003 703,063 135,332 5.19 0.003
Prevalence BT and BGC Y = e (β1 + β2 . t) 619.812 117.838 5.25 0.003 -0.308 0.058 -5.25 0.003
Persistence BT Y = β1 + β2 . t 4384.31 -2.165 0.61 0.569 -2.165 3.524 -0.61 0.572
Persistence BGC Y = β1 22.005 1.951 11.27 0.000 - - - -
Incidence BT Y = e (β1 + β2/t) -480.657 91.747 -5.234 0.003 969,026 184,504 5.25 0.003
Incidence BGC Y = e (β1 + β2/t) -440.106 77.656 -5.67 0.002 887,775 156,088 5.69 0.002

The prevalence of BGC was adjusted 
with the exponential growth trend model 
and shows an expected annual decrease 
of 0.35%, reaching 0.94% (0.38–1.93 
95% CI) in 2020.

The prevalence of BT and BGC was 
adjusted with the S-curve model. Herds 
infected by either one disease are expected 
to be reduced by an annual average 
of 0.52%, reaching 1.56% (0.58-3.18 
95% CI) in in 2020 (figure 1, page  326). 
Co-infection by BT and BGC was adjusted 
with the exponential growth trend model 
and shows an expected annual decrease of 
0.06% (figure 2, page 326).

The incidences of BT and BGC were 
adjusted with the S-curve model and 
showed and expected annual decrease of 
0.19% and 0.28%, respectively.

The persistence of BT was adjusted 
with the lineal trend model, although it 
was not statistically significant (table 4). 
The best adjustment for persistence of 
BGC was with the constant mean model, 
what suggests that persistence will remain 
constant at about 22% during the period 
2013-2020.

Discussion

The accumulated data in La Pampa 
during 7 years have been used to 
determine the population epidemiological 
indicators of BT and BGC in the province. 
The initial prevalence of both diseases 
was generally lower than those reported 
in other endemic areas in Asia, Australia, 
North America, South America and South 
Africa (3, 4, 12, 21, 22, 24, 33, 41, 56). A 
prevalence of 37% for BGC was reported 
in Uruguay, while no herds were found 
to be positive to BT (39). In Buenos Aires 
(Argentina) a prevalence of 1.5% was 
reported for BGC and of 19.4% for BT 
(40). In the east of La Pampa, a prevalence 
of 11.1% was found for BT and of 7.0% 
for BGC (49). Most of the reported data of 
prevalence comes from studies conducted 
with few herds and limited conditions, so 
it is possible that they do not accurately 
reflect the actual situation. For instance, in 
South Africa, the occurrence of BGC seems 
to be vastly underestimated (31).

The detection of BT and BGC in La 
Pampa has been based on the collection 
of two consecutive preputial smegma 
samples and on cultural methods (29). 
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Figure 1. Adjustment and prediction of the prevalence of BT or BGC in La Pampa with 
the S-curve model.
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Figure 2. Adjustment and prediction of the prevalence of BT and BGC in La Pampa with 
the exponential growth trend model.

Figura 2. Ajuste y predicción de la prevalencia de BT y BGC en La Pampa con el modelo 
de tendencia de crecimiento exponencial.
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There are, however, different factors 
that could negatively affect the accuracy 
of the diagnoses, being some of them 
easily upgradable. For instance, sample 
collection is not always effective due 
to the intermittent presence of patho-
genic agents in the foreskin of bulls (17, 
27). Furthermore, the frequency and the 
sampling intervals affect the effectiveness of 
the diagnosis techniques (32, 37). Although 
none of them is 100% sensible, PCR based 
techniques represent an improvement 
compared to those obtained by bacterial 
culture (25, 50). According to Yao et al. 
(2013), an unpredictable and often ignored 
factor is the delay in the delivery of samples 
to the diagnostic laboratories after sample 
collection. Another factor is the existence 
of positive cows that are currently not 
detected as they are not included in PCE. 
In order to improve accuracy in diag-
nosis, it would be highly recommended to 
consider these factors and to analyze the 
relationship between the sample collection 
and the situation of the herd.

Prevalence of BT and BGC reached 
their highest peak in 2008. Ever since, they 
have decreased, proving effective control 
measures. In Wyoming (USA), a similar to 
PCE control plan, managed to reduce the 
herd-level prevalence of BT to 1.29% in 
nine years (55). Besides, the estimation 
models show a decreasing trend, and 
both prevalences are expected to continue 
diminishing in the future, although the 
models are not capable of accurately 
predicting the levels of prevalence. This is 
partly due to the fact that only data from 
2007 to 2013 is available. The decrease of 
the prevalence of BT and BGC is mainly due 
to a reduction of new infections, although 
the proportion of persistent herds has 
remained broadly stable. Although they 
cannot precisely predict the levels of inci-
dence and persistence, estimation models 

suggest that in the future, incidence will 
continue to decrease while persistence 
will remain constant.

PCE has been especially useful to 
reduce the infection of disease-free herds. 
This is explained by the reposition with 
bulls certified as negative to both diseases. 
However, PCE has not managed to signifi-
cantly reduce the rate of persistent herds. 
On one side, the disposal of positive 
bulls might not be enough to eliminate 
the disease from the flock, resulting also 
necessary to remove breeding cows or 
to establish a period of reproductive rest 
during 6-12 months to facilitate recovery 
(22, 38). On the other hand, it could be 
possible to eliminate the disease replacing 
positive bulls, although effective measures 
to prevent new infections are not simulta-
neously taken. In this sense, in the areas of 
higher BT and BGC risk in La Pampa, the 
exchange of bulls between farmers and 
pasture sharing, are very common (29).

According to Yao et al. (2013), in order 
to eradicate the disease, it is not enough 
to detect and remove the positive bulls, 
but also replacing them with disease-free 
bulls. In addition to PCE, other preventive 
and herd management measures should 
be considered. BT and BGC share in La 
Pampa some of their main risk factors (15, 
18, 23, 27). Besides, there is some spatial 
correlation between the risk of BT and 
BGC (29). Thus, the development of inte-
grated actions focused on the common 
features of BT and BGC should enhance 
the effectiveness and efficiency of the 
intervention methods (9).

Taking into consideration the 
common features of both diseases and 
the productive conditions in La Pampa, 
the priority actions should focus on the 
improvement of the reproductive control 
and keeping the herd in a closed cycle. 
Practices as seasonal breeding or rectal 
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examination are not usual in the province 
of La Pampa and yet could greatly improve 
reproductive efficiency and control of 
venereal diseases. On one side, they allow 
the early identification of reproductive 
failures and the discard of non-breeding 
cows. On the other hand, testing bulls 
before breeding and after a period of 
sexual repose, reduces the probability of 
false negatives due to low concentration 
of microorganisms, and avoids positive 
bulls to encounter other cows in the herd 
(28). Finally, keep the herd in a closed 
cycle prevents contact with animals from 
other herds with an unknown sanitary 
status. In this sense, it is important to 
keep wiring and perimeter fences in good 
conditions, avoiding the exchange of bulls 
and the sharing of pastures (18, 23). 
According to Yao et al. (2013) eradication 
of BT and BGC is only possible through 
the replacement of natural breeding by 
artificial insemination. However, although 
artificial insemination generally involves 
a considerable reduction of the rates of 
occurrence or even eradication, there are 

typically extensive areas free of BT and 
BGC where artificial insemination is not 
in practice, such as the in Spanish grass-
lands (27, 51).

Conclusions

Univariate analysis was an effective 
tool for modeling the historical and future 
prevalence, incidence and persistence 
of T. foetus and C. fetus infections in La 
Pampa (Argentina). Prevalence and inci-
dence of both diseases have significantly 
decreased during the studied period, 
while the persistence has remained 
constant. The estimation models show 
projections with a significant decreasing 
trend of the prevalence and incidence 
of BT and BGC, indicating that PCE has 
been effective to reduce the infection of 
disease-free herds. However, in order to 
reduce the ratio of persistent herds, other 
preventive and management measures 
should be considered. 
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Abstract

The objective of this study was to evaluate the supplementation of herbal choline 
and methionine to dairy cows on milk production and milk composition during 
60 days of lactation, while also identifying the volatile compounds of the herbal 
methionine and choline. Fourteen compounds were identified for herbal methionine 
and fifteen in herbal choline including aromas, alcohols, aldehydes and phenolics, some 
with nutraceutical properties. Twenty-multiparous Holstein cows (body condition 
score, BCS = 3.1 ± 0.15; mean ± SE) were fed a basal diet (16.3% CP, 1.6% DP and 
1.71. Mcal/kg ME). Seven days after calving, cows were randomly assigned to treatments, 
which consisted of control basal diet or an oral dose of herbal choline (15 g/d) plus 
herbal methionine (10 g/d). The experiment lasted 60 days with measurements of milk 
production and composition every 7 days. Supplementation with herbal choline plus 
herbal methionine improved (P <0.05) milk production (32.96 vs. 34.03 kg/d) and 4% 
FCM (28.23 vs. 29.91 kg/d). Protein content decreased (P <0.05) on supplemented cows 
(29.9 vs. 31.7 g/kg). However, no effects on the remaining composition (fat, lactose, total 
solids and non-fatty solids) was found. Milk production can be improved by supple-
menting cows with the evaluated herbal sources of choline and methionine.
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Resumen

El objetivo de este experimento fue evaluar la suplementación con metionina y 
colina herbales en ganado lechero sobre la producción, cambios en composición de 
leche durante 60 días de lactancia, e identificar los compuestos fitoquímicos volátiles 
en metionina y colina herbales. Se identificaron 14 compuestos para metionina y quince 
para colina herbales entre los que se incluyen aromáticos, alcoholes, aldehídos, fenoles, 
algunos con propiedades nutracéuticas. Se usaron 20 vacas multíparas raza Holstein 
(condición corporal CC=3,1 ± 0,15) alimentadas con una dieta basal (16,3% PC, 6% RDP y 
2,08 Mcal/kg EM). Siete días después del parto fueron asignadas a uno de los tratamientos 
que consistían en dieta testigo y la dieta testigo con dosis oral de colina (15 g/d) más 
metionina (10 g/d) herbales. El experimento tuvo una duración de 60 días, se registró la 
producción de leche y se caracterizó su composición. La suplementación de colina herbal 
con metionina herbal mejoró la producción (P<0.05) de leche (32,96 vs. 34,03 kg/d) y 
4% FCM (28,23 vs. 29,91 kg/d), el contenido de proteína disminuyó (P<0,05) (29,9 vs. 
31,7 g/kg) pero no afectó la composición. Se mejora la producción de leche al suple-
mentar vacas con fuentes naturales de colina y metionina.

Palabras clave
compuestos volátiles • herbal • producción de leche • colina • metionina

Introduction

Herbal additives may improve animal 
health and production. However, many 
phytochemical action mechanisms are 
unknown. In this sense, to correctly 
identify these phytochemicals and  their  
appropriate  doses in order to safely use 
them is important (15). Many standardized 
herbal products used in animal feed have 
not been fully characterized yet. 

The use of electronic nose based on 
different sensor technologies has been 
suggested as a rapid detection of quality  
-related volatile compounds for various 
food products (16, 40) facilitating the 
identification of nutra- ceutical properties 
in those products.

The use of ruminally protected choline 
(RPC) has demonstrated that choline is 
a limiting nutrient for milk production 
in dairy cattle (20, 36). Evaluations of 
herbal products in lambs indicate that 

some of these products have ruminally 
protected choline (18) that could be an 
alternative for dairy cattle. Methionine 
has been recognized as one of the limiting 
amino acids for milk production in dairy 
cows (33) and even when the ruminally 
protected form is available and has been 
evaluated (24) the benefit-cost ratio can 
make its inclusion difficult in some units. 

During the transition from pregnancy 
to lactation, dairy cows present a period 
of negative energy and protein balance 
as a result of an increased metabolic 
demand from the mammary gland (11). 
Since methyl donors are required for 
the synthesis of key compounds such 
as phosphatidylcholine and carnitine in 
tissues (37), a negative methyl donor 
balance also may be an important 
challenge for the transition dairy cow. 
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Due to extensive microbial degradation 
in the rumen, dietary availability of key 
methyl donors is limited (17). Thus, the 
possibility of improving milk production 
in dairy cows by increasing the duodenal 
flow of choline and methionine with 
herbal products should be evaluated. 
Some authors report that evaluations for 
30 to 90 days are valid to find responses 
in dairy cows (4, 9, 25, 36, 37). Therefore, 
the objective of this study was to evaluate 
the supplementation whith herbal 
methionine and choline on dairy cows on 
milk production and milk composition 
during 60 days of lactation. 

Material and methods

Evaluations of volatile organic 
compounds (VOCs) in herbal choline 
and methionine by flash gas chroma-
tography electronic nose

The flash gas chromatography electronic 
nose (FGC- E-Nose) model Heracles II, 
equipped with an automatic injection unit 
HS100 (AlphaMOS®, Tolouse, France), 
was used to detect the VOCs of the herbal 
choline and methionine.

The Heracles II was equipped with 
two columns working in parallel mode: a 
non-polar column (DB-5: 5% phenyl- 95% 
dimethylpolysiloxane) and DB-1701 (14% 
cyanopropylphnyl- 86% dimethylpoly-
siloxane). The injector was maintained 
at a constant temperature of 200°C. The 
samples of the feed plant additives were 
placed in 20 mL magnetically sealed vials 
with a plug and without any treatment or 
extraction solvent. The vials were placed 
in the Heracles II auto-sampler, which 
was placed in a shaker oven and shaken 
at 500 rpm for 900 seconds at 40°C. 
Next, 1 mL sample was taken from the 
headspace in the electronic nose. Samples 

were analyzed in triplicate. A single 
chromatogram was created by joining two 
columns of overlapping chromatograms, 
helping to reduce identification errors. 
The identifications were made using the 
Kovats index with a C6-C16 standard 
(29, 35). The GC subjected the samples 
to a temperature program separating 
the volatile organic compounds and 
maintaining a constant flow of hydrogen 
of 1 mL/min. Then the samples were 
brought to a temperature of 50°C for 30 s, 
before increasing it 10°C / s until it reached 
280°C. Separate species were detected by 
the electronic nose software using multi-
variable statistical analysis (Alpha Soft® 
by Alpha MOS®).

Chemometrics 
In this study, a first explorative step 

was carried out using peak areas that were 
automatically calculated by the software 
Alpha Soft® which uses raw data from 
the abundance of metabolites to construct 
a multivariate model using Principal 
Component Analysis (PCA). The PCA uses 
orthogonal transformation to convert 
a set of observations by the different 
compounds of possibly correlated 
variables into values of linearly uncorre-
lated variables. This analysis guaranteed 
independence if the group of data jointly 
normally distributed. The PCA is a chemo-
metric procedure that rotates the original 
space to another one and its vectors resul-
tants are the principal components (PC) 
oriented along directions containing the 
maximum explained variance (29).

Productive phase
The experiment was conducted at 

the experimental station of the UASLP 
(22°11' N, 100°56' O, 1850 m above sea 
level) with a mean temperature of 17.5°C. 
Twenty multiparous dairy Holstein cows 
(body condition score, BCS = 3.1 ± 0.15; 
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mean ± SE), were fed a basal diet (16.3% 
CP, 6 RDP and 2.08 Mcal/kg ME) of oat hay, 
alfalfa hay, rolled corn and concentrate 
(65% forage, 35% concentrate).

Seven days after parturition, the cows 
were randomly assigned to one of the 
two treatments (N=10), which consisted 
in a control group and an oral dose of 
herbal choline (15 g/d) plus herbal 
methionine (10 g/d).

To prepare the doses of herbal 
products, a mixture of 250 g of molasses 
and 1250 g of corn flour was prepared and 
stored in the refrigerator at 3°C. Later, a 
total of 50 g of this mixture was mixed with 
the daily dose of herbal choline and herbal 
methionine for each animal, preparing a 
mixture and individually feeding to ensure 
its consumption. 

The cows received the herbal mixture 
individually in the milking parlor at 
6:00 hour. During the rest of the day, cows 
had access to a yard with water ad libitum. 

The herbal products used were OptiMe-
thionine and BioCholine (Technofeed, 
Mexico, Nuproxa Switzerland, Indian 
Herbs) supplied individually for 60 days. 
Milk production was recorded daily and 
its composition, (fat, protein, lactose, total 
solids and non-fatty solids) characterized 
every 7 days using morning and afternoon 
samples which were mixed, homogenized 
in a water bath for 1 min (40°C) until the 
temperature reached 29°C and analyzed 
with a Lactoscan Ultrasonic milk analyzer 
(Milkotronic®, Bulgaria). 4% fat corrected 
milk (FCM) of each cow was calculated as 
follows: FCM = [(0.4 kg milk) + (0.15 kg 
milk fat %)].

The yield of energy corrected milk 
(ECM) was calculated by the formula 
proposed by DeFrain et al. (2006): 
ECM = [(0.327 kg milk) + (12.95 kg fat) 
+ (7.2 kg protein)]. Body condition score 
was assessed twice on d 1 and 56 using 

the scale of 1 to 5, in increments of 0.25 
according whit Edmonson et al. (1998), at 
the time of enrollment. 

Feed analysis
Samples of feed were composited 

every 15 days to analyze dry matter and 
total nitrogen according to the AOAC 
(1999) (table 1). Neutral detergent fiber 
(NDF) and acid detergent fiber (ADF) 
analyses were carried out according to 
Van Soest et al. (1991).

Table 1. Experimental diet and 
chemical composition.

Tabla 1. Dieta experimental y 
composición química.

a Nu-3® Ganado Lechero18% Línea Campestre: DM 88%, 
CP 18%, EE 2%, CF 15%, Ash 11.5% and TND 41.5%.
b Mineral Premix: Ca 5.6g, vitamin A 500,000 IU, 

vitamin D 150,000 IU and vitamin E 1000 IU.
c Estimated according to the NRC (2001).

a Nu-3® Ganado Lechero18% Línea Campestre: MS 88%, 
PC 18%, EE 2%, FC 15%, Ceniza 11,5% y NDT 41,5%

b Premezcla Mineral: Ca 5,6g, vitamina A 500,000 UI, 
vitamina D 150,000 UI y vitamina E 1000 UI.

c Estimado de acuerdo con el NRC (2001).

Item %
Alfalfa hay 53.45
Oat hay 11.29
Corn rolled 8.06
Concentratea 24.20
Minerals and vitaminsb 3.0

Chemical composition 
Dry matter (%) 89.73
Crude protein (%) 16.30
Rumen degradable protein (%)b 6.0
FDN (%) 34.54
FDA (%) 26.15
ED (Mcal/kg) c 2.08
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Statistical analyses
Data were analyzed as a completely 

randomized design (42). Data were 
analyzed with the JMP7 software (39) 
using the General Linear Model.

