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Abstract

The current demand for clean and renewable energy has provoked considerable changes 
in the production system of agro-industrial companies. Bioelectricity generation through 
sugarcane bagasse burning has considerably risen in recent years. This work aimed to focus 
on sugarcane genetic selection for fiber productivity, using mixed linear modeling. The 
experiment was outlined in randomized blocks with four repetitions and sixteen genotypes. 
The evaluated traits were: cane tons per hectare, sucrose tons per hectare, fiber tons per 
hectare, fiber content and apparent sucrose content. Heritability coefficients suggested a 
significant genetic gain, while harmonic means of relative performance of predicted geno-
typic values allowed the identification of stable genotypes related to the traits evaluated, in 
four harvest cycles. The current agro-industrial demand for sugarcane varieties considers 
energy generation and sugar production with fiber content between 12% and 17%, and 
sucrose content near 13%. With this regard, genotypes EECAC 06, EECAC 03, EECAC 04 and 
EECAC 07 result interesting commercial cultivation options.
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Resumen

La demanda actual de energías limpias y renovables ha provocado cambios conside-
rables en el sistema productivo de las empresas agroindustriales. La generación de bioelec-
tricidad mediante la quema de bagazo de caña de azúcar ha aumentado considerablemente 
en los últimos años. Este trabajo tuvo como objetivo centrarse en la selección de genotipos 
de caña de azúcar para la productividad de la fibra. El experimento se esbozó en bloques 
aleatorios con cuatro repeticiones y se evaluaron dieciséis genotipos. Las caracteristicas 
evaluadas fueron: toneladas de caña por hectárea, toneladas de sacarosa por hectárea, tone-
ladas de fibra por hectárea, contenido de fibra y contenido aparente de sacarosa. Para la 
selección se utilizó la metodología de modelos lineales mixtos. Los coeficientes de hereda-
bilidad sugieren una ganancia genética significativa y las medias armónicas de desempeños 
relativos de los valores genotípicos predichos permitieron la identificación de genotipos 
estables relacionados con las características evaluadas en cuatro ciclos de cosecha. Consi-
derando la demanda actual de la agroindustria de la caña de azúcar por variedades con 
contenido de fibra entre 12% y 17% y contenido de sacarosa cercano al 13%, para gene-
ración de energía y producción de azúcar, los genotipos EECAC 06, EECAC 03, EECAC 04 y 
EECAC 07 se presentan como comerciales opciones de cultivo.

Palabras clave
biomassa • bioenergía • bioelectricidad • Saccharum spp. • REML / BLUP

Introduction

Sugarcane is an economically significant crop for various agro-industrial products like 
sugarcane distilled beverage cachaça, yeast, protein, pharmaceuticals, fodder for animal 
feed (1, 8, 20), and Brazilian main commercial products, sugar and ethanol, historically 
providing the greatest economic profitability (3).

The current worldwide higher demand for clean and renewable energy, coupled with 
growing concern about environmental issues, such as the greenhouse effect and water 
conservation, require considerable changes in the productive systems of small and large 
companies (2). Sugarcane biomass is one main alternative for diversifying the energetic 
matrix and reducing fossil fuels usage, especially in tropical and subtropical countries 
(10, 24). Nowadays, sugarcane bagasse is used for power generation. This makes sugar 
mills self-sustainable in electric power, and even able to supply the surplus electricity to 
surrounding power distribution companies (16). Stimulated by the Brazilian federal govern-
mental RenovaBio program, and a favorable business environment, bioelectricity can poten-
tially grow more than 50% by 2027 (16). This growing demand for biomass and bioenergy, 
directly dependent on bioelectricity and second-generation ethanol production, ultimately 
results from fiber content and composition of sugarcane varieties. This has inspired new 
breeding programs focusing on new varieties with higher fiber content (4, 23).

In this context, some studies have already selected families in phase T1, with no evalu-
ation during ratoons (6, 19, 20, 23). However, in technical and practical terms, evaluating 
fiber productivity is key not only in plant cane, but mainly along ratoons, identifying the most 
stable clones and proceeding with commercial recommendations. In the state of Pernambuco, 
one traditional sugarcane producer in Brazil, no studies have approached this topic.

According to Tew and Cobil (2008), the currently cultivated varieties are constituted 
by about 12% fibers, 13% sugars and 75% water. These authors also state that genetic 
breeding could possibly develop new materials with up to 30% fiber, 5% sugar and 65% 
water. However, according to Fernandes Júnior et al. (2017), sugar mills are not yet ready to 
process biomass with more than 20% fiber, but newly developed varieties with around 17% 
fiber, and sucrose near 13%, would attend what the current sugar-energy infrastructure 
offers. These authors also state that this type of fiber-cane variety would also increase elec-
tricity production capacity, due to the higher fiber percentage. Consequently, bagasse heat/
calorific power quality would also increase, without losses in sugar production. In view of 
the aforementioned needs, this work aimed to select sugarcane genotypes for potential 
fiber productivity, using mixed linear models.
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Material and methods

Experimental design
Sixteen genotypes were evaluated: ten promising clones from the sugarcane genetic 

breeding Program of the Federal Rural University of Pernambuco, affiliated to the Inter-
university Network for the Development of the Sugar and Energy Sector (PMGCA/UFRPE/
RIDESA), and six standard commercial varieties (table 1).