Results

The Kovat's indices database allowed 
identification of 14 major relevance 
compounds in herbal methionine and 
15 in herbal choline (table 2 and table 
3, page 337) including aromas, alcohols, 
aldehydes, and phenolics, some with 
nutraceutical properties.

Figure 1 (page 337), shows that, 
according whit de PCA, and regarding 
composition, herbal choline and 
methionine are totally different (99.84%).

Milk production was significantly 
increased (3.2%, P<0.01). 4% fat corrected 

milk and yield of energy corrected milk 
decreased (P<0.02). Protein and fat contents 
decreased. However, no effects on the other 
milk components were detected (table 2).

Discussion

The electronic nose was used for rapid 
qualitative detection and discrimination 
of herbal choline and methionine while a 
gas chromatography mass spectrometer 
with headspace analyzer (GCMS-HS) was 
used for aroma profiling. 

The Principal component analysis 
(PCA) allowed the visualization of the 
resemblance and difference among the 
products. OptiMethionine and BioCholine 
samples were separated in PC1 which 
described 57.8% of the peak variations 
(figure 1, page 337).

Table 2. Tentative identification of volatile compounds of herbal methionine from the 
electronic nose profile.

Tabla 2. Identificación tentativa de los compuestos volátiles de metionina herbal 
derivados del cromatógrafo de nariz electrónica.

Retention Time, m Compound Relative Area Relative height
Polar Column

36.81 2-methylbutanoic acid 1.24 1.49
41.38 Alpha-phellandrene 3.9 5.29
45.24 Undecane 12.92 9.37
47.15 [Z]-3-hexenyl isobutyrate 11.33 7.98
58.14 Methyl undecanoate 2.87 3.36

No Polar Column
15.28 Trimethylamine 3.31 2.35
17.8 Diethyl ether 3.3 3.45
23.35 2,2,4-trimethylpentane 2.59 2.20
32.26 [E]-2-penten-1-ol 1.43 1.65
36.34 2-methylbutanoic acid 3.78 4.57
53.31 Alpha-ionone 23.22 18.43
60.36 Delta-decalactone 2.60 2.48
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Table 3. Tentative identification of volatile compounds of herbal choline from the 
electronic nose profile.

Tabla 3. Identificación tentativa de los compuestos volátiles de colina herbal derivados 
del cromatógrafo de nariz electrónica.

Retention Time, m Compound Realtive Area Relative height
Polar Column

18.93 Diethyl ether 4.44 4.61
43.19 [Z]-2-octenal 5.48 6.18
44.53 P-Cresol 2.55 3.27
47.51 4-ethylphenol 33.07 34.64
53.59 4-vinylguaiacol 5.81 7.27
56.14 Trans-2-undecenal 3.97 3.20

No Polar Column
15.26 Trimethylamine 2.49 2.02
17.27 Diethyl ether 1.50 1.58
21.62 1-propanol 2.69 2.40
24.25 Isopropyl acetate 3.82 3.60
34.90 Beta pinene 4.56 6.91
48.53 Methylnonanedione 5.38 8.10
51.45 4-vinylguaiacol 3.87 3.21
55.38 P-menthadienhydroperoxide 36.91 27.90

Figure 1. PCA model built with the electronic nose data related to the herbal 
methionine and herbal choline.

Figura 1. PCA con datos obtenidos del cromatógrafo de nariz electrónica para colina y 
metionina herbales.

  Herbal

Herbal methionine
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The fact that the herbal products are 
positive in one axis and negative on the 
other,  is because the metabolites are from 
different plants with different aromatic 
profiles, for example BioCholine is elabo-
rated with plans such as Trachyspermum 
ammi, Azadirachta indica and 
Andrographis paniculata whereas OptiMe-
thionine Trigonella foenumgraceum and 
Allium sativum.

Milk production, 4% fat corrected 
milk and yield of energy corrected milk 
were increased (P<0.01). The benefits of 
supplementing choline and methionine 
protected from rumen degradation 
have been reported by several authors 
including meta-analyses (34, 37). 
However, none evaluated herbal sources. 
Several authors  have reported that 12 to 
15 grams per day of RPC, increase milk 
production on 7 to 8% (20, 24) repre-
senting about 2 kg/d of milk, similar to 
that observed in this experiment. 

Although some experiments have 
used doses from 25 to 60 g of different 
RPC sources based on choline chloride 
(30, 38, 41) or even higher doses (6, 13), 
Pinotti et al. (2005) concluded that the best 
responses for improved milk production 
are obtained when 12-20 g/day of RPC are 
provided which is similar to the dose used 
with the herbal product. 

Regarding ruminally protected 
methionine (RPM), Lara et al. (2006)   
found that milk production was increased 
up to 14% above the control with 
16 g per day, that later decreased. Similar 
rresponses were observed in first-calf 
heifers with doses from 14 to 16 g/d (5).

In both studies, the concentration 
of milk protein was increased by RPM. 
Zhou et al. (2016b) observed an increment 
of 9% in milk production and increasing 
milk protein content with an estimated 
dose of 14 g/d. Some experiments have 
supplemented the combination of Met 
and choline in dairy cattle rations. Zhou 
et al. (2016a) did not find RPC - RPM 
interactions in any measured variable. 
Sun et al. (2016) reported that both 
nutrients improved milk production 
(5.04%) and increased milk fat and protein. 
In contrast, Soltan et al. (2012) observed 
that milk production increased with both 
nutrients in a greater magnitude (14%) than 
with RPC (11%) or  RPM (6%) separately, 
without changes in milk composition. Milk 
protein content was decreased (P<0.02) 
by the herbal supplementation however, 
no effects on the other milk components 
were detected (table  4, page 339 ). After 
methionine supplementation, an average 
increase of 3.8 kg/d in milk production in 
the first 30 d of lactation was detected by 
Zhou et al. (2016b). Considering that Met 
has been identified as one of the 2 most 
limiting AA for lactating cows (33) and 
that a greater DMI would increase daily 
protein intake, the milk yield response 
when supplementing Met to achieve a 
Lys: Met close to the suggested optimum, 
was as expected. The supplementation 
with rumen-protected methionine 
improved milk protein synthesis (48), 
while high percentages of total solids in 
the choline+methionine group was not 
associated with milk protein and milk fat 
percentage in those cows. The supple-
mentation of methionine and/or choline 
has been evaluated in terms of the contri-
bution to the improved performance and 
immuno-metabolic status in dairy cows 
by Zhou et al. (2016b) who recognized the 
predominate effects of Met.
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In contrast, Sun et al. (2016) show 
a correlated response in the blood 
antioxidant status and in the immune 
response (plasma interleukin 2, concen-
tration and tCD4+/CD8+ T lymphocyte 
ratio) in postpartum cows. Other studies 
have demonstrated the antioxidant 
capacity of choline per se (43, 49) while the  
supplementation of RPM and RPC has also 
improved reproductive performance in 
dairy cows (4). 

Considering health risks during the 
peripartal period (4, 49), methionine and 
choline should be supplemented around 
parturition. Methionine supplementation 
has led to a lower incidence of ketosis (49), 
besides improving lactation performance. 
It has also demonstrated greater pre- and 
postpartum DMI, milk fat yield, and milk 
protein yield during the peripartal period.
However, this has not been consistent with 
choline supplementation (48).

Table 4. Effect of herbal choline and methionine supplementation on milk production 
and composition of Holstein cows.

Tabla 4. Efecto de la suplementación con colina y metionina herbales en la producción 
y composición de leche de vacas Holstein.

NFS: non-fat solids; SEM: standard error of the mean.
NFS: sólidos no grasos; SEM: error estándar de la media.

Control Choline + 
Methionine SEM P-value

Milk yield (kg/d) 32.96 b 34.03 a 0.2394 0.01
4% FCM (kg/d) 28.23 b 29.91 a 0.2321 0.01
ECM (kg/day)   .34 a  31.56 b 0.2456 0.01

Body Score Condition
Day 1 3.13 3.08 0.044 0.44
Day 56 2.77 2.69 0.057 0.31

Milk composition (g/kg) 
Fat 33.9 28.3 0.2562 0.51
Protein 31.7    a 29.9    b 0.039 0.02
NFS 66.0 72.5 0.396 0.28
Lactose 46.1 48.0 0.087 0.17
Total Solids 176.0 180.7 0.423 0.45

The herbal choline and methionine 
containing bioactive compounds (table 
2, page 336 and table 3, page 337) may 
help protect dairy cattle against diseases, 
maintaining animal health during the 
critical peripartal period. 

Reviewing the properties of the main 
compounds found in Biocholine and Optime-
thionine, it may be speculated that herbal 
products have nutraceutical properties.
Andrade et al. (2016) reported high 
cytotoxicity effects of p-menthane and 
its derivatives against human tumor cells 
evaluated in mice experimental sarcoma 
tumors. Hüe et al. (2015) reported that 
the main constitutes of p-menthane are 
thymol (30.5%) and γ-terpinene (33.0%) 
with nutraceutical properties.

The 4-vinylguaiacol has demonstrated 
antioxidant properties in cultured hepato-
cytes (14), while the β-pine, part of the 
essential oils of different Pinus species, has 
anti-inflammatory and cytotoxic activity. 
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The β-pinene is a potential agents for 
anticancer and anti-inflammatory drugs (7) 
and it is possible that the aldehyde β-pines 
monoterpene conformation is responsible 
for the ruminal protection of the biocholine 
given that β-pinene has bacteriostatic and 
bactericidal effects (46).

Lin et al. (2013) reported that 
α-phellandrene promoted immune 
responses in a murine model, stimulating 
macrophage proliferation and promoting 
cell function in vivo.

The Undecane has been found as part of 
the structure of limonoids with cytotoxic 
activities and anti-inflammatory activity 
studied in the root barks of Walsura 
robusta (14). The Trans-2-Undecenal, 
also found in Citrullus vulgaris (23) and 
Curcuma amada, is an aldehyde recognized  
for the characteristic mango aroma (31) 
that we hypothesized contributed to the 
ruminal protection of BioCholine. Other 
compounds in Mango ginger have been 
recognized with some anti-breast cancer 
effects (27).

Some compounds such as alcohols 
(table 2, page 336; table 3, page 337) 
may not be beneficial given that various 
in vitro studies indicate that ethanol may 

reduce ruminal microbial activity (19). 
Ethanol was detected in OptiMethionine; 
nevertheless, mixed ruminal microbes can 
convert ethanol to carboxylic acids, acetic, 
butyric and hexanoic (47). Ethanol can be 
found in the rumen in minor concentra-
tions with barley additions. There are no 
reports of its  enrolment  in  metabolic  
diseases  in cows (8). 

The 1-propanol has antiseptic and 
disinfectant properties (44) and could 
be metabolized by ruminal microbes as 
another alcohol. The 2 Pentanol is an 
aromatic compound reported in fresh 
bananas and other foods (22, 32). The 
amounts of alcohols found in the herbal 
products should not be a concern, as 
demonstrated in cow  performance.

Conclusion

The herbal choline and methionine 
contain numerous volatile phytochemical 
compounds. Milk production can be 
improved by supplementing cows with 
the evaluated herbal sources, considering 
a reduction in the milk protein content but  
without altering other milk components.
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Abstract

The objective of this study was to evaluate the effect of the protein source in sugarcane 
silage-based diets on the ruminal pH and in situ dry matter digestibility (DMD). The treat-
ments were: 1)- 60% sugarcane silage + 15% soybean meal (SBM); 2)- 60% sugarcane 
silage + 15% fish meal (FM); 3)- 55% sugarcane silage + 20% canola meal (CM); and 
T4)- 50% sugarcane silage + 30% coconut meal (CCM). In situ DMD was determined by 
the nylon bag technique using four cows equipped with ruminal cannula. Five grams of 
each experimental diet were weighted in nylon bags and incubated for 8, 12, 24, 48, 72 
and 96 h. Dry matter digestibility for SBM, CM, and CCM showed higher values compared 
to FM. A similar pH among treatments was recorded; however, at 4 h decreases in SBM 
and FM were observed. Sugarcane silage in integral diets with the different protein 
sources used in this study, did not modify ruminal pH but showed lower DMD when fish 
meal was the protein source.
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Resumen

El objetivo de este estudio fue evaluar el efecto de la fuente proteica de dietas a base 
de ensilado de caña de azúcar sobre el pH ruminal y la digestibilidad in situ de la materia 
seca (DMD). Los tratamientos fueron: 1)- 60% de ensilado de caña de azúcar + 15% 
harina de soya (SBM); 2)- 60% ensilado de caña de azúcar + 15% harina de pescado 
(FM); 3)- 55% ensilado de caña de azúcar + 20% harina de canola (CM); y 4)- 50% 
de ensilado de caña de azúcar + 30% de harina de coco (CCM). La DMD se determinó 
mediante la técnica de bolsa de nylon utilizando cuatro vacas equipadas con cánula 
ruminal. Se pesaron cinco gramos de cada dieta experimental y se incubaron en bolsas 
de nylon por 8, 12, 24, 48, 72 y 96 h. La digestibilidad de la materia seca para SBM, CM 
y CCM mostraron los valores más altos en comparación con FM. No hubo cambios en el 
pH ruminal en los tratamientos, pero, a las 4 h disminuyó en SBM y FM. El ensilado de 
caña de azúcar en dietas integrales con las diferentes fuentes de proteínas no modifica 
el pH ruminal, pero reduce la DMD cuando la harina de pescado es la fuente de proteína.

Palabras clave
inóculo bacteriano • dinámica ruminal • forrajes tropicales

Introduction

In the tropics, grasses are the main 
source of food for livestock; however, 
during the drought season, growth and 
quality of forages is low, affecting animals 
productivity. Therefore to evaluate alter-
natives for forage replacement  during 
that period, turns necessary. 

Sugarcane is a crop produced in more 
than 100 countries worldwide, and its 
biomass production exceeds that of any 
other forage, making it a good animal 
feed strategy for sustainable agricultural 
development in many countries (2). 

Sugarcane and particularly sugarcane 
silage can be an important forage given 
that it keeps its quality for long periods.
However, silage causes losses of up to 30% 
of dry matter (DM), and concentration of 
the cell walls components, reducing the 
in vitro digestibility of DM (6).

Furthermore, silage has high levels 
of lactic acid and residual carbohy-
drates, which can potentially inhibit, by 

pH lowering, microorganisms that spoil 
the silage, such as yeasts and molds 
(16). In recent years, there has been 
increased interest in the use of additives 
in sugarcane silage,  with the objective 
of inhibiting yeast growth that promote 
alcoholic fermentation (6). Furthermore, 
these products have a high protein value 
and absorbing characteristics that could 
improve the nutritive value and the 
fermentation profile by correcting the low 
protein values of sugarcane and reducing 
effluent losses. However, strategies have 
been developed to improve feed intake 
and reduce sugarcane's nutritional 
deficiencies by using other ingredients in 
the ration,  allowing sugarcane to be an 
important fraction of the diet (17).

Studies have demonstrated that diets 
containing sugarcane and proteic ingre-
dients improve animal performance, take 
advantage of the high concentration of 
fermentable carbohydrates, and improve 
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ruminal function (10), but the lack of 
information on digestibility parameters 
and ruminal variables of sugarcane silage 
combined with common protein ingre-
dients has created the need to conduct 
studies on sugarcane ruminal degradation.

Objective

Provide useful information about the 
effect of different protein sources on the 
ruminal digestibility parameters and its 
effect on rumen pH fluctuations of ensiled 
sugarcane based diets. 

Materials and methods

This study was carried out at 
Zapotlán El Grande, Jalisco, Mexico,  
with geographic coordinates of 19°27'13" 
North latitude and meridians 103°27'57" 
West longitude, with an altitude of 
1,520 m. The biomass of one hectare of 
sugarcane-variety CP 72-2086, which was 
approximately 13 months old, second 
cut-was used in this experiment. 

The forage was harvested by hand and 
chopped in a stationary chopper adjusted 
for a theoretical cut length of 2.5 cm.

Total biomass was separated into five 
parts to make the same number of silages. 
Ensiling was initiated simultaneously in 
mini silos with 1% bacterial inoculum and 
1% additive.

The inoculum consisted of 10.0% 
molasses, 1.0% commercial yogurt (LALA®; 
containing: Lactobacillus plantarum, 
L. bulgaricus, L. casei, L. acidofilus, and 

L. bifidus), 5.0% chicken manure, 0.5% urea, 
and 83.0% water; the additive was formu-
lated with 1.0% urea, 0.1% ammonium 
sulfate, and 0.25% phosphorus.

The silo was opened after 40 days of 
storage. The treatments were: 1. 60% 
sugarcane silage + 15% soybean meal 
(SBM); 2. 60% sugarcane silage + 15% fish 
meal (FM); 3. 55% sugarcane silage + 20% 
canola meal (CM); and 4. 50% sugarcane 
silage + 30% coconut meal (CCM). 

The diets consisted of sugarcane silage 
with the different protein sources mixed 
with alfalfa hay, ground corn, ground 
sorghum, and sugarcane molasses. 
The Rations were fed in two sessions 
(AM and PM) to ensure greater cellulolytic 
activity of rumen microflora. Ad libitum 
fresh clean water was provided. The 
experimental diets and analyzed compo-
sition of the diets are shown in table 1 
(page 347).

Samples of the diets were dried in a 
circulating air oven at 60°C for 24 h and 
then milled in a hammer mill equipped 
with a 2-mm sieve for further analysis.

Total DM was determined using a 
circulating air oven (100°C for 24 h). 
Crude protein (CP) was determined by 
Kjeldahl, ash (A) and organic matter (OM) 
was calculated by difference using the 
technique described by the AOAC (2007). 

Fiber fractions (NDF and ADF) 
were determined using alpha amylase 
without a correction, as specified by 
Van Soest et al. (1991). 
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In situ digestibility (DMD) was deter-
mined using four 4-year-old Holstein cows 
(625 ± 63 kg) equipped with permanent 
rumen cannula with a core diameter of 
10 cm (Bar Diamond Lane, Parma, ID, USA). 
Cows were randomly assigned to a 4 × 4 Latin 
square and they were housed in individual 
pens. The statistical model was: 

Yijk = µ + Hi + Cj + Tk + εijk 

where:
Yijk = the response variable
µ   = the general mean
Hi  = the effect of the ith period (row)
Cj = the effect of jth animal (column)
Tk = the effect of kth treatment (diet)
εijk = the experimental error

Table 1. Ingredients and chemical composition of the experimental diets (%).
Tabla 1. Ingredientes y composición química de las dietas experimentales (%).

a,b,c Different letters in the same row indicate differences of P<0.05. 1SBM: sugarcane silage + soybean meal; 
FM: sugarcane silage + fish meal; CM: sugarcane silage + canola meal; CCM: sugarcane silage + coconut meal.

a,b,c Diferentes letras en la misma fila indica diferencias de P<0,05. 1SBM: ensilado de caña de azúcar + 
harina de soya; FM: ensilado de caña de azúcar + harina de pescado; CM: ensilado de caña de azúcar + 

harina de canola; CCM: ensilado de caña de azúcar + harina coco.

Treatments1

SBM FM CM CCM
Ingredients proportion %
Sugarcane silage 60 60 55 50
Soybean meal 15 - - -
Fish meal - 15 - -
Canola meal - - 20 -
Coconut meal - - - 30
Alfalfa hay 10 10 10 10
Ground corn 5 5 5 2.5
Ground sorghum 5 5 5 2.5
Cane molasses 5 5 5 5
Chemical composition 
Dry matter 49.30  a 45.50 b 50.45 a 53.00 a

Organic matter 93.80  a 85.64 b 93.15 a 92.86 a

Crude protein 19.39  a 21.18 a 21.06 a 19.32 a

Acid detergent fiber 11.77  c 11.46 c 17.59 b 26.98 a

Neutral detergent fiber 24.31 cd 27.76 c 33.89 b 49.50 a

Hemicellulose 12.54  c 16.30 b 16.30 b 22.52 a

Ash 6.20  b 14.36 a 6.85 b 7.14 b

Each period was 15 d, 10 for adaptation 
to diets and 5 to collect samples. DMD was 
determined after Vanzant et al. (1998).

Nylon bags were used (10 x 15 cm, 
pore size 40-60 µm) with 5 g of sample. 
Each sample was incubated in rumen for 
8, 12, 24, 36, 48, 72, and 96 h. Additionally, 
at each time point, blanks secured with 
nylon thread to a piece of string (length: 
30 cm; weight: 150 g) were added and left 
suspended in the rumen.

Subsequently, the bags were removed 
from the rumen according to the incubation 
times along with the zero hour and washed 
with running water at low pressure until 
the water came out just as clear.
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Hemicellulose concentration was lower in 
SBM, whereas the greatest concentration 
was found in CCM. FM and CM resulted 
similar (table 1, page 347). 

Differences were found in DMD 
(P<0.05) due to the protein supplements 
of complete diets.

The SBM showed the greatest values 
while FM had the lowest values. Starting 
at 12h of incubation, DMD results were 
more than 50% in all treatments. However, 
during the following hours, DMD values 
for FM were the lowest (table 2, page 349).

The effective degradability was higher 
for treatment with SBM, at all times, while 
FM had the lowest values of the experi-
mental diets (P < 0.05).

Ruminal degradability parameters 
were similar for soluble fraction of DM 
(a) across all treatments (P > 0.05). Only 
FM showed lower values for the rest of 
the parameters (P < 0.05). Sugarcane 
silage without additives is characterized 
by high DM losses (12). Forage-based 
diets supplemented with protein sources 
have better amino acid composition and 
improved nutrient digestibility compared 
with non-supplemented diets (6, 12).

The improvement in digestibility is 
due to the greater availability of nutrients 
required by bacteria for growth and other 
activities in the rumen. In this study, FM 
showed the lowest DMD coefficients wich is 
expectable since fish meal has lower rumen 
degradable protein (RDP) content (3, 4).

However, rumen undegradable protein 
is necessary to provide essential amino 
acids to the animal, given that  the amount 
of digested and absorbed protein in the 
small intestine is an important factor 
for growth. For this reason, supplemen-
tation with rumen undegradable protein 
provides limiting amino acids, such as 
lysine and methionine, to the animal.

Nextly, the bags were dried in a circu-
lating air oven (48 h at 60°C). Ruminal 
fluid samples were taken from the ruminal 
cannula at two-h intervals for 12 h, and 
one was taken one h before daytime 
feeding (-1, 0, 2, 4, 6, 8, 10 and 12).

Ruminal fluid pH was measured using 
a portable potentiometer (Model PC18, 
México) immediately after the rumen fluid 
was collected. The DMD for the experi-
mental material from each incubation 
time, was calculated by the weight loss 
of the samples in bags during ruminal 
incubation using the model described 
by Ørskov and McDonald (1979) and 
modified by McDonald (1981):

where:
a = the washing loss or soluble (%)
b = the insoluble, but potentially 

digestible fraction (%)
P = the degradation of DM (%)
a + b = potential degradability (%)
c = the fractional degradation rate (h-1)
t = the time (h)

Ruminal turnover constants (k) at 1, 5, 
and 10 % h-1 were used to model effective 
degradation (ED;12): ED = a + (b*c) / (c+k). 
Data from DMD and chemical composition 
were analyzed using PROC GLM and the 
ruminal pH with PROC MIXED using the 
statistical package SAS Version 8.0 (19).

Results and discussion 

Dry matter and OM content were 
higher in soybean, canola, and coconut 
meal, and lower in FM. This last treatment 
also showed the greatest A concentration. 

CP was similar among treatments, but 
ADF and NDF were higher for CM and CCM. 

P = a + b (1 – e-ct)
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Table 2. Effect of the protein source on in situ dry matter and ruminal degradability 
parameters of the experimental diets (%). 

Tabla 2. Efecto de la fuente de proteína en la digestibilidad in situ de la materia seca y 
parámetros de degradabilidad ruminal de las dietas experimentales (%).

a,b,c,d Different letters in the same row indicate differences of P<0.05. 1 SBM: sugarcane silage + soybean meal; 
FM: sugarcane silage + fish meal; CM: sugarcane silage + canola meal; CCM: sugarcane silage + coconut meal. 

2 Standard error of the mean.
a,b,c,d Diferentes letras en la misma fila indica diferencias de P<0,05. 1 SBM: ensilado de caña de azúcar + 
harina de soya; FM: ensilado de caña de azúcar + harina de pescado; CM: ensilado de caña de azúcar + 

harina de canola; CMM: ensilado de caña de azúcar + harina coco. 2 Error estándar de la media.

Treatments1

SEM2

Incubation time, h
SBM FM CM CMM

%
96 86.57   a 72.14   c 83.10  b 79.87    b 0.45
72 85.83   a 67.22    c 80.32 ab 77.31    b 0.39
48 84.70   a 64.73   c 79.45 ab 76.34    b 0.43
36 78.80   a 61.15   c 75.76 ab 73.66    b 0.62
24 68.42   a 50.71   b 64.58  a 64.77    a 1.05
12 63.22   a 50.38   c 58.26  b 62.75   ab 1.11
8 54.41   a 47.37  b 52.96   a  50.86   ab 0.97

DM degradability parameters
Soluble (a) 41.94   a 42.35   a 40.92  a 40.98    a 1.12
Potentially digestible (b) 46.10   a 36.70   c 43.06  a 38.45    b 1.09
Potential degradability (a+b) 88.11   a 79.05   d 83.97   c 79.43    b 1.16
Constant of degradation (c) 0.043 a 0.017 b 0.041a 0.049  a 0.003

Effective degradability modeled at the fractional passage rate (h-1)
0.01 79.40   a 65.60   c 75.40  b 73.00    b 0.86
0.05 63.30   a 51.70   c 60.20  a 60.10    a 1.02
0.10 55.90   a 47.70   c 53.30  a 53.70    a 1.00

Fish meal, provided these amino acids 
in higher concentrations compared with 
the other protein sources used (9, 15). 
This difference in by-pass protein might be 
of importance for producers when adding 
protein to the diet of growing cattle. 

Similar results have been reported by 
other authors. Van Nhiem et al. (2013) fed 
Laisind beef cattle with an urea-treated 
rice straw-based diet supplemented 
with two different protein sources, FM, 
and soybean cake and found that diets 
containing 100% soybean cake had higher 
DMD compared to FM.

da Silva et al. (2016) compared diets 
containing corn silage supplemented with 
SBM and urea and observed an increase in 
the ruminal digestibility of DM when SBM 
or urea were added, probably due to the 
addition of a highly digestible CP source. 

The difference among diets of SBM, 
FM, and CCM in DMD may be explained 
by the small difference in RDP content. 
Also, these diets showed higher DM 
degradability parameters and faster 
degradation rates, probably due to the 
higher microbial degradation resulting 
from a good supply of protein that 
improved ruminal microbial growth. 
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The low DMD and ruminal turnover of 
the FM diets were due to a higher concen-
tration of by-pass protein that may have 
resulted in limited microbial degradation 
of nutrients and decreased the efficiency of 
microbial synthesis in the rumen (14, 21).

Table 3 shows pH values; no differences 
among treatments were found (P ˃ 0.05). 

However, differences across sampling 
time, resulted signifficant. A reduction was 
recorded within treatment for SBM and FM 
at 4 h. Canola meal treatment showed the 
greatest pH value across incubation time, 
whereas SBM showed the lowest value. 
However, all pH values were higher than 
7.0, except for CCM at 10 h and 12 h. Russell 
and Wilson (1996) state that rumen pH 
may change ruminal cellulose digestion.
Low ruminal pH decreased activity, or 
number of cellulolytic microorganisms, in 
all experimental diets of their study, while 
the range of ruminal pH was around the 
optimum value (6.7-7.0) avoiding reduc-
tions in ruminal fermentation. García et al. 
(2008) and da Silva et al. (2016) reported 
pH values between 6.62 and 7.2, similar to 
those found in this experiment.

The high ruminal pH recorded when 
the experimental diets were fed could 
be attributed to the natural buffering 
capacity observed in rations that contain 
legumes and have high protein concen-
tration (10). 

Conclusion 

The use of sugarcane silage with 
inoculum and additive in integral diets 
with the protein sources used in this study 
did not modify ruminal pH.

However, it reduced the DMD 
parameters when the protein source was 
FM, possibly due to its lower content of 
rumen-degradable protein. 

Table 3. Ruminal pH over time of the 
experimental diets.

Tabla 3. pH ruminal a través del tiempo 
de las dietas experimentales. 

Values preceded by   or   had an increase 
or diminution (P< 0.05) compared 
with the previous measurement in 

the same treatments. 1SMB: sugarcane silage 
+ soybean meal; FM: sugarcane silage 

+ fish meal; CM: sugarcane silage + 
canola meal; CCM: sugarcane silage + coconut meal. 

2Standard error of the mean. 
Los valores precedidos por  o  tuvieron un aumento 

o disminución (P <0,05) en comparación con la 
medición anterior en los mismos tratamientos. 

1SBM: ensilado de caña de azúcar + harina de soya; 
FM: ensilado de caña de azúcar + harina de pescado; 
CM: ensilado de caña de azúcar + harina de canola; 

CMM: ensilado de caña de azúcar + harina coco. 
2Error estándar de la media.

H
Treatments1

SEM2

SBM FM CM CCM
-1 7.64 7.65 7.75 7.64 0.055
0 7.61 7.66 7.84 7.76 0.055
2 7.53 7.64 7.54 7.53 0.055
4 7.38  7.56 7.55 7.50 0.055
6 7.39 7.55 7.51 7.38 0.055
8 7.22 7.49 7.40 7.33 0.055

10 7.07 7.25 7.14 6.91 0.055
12 7.06 7.16 7.29 6.91 0.055

Average 7.36 7.49 7.51 7.37 0.060 
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Abstract

Nettle plants in Chile are an underutilized resource. Its use in animal nutrition is 
also limited. In addition, information about its composition (specifically fatty acids and 
aminoacids) is scarce. The objective of this work was to develop and characterize nettle-
leaves powder (NP). This powder was characterized by means of proximate chemical 
analysis. Its concentration of minerals, and composition profiles for fatty acids and 
aminoacids, was determined. NP showed high dry basis content of proteins (24%) 
and nitrogen-free extract (32%), whereas crude fiber concentration was low (8.4%). 
Also, NP showed high concentrations of ash (29%), and mineral, specially for calcium 
(1.65%) and zinc (20 mg/100g of NP). Additionally, glutamic and aspartic acids, as well 
as leucine, were the major types of aminoacids found in NP. In conclusion, though nettle 
plants are an under-utilized resource, the elevated content of protein found in powders 
prepared from their leaves might become a compelling reason to include them as a 
protein supplement in animal diets.
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Resumen

Las plantas de ortiga en Chile son un recurso subutilizado y su uso en nutrición 
animal es limitado. Además, la información sobre su composición de ácidos grasos 
y aminoácidos es escasa. El objetivo de este trabajo fue desarrollar y caracterizar un 
preparado en polvo de hojas de ortiga (NP). El cual se caracterizó por análisis químico 
proximal, determinación de su concentración de minerales y perfiles de composición de 
ácidos grasos y aminoácidos. El NP mostró un alto contenido en base seca de proteínas 
(24%) y extracto libre de nitrógeno (32%), mientras que la concentración de fibra bruta 
fue baja (8,4%). Además, NP mostró altas concentraciones de ceniza (29%) y minerales, 
como calcio (1,65%) y zinc (20 mg/100 g de NP). Además, los ácidos glutámico y 
aspártico, así como la leucina, fueron los principales tipos de aminoácidos encontrados 
en este NP. En conclusión, aunque las plantas de ortiga son un recurso subutilizado, el 
contenido elevado de proteína que se encuentra en el preparado en polvo a partir de sus 
hojas, puede convertirse en una razón convincente para incluirlas como un suplemento 
proteico en las dietas de los animales.

Palabras clave
Urtica urens • composición química • minerales •aminoácidos • ácidos grasos

Introduction

The Urticaceae family comprises close 
to 54 genders and 2000 cosmopolitan, 
abundant plant species. These have been 
used from as far back as the Bronze Age 
in multiple medicinal applications (9, 10), 
especially Urtica urens and Urtica dioica, 
which have been more thoroughly studied. 
Both species are present in Chile, yet are 
currently an under-utilized resource.

Use of nettle plants in animal nutrition is 
limited as animals reject them due to their 
characteristic urticating hairs in leaves and 
stems, which on contact with the skin or 
mucosae trigger an erythematous macula, 
itchiness, and pain (6). However, their 
urticating trichomes are sensitive to heat, 
hence nettle is used for human medicine 
either as infusions or cooked (12). Therefore, 
a simple drying process could solve the 
aforementioned problem, resulting in the 
development of a dehydrated powder that 
could easily be homogenized in animal diets.

The fact that nettles are under-exploited 
for animal feeding is unfortunate, bearing 
in mind how interesting their nutritional 
composition is. For example, Urtica urens 
shows high concentrations of calcium, 
potassium, phosphorus, and zinc, as 
well as protein contents that range from 
13 to 26 percent (1). In addition, some 
researchers have reported that its leaves 
show great antioxidant and antimicrobial 
properties (13, 15). However, few studies 
have reported on Urtica urens regarding 
other nutritional characteristics, such 
as fatty acids-whereas literature does 
provide this information for Urtica dioica 
(8, 18). Additionally, to the extent of our 
knowledge, we are not aware of studies 
reporting on their aminoacids profile (11). 

Objective

To develop and characterize nettle-
leaves powder (NP).
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Materials and methods

Preparation of NP
Fresh nettle plants (Urtica urens) 

were collected when blossoming, in the 
Antumapu Campus of the University of 
Chile, Metropolitan Region, Santiago, 
Chile (latitude: 33°34'24.8", longitude: 
70°37'47.9", height: 629 m) (photo 1A). 
After these nettles were identified by an 
agronomist, their leaves were clipped 
and refrigerated at 4°C for 48 hours. 
Then, leaves were weighed and placed 
in an aluminum tray to be dried in stove 
(Equilabmas, model ULM600, Germany), at 
60°C for 48 hours. Once leaves were dried 
and cooled down to room temperature, 
they were ground in a mill (Thomas-Wiley 
Mill model 4, USA) to collect NP.

Characterization of NP
Appearance and yield
NP appearance was assessed by digital 

photography (Sony DSC-HX1, Sony Corpo-
ration, Japan) (photo 1B). 

Yield of NP, was determined by calcu-
lating the weight difference between wet 
nettle leaves and NP.

Chemical composition
The NP was analyzed according to the 

Association of Official Analytical Chemists 
(4) for moisture content (method 945.15), 
crude protein (Kjeldahl method 945.18), 
ether extract (method 945.16) crude 
fiber (method 962.09) and ash (method 
920.153). The Nitrogen-free extract was 
calculated by difference.

Mineral composition
Mineral contents (Ca, P, Mg, Cu, Fe, Zn) 

were determined according to the AOAC 
(1990). Mineral concentrations were 
measured at specific wavelengths for each 
element (Ca: 422.7, P: 630.0, Mg: 285.2, 
Cu: 324.7, Fe: 248.3 and Zn: 213.9 nm) 
using an atomic absorption spectropho-
tometer (GBC, 905AA, Victoria, Australia). 

Photo 1. Nettle plants (A) and nettle-leaves powder (B).
Foto 1. Plantas de ortiga (A) y el preparado en polvo de hojas de ortiga (B).
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Fatty acid composition
Lipids were saponified and derived 

according to the AOAC (1990) to obtain 
methyl esters (AOCS 1990; Method Ce 
1b-89). These methyl esters were analyzed 
by gas chromatography–flame ionization 
detection (GC–FID), using a GC Agilent 
Technologies 6890N gas chromatograph, 
with a capillary column Omega wax 320 
(30 mm x 0.25 mm x 0.25 µm) (Supelco, 
Bellefonte, PA, USA) and FID detector.

The temperature parameters were: 
injector 140-190-220°C-240°C and 
detector 270°C. The gas flows were as 
follows: N2: 20 mL/min, H2: 40 mL/min,     
synthetic gas  (commercial     mixture     of      N2      and 
O2) 250 mL/min.

Available pure standards of saturated, 
monounsaturated and polyunsaturated 
fatty acids (Sigma Co., St. Louis, Mo, USA) 
were used to identify each fatty acid 
methyl ester. Each result reported the 
average value of two analyses.

Aminoacids profile
Total amino acids were determined 

in samples following conventional 
hydrolysis (19). A High- Performance 

Liquid Chromatography (HPLC) 
method (HPLC Shimadzu, Kyoto, Japan), 
coupled with HPLC pump LC-20AD 
with diode-array detection (SPD-M20A 
detector; SIL-20A injector, Shimadzu 
Corporation, Kyoto, Japan) was used to 
identify and quantify amino acids. Deriva-
tives were separated using a RP-18 (250 
x 4.6 mm, 5-3 µm particle size; Inertsil® 
ODS-3, Shimadzu Corporation, Kyoto, 
Japan).

Statistical analysis
Descriptive statistics were calcu-

lated using mean ± standard deviation 
(Microsoft Excel 2010 software, Microsoft 
Corp., USA).

Results and discussion

Proximate and mineral composition
Table 1 presents the results from the 

proximate chemical analysis of NP. In 
particular, protein content was quite high, 
in line with ranges of 14-28% already  
reported by other authors in nettle species 
from India and South Africa (1, 12).

Tabla 1. Chemical and mineral composition of nettle-leaves powder in dry basis.
Tabla 1. Composición química y mineral de un preparado en polvo de hojas de ortiga 

en base seca.