Table 1. Sugarcane genotypes evaluated for fiber productivity.
Tabla 1. Genotipos de caña de azúcar evaluados para la productividad de la fibra

The experiments were conducted in the agricultural area of Pumaty sugar mill, in the 
municipality of Joaquim Nabuco, in the state of Pernambuco, Brazil, at geographic coordinates 
08°37’28”S and 35°32’00”W. A four-repeat randomized block design was used. The exper-
imental plots were composed of five lines, with 8 m between lines, each plot having 40 m2.

During four harvest seasons (plant crop and 1st, 2nd and 3rd ratoon crops), the following 
traits were evaluated: sugarcane tons per hectare (STH), sucrose tons per hectare (SucTH), 
fiber tons per hectare (FTH), fiber percentage (FP) and apparent sucrose percentage (SP). 

Sugarcane tons per hectare (STH), sucrose tons per hectare (SucTH) and fiber tons per 
hectare (FTH) were obtained as: 

STH = (Total weight experimental plots x 10) / plots area in m2;
SucTH = (STH x SP) / 100;

FTH = (STH x FP) / 100.
Fiber and apparent sucrose percentage were estimated in the laboratory according to 

Fernandes (4).

Statistical Analyses
Mixed models (REML/BLUP) estimated variance components and predicted genetic 

values, according to Resende (2007). Interactions between genotypes x harvest cycles 
(measurements) were evaluated via REML/BLUP and the statistical model 55 of the Sele-
gen-REML/BLUP software (15), corresponding to: 

y = Xm + Zg + Wp + Ti + e
where:
y = the data vector,
m = effect vector of harvest cycles-repetitions (fixed) combinations added to general mean,
g = genotypic effects vector (aleatory),
p = permanent environmental effect vector (plots, aleatory),
i = vector for genotypes x harvest cycles interaction, 
e = error vector or residues (aleatory).

Genotypes Obtaining Institution
1. RB813804* UFRPE
2. RB863129* UFRPE
3. RB92579* UFAL (Federal University of Alagoas)
4. EECAC 01 UFRPE
5. EECAC 02 UFRPE
6. EECAC 03 UFRPE
7. EECAC 04 UFRPE
8. EECAC 05 UFRPE
9. EECAC 06 UFRPE
10. EECAC 07 UFRPE
11. EECAC 08 UFRPE
12. EECAC 09 UFRPE
13. EECAC 10 UFRPE
14. SP791011* COPERSUCAR (Brazilian Sugar and Ethanol Cooperative)
15. SP813250* COPERSUCAR
16. VAT90212* SUGARMILL TRIUNFO, Alagoas

* Standard varieties.
* Variedades estándar.
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Capital letters represent incidence matrices for the cited effects. The m vector comprises 
all harvest cycles in all repetitions and adjusts simultaneously to repetitions effects, harvest 
cycles and harvest cycles interaction x repetitions.

Mean (E) and variance (Var) distributions and structures were:

Through this model, variance components and genetic parameters were obtained. 
while genetic predictors (REML/BLUP) were free of genotypes x harvest cycles interaction, 
according to Resende (15).

Prediction of genotypic values gathering average interaction (gem) in the different 
Harvest cycles, is given by model: 

Calculated by the equation:

where:
μ = the overall average of all Harvest cycles;

= the genotypic variance;
= the variance of genotype x harvest cycles interaction;

n = the number of harvest cycles; and
 = the specific genotypic effect (genotype i). 

Aiming to verify fiber and apparent sucrose content productivity and genotypic stability 
through harvest cycles, the harmonic means of relative performances of predicted geno-
typic values (HMRPPGV), were provided by: 

where:
n = harvest cycle number, where genotype i was evaluated
Vgij = the genotypic value of genotype i, in the harvest cycle j, expressed as mean 

proportion of each cycle.

The HMRPPGV values were multiplied by a general mean calculated for all environments 
(GM), resulting in the same magnitude order in which all traits were evaluated, with genetic 
values already discounted from instability, and capitalized by adaptability. 

Genetic-statistical analyses were performed with Selegen software (15).

Results and discussion 	

Results regarding sugarcane tons per hectare, sucrose tons per hectare, fiber tons per 
hectare, fiber percentage and apparent sucrose percentage are shown in table 2 (page 15). 

Deviance analysis revealed significant differences between genotypes for produc-
tivity traits, evaluated during four harvest cycles. These results indicate genetic variability 
between genotypes concerning the evaluated