Properties Mean ± SD
Dry matter (%) 96 ± 1.2
Crude protein (N x 6.25) (%) 24 ± 2.8
Crude fiber (%) 8.4 ± 2.2
Ether extract (%) 2.9 ± 0.9
Ash (%) 29.1 ± 2.0
Nitrogen-free extract (%) 31.6 ± 2.1
Calcium (%) 1.65 ± 0.37
Magnesium (%) 0.44 ± 0.05
Phosphorus (%) 0.51 ± 0.02
Copper (mg/100g) 9.9 ± 0.2
Iron (mg/100g) 1.8 ± 0.5
Zinc (mg/100g) 20.1 ± 1.2
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Contrarily, crude fiber percentage 
was lower than expected for an herbal 
product, according to reports from other 
researchers who found values ranging 
from 15-21% (1, 12, 14).

A possible explanation for low fiber 
contents might rely on several environment 
and climate factors, such as the intensity of 
sunlight, temperature, or even the mineral 
composition of soils (16). Bearing in mind 
that NP was prepared only from leaves-not 
roots neither stems-then such values for 
protein and fiber in NP are not surprising (17). 
As for the ether extract, it showed low values 
that were smaller than those reported 
in other works (1, 14). Meanwhile, ash 
contents almost accounted for one third of 
its total chemical composition, according to 
our expectations and in line with values of 
26-28% that were previously reported by 
other authors (1, 14).

Table 1 (page 356), lists the mineral 
composition of NP. Interestingly, calcium and 
zinc were found at greater concentration than 
those reported in previous works by other 
authors (1, 12, 14), though calcium concen-
tration was actually similar to previous 
reports on alfalfa meal (1.5%) (5).

Fatty acids profile
Table 2 details the fatty acids compo-

sition for NP. In particular, polyunsaturated 
fatty acids, such as α-linolenic and linoleic 
acids, were the two most abundant. The 
saturated palmitic acid was the third most 
important fatty acid found, while the oleic 
acid was the most significant monoun-
saturated one. Similarly, some studies 
have reported that α-linolenic acid was 
predominant in U. dioica, reaching up to 
50% of its ether extract (18). Additionally, 
Guil-Guerrero et al. (2003) reported that 
α-linolenic acid was the main fatty acid 
found in nettle leaves, followed by palmitic 
and linoleic acids, though remarking that 

the fatty acid composition in nettle varies 
when measured in other parts of the plant.

Total aminoacids profile
Among sixteen aminoacids that were 

identified in NP (table 3, page 358), the 
greater concentrations (in decreasing 
order) were found for glutamic acid, 
aspartic acid, and leucine. Interestingly, 
neither cysteine nor tryptophan were 
found in our NP samples, which agrees 
whit finding from other researchers who 
did not detect these aminoacids in U. urens 
or U. dioica (11). Additionally, Lapinskaya 
et al. (2008) reported finding that glutamic 
and aspartic acids, as well as alanine 
and leucine were the major aminoacids 
present in U. urens and U. dioica.

Tabla 2. Fatty acid profile of nettle-leaves 
powder.

Tabla 2. Perfil de ácidos grasos de un 
preparado en polvo de hojas de ortiga.

Fatty Acid (g/100g) Mean ± SD

C 18:3 2.19 ± 1.16

C 18:2 1.58 ± 0.46

C 16:0 0.77 ± 0.23

C 18:1 0.45 ± 0.13

C 18:0 0.20 ± 0.06

Gamma-C 18:3 0.10 ± 0.03

C 14:0 0.07 ± 0.03

C 12:0 0.06 ± 0.02

C 15:0 0.06 ± 0.02

C 16:1 0.02 ± 0.01

C 17:0 0.01 ± 0.00

C 21:1 0.01 ± 0.00

C 10:0 0.01 ± 0.00
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NP might possibly be used as a 
supplement for animal diets due to its high 
protein content. To assess its suitability, 
we compared the results of this work 
with the total aminoacid content from 
soy meal-the major protein concentrate 
used in poultry and pig diets (table 3). As 
expected, soy meal contains much greater 
amounts for every aminoacid, but the 
difference in contents between both 
meals for aspartic acid and leucine were 
narrower than for the remaining amino-
acids. Hence, NP can be deemed as a good 
source of both aminoacids.

Another interesting comparison for 
NP was against alfalfa meal, which is a 
widely used as forage in ruminant diets. 
As seen in table 3, with the sole exception 

Table 3. Total amino acids of nettle-leaves powder (NP), compared to soybean meal 
described by Batal et al. (2012)* and FAO/ WHO (1973)** and to alfalfa meal reported 

by Batal et al. (2012).
Tabla 3. Amino ácidos totales de un preparado en polvo de hojas de ortiga (NP), 

comparado con harina de soya descrito por Batal et al. (2012)* y FAO/WHO (1973)** y 
harina de alfalfa por Batal et al. (2012). 

Not reported: amino acid not reported in Feedstuffs, (-) amino acid not found in the NP sample.
No reportado: amino ácidos no reportados en Feedstuffs, (-) amino ácidos no encontrado en las muestras de NP.

Amino Acid (%) NP Soybean meal Alfalfa meal
Glutamic acid 2.34 ± 0.54 19** Not reported
Aspartic acid 1.23 ± 0.10 1.3** Not reported
Leucine 1.10 ± 0.22 3.8  * 1.10
Proline 1.00 ± 0.20 5.3** Not reported
Lysine 0.85 ± 0.35 2.7  * 0.60
Isoleucine 0.71 ± 0.12 2.8  * 0.68
Threonine 0.66 ± 0.09 1.7  * 0.60
Valine 0.62 ± 0.15 2.2  * 0.84
Alanine 0.60 ± 0.07 5.0  * Not reported
Serine 0.58 ± 0.10 5.8** Not reported
Phenylalanine 0.35 ± 0.02 2.1  * 1.04
Glycine 0.26 ± 0.01 4.5** Not reported
Histidine 0.16 ± 0.01 1.1  * 0.30
Arginine 0.13 ± 0.02 3.2  * 0.98
Methionine 0.11 ± 0.04 0.70* 0.23
Tyrosine 0.11 ± 0.03 3.7** Not reported
Tryptophan - 5.8  * 0.38
Cysteine - 0.71* 0.17

of phenylalanine and arginine, most 
aminoacids present in NP were found at a 
similar concentration in alfalfa meal.

Conclusions

In this work, our research group was 
able to prepare a nettle powder formu-
lation that showed elevated contents of 
protein (24%), calcium (1.65%), and zinc 
(20.1 mg/100 g of powder), as well as a 
low fiber content of 8.4%. Considering its 
nutritional composition, nettle powder 
is an under-utilized resource that might 
become an interesting ingredient to 
include in animal diets formulation.
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Abstract

Recently, a major interest in searching for phytochemicals with nutritional and 
pharmaceutical purposes has arisen. In this regard, it is known that polyphenols 
present antioxidant properties as well as an inhibitory effect against some kinds of 
microorganisms. The aim of this study was to obtain aqueous-ethanolic extracts from peels 
of avocado, cocoa bean, coconut and cactus pear by ultrasound-assisted extraction. The 
extracts were characterized in terms of phenolics (Folin-Ciocalteu reagent), antioxidant 
potential (ferric reducing/antioxidant power assay), radical-scavenging ability 
(2,2-diphenyl-2-picrylhydrazyl free radical assay), and antimicrobial activity against 
Staphylococcus aureus, Shigella dysenteriae and Candida albicans (disk diffusion test). The 
results revealed that the avocado peel extract had the highest phenol content (36.5 mg 
EAG g-1 dry weight), the highest antioxidant activity (141.2 mME Trolox g-1 dry weight) and 
the lowest IC50 value (59 ppm). Furthermore, avocado and coconut peels demonstrated 
an inhibitory effect against the tested microorganisms. 
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Resumen

En los últimos años se ha producido un gran interés en la búsqueda de fitoquímicos 
con fines nutricionales y farmacéuticos. A este respecto, se sabe que los polifenoles 
presentan propiedades antioxidantes, así como un efecto inhibidor contra algunos tipos 
de microorganismos. En este estudio se obtuvieron extractos acuoetanólicos de cáscaras 
de aguacate, cacao, coco y tuna mediante extracción asistida por ultrasonido. Los extractos 
se caracterizaron en términos de fenoles (reactivo de Folin-Ciocalteu), potencial antioxi-
dante (prueba del poder reductor férrico/antioxidante), capacidad secuestradora de 
radicales (prueba del radical libre 2,2-difenil-1-picrilhidracilo) y actividad antimicro-
biana contra Staphylococcus aureus, Shigella dysenteriae y Candida albicans (método de 
difusión con discos). Los resultados revelaron que el extracto de cáscara de aguacate 
presentó el contenido más alto de fenoles (36,5 mg EAG/g materia seca), la mayor 
actividad antioxidante (141,2 mME Trolox/g de materia seca) y el valor más bajo de IC50 
(59 ppm). Además, las cáscaras de aguacate y coco demostraron un efecto inhibitorio 
contra los microorganismos testados.

Palabras clave
cáscara de fruta • compuesto fenólico • actividad antioxidante • actividad antimicrobiana

Introduction

Traditionally, plants and fruits have 
been used for obtaining compounds with 
biological activity (21, 22, 25). Specifi-
cally, fruit hulls or peels have been listed 
as potential sources of compounds with 
antioxidant and antimicrobial properties. 
This part of the fruit is non-edible material 
discarded during the manufacturing 
processes (15). Although they are typically 
considered waste material, it has been 
reported that several of these materials 
are promising sources of valuable compo-
nents, such as phenolic compounds 
(polyphenols, flavonoids and tannins), 
and other bioactive components (8). Peel 
of many fruits has already been used for 
the extraction of phenolic compounds, 
for example kinnow (27), mango (1), 
melon (20), orange (11, 17), pear (15), 
pomegranate (29, 32), among others. It 
has even been reported that some peels 
obtained from fruits like apple, hawthorn, 

and pomegranate present a significantly 
greater amount of phenolic compounds in 
comparison with the pulp.

Polyphenols are secondary metabo-
lites that play essential roles in plant 
physiology and have beneficial properties 
for human health, mainly as antioxidants 
and antimicrobials (3, 4, 6). Polyphe-
nolic compounds display antioxidant 
activity through different mechanisms, in 
particular by free radical scavenging and 
by chelation of metal ions (12). On the 
other hand, the antimicrobial properties 
of polyphenols are related to their struc-
tural configuration, being the hydroxyl 
(-OH) group the responsible for inhibitory 
action (8). Recently, considerable interest 
in the use of natural compounds with 
antioxidant and antimicrobial activity 
has arisen, not only for food preservation 
and shelf life improvement, but also for 
increasing stability of fats and oils, and 
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for controlling microbial diseases in both 
humans and plants (7, 13, 19).

Fruits like avocado, cocoa, coconut and 
cactus pear are native and/or major crops 
in Mexico. However, little has been studied 
about the use of by-products like the peel 
of these fruits. Therefore, the aim of this 
study was to evaluate the antioxidant 
and antimicrobial activity of aqueous 
ethanolic extracts obtained from peels of 
avocado, cocoa, coconut and cactus pear.

Materials and methods

Chemicals
2,2-diphenyl-1-picrylhydrazyl (DPPH), 

gallic acid, Folin-Ciocalteu reagent, Tris-HCl 
Buffer, 2,4,6-Tris (2-pyridyl)-s-triazine 
(TPTZ) and ferric chloride hexahydrate 
were purchased from Sigma-Aldrich (USA). 
Acetic acid, ascorbic acid, sodium acetate, 
sodium chloride and sulphuric acid were 
obtained from JTBaker (Mexico). Mueller 
Hinton agar (Bioxon) and chloramphenicol 
(Sophia Laboratories, Mexico) were used 
for microbiological analysis. All the solvents 
used were analytical reagent grade.

Preparation of plant material
Avocado (Hass), cocoa (Forastero), 

coconut (Acapulco) and cactus pear 
(San Martin) fruits were purchased at a 
local market in Mexico City. The fruits were 
washed with water and sanitized with 
a solution of sodium hypochlorite 1%. 
Subsequently, their peels were removed 
and dried in an oven at 40°C for 48 h. In 
the cases of cocoa and coconut, the inner 
shell (endocarp) was selected. Finally, 
the peels were pulverized in a disc mill 
(Model 148-2, The Bauer Bros Co., USA) 
and stored.

Ultrasound-assisted extraction
In all cases, extracts were obtained 

using a sample-solvent ratio of 1:20. 
Aqueous ethanolic extractions (70:30) 
were performed under sonication 
(25 kHz) for 30 min in an ultrasonic 
bath (TI-H-5, Elma, Germany). Subse-
quently, the extracts were centrifuged at 
1750 rpm, filtered (Whatman no. 1), and 
concentrated (35°C) in a rotary evapo-
rator (RE-500, Yamato, Japan). Finally, 
all samples were dried in a vacuum oven 
(Precision, Thelco, USA) at 35°C.

Quantification of total phenols
Total phenolic content was calculated 

from the reduction capacity of Folin-
Ciocalteu using gallic acid as a standard 
(5). A 20-μL sample volume was added 
to 1.4 mL of distilled water, followed by 
100 µL of Folin-Ciocalteu reagent. The 
final solution was allowed to stand for 
5 min at room temperature. Subsequently, 
300 μL of a sodium carbonate solution 
was added (20% w/v). After resting for 
90 min in a dark room, absorbance was 
determined at a wavelength of 760 nm 
on a Cary 50 (Varian, USA) spectropho-
tometer. Results were expressed as mg 
gallic acid equivalents∙g-1 dry weight.

Ferric-Reducing Antioxidant Power 
(FRAP) Assay
Antioxidant capacity was deter-

mined using the FRAP (Ferric Reduction 
Antioxidant Power) test, modified (16). This 
assay determines the antioxidant capacity 
of the polyphenols to reduce TPTZ-Fe3 + 

complex. The FRAP reagent is prepared by 
mixing 25 mL of a 0.3 M acetate buffer (pH 
3.6), 2.5 mL TPTZ solution (0.01 M) and 
2.5 mL of a solution of FeCl3∙6H2O (0.02M) 
at 37°C. A sample of 150-µL extract was 
mixed with 2850 µL of FRAP solution and 
allowed to stand for 30 minutes in the dark.
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Absorbance was recorded at a 
wavelength of 593 nm. The results were 
reported in mM Trolox eq∙g-1 dry weight.

DPPH Radical Scavenging Ability
The antiradical capacity was deter-

mined by the DPPH (2,2-diphenyl-
1-picrylhydrazyl) assay (22). A 2-mL 
aliquot of extract was mixed with 500 μL 
of 0.1M Tris-HCl buffer by vortex mixing 
for 5 seconds. To this solution, 2 mL of a 
200-μM DPPH solution were added. After 
30 minutes, absorbance was determined 
at 517 nm. The control sample consisted of 
a solution of ascorbic acid. The percentage 
of DPPH reduction was calculated using 
(eq. 1).

(1)

The EC50 value was determined from the 
data contained in the DPPH reduction effect 
against the extract concentration graph. 

Antimicrobial activity
The antimicrobial activity was 

evaluated in vitro by disk diffusion 
assay, modified (28). Extracts were 
dissolved in distilled water at a concen-
tration of 200 mg mL-1 to evaluate their 
activity against Staphylococcus aureus, 
Candida albicans and Shigella dysenteriae. 
A standardized suspension of the 
microorganisms was spread on Mueller 
Hinton agar culture medium using 
swabs. Paper disks (6mm diameter) were 
impregnated with 20 µL of extract and 
placed on the inoculated agar. The petri 
dishes were incubated at 37°C for 24 h. 
The antimicrobial activity was evaluated 
by measuring the zone of inhibition test 
against microorganisms. Chloramphenicol 
and distilled water were used as positive 
and negative controls, respectively.

%
 

 − 
 

    1 100
 

absorbance of sampleDPPH inhibition x
absorbance of control

HPLC analysis
The two extracts with the best 

antioxidant and antimicrobial 
properties were analyzed by HPLC for 
phenolic identification. HPLC-analyses 
were carried out in an Agilent 1200 
chromatograph (Agilent Technologies, 
Germany) equipped with a multiple 
wavelength detector. Separations were 
conducted on a Zorbax Eclipse XDB-C18 
(3.5 μm, 100x4.6 mm). The mobile phase 
consisted of water/formic acid (99.9/0.1) 
as eluent A and methanol/acetonitrile 
(50/50) as eluent B. The system was run 
with a gradient program: 13- 17% B for 
21 min, 17-23% B for 14 min and 23-33% 
for 5 min. The Column temperature was 
set at 30°C, flow rate was 300 μL per 
min and the injection volume was 5 μL. 
Samples were previously dissolved in 
demineralized water/ethanol and filtered 
through a 0.45 μm membrane filter. Peaks 
of ascorbic acid, oxalic acid, ferulic acid, 
gallic acid, (+)- catechin, (-)-epicatechin, 
procyanidin B1 and procyanidin B2 were 
identified by comparing the retention 
times of samples with those of standards. 
Chromatograms were recorded at 
280 nm (26).

Statistical analysis
All the analyses were performed in 

triplicate, and the results were analyzed 
using ANOVA (Design Expert 8). 
Differences between means were detected 
by the Duncan multiple range test. 
Differences were considered significant at 
a significance level (α) of 0.05.
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Results and discussion

Total phenol content
Many phenolic compounds found in 

fruits and vegetables have generated 
much interest due to their antioxidant 
potential. The total phenolic contents 
studied in this work are presented in 
figure 1, which shows that avocado peel 
has the highest content of total phenols 
(36.5±0.5 mg GAE∙g-1 dry weight), 
followed by coconut (13.6±0.5 mg∙GAE g-1 
dry weight). However, no differences were 
detected between mean values obtained 
for cocoa and cactus pear extracts 
(P > 0.05). Phenolic contentsfound 
in this study resulted lower than 
those reported for mango peel  

Values are expressed as mean±sd (n = 3). Means with different letters were significantly different (P < 0.05).
 Valores expresados como media±de (n = 3). Medias con diferentes letras fueron significativamente 

diferentes (P < 0,05).

Figure 1. Total phenolic content of fruit peels extracts.  
Figura 1. Contenido fenólico total de extractos de cáscaras de fruta.
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(54-109 mg GAE∙g-1 dry weight) (1) and 
pomegranate (55-89 mg GAE∙g-1 dry weight) 
(28),   but    higher    than   those      reported      for      peels 
from different pear varieties (2.6-11.2 mg 
GAE∙g-1 dry weight) (15) and gac fruit   
(2.31-2.80 mg GAE∙g-1 dry weight) (14).

Antioxidant capacity
Antioxidant activity mainly rests on 

redox properties of various compounds, 
that  act as reducing agents or hydrogen 
atom donors (23). Phenolic compounds 
and pigments are the main groups of 
compounds that contribute to antioxidant 
activity in vegetables, fruits, cereals and 
other plant materials. 
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According to figure 2, the avocado peel 
extract showed the highest antioxidant 
activity (141.23 mM Trolox equivalents∙g-1 
dry weight), as measured by the reduction 
of Fe3+ to Fe2+, statistically different from 
the values obtained for the cocoa, coconut 
and cactus pear extracts (P < 0.05). These 
results could be positively correlated  with 
total phenol content (R2 = 0.98), indicating 
that the higher the phenolic content, the 
higher antioxidant activity. Nedamani 
et al. (2014) also reported a substantial 
relationship between total phenols 
and antioxidant activity in extracts of 
rosemary leaves and oak fruit.

Antiradical activity
The DPPH radical is a stable radical 

widely used to determine the ability 

Means with different letters were significantly different (P< 0.05).
Medias con diferentes letras fueron significativamente diferentes (P<0,05).

Figure 2. Antioxidant capacity of fruit peels extracts measured by FRAP. Values are 
expressed as mean±sd (n = 3).

Figura 2. Capacidad antioxidante de extractos de cáscaras de frutas medida mediante 
FRAP. Valores expresados como media±de (n = 3). 
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of plant extracts acting as free radical 
scavengers or hydrogen donors. Figure 
3 (page 366), shows radical inhibition vs 
concentration of the tested extracts. The 
avocado and coconut extracts showed 
inhibitory activity that increased rapidly 
in the range of 0-100 ppm, reaching 
inhibition values of up to 75% and 
remaining almost constant at higher 
concentrations. Meanwhile, cocoa and 
cactus pear extracts showed lower 
inhibitory response against the DPPH 
radical.

The EC50 is defined as the amount of 
antioxidant required to reduce the initial 
DPPH radical concentration by 50%. 
The lower the EC50 value, the greater the 
DPPH radical scavenging activity of the 
extracts (31).



366Revista de la Facultad de Ciencias Agrarias

M. A. Aguilar-Méndez et al.

Values are expressed as mean±sd (n = 3).  / Valores expresados como media±de (n = 3). 

Figure 3. DPPH radical scavenging activity of fruit peels extracts. 
Figura 3. Actividad secuestradora del radical DPPH de extractos de cáscaras de frutas. 
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Table 1. EC50 values from fruit peels 
extracts.

Tabla 1. Valores de EC50 de extractos de 
cáscaras de frutas.

     - Not detected. / - No detectado.
     Means with different letters were significantly 

different (P < 0.05).
     Medias con diferentes letras fueron 

significativamente diferentes (P < 0,05).

Extract EC50 (ppm)

Cocoa 122.38±18.04b

Avocado 59.03±  5.86a

Coconut 64.60±  7.12a

Cactus pear -

Table 1 shows the EC50 values for the 
different extracts. The avocado peel extract 
had the lowest value, whereas it was not 
possible to determine an EC50 value for 
the cactus pear extract because of its poor 
activity as DPPH radical scavenger.

Antimicrobial activity
Table 2 (page 367), shows the 

inhibition zone diameters caused by the 
extracts tested against microorganisms. 
It can be observed that the avocado 
and coconut peel extracts showed the 
highest inhibition values against S. aureus, 
S. dysenteriae and C. albicans.

In the case of cactus pear peel extract, 
no inhibition was observed against 
S. dysenteriae, while the cocoa extract 
only showed antimicrobial activity against 
C. albicans. It is possible that the differences 
in antimicrobial activity among extracts 
are due to variations in phenolic content, 
as well as microorganism sensitivity. 
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Table 2. Antimicrobial activity from fruit peels extracts.
Tabla 2.  Actividad antimicrobiana de extractos de cáscaras de frutas.

- Not detected. / - No detectado.

Extract
Μicroorganism/inhibition zone (mm)

S. aureus S. disenteriae C. albicans

Cocoa - - 12.3±0.3
Avocado 11.3  ±0.2 10.6  ±0.2 15.3±0.1
Coconut 11.3  ±0.4 14.16±0.1 12.3±0.1
Cactus pear 8.33±0.2 - 11.0±0.1

According to several authors, the 
antimicrobial activity of phenolic 
compounds involves the reaction of 
phenols with cell membrane proteins 
and/or sulfhydryl protein groups, leading 
to bacterial death by precipitation of 
membrane proteins and inhibition of 
some enzymes (8, 9).

It should be noted that the extracts with 
higher antioxidant activity were also more 
active against the tested microorganisms, 
being this fact more evident for avocado 
extract. Jimenez et al. (2011) also reported 
a correlation between antioxidant capacity 
and antimicrobial activity in black cherry 
extracts (Prunus serotina subsp capuli).

HPLC
Typical chromatograms of avocado 

and coconut peel extracts obtained by 
sonication are shown in figure 4 (page 368).

The presence of oxalic acid, ascorbic 

acid, ferulic acid, gallic acid, procyanidin B1, 
(+)-catechin and caffeic acid were identified 
in the coconut chromatogram (figure 
4-A, page 368). Meanwhile, ascorbic acid, 
procyanidin B1, (+)-catechin, procyanidin 
B2 and (-)-epicatechin were confirmed in 
the avocado extract (figure 4-B, page 368). 
Flavonols, which were present in both 
extracts (catechin and epicatechin), could 
have an important role in the observed 
antimicrobial properties. Alonso-Esteban 
et al. (2019) reported important antimi-
crobial properties of (+)-catechin 
and (-)-epicatechin against B. cereus, 
L. monocytogenes, E. faecalis, E. coli, 
and S. typhymurium. Catechins can increase 
the content of reactive oxygen species 
in cells and cause endogenous oxidative 
stress in bacteria such as E. coli (18). 
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Figure 4. Chromatograms of coconut peel extract (A): (1) oxalic acid, (2) ascorbic acid, 
(3) ferulic acid, (4) gallic acid, (5 ) procyanidin B1, (6) (+)-catechin, (7) caffeic acid; 

and avocado peel extract (B): (1') ascorbic acid, (2') procyanidin B1, (3') (+)-catechin, 
(4') procyanidin B2, (5') (-)- epicatechin.

Figura 4. Cromatogramas de extracto de cáscara de coco (A): (1) ácido oxálico, 
(2) ácido ascórbico, (3) ácido ferúlico, (4) ácido gálico, (5) procianidina B1, 

(6) (+)-catequina, (7) ácido cafeico; y de extracto de cáscara de aguacate 
(B): (1') ácido ascórbico, (2') procianidina B1, (3') (+)-catequina, (4') procianidina 

B2, (5') (-)-epicatequina.

0

10

20

30

40

50

60

70

0 10 20 30 40

m
AU

Time (min)

(A)

1
2

3
4

5

6 7

0

10

20

30

40

50

60

70

0 10 20 30 40

m
AU

Time (min)

(B)

1'

2'

3'

4'

5'



369Tomo 52 • N° 1 • 2020

Bioactive compounds from fruit peels

Conclusions

Bioactive compounds from avocado, 
cocoa, coconut, and cactus pear peels 
were obtained by ultrasound-assisted 
extraction. The aqueous ethanolic extracts 
from avocado peel presented the highest 
phenolic content and the best antioxidant 
and antiradical activities.

The results showed positive 
relationships between total phenolic 
content and antioxidant activity in 

all extracts. Furthermore, avocado 
and coconut peels extracts presented 
important inhibiting action against 
S. aureus, S. dysenteriae and C. albicans. 
We conclude that fruit by-products such 
as peels, could represent an important 
source of bioactive compounds with 
antioxidant and antimicrobial properties, 
and potential use in the pharmaceutical 
and food industries. 
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Abstract

The present review compiles the studies carried out so far on Opuntia ellisiana 
Griffiths. This species, of unknown origin, was first described at the beginning of the 
20th century in southern Texas, USA, and introduced to Argentina in 1998. This species, 
like other Opuntia sps., can be cultivated in a wide range of environments and its lower 
transpiration per unit of carbon gained in relation to C3 and C4, has lead to in an important 
increase in water-use efficiency. While O. ellisiana has a lower growth and productivity 
than O. ficus-indica (L.) Mill. it stands out for its resistance to sub-zero temperatures. 
Fortunately, the intraspecies variation within O. ellisiana, shortens the time for its use after 
establishment. There is a wide variation in the nutrient content between the different forage 
species and clones of Opuntia. Due to the inherently low N availability in arid ecosystems, 
O. ellisiana, like the other species, has low protein content in natural unfertilized condi-
tions. Some efforts, as the use of N-fertilizer, have been carried out to improve its protein 
level. About 15% protein levels have been obtained with other Opuntias. Other research 
has been directed to provide a favorable abiotic environment for a cactus to achieve higher 
biomass productivity and improved protein levels by interacting with nurse plants, such 
as Prosopis sps. The last alternative resulted in a significant increase in protein content and 
cladode quantity per plant of O. ellisiana.

Keywords
Opuntia ellisiana • phylogeny • ecophysiology • cold hardiness • productivity • 

nutrient content 

Resumen

La presente revisión compila los estudios realizados hasta el presente sobre 
Opuntia ellisiana Griffiths. Esta especie, de origen desconocido, fue descripta primera-
mente a comienzos del siglo 20 en el sur de Texas, EE.UU. y fue introducida a la Argentina 
en 1998. Al igual que otras Opuntia sps. puede ser cultivada en un amplio rango de 
ambientes y su transpiración más baja por unidad de carbón ganada en relación con 
plantas C3 y C4 conduce a un importante incremento en la eficiencia del uso del agua. 
Mientras que O. ellisiana tiene un crecimiento y una productividad más bajos que 
O. ficus-indica (L.) Mill. se destaca por su resistencia a temperaturas sub-cero. Afortu-
nadamente hay variación intra especie dentro de O. ellisiana que se puede utilizar para 
acortar el tiempo de uso después de su establecimiento. Existe una amplia variación 
en el contenido de nutrientes en las diferentes especies forrajeras y entre los clones de 
Opuntia. Debido a la baja disponibilidad de N en los ecosistemas áridos, O. ellisiana, al 
igual que las otras especies, tiene bajo contenido de proteínas en condiciones naturales 
sin fertilización. Algunos esfuerzos, como el uso de N como fertilizante, se han llevado a 
cabo para mejorar su nivel de proteína, alcanzando niveles proteicos cercanos al 15% en 
otras Opuntias. Algunas investigaciones han sido dirigidas a proporcionar un ambiente 
abiótico favorable para el cactus para lograr una mayor productividad de biomasa y 
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niveles mejorados de proteína mediante la interacción con plantas nodrizas, tales como 
Prosopis sps. La última alternativa permitió incrementar significativamente el contenido 
de proteína y la cantidad de cladodios por planta de O. ellisiana.

Palabras clave
Opuntia ellisiana • filogenia • ecofisiología • resistencia al frío • productividad • 

contenido de nutrientes 

Introduction

Cactaceae, have evolved to develop  
adaptive mechanisms that allow them 
to ensure their survival in highly hostile 
conditions and are now part of the 
natural environment and agricultural 
systems worldwide.

Plantations of drought-tolerant and 
water-efficient fodder shrubs, especially 
Opuntia species, have been established 
as buffer feed reserve, as a strategy to 
mitigate the effects of drought in animal 
production systems in various arid and 
semiarid areas of the world.

In this strategy the buffer reserve was 
aimed not only as "drought insurance" for 
inter-annual drought but also to bridge 
over a recurrent annual period of feed 
scarcity (40). Opuntia species have the 
ability to withstand prolonged drought, 
high temperatures, as well as wind and 
water erosion (26).

Cactus and other drought-tolerant 
and water-efficient fodder shrubs can 
survive under rainfall as low as 50 mm on 
a particular year, but with neither growth 
nor production. Mean annual rainfall of 
100-150 mm corresponds to the minimum 
required to successfully establish rainfed 
plantations (41), provided soils are sandy 
and deep (42).

Within the Cactaseas family, the 
genus Opuntia is considered the one of 
greatest agronomic importance and there 
are many reasons behind its worldwide 

diffusion such as simple cultivation 
practices required to grow the crop; rapid 
establishment soon after introduction in 
a new area; ability to grow in very harsh 
conditions characterized by high or low 
temperature, lack of water and poor soil; 
possibility of massive propagation by in 
vitro culture of areoles when there is low 
availability of material for propagation; 
appreciated fruits; use of stems in the 
human diet and as forage for livestock; 
production of a wide range of industrial 
derivatives. These and other factors have 
contributed to such a wide distribution, 
from the regions of origin in Latin America 
to remote areas in different continents, 
cultures and traditions (38, 45).

Cacti have greater water-use efficiency 
due to Crassulacean Acid Metabolism 
(CAM) photosynthetic pathway 
(35, 52, 53) making them especially suited 
for forage productions in arid lands.

At the end of the 20th century, 
the area under cultivated Opuntia for 
forage was reported to be 900,000 ha, 
greatly surpassing the reported area 
for fruit (100,000 ha). The succulence 
and nutritive value of Opuntia make it 
a valuable emergency crop, permitting 
livestock farmers in Brazil, Mexico, South 
Africa and USA to survive prolonged and 
severe droughts (61).
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In Argentina, the cultivated area of 
cactus is estimated at 10,000 ha for forage 
and fruit production (11).

The major limitation to cultivation 
of cactus in many areas of the world is 
severe cold winter temperature as occurs 
in the region of Mendoza, Argentina (26), 
northern Mexico (4), the Mediterranean 
Basin (42), the arid highland steppes of 
western Asia (43) and the south-western 
United States (59).

Opuntia ellisiana is a slower growing 
species compared to other Opuntia species 
such as O. ficus-indica. Nevertheless 
O. ellisiana is the only spineless Opuntia 
fodder species that is completely cold 
resistant in Texas (34) and in Mendoza, 
Argentina (30, 31).

This review reports the findings of 
the studies on Opuntia ellisiana Griffiths 
with respect to phylogeny, ecophysiology, 
cold hardiness, productivity and nutrient 
content, and its interaction with Prosopis 
sps. as a nurse plant.

Phylogeny

The first systematic collections, 
descriptions and field testing of Opuntias 
from Mexico and southwestern USA 
for fruit, forage and cold hardiness was 
conducted in the first few years of the 
20th century principally by David Griffiths 
(21, 23, 24, 25) including a 1906' with 
guidelines on the use of cactus in animal 
feed (19).

Among Griffith's extensive work there 
is one about O. ellisiana (20). In 1915 this 
species was described in a similar manner 
as in 1910 (22). This description indicated 
"Plant spreading, ascending, laxly to 
compactly branched, 1-1.5 m high, and 
1.25-2 m in spread of branch, depending 
upon moisture and fertility conditions; 
joints light, pale, glaucous, green, when 
young, but yellowish shortly after maturity, 

broadly obovate, about 20 x 24 cm, slightly 
elevated at areoles when young; areoles 
at first almost cottony white, turning 
gray, and finally black, small, 2-3 mm in 
diameter, after leaves have fallen and 
maturity has approached, made up of a 
central papillum in which the spicules 
are produced surrounded by a depressed 
groove separating it from the outer 
zone of gray or white wool; leaves long, 
prominent, circular in sections or slightly 
flattened, subulate, cuspidate, broadly 
arched backward, 12-15 mm in length; 
spicules light yellow, never prominent, 
scarcely visible, few and only 1 mm or less 
in length, scarcely distinguishable except 
by feeling from the central papillum of 
wool in which they are situated; spines 
entirely absent; flowers deep yellow, 
changing to orange, reddish when closed, 
some of the outer perianth segments 
dull, greenish red in bud, about 6 cm in 
diameter when open, filaments and style 
white, stigma very light greenish yellow, 
7-parted; fruit pyriform to hemispherical, 
deep reddish purple throughout, young 
ovary thickly beset above with small 
white subcircular areoles 3 mm apart, 
and 1.5 mm in diameter, the wool being 
prominently raised to 1 mm or more in 
a compact columnar tuft, from center of 
which are produced 1-2 delicate yellowish 
fugaceous spines, 2-3 mm long and 1-3 
or 4 minute spicules 1 mm long or less, 
the lower part of ovary having only 1-3 
spicules, and the areoles being much 
farther apart".

"The origin is not known, but it has 
evidently been in cultivation for a long time. 
It is now quite widely distributed in collec-
tions due to the efforts of the Department 
of Agriculture (Washington, D. C.) and 
Professor J. C. Ellis, who first found it 
cultivated by Mexicans in the outskirts of 
Corpus Christi. There are indications that 
it has been derived by selection from native 
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forms of southern Texas; but the evidence is 
not conclusive. It is perfectly hardy at Austin, 
and as Op. cacanapa, and possibly as hardy 
as Op. subarmata (22). In growth it is not as 
fast as the other two; but it is much more 
smooth, approaching if not quite equaling 
in this respect, the smoother forms of the 
Indian-fig group. Another feature is lack of 
spicules on the fruits.

On this accounts, the species is quite 
promising for breeding purposes. While 
these three forms appear to be the most 
promising, and are the ones upon which 
the greatest effort is being expended 
at present, it is not at all impossible 
that other selections may be made of 
as great, if not even greater merit. One 
nearly spineless form recorded under my 
collection N° 9087, from Webb County, 
Texas, is a rapid, very succulent, wavy 
jointed, compact form, as good as any of 
the above, were it not for its few spines. It 
is probably very close to, if not the same 
as, forms of Opuntia subarmata. Another 
selection made last year is a remarkably 
smooth form of Op. bentonii. It is thus far 
devoid of spines, but has quite prominent 
spicules. This grows rapidly, but its joints 
are as thin as those of Op. cacanapa. The 
difference in cold resistance of these forms 
is not great. They will withstand from -6.7 
to -11.1°C lower temperatures than the 
conventional spineless ones of today; and 
will probably all be hardy throughout the 
entire pear region of Texas" (22).

In 1919, O. ellisiana is mentioned as 
an unarmed species and known only 
from cultivated plants. It was stated by 
Griffiths that it is quite different from 
the Ficus-indicae series, which in much 
resembles, and is quite hardy in southern 
Texas. It may be a spineless race of the 
common O. lindheimeri of this region (6).

The taxonomic instability of the 
Opuntioideae is not restricted to the 
generic classification. Opuntia sps. 
in particular, the largest genus in the 
subfamily, is well known for being 
extremely difficult taxonomically at the 
species and lower levels as a conse-
quence of a high incidence of inter specific 
hybridization and polyploidy, which have 
resulted in complex patterns of morpho-
logical variation.

O. ellisiana is mentioned as a species 
distributed and exclusively cultivated in 
the USA (35).

Wild Opuntia (62, 71) can be diploid, 
triploid, tetraploid and octaploid (n = 11). 
Evidently due to insect pollination of 
Opuntia’s perfect, self-fertile flowers, 
today’s commercial O. ficus-indica land 
races for fruit use are octaploid (60). 
While a diploid spineless O. ficus-indica in 
Alpine, Texas (71), had been reported the 
species designation for this accession was 
later determined to be O. ellisiana. A later 
work confirms the diploidy of O. ellisiana: 
"Of the 164 species in the Opuntieae for 
which chromosome counts have been 
carried out, including our new counts, 
26.2% are diploid, 13.4% are both diploid 
and polyploid, and 60.4% are polyploid 
reiterating that the frequency of genome 
duplication in the group is far more 
common than diploidy" (46).

Among other characteristics, phenotypi-
cally, O. ellissiana can be differentiated from 
O. ficus-indica by its lower height at maturity 
(1.0-1.5 m vs. up to 6 m); by the length of its 
cladodes (20 cm vs 20-50 cm) and by the 
shape (pyriform to hemispherical vs tuber-
culate, ovoid to oblong) and color of its fruits 
(dark red to almost purple vs yellow, orange, 
pink-green or reddish), respectively.

Texas A&M University, Kingsville, 
(TAMUK) has been involved since 1982 
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in collection and introduction of Opuntia 
to the USA, as well as agronomic research 
and extension (49). The programme 
focuses on the development of freeze-
tolerant cultivars, as freeze damage is a 
common problem in the region (70). In 
1996, the first round of crosses marked 
the beginning of a long-term breeding 
programme. In 1998, the genetic material, 
including O. ellisiana clone 1364, was 
transferred to National University of 
Santiago del Estero, Argentina by Peter 
Felker (pers. comm. 2018). At present, 
O. ellisiana existing in the Mendoza 
province descends from the clone 1364, 
taking part of research works for its use 
as fodder.

Ecophysiology

Crassulacean acid metabolism (CAM) 
photo-synthesis is known in 33 families 
with an estimated 15 to 20,000 species, 
including O. ellisiana. These CAM plants 
express the most plastic and tenacious 
photosynthesis known. They can switch 
photosynthesis pathways and live and 
conduct photosynthesis for years even 
in the virtual absence of external H2O 
and CO2, i.e., CAM tenaciously protects its 
photosynthesis from both H2O and CO2 
stresses (3).

CAM metabolism is one of the three 
metabolic pathways found in the photosyn-
thetic tissue of vascular plants for assimi-
lation for atmospheric CO2. Elucidation of 
the complete pathway of carbon assimi-
lation in CAM plants took nearly 150 years 
and encompassed many fundamental 
discoveries in plant biochemistry (73).

To understand CAM photosynthesis, 
several landmark discoveries were made 
at the following times, i.e., daily reciprocal 
acid and carbohydrate cycles were found 
during 1870 to 1887; their precise identi-

fication, as malic acid and starch, and 
accurate quantification occurred from 
1940 to 1954; and photosynthesis in two 
different types of cells was discovered 
from 1965 to approximately 1974. 
Therefore, by approximately 1980, CAM 
photosynthesis was finally rigorously 
outlined (3).

The physiological basis of the 
ecological success and agricultural 
usefulness of opuntias as a forage, in 
large measure reflects their daily pattern 
of stomatal opening. Most plants have 
daytime stomatal opening so that CO2 
uptake occurs concomitantly with photo-
synthesis, which uses the energy of light 
to incorporate CO2 from the atmosphere 
into carbohydrates. Plants like opuntias, 
however, have nocturnal stomatal 
opening, so net CO2 uptake and water 
loss occur during the cooler part of the 
24-hour cycle (55) and like other CAM 
plants, accumulate and store malate in the 
vacuoles of the chlorenchyma cells. This 
gas exchange pattern is referred to as CAM 
because it was studied extensively in the 
Crassulaceae, although apparently first 
recognized in the Cactaceae (51, 68). In 
O. ficus-indica, net nocturnal CO2 uptake 
had a relatively low optimal temperature, 
ranging from 11°C for plants grown at 
day/night air temperature of 10°C/0°C to 
23°C at 45°C/35°C. Nocturnal CO2 uptake 
and acid accumulation summed over the 
whole night were maximal for growth 
temperatures near 25°C/15°C, with CO2 
uptake decreasing more rapidly than acid 
accumulation as the growth temperature 
was raised (57).

CAM plants are native to arid and 
semi-arid regions, as well as to periodically 
dry microhabitats such as those occupied 
by epiphytes. Most of the 20,000 species 
of CAM plants are epiphytes growing on 
trees in tropical forests (52, 55, 72).
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Since night-time temperatures are 
lower than diurnal ones, and relative 
humidity is generally higher, the transpi-
ration of CAM plants is three to five 
times lower than that of C3 and C4 plants. 
The result is a tremendous increase in 
water-use efficiency and in the plant's 
ability to thrive in semi-arid environments 
characterized by a restricted water supply 
(200-300 mm of annual rainfall) or where 
long periods of drought and relatively high 
temperatures occur.

The mechanisms of adaptation to 
aridity are not necessarily valid in relation 
to high temperatures. Although they occur 
at night, CO2 uptake and acid accumulation 
are strongly influenced by environmental 
variables such as air temperature, light, 
plant water status, nutrients and soil 
salinity (51). There are plantations in Aziza 
(Lybia) where the maximum temperature 
exceed 50°C (44). Cladodes of different 
opuntias species, included O. ficus-indica, 
cannot survive between 64 and 70°C (56). 
In Mexico the regions of greatest diversity 
for commercial fruit varieties are in the 
altiplano of central Mexico averaging 1,800 
m elevation where the maximum daily 
temperatures are much lower than the 
lower elevations of north eastern Mexico.

The daily pattern and the magnitude 
of total net CO2 uptake by O. ficus-indica 
mainly reflect nocturnal tempera-
tures. Most cacti examined have a low 
temperature optimum (near 15°C) for net 
CO2 uptake. Moreover, substantial net CO2 
uptake occurs at 0°C for O. ficus-indica, 
and O. humifusa can even have substantial 
net CO2 uptake at air temperatures of -5°C. 
Thus, low nighttime temperatures are 
not disadvantageous for net CO2 uptake 
by these cacti, whereas high nighttime 
temperatures, such as those above 30°C, 
can lead to appreciable stomatal closure 
and hence limited net CO2 uptake, leading 

to poor plant growth and production and 
eventually to low crop value (58).

Cladode succulence acts as a buffer 
to maintain turgor in the photosynthetic 
tissue (chlorenchyma), making it possible 
for the cladode to continue photo-
synthesizing during dry periods (37). 
Daily fluctuations in cladode thickness 
may also represent an early indicator of 
dehydration stress. Young cladodes show 
more pronounced diel thickness fluctua-
tions compared with older cladodes, and 
therefore serve as a suitable model for 
assessing plant responses to environmental 
factors. Under well-watered conditions, 
diel fluctuations of cladode thickness are 
directly related to temperature variations, 
but not under severe drought stress (65).

Water-use efficiency (WUE) has been 
defined as the amount of water used per 
unit of plant material produced (5). This 
definition may be too broad in that it 
embraces water-use efficiencies obtained 
in diverse time and process scales. The 
plant material can be expressed as carbon 
dioxide assimilation, total biomass, or 
yield; the water use can be expressed as 
transpiration, evapo-transpiration or total 
water input to the ecosystem; and the 
timescale can be instantaneous, daily or 
seasonal (66). These authors stressed that 
water-use efficiency obtained at different 
time and process scales should not be 
used interchangeably.

It has been widely accepted that, in 
general, plants possessing CAM have 
higher water-use efficiency than C3 
and C4 plants. The transpiration ratio 
for CAM plants ranged from 50 to 
125 kg H2O/kg  CO2, while for C3 plants: from 
450 to 950 kg H2O/kg CO2 and for C4 plants: 
from 250 to 350 kg H2O/kg CO2 (2). As nearly 
all of the 130 accessions of germplasm 
collection (34) have greater height 
growth than Opuntia ellisiana under 
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the same rainfall conditions, it would 
appear that they might have even greater 
water-use efficiencies. These accessions 
are mainly represented by O. ficus-indica; 
O. lindheimerii and O. megacantha, from 
Mexico, Africa, USA, Chile and Brazil 
(P. Felker, pers. comm. 2018). The average 
WUE of O. ellisiana was 162 kg H2O 
DM-1. This is among the highest WUE of 
any plant species, including C3 and C4, 
measured under long-term field condi-
tions. Considering that WUE measured for 
O. ficus-indica was 250-300 kg H2O DM-1 
(41), WUE of O. ficus-indica is about 55 to 
85% lower than O. ellisiana. Thus, it can 
be assumed that the lower productivity 
of O. ellisiana could be explained by its 
higher transpiration rates.

Table 1 (page 380), presents the 
climatic and soil characteristics of three 
sites in which experiments with O. ellisiana 
have been carried out: CCT CONICET (CCT), 
El Divisadero Cattle and Range Experi-
mental Station (DIV) both in Mendoza, 
Argentine, and Deming (DEM) New Mexico, 
USA. In the Mendoza plain, the dry season 
coincides with a cold winter, while the hot 
season, during which fruit and vegetative 
growth take place, correspond to the rainy 
season; whereas in Deming, NM; USA the 
dry season coincides with the hottest days, 
when the fruit develops and vegetative 
growth occurs.

The climatic conditions of the CCT, 
DIV and DEM are typical of arid zones 
with torrid summers, cold winters and 
great daily thermal amplitude, although in 
Deming it may be noted that the minimum 
absolute temperature is significantly 
lower, whereas no major differences 
in annual rainfall are among the three 
mentioned sites.

Soil composition presents its 
differences mainly in relation to nitrogen 
content and electrical conductivity; 
indicating that O. ellisiana has the 
capacity to develop under different soil 
characteristics.

Cold hardiness

During 1989, members of the Texas 
Prickly Pear Council discovered in 
Kingsville Texas, a thornless Opuntia 
that had survived a -12°C freeze without 
damage, when all O. ficus-indica, O. robusta 
types and others spineless types froze to 
ground level. This freeze hardy Opuntia 
appears to be O. ellisiana Griffiths (18). 
This species could be a useful forage 
variety in locations that are too cold for 
O. robusta Wendl. or O. ficus-indica (34). 
Other authors found that O. ellisiana 
was also completely tolerant to 20 hours 
below -7°C, with a minimum of -16°C (12). 
Although spineless varieties generally 
have less tolerance to freezing weather 
than spiny varieties (13), O. ellisiana 
suffered no damage when temperatures of 
-20°C were reached in a site located about 
500 km north of Kingsville (70).

The experiments with Opuntia sps. as a 
fodder crop for drought periods began in 
the Mendoza plain, mid-west Argentina, at 
the end of 1995. The major limitation for 
cultivating this sort of cactus in this area, 
is the cold winter temperatures. Tolerance 
to sub-zero temperatures depends on 
the turgidity of cladode's chlorenchyma 
tissue, dehydration augmenting frost 
tolerance (42), while the relationship 
between water content of the cladodes 
and frost damage in general, showed no 
definite pattern (28).
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Table 1. Climatic and soil characteristics in the CCT CONICET (Mendoza, Argentine), El 
Divisadero Cattle and Range Experimental Station (Mendoza Province, Argentine) and 

Deming (New Mexico, USA).
Tabla 1. Características climáticas y de suelo en CCT CONICET (Mendoza, Argentina), 

Estación Experimental de Ganado y Pasturas Naturales El Divisadero (provincia de 
Mendoza, Argentina) y Deming (New Mexico, USA).

* Nearly 80% occurring during the growing season (October to March). / * Alrededor del 80% ocurren 
durante la estación de crecimiento (octubre a marzo).

** The most rain occurring in July. / ** La mayor parte de las lluvias ocurren en julio.

CCT= Campus Centro Científico Tecnológico CONICET Mendoza (32°53' S 68°52' W, 840 m a .s. l.)
DIV= Campo Experimental El Divisadero Mendoza (33°47' S 67°46' W, 520 m a. s. l.)
DEM= Deming, NM, USA= 32°15' N 107°45' W, 1,321 m a. s. l.)
# Estación CRICYT. Means 2013-2016. http://www.prmarg.org
## Estación J. Antunez. Means 2013-2016. http://www.mendoza-conicet.gob.ar/ladyot/red_iadiza/index.htm
‡ IADIZA phytochemical laboratory. / ‡ Laboratorio de fitoquímica del IADIZA. 
& https://wrcc.dri.edu/cgi-bin/cliMAIN.pl?nmdemi
&& R. Flynn, pers. comm. 2018.
&&& https://www.nrcs.usda.gov/Internet/FSE_MANUSCRIPTS/new_mexico/lunaNM1980/Luna.pdf.
&&&& https://soilseries.sc.egov.usda.gov/OSD_Docs/H/HONDALE.html.

Characteristics CCT# DIV## DEM&&

Absolute Maximum temperature °C 38.2 41.1 43.3&

Absolute Minimum temperature °C -4.9 -9.0 -20.0&

Mean Maximum Temperature °C 23.0 25.5 24.8&

Mean Minimum Temperature °C 16.9 10.5 15.8&

Medium temperature °C 14.3 18.2 6.7&

Annual rain fall mm 303.0* 326.4* 237.5** &

Soil order Entisol‡ Entisol‡ Aridisols&&&

Texture Sandy Loam‡ Sandy‡ Loam Clay&&&&

Nitrogen ppm 490‡ 392‡ <10&&

MO % 1.56‡ 0.81‡ 0.25-1.5&&

P ppm 5.56‡ 3.6‡ <10.0&&

K ppm 625‡ 391‡ 800-1,345&&

Ca meq/L 8.3‡ 4.0‡ 2.33&&

Mg meq/L 6.5‡ 0.8‡ 1.18&&

Na meq/L 2.0‡ 0.6‡ 0.48&&

Ph 7.7‡ 8.5‡ ≥ 8.5&&&

EC µS/cm 25°C 1,518‡ 224‡ 6,000&&&&
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When night temperatures in El 
Divisadero Cattle and Range Experiment 
Station field trial dropped to -12.3°C in the 
fall 1996, almost all the 7-month-old plants 
of some species of Opuntia were affected by 
these low temperatures. Thereafter, at the 
same study site, an Opuntia sps. collection 
was established containing the specimens 
that had survived the 1996 freeze and 
others new accessions with potential for 
increased cold hardiness. When night 
temperatures dropped to -16 and -17°C on 
2 consecutive days in August 1999, great 
variability in frost damage was observed 
(28). A similar situation was found in 
Algeria where O. ficus-indica clones were 
severely damaged, after many genotypes 
were submitted to night temperatures 
of -8 to -10°C for a week, with midday 
temperatures rising to around 5°C (39). 
Cold hardiness of Opuntia sps. clones used 
for fruit, forage or vegetable production 
has been reported (18, 39, 59, 64, 70). 
Opuntia ellisiana in Texas endured a -9°C 
without apparent damage (64).

In El Divisadero Cattle and Range 
Experimental Station, one-year-growth-
period plants of O. ellisiana obtained by 
micropropagation (38) under 23.5 hours 
of temperatures ≤ -10°C in 2000 suffered 
no frost damage. The next year, the 2-year-
growth-period plants suffered frost 
damage of about 0.9% under 19 hours at 
≤ -10°C, 11 hours at ≤ -12°C and 5 hours 
at ≤ -13°C, indicating that it would not 
be necessary to protect the plants during 
winter for 1 or 2 years after planting. At 
the same time, O. ficus-indica suffered 
frost damage of 58.6%, statistically 
significant with respect to O. ellisiana, 
whose pads showed only slight necrosis 
around the margins. Frost damage for the 
2-year-growth-period of O. ellisiana was 
significantly lower than for the 3-year-
growth-period plants of O. ficus-indica and 
O. spinulifera from adjacent plantations.

The frost damage differences among 
O. ellisiana and the other two species 
would have been greater at a compa-
rable plant age (30). In fact, frost damage 
proved to be inversely related to the age of 
the plant (28, 70). In the summer of 2016, 
Cushman of the University of Reno Nevada 
established a planting of ten spineless 
cold hardy progenies of O. ficus-indica 
x O. lindheimerii and O. ellisiania on the 
grounds of the University Campus. After 
the winter of 2016-2017 none of the 
cold hardy progenies of O. ficus-indica x 
O. lindheimerii survived while O. ellisiana 
survived with no damage. Temperature 
data for December, January and February 
found no temperatures as low as -12°C but 
recorded many days with temperatures of 
-5°C all day round. It seems that many days 
of below freezing weather, not necessarily 
reaching to an absolute minimum of -12°C, 
are lethal for the cold hardy forage clones 
(J. C. Cushman, pers. comm. 2018).

During the May-September 2009 
period, the total hours with tempera-
tures below 0°C and the absolute 
minimum temperatures in Ñacuñán 
(34°03' S, 67°58' W, similar to the study 
site: El Divisadero Cattle and Range 
Experimental Station), were 6 h and 
-1.8°C; 77 h and -7.1°C; 146 h and -6.1°C; 
37 h and -4.7°C, and 54 h and -4.7°C in 
May, June, July, August and September, 
respectively. O. ellisiana suffered zero frost 
damage during this period (31).

Plants of O. ellisiana and O. ficus-indica, 
both obtained by micropropagation, were 
also established in Malargüe, Mendoza 
(35°28'8'' S, 69°35'07' W) in 1999. At this 
site, the mean daily minimum temperature 
of the coldest month is -4°C (29). Plants of 
O. ficus-indica froze to ground level while 
plants of O. ellisiana suffered no damage 
when temperatures dropped to -15°C in 
the winter of 2000 (30).
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In an experiment carried out at the 
CCT Campus during 2014-2015, no frost 
damage was observed in the O. ellisiana 
cladodes, but it should be considered 
that winters of that period were not very 
rigorous, with a minimum temperature of 
-0.7°C (27).

Cladodes established in two 
places 5 km apart, with the same soil 
characteristics, a plain and a sand dune 
(10-15% slope) with north exposure, 
suffered frost damage that tended to be 
higher in the plain than in the dune. This 
difference can be explained by the cold 
protection provided by the dune (28). 
The latter could be taken as a recommen-
dation for the implantation of O. ellisiana 
and other species in cold areas.

To arrive at a quantitative measure 
for freeze hardiness in perennials such 
as cacti, is difficult. Absolute minimum 
temperatures do not seem to be reliable 
indicators of freeze hardiness. Probably, 
a survey based on the average annual 
extreme minimum temperature during 
a 30-year period in the past, is more 
important than the lowest temperature 
ever occurred. Many plants that can 
survive a short period of exposure to cold, 
may not tolerate longer periods of cold 
weather. Therefore, using the USDA cold 
hardiness zones as a ranking criteria is 
advisable, given that most of the inter-
national botanical publications refer to 
them. Many other environmental factors, 
in addition to hardiness zones, contribute 
to the success or failure of plants such 
as light, soil moisture, temperature, 
humidity and duration of exposure to cold. 
The cold hardiness zones classification 
of some sites in which experiments with 
O. ellisiana have been carried out are 7 in 
Nevada, USA (69) and between 6 and 8 for 
Mendoza Province, Argentina (16).

It has been reported that in Deming, 
New Mexico, USA, USDA cold hardiness 
zone 7 (68), O. ellisiana never freezes. Clone 
1364 of O. ellisiana was also not damaged 
by the worst freeze over 15 years in San 
Angelo, Texas, USA. Therefore it can be 
recommended for cold hardiness zone 7.

The adaptability of O. ellisiana to USDA 
cold hardiness zone 7 has important inter-
national ramifications. In North America, 
USDA cold hardiness zone 7 extends from 
the high elevation Chihuahua Desert of 
Mexico in the south, westward to southern 
Nevada and eastward through southern 
New Mexico, northern Texas, the states 
along the Gulf of Mexico and as far north 
as North Carolina. Tunisian researchers 
have obtained clones for testing in the 
foothills of the Atlas Mountains. Climates 
with USDA zone 7 are also located in the 
arid regions of southern Asia such as the 
foothills of the Himalayas in India and 
Pakistan (13). In Argentina, USDA cold 
hardiness zone 7 includes locations such 
as La Quiaca, Santa Rosa, Neuquén, Río 
Colorado, Villa Reynolds and Ushuaia (16).

Productivity and nutritive value

The production of O. ellisiana to 
O. ficus-indica ratio ranged from about 
0.30 - 0.35 (1, 34) to 0.5 (H. Le Houérou, 
pers. comm. 1995). While O. ellisiana is 
not economically promising as it does 
not produce edible fruit and presents 
insufficient immature growth on a 
year-round basis to be a vegetable 
(nopalito) variety (34), it is an encouraging 
species to be used as forage in cold areas.

In Mendoza, Argentina, after a 2-year 
growth period, O. ellisiana plants obtained 
by micropropagation, established at 
1 m x 5 m spacing, had reached 20.9, 
22.2, and 24.8 cm in height under no 
irrigation, with 30 mm every 30 days and 
15 mm every 15 days respectively, totaling 



383

Opuntia ellisiana Griffiths as livestock feed in areas similar to USDA cold hardiness zones 6-7

Tomo 52 • N° 1 • 2020

150 mm during the whole growing 
season. Plant height for the 30 mm every 
30 days treatment was significantly 
higher than that for the no-irrigation 
treatment. However, irrigation did not 
significantly affect above-ground biomass 
production (g DM plant-1) and stem-area 
index (SAI) (cm2 plant-1). Nevertheless, 
dry-matter production and SAI tended 
to be higher in the irrigated plots than 
in the non-irrigated ones. Total biomass 
production (kg DM ha-1) was 146, 157, 
and 208 for no irrigation, 15-15 and 30-30 
treatments, respectively (30). These 
dry-matter productions were obtained 
with a total water input during the 
growing season of 383 mm in 1999-2000 
(150 mm irrigation plus 233 mm rainfall) 
and 369 mm in 2000-2001 (150 mm 
irrigation plus 219 mm rainfall).

The 2-year-growth-period average 
production (170 kg DM ha-1) represented 
only 2.8% of the production for 2-year-
growth-period plants of O. ellisiana 
established at 1.5 x 1 m spacing in 
Texas (34). Several hypotheses could be 
advanced to explain this great difference 
in biomass between the two field trials. 
First, the Texas plantation was fertilized 
annually to avoid fertility limitation on 
water-use efficiency, while also receiving 
1,691 mm rainfall in the 2-year growth 
period. In contrast, the plantation of the 
study carried out in El Divisadero Cattle 
and Range Experiment Station, was not 
fertilized and it received 700 mm rainfall 
plus 300 mm irrigation from the estab-
lishment date to the date when the biomass 
production was estimated. Second, the 
planting material probably had lower size 
(in terms of cladode dry weight) than the 
single cladodes used (34) and hence, the 
number and size of the shoots produced 
during the first year of growth in the field 
were lower in the plantation (48). Third, 

the low biomass from plants after the 
2-year growth period seems to be due 
to a lower SAI that reached only 0.028, 
0.029, and 0.038 for no irrigation, 15-15 
and 30-30 treatments, respectively, while 
the Texas plantation had and SAI of 0.39 
for the 2-year growth period (34). These 
authors found that biomass produc-
tivity was very low until a SAI of 2 was 
reached. At a SAI of 4 to 5 productivity of 
O. ficus-indica considered maximal (54).

Opuntia has low height growth 
compared to grasses, e.g., O. ellisiana 
only grows about 40 cm per year 
and O. ficus-indica only about 100 cm 
per year (34). However, due to annual 
extension of as many as 100 cladodes 
of 1.5 kg fresh weight in average 
(ca. 150 g dry weight) over the surface of 
several year old plant, productivity can 
be higher. For example, when O. ellisiana 
achieved a leaf area index of 2, it had a dry 
matter productivity of 17 Mg ha-1 yr-1 with 
only 662 mm rainfall (34). However at 
4 yr with 38 dry t per ha, the height of this 
stand was only about 1 m. With a typical 
composition of 90% water (fresh weight 
basis), 6% protein (dry weight basis), 
4% calcium (dry weight basis), 75% 
in vitro dry matter digestibility, and 72% 
digestible protein, cactus offers a highly 
digestible source of energy, a rich source 
of calcium for lactating animals, and 
high water content to offset the animal 
drinking requirements during drought 
periods. Indeed, the yearly fresh weight of 
194,187 kg ha–1 in the fourth year would 
be sufficient for 4,315 cows day–1 at a 
feeding rate of 45 kg day–1 (12).

For O. ellisiana with slow height 
growth, grazing could not begin before the 
third year. Subsequent grazing is possible 
at 1 to 2 yr intervals depending on rainfall 
and weed control (13).
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There is considerable variation in 
nutritional quality of Opuntia forage for 
various species or clones, growing condi-
tions, and cladode ages (15, 17, 28, 50).

In arid conditions, the low quality of 
the forage and water shortage could be 
attenuated by the introduction of Opuntia 
species. In this regard, there is evidence 
of the beneficial effect of the inclusion of 
cactus in the ruminant´s diets. Cladodes 
contain high soluble carbohydrate, 
calcium and carotene contents, while they 
are low in protein and fiber (27, 32).

Some parameters related to nutri-
tional quality of the 1-year-growth-period 
cladodes of O. ellisiana obtained by micro-
propagation expressed in percentage of 
dry matter (DM), were: crude protein 
(CP), 5.8; in vitro dry matter digestibility 
(IVDMD), 78.3; ash, 17.3 and organic 
matter (OM), 82.7 (30). Crude protein 
content of O. ellisiana cladodes was 
similar to that of 1-year-growth-period 
cladodes of O. paraguayensis (currently 
O. elata), O. ficus-indica and O. robusta 
clones growing in the same conditions 
in the study site, whose average was 
5.9% (28). These protein values are 
somewhat higher than 4.1%, as the mean 
found for O. robusta, O. lindheimerii and 
O. ficus-indica in Mexico (15).

The IVDMD was high and similar to the 
overall value reported for opuntias. Given 
its low protein content, to supplement 
animal rations based on unfertilized 
cactus with protein, mineral, and vitamin 
supplements, such as soybean or cotton 
seed meal (12).

Opuntia interaction with nurse plants, 
such as Prosopis sps., have been directed 
to improve the cacti protein level The 
adaptation of Prosopis to herbivory is 
the main reason for its dominance in 
silvopastoral systems in arid and semiarid 

areas of America. Several species grow 
well usually under Prosopis canopy, 
responding to a higher soil nutrient 
content. O. ellisiana was implanted under 
and outside the canopy of isolated Prosopis 
sps. in Mendoza Province (32°53'45" S, 
68°52'28" W, 840 m a. s. l.). After one year, 
the totality of cladodes was harvested. 
Frost damage was not observed under, nor 
outside the canopy (27).

Under the Prosopis canopy, the nutri-
tional values of O. ellisiana were increased; 
nitrogen in particular, doubled its value. 
Productivity of cladodes per plant and 
concentrations of moisture, OM, acid 
detergent fiber, neutral detergent fiber, 
K and P in the cladodes were also signifi-
cantly higher under Prosopis, while Ca 
and Na were higher outside the canopy. 
Magnesium values were not affected by 
the position (table 2, page 385). Under 
the crown of the tree, effective precipi-
tation is greater than outside of it, due to 
the signifficant runoff of the branches and 
trunk (36), which favors the leaching of 
Na in the soil; while an increase in N and P 
reduces the uptake of Ca and Na (9).

The improvement in the forage value 
of this cactus under the Prosopis crown 
evidences the better condition of the 
site as a result of the higher nutrient 
content of the soil and the contri-
bution of OM as mulch, resulting in the 
formation of fertility islands (63). In 
arid and semiarid ecosystems, dominant 
woody plants are likely to cause changes 
in microclimate and soil properties by 
mitigating harsh environmental conditions 
(e.g., high temperature and radiation) and 
by modifying soil characteristics, resource 
availability (e.g., water and nutrients) and 
spatial distribution of nutrients (7, 33).
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The nurse effect of Prosopis improves 
nitrogen content of cladodes in the same 
way as cattle manure applied to soil (10). 
High doses of applied chemical fertilizers 
almost doubled the CP mean content of the 
1-year-old cladodes when compared with 
the treatment in which no fertilizer was 
added: 7.8 and 4.3% DM, respectively (31).

Even though all the aforementioned, 
Cactus growing under Prosopis would die 
due to shade. In Texas, Opuntia sps. never 
grows under the canopy of mature forest 
but forms extensive growth just outside 
of it, if that area is cleared giving access 
to high levels of sunlight (P. Felker, pers. 
comm. 2018). However, other authors 
cite that Prosopis coverage facilitates the 
establishment of different species that do 
not settle in exposed areas (47). It has been 
suggested that the relationships of cacti 

and nurse species are primarily the result 
of intricate biotic relationships rather 
than differences in simple physical condi-
tions (67). Strong interactions between 
soil and shaded effect were found when 
soil beneath Prosopis articulata shade, 
increased the biomass of Pachycereus 
pringlei (8).

Possibilities for genetic improvement

Crosses among many accessions of 
O. ficus-indica and between O. ficus-indica 
and O. lindheimerii have been examined 
(70). However, unsuccessful attempts in 
crossing O. ellisiana with O. lindheimerii in 
the Kingsville collection were carried out. 
It was later found that O.  lindheimerii was  
hexaploid. Since O. ellisiana is a diploid, 
this should be expected. Much in the same 

Table 2. Means and standard deviations of bromatological values and yield of cladodes 
per plant of O. ellisiana planted outside and under Prosopis canopy in Mendoza 

Province, Argentine.
Tabla 2. Medias y desviaciones estándar de valores bromatológicos y producción 
de cladodios por planta de O. ellisiana bajo y fuera de la canopia de Prosopis en la 

provincia de Mendoza, Argentina.

Hotelling test Alfa=0.05. Means with a letter in common are not significantly different (p>0.05).
Prueba de Hotelling Alfa=0,05. Medias con letra en común no son significativamente diferentes (p>0,05). 

Source: (27). / Fuente: (27).

Parameters Outside the 
canopy (n=23)

Under the canopy

North (n=9) South (n=9) North and South 
(n=18)

Moisture (%) 89.1±1.3a 91.9±0.9b 91.9±1.2b 91.9±1.0b
Organic matter (%) 76.7±2.5a 80.2±2.7b 79.4±1.0b 79.8±2.1b
Na (%) 0.04±0.01a 0.02±0.01b 0.02±0.005b 0.02±0.01b
K (%) 3.1±0.4a 3.5±0.4b 3.7±0.4b 3.6±0.4b
P (%) 0.07±0.02a 0.11±0.02b 0.12±0.02b 0.11±0.02b
Ca (%) 5.5±1.4a 4.3±1.2b 4.7±0.4b 4.4±0.9b
Mg (%) 1.9±0.2a 1.9±0.2a 1.8±0.2a 1.9±0.2a
Crude protein (%) 4.4±1.0a 8.1±1.3b 8.0±0.5b 8.1±1.0b
Acid detergent fiber (%) 13.7±2.4a 17.7±1.9b 18.8±1.0b 18.2±1.6b
Neutral detergent fiber (%) 29.0±4.2a 31.8±2.4b 31.2±1.3b 31.5±1.9b
Cladode quantity per plant 3.1±1.2a 5.7±2.7b 5.6±2.1b 5.7±2.3b
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way as (14), crossed O. lindheimerii with 
O. ficus-indica and obtained spineless 
progeny with much more cold hardiness 
than any O. ficus-indica, it would be very 
interesting to cross O. ellisiana with a 
faster growing diploid Opuntia. A spiny 
diploid O. lindheimerii that has been found 
(R. Puente, pers. comm. 2018) would be 
very interesting to cross with O. ellisiania. 
To completely eliminate spines on the 
progeny, it might be necessary to make 
an additional back cross to the O. ellisiana 
parent. As the estimated time expended 
from making a cross till evaluation of 
a 80 cm tall seedling, and subsequent 
additional backcrossing is on the order of 
3-4 years, this is highly feasible.

Conclusions

Although Opuntia ellisiana with respect 
to other opuntias is not economically 
promising as a producer of forage, fruit 

and vegetables as other opuntias, it could 
be a useful forage variety in locations 
that are too cold, as evidenced by the 
results found in Argentina and the USA. 
Besides, this species has demonstrated 
its hardiness for its cultivation under 
different conditions. The results obtained 
from the association of O. ellisiana with 
Prosopis sps. are also encouraging in 
relation to the increase of cladode produc-
tivity per plant and important nutrient 
content  improvement, like protein. 

Plants of O. ellisiana obtained by 
micropropagation appear to be tolerant 
to freezing temperatures attained in 
areas with extremely cold winters, and in 
contrast with other Opuntia sps., to protect 
the plants in winter for 1 or 2 years after 
planting, seems to be unnnecessary.

The little available information on 
nutrient content of O. ellisiana should 
inspire further research, considering that 
it has a promising future as a fodder in 
cold areas.
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Abstract

Cadmium, a high toxicity element, is a potential threat to plant and human health, 
and a dangerous pollutant in the environment. Uptake and accumulation by crops 
represent the main entry pathway for potentially health-threatening toxic metals into 
human and animal food. Crops and other plants take up Cd from the soil or water and 
may distribute it in their roots and shoots. Soil and/or water are usually contaminated 
with Cd through natural sources, industrial effluent, and anthropogenic activities. In this 
review, the sources of Cd contamination, evaluation of the phytotoxic effects on plants, 
and mode of action of Cd toxicity, were summarized. Plant defensive strategies upon 
excess Cd are also considered in this review. Cd-induced effects include oxidative stress, 
disintegration of the photosynthetic apparatus, reduction in gas exchange parameters, 
nutrient imbalance, and subcellular organelle degradation. In addition, Cd severely 
impairs biomolecules such as DNA, protein, and lipids. Although plants are sessile in 
nature, they are equipped with certain mechanisms to cope with unfavorable condi-
tions. These mechanisms include synthesis of metal-chelating proteins, expression of 
enzymatic and non-enzymatic antioxidants, organic acids, and plant root–mycorrhiza 
association. The built-in system of plant tolerance to Cd can be further enhanced by the 
application of exogenous organic and inorganic metal sources. This review will broaden 
the knowledge about the Cd accumulation in plants and the responses to metal exposure, 
as well as our understanding of metal tolerance and overcoming this serious issue for 
sustainable agriculture and human health worldwide.

Keywords 
Cadmium • antioxidant enzymes • phytochelaton • metal transporters

Resumen

El Cadmio, con su alta tasa de toxicidad, constituye una amenaza potencial para la 
salud humana y las plantas, es un contaminante peligroso en el medio ambiente.  La 
absorción y acumulación en los cultivos representan la principal vía de entrada de 
metales tóxicos en alimentos para humanos y animales, potencialmente peligrosos 
para la salud. Los cultivos y otras plantas absorben Cd del suelo o del agua y pueden 
distribuirlo en sus raíces y brotes. El suelo y/o el agua se contaminan con Cd general-
mente a través de fuentes naturales, efluentes industriales y actividades antropogénicas. 
En esta revisión, se resumieron las fuentes de contaminación de Cd, la evaluación de 
los efectos fitotóxicos en las plantas y el modo de acción de la toxicidad. Además, las 
estrategias de las plantas para protegerse del exceso de Cd. Los efectos inducidos por Cd 
incluyen el estrés oxidativo, la desintegración del aparato fotosintético, la reducción de 
los parámetros de intercambio de gases, el desequilibrio de nutrientes y la degradación 
de los orgánulos subcelulares. Además, el Cd deteriora gravemente las biomoléculas 
como el ADN, las proteínas y los lípidos. Aunque las plantas son de naturaleza sésil, están 
equipadas con ciertos mecanismos para hacer frente a condiciones desfavorables. Estos 
mecanismos incluyen la síntesis de proteínas quelantes de metales, la expresión de 
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antioxidantes enzimáticos y no enzimáticos, ácidos orgánicos y la asociación de la raíz 
de la planta y la micorriza. El sistema incorporado de tolerancia de plantas al Cd puede 
mejorarse aún más mediante la aplicación de fuentes orgánicas e inorgánicas de metales 
exógenos. Esta revisión ampliará el conocimiento sobre la acumulación de Cd en plantas 
y las respuestas a la exposición a metales, así como la comprensión de la tolerancia al 
metal y la superación de este grave problema para la agricultura sostenible y la salud 
humana en todo el mundo.

Palabras clave
Cadmio • enzimas antioxidantes • fitoquelaton • transportadores de metales

Abbreviations
Pn: Photosynthetic rate • Tr: Transpiration rate • Gs: Stomatal conductance 
• SOD: Superoxide dismutase • CAT: Catalase • APX: Ascorbate peroxidase • 
POD: Peroxidase • MDA: Malondialdehyde • PCs: phytochelatons

Introduction

Heavy metals are major environmental 
pollutants given their harmful effects on 
ecological, evolutionary, nutritional, and 
environmental ins and outs. A metallic 
element with a relatively high density 
(greater than 4 g/cm3 or at least 5 times 
greater than water) and is toxic even at a 
low concentrations, can be categorized as 
a heavy metal (2, 3, 35).

The industrial revolution triggered 
the regular and uncontrolled release of 
hazardous materials into the environment 
as industrial effluents. Therefore, heavy 
metals, especially Cadmium (Cd), are 
constantly added into the soil-plant-
environment system (36). Over the past 
decades, Cd has been listed 7th out of 
275 compounds in the priority list of 
hazardous materials (9). Over 2×107 acres 
of farmland in PR China have been contam-
inated by heavy metals, which is almost 
one fifth of the total arable farmland area. 
China suffers a 10,000,000 t loss of crop 
output per year because of heavy metal 
pollution (60).

Cd accumulation is an irreversible 
process; remaining in soil for 
15-1100 years (29). In addition, Cd 
has high plant-soil mobility and easily 
accumulates in plant tissues. High 
accumulation of Cd in different tissues of 
crops, especially edible tissues, reduces 
growth and quality of crops and poses a 
danger to the organisms feeding on such 
crops. Humans are the first victims of 
Cd toxicity because they are at the top of 
the food chain (61). A health risk study 
conducted by Wang (2005), found that 
the health risk in adults living in Ding Li, 
Tianjin, China was mainly associated with 
the intake of Cd through vegetable and fish 
consumption. Cd causes hepatotoxicity, 
nephrotoxicity, pulmonotoxicity, neuro-
toxicity, bone toxicity, and carcinogenesis 
in humans. Moreover, Cd is deposited and 
stored in the human liver (t1/2 = 4-19 year) 
and kidney (t1/2 = 6-38 year) (10). 

Plants are the main vector of Cd 
transfer to humans; therefore, extensive 
studies have been carried out on the 
effects of Cd on plants including its 
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accumulation and translocation. Though 
plant responses to Cd stress vary among 
species and cultivars, the mechanisms of 
response are almost the same (21).

Effects of Cd on crops include 
decreased gas exchange (28), photo-
synthetic pigment degradation (38), 
deficiency of nutrient elements (19), 
subcellular changes (58), and modulation 
of antioxidant enzyme activity (1, 6). 
Additionally, exposure to Cd results in 
the inhibition of cell elongation (17), and 
alterations in root morphological charac-
teristics (28). In brief, Cd contamination in 
soil and plants has posed a serious issue to 
sustainable agriculture and human health 
worldwide (62).

Source of contamination

Cd can be introduced to the 
environment from different sources 
ranging from natural to anthropogenic. 
In China, most areas are contaminated 
with Cd by mining and smelting opera-
tions (25). Water usually contains small 
amounts of Cd. Seawater has an average Cd 
concentration of approximately 0.1 mg/L 
or less, and river water contains dissolved 
Cd concentrations up to approximately 
0.5 mg/L; although higher values have 
been reported under certain conditions. 
Atmospheric concentrations of Cd are 
usually 5 ng/m3 in rural areas, 5-15 ng/m3 
in urban areas, and up to 60 ng/m3 in 
industrial areas (26).

Geologic materials and rock 
outcropping are the major natural sources 
of Cd contamination in the environment. 
According to Climino (1983), 10x106 kg of 
Cd are emitted from Mount Etna every year. 
Agriculture soil is often contaminated with 
Cd by the application of different kinds of 
fertilizers, pesticides, and fungicides. In 
addition, Cd is introduced to agricultural 

soil by sewage sludge, animal manure, 
and limes (63). Nitrate and Phosphate 
fertilizers are also one of the sources of Cd 
contamination in the agricultural soil (48). 
However, , increased Cd accumulation in 
soil depends on the sources, types, and 
quantity of the contaminant and the types 
of agricultural soil.

Heavy metals, particularly Cd, are 
constantly added to the environment 
because of industrial revolution and 
uncontroled release of effluent. These 
industrial activities include mining, 
transport of ores, smelting and metal 
finishing, and recycling of metals. Smelting 
and castings emit Cd in vapor form that 
combines with water and gets spread in 
the environment. In addition, coal-burning 
power plants, petroleum combustion, 
nuclear power stations, and high tension 
lines contribute Cd to the environment 
(57). Cd is also released as a by-product of 
Zn, and occasionally Pb, refining (35).

Effects of cadmium toxicity in 
higher plants

Cd is soluble in water and is highly 
mobile. Cd-induced toxicity to plants 
results in physiological to molecular and 
biochemical changes. Generally, Cd in 
plants causes leaf rolling and chlorosis 
and reduces growth of both roots and 
stems. Some of the effects are described in 
this study.

Effect of Cd toxicity on Gas exchange 
in plants

Cd severely decreases gas exchange 
parameters including photosynthetic 
rate (Pn), transpiration rate (Tr), and 
stomatal conductance (gs). Under severe 
Cd stress, plants adapt by closing stomata 
and reducing reduce the uptake of Cd to 
the upper parts of the plants. Stomatal 
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movements are not directly affected by Cd, 
but rather due to the strong interference 
of Cd with K+, Ca+2 and abscisic acid in 
the guard cells (12). Stomatal closure is 
followed by a subsequent decrease in Tr 
and Pn. This phenomenon explains the 
reduced growth of plants under stress. 
However, tolerant plants use other 
strategies to cope with high Cd instead of 
stomatal closure and reduced Tr. 

Effect of Cd toxicity on photosynthetic 
apparatus and pigments

In the photosynthetic system, 
photosynthetic pigments are considered 
indicators of damage induced by 
environmental stressors (39). In Brassica 
napus, Cd reduced total chlorophyll content 
and carotenoid content, while increasing 
non-photochemical quenching (5). The 
decrease in chlorophyll content is primarily 
caused by the destruction of chloro-
plast structures induced by Cd, as well as 
further inhibition of chlorophyll synthesis 
and increased degradation (37). Cd also 
damages the light harvesting complex II 
(32), and photosystems II and I (51). 

Deficiency of nutrient elements under 
Cd stress

Plants exposed to Cd stress showed 
disturbances in their macro- and micro-
nutrients homeostasis (46), which 
indirectly affects the processes where these 
compounds are involved. Cd stress decreases 
the absorption of essential nutrient elements 
such as Ca, Mg, Zn, and Fe (40). As Cd is a 
non-essential element for plants; it can be 
transported via other metal transporters 
such as Ca, Mg, Zn, and Fe. Therefore, as Cd 
competes with these elements, in excess 
Cd, the absorption of these nutrients is 
reduced; causing deficiency of essential 
elements. In addition, the inhibition of root 

Fe (III) reductase induced by Cd results 
in Fe (II) deficiency seriously affecting 
photosynthesis (4). Finally, reduced Tr 
under Cd stress could also be a cause of 
nutrient deficiency in plants given that  
transpiration is involved in the movement 
of essential elements to the upper parts of 
the plant.

Modulation of antioxidant enzymes 
under Cd stress

Plant cells are equipped with enzymatic 
machinery (SOD, POD, APX, CAT, GPX, 
and GR) that actively participate in stress 
conditions. SOD produces hydrogen 
peroxide (H2O2) from reactive oxygen 
species (ROS) generated during oxidative 
stress. H2O2 is reduced to water and 
oxygen by CAT and GPX (in the cytoplasm 
and other cellular compartments) or APX 
(in the ascorbate-glutathione cycle) (8).

Cd has inhibitory, as well stimulatory, 
effects on the activity of these antioxidant 
enzymes. In B. napus leaves, SOD, POD, APX, 
GR, and GPX showed increased activity, 
whereas CAT activity decreased (5). In 
Helianthus annus leaves, Cd decreased 
the activity of superoxide dismutase, 
catalase, ascorbate peroxidase, gluta-
thione reductase, and dehydroascorbate 
reductase, whereas lipoxygenase activity 
and MDA content were increased (20). 
In Phaseolus vulgaris roots and leaves, Cd 
enhanced GPX and APX activity and lipid 
peroxidation (15).

Varying responses to Cd-induced 
oxidative stress are probably related 
to levels of Cd supplied, duration of 
treatment, and crop species (44). 
Modulation of enzyme activities is one of 
the strategies used by the plants to cope 
with unfavorable conditions.
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Harmful effects of Cd on subcel-
lular organelles

Once Cd enters the cell, it deleteriously 
affects biomolecules and subcellular 
organelles. For instance, Cd damaged 
nucleoli of cells in the root tip of 
Allium cepa (37). Cd also altered the 
synthesis of RNA and inhibited ribonu-
clease activity in rice (50). In addition, Cd 
degrades chloroplasts and mitochondria, 
compromises the integrity of the plasma 
membrane (5), and increases the number 
and size of plastoglobuli (23). The increase 
in number and size of plastoglobuli under 
Cd stress is responsible for the synthesis 
and recycling of lipophilic compounds 
produced during oxidative metabolism 
(41). High concentrations of Cd also cause 
structural changes in the chloroplast 
through the decrease in photosynthetic 
activity (14), as previously mentioned.

Mechanism of cd phytotoxicity

Oxidative stress is a disturbance of 
the cellular redox balance and can lead to 
disruption of cellular components including 
proteins, DNA, chloroplast, mitochondria, 
and cell membrane (figure 1) (56).

Cd is a bivalent heavy metal unable 
to directly generate free radicals through 
Fenton and/or Haber Weiss reactions in 
biological systems under physiological 
conditions. However, the production of 
ROS after Cd exposure has been reported 
in multiple studies (42, 64). Cd indirectly 
produces cellular ROS by increasing the free 
Fe-concentration, possibly via replacement 
in various proteins (18). Free redox-active 
metals directly enhance the production of 
•OH (hydroxyl) radicals through the Fenton 
reaction. Reduction of the oxidized metal ion 
can be achieved by the Haber-Weiss reaction 
with superoxide radicals (O2

•−) as a substrate.

   Figure 1. Schematic representation of damage caused by cadmium in plants.
   Figura 1. Representación esquemática del daño causado por el cadmio en las plantas.
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Other reducing agents, such as 
ascorbate, can catalyze this reaction. 
These ROS are responsible for most of the 
oxidative damage in biological systems. 
Hydroxyl radicals produced in response 
to Cd stress can mutate or degrade nucleic 
acid by adding or removing H+ from DNA 
bases or the sugar-phosphate backbone 
(45). These ROS are responsible for 
104-105 DNA base modifications per cell 
per day (figure 1, page 396) (7). 

Apart from nucleic acid, Cd is believed 
to oxidize protein as well, , given that  most 
enzymes require a metal as a cofactor 
for their activities. These cofactors are 
replaced by Cd ions under Cd stress 
inhibiting enzymatic activity. These 
modifications correspond to site-specific 
processes; with amino acid residues at 
metal binding sites being specific targets. 
Therefore, histidine, arginine, lysine, 
proline, methionine, and cysteine residues 
are the most common sites of oxidation in 
proteins. A major consequence of oxygen 
free radical damage to proteins is making 
them targets for degradation by proteases 
(figure 1, page 396) (47).

In addition, ROS produced during 
Cd stress can compromise the integrity 
of the plasma membrane by peroxi-
dation of membrane lipids, which can 
be demonstrated by the increase in MDA 
content, , being MDA the byproduct of 
peroxidation of membrane lipids (figure 
1, page 396) (49).

In line with the aforementioned, the 
chloroplast is once more, the candidate 
target for ROS accumulation in the cell. The 
chloroplast membrane is rich in polyunsatu-
rated fatty acids such as linoleic and linolenic 
acids. These fatty acids are very susceptible 
to oxidation by ROS. After chloroplast degra-
dation, a subsequent obvious decrease in 
photosynthetic pigments can be observed 
(figure 1, page 396).

Detoxification mechanism

Reducing Cd absorption from soil
The uptake of hazardous materials 

can be restricted in plants by the 
following methods.

The symbiotic relationship between 
the roots of higher plants and some 
fungi reduce metal uptake by roots 
(figure 2, page 398). These fungi secrete 
metal chelators that bind Cd; thus, 
making Cd unavailable for the plant (27). 
Sousa (2012), inoculated Pinus pinaster 
seedlings with Suillus bovinus, resulting in 
seedlings with higher growth parameters, 
increased Cd tolerance, and low Cd 
accumulation in the upper parts.

The soil provides a good habitat for 
fungi and bacteria. Different types of 
bacterial colonies that chelate metals 
(especially Cd) are present in the 
soil (figure 2, page 398). Application 
of Pseudomonas aeruginosa to black 
gram (Vigna mungo) seeds, pumpkin, 
and mustard seedlings reduced Cd 
accumulation in the upper parts and 
enhanced  growth. In another study, 
tomato seedlings were inoculated with 
Methylobacterium oryzae or Burkholderia 
sp., and they restricted the bioavailability 
of Cd to plants by secreting metal chelators 
that bind Cd (52).  Plant roots constantly 
secret high and low molecular weight 
compounds known as root exudates. 
These exudates, including organic acids, 
sugars, and polysaccharides, are believed 
to protect the plants from the harmful 
effects of Cd and other heavy metals by 
binding Cd and reducing its bioavailability 
(figure 2, page 398) (11). These exudates 
also change the pH of the rhizosphere, 
inhibiting the uptake of Cd to the root 
system (13).
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The cell wall is composed of suberin and 
pectin and acts as the first check post for Cd 
entry; thus, reducing its transport across 
the cell. Pectin usually binds bivalent ions 
such as Cd; thus, inhibiting its entry into 
the cytosol of the cell (figure 2) (33).

The root epidermis provides a 
reservoir for metal precipitates. Cd is 
usually restricted as Cd phosphate (Cd-P) 
precipitate in the root epidermal wall in 
hyper-accumulator plants (figure 2) (34). 
Having all these examples in mind, one can 
conclude that plants have the potential to 
reduce the bioavailability of Cd by struc-
tural modifications and secretions of 
certain metabolites and defense chemicals. 

  Figure 2. Schematic representation of processes involved in reducing Cd uptake in 
plant roots.

Figura 2. Representación esquemática de los procesos implicados en la reducción de la 
absorción de Cd en las raíces de las plantas.

In brief, plant roots reduce the uptake 
of Cd by five means: 

a) Mycorrhizal association between 
fungi and roots of higher plants are 
believed to restrict Cd uptake by the roots. 
These fungi release metal chelators that 
form a complex with Cd that cannot be 
absorbed by plant roots.

b) Soil bacteria, such as Pseudomonas 
aeruginosa, also release some chemicals 
that bind Cd and inhibit its uptake by roots.

c) Roots release organic acid exudates 
that bind Cd and inhibit its entry into the 
root cells.
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d) d)	Suberin and pectin from root cell 
walls, bind divalent elements such as Cd. 
This representation is given in the top right 
portion of the figure.

e) Root epidermis cell wall precipi-
tates Cd in the form of Cd-P and reduces 
its entry into the cytosol.

Regulation of metal influx to the cytosol
Once Cd breaches the cell wall, it faces 

the plant cell membrane. Cell membranes 
are provided with different kinds of metal 
transporter proteins whose expression 
are tightly regulated and depend on 
the quantity and type of metals. These 
transporters are mostly metal-specific.

To date, a specific Cd transporter protein 
has not been found in plants. Cd chemically 
resembles Zn; thus, Cd is believed to cross 
the cell membrane via the ZIP transporter 
family (ZRT-IRT like protein; zinc-regulated 
transporter, iron-regulated transporter 
Protein) (22, 31, 43).

Figure 3. The molecular mechanism of metal homeostasis. 
Figura 3. El mecanismo molecular de la homeostasis del metal.

The production of ZIP transporters 
is inhibited at the transcriptional or 
posttranscriptional level to inhibit the 
influx of Cd into the cytosol (figure 3).

Metal chelation
The entry of Cd to the cytosol triggers 

undesired interactions with biomolecules 
including DNA and chloroplast among others. 
Therefore, Cd needs to be chelated in order 
to inhibit harmful effects to the biomolecules. 
As previously mentioned, to sequester Cd 
and/or other heavy metals, plant produce 
several kinds of metal chelators. These metal 
chelators inhibit the interaction of Cd with 
the biomolecules and restrict it to a site, such 
as the vacuole. These metal chelators are 
often oligopeptides, amino acids (cystin), 
organic acids (malic acid), or proteins.
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Nicotianamine (NA) and PCs are 
examples of compounds that form 
complexes with Cd. Binding strategies 
are almost the same for most of the 
chelators, but the transportation sites 
could be different. Likely, the NA-Cd 
complex can be transported through the 
cell membrane by YSL proteins or to the 
vacuole by ZIF1 proteins (24). The PC-Cd 
complex can be transported to the vacuole 
by the two ABCC-type transporters ABCC1 
and ABCC2 in A. thaliana (figure 4) (54). 

Figure 4. A schematic representation of processes involved in chelation and 
sequestration of Cd. 

Figura 4. Una representación esquemática de los procesos implicados en la quelación 
y secuestro de Cd.

Enhancement of Cd efflux
In addition to metal chelation, another 

strategy used by metal hyper-accumulators 
and non-hyperaccumulators is metal efflux 
through the cell membrane. The direction 
of metal efflux in non-hyperaccumulator 
plants is towards the soil. By contrast, in 
hyper-accumulators Cd is loaded into the 
xylem and transported towards the shoot.

Another way to release these metals 
from the cells, is by carrying them out via 
other metal transporters.
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In A. thaliana, two transporters (PCR-1 
and PCR-2) are used for the efflux of Cd from 
the cell (figure 3, page 399) (53). PCR-1 
and PCR-2 are, actually, Zn transporters.

Cd sequestration and distribution
The epidermal cell wall and vacuoles 

are sites of Cd sequestration in case plants 
are unable to restrict influx or increase 
efflux of the metal. These organelles are the 
alternative sites for Cd storage , preventing  
excess cytoplasmic Cd concentration. In 
N. caerulescens, the Cd-hyper-accumulating 
ecotype Ganges can significantly store more 
Cd in the cell walls of epidermal cells than 
the low Cd-accumulating ecotype Prayon 
(figure 2, page 398) (30). Sequestration is 
important to prevent the transport of Cd to 
the photosynthetic organelles where it can 
cause serious damage.

Summary and future perspectives

In summary, Cd is an immense threat 
not only for crop growth and yield, but for 
humans as well. Cd induces morphological, 
physiological, and biochemical responses 
in plants. Reduced growth, organelle 
dysfunction, inhibition of photosynthesis, 
deregulation of membrane metal 
transporters, modulation of metabolic 
pathways, and distorted gene expression 
are some of the Cd-induced impairments.

However, plants launch a range of 
defensive mechanisms to cope with the 
adverse effects of Cd including reduced 
uptake from the soil, binding of the 
absorbed Cd to the epidermis of cell walls, 
sequestration by the vacuole, and detoxi-
fication by metal chelators (organic acids, 
phytochelatins, and metallothioneins).

In the past few decades, tremendous 
progress has been reached regarding the 
molecular mechanisms of plant tolerance 
to toxic non-essential metals such as Cd. 
Some literature on the entrance pathway 
of Cd is also available.

However, a detailed and quantitative 
understanding of Cd accumulation in 
plants is lacking. Moreover, finding the 
associated genes is also important because 
low Cd content of edible plant parts might 
be one important target for future crop 
breeding programs.

Towards this end, breeding and 
selection of plants showing reduced ability 
to accumulate Cd in the cells and tissues, 
and/or its efficient binding, complexation, 
and compartmentation, along with 
strategies like seed and foliar application 
of osmo-protectants, mineral nutrients, 
and plant-growth regulators, are among 
the important strategies for mitigating Cd 
toxicity in plants in the future.
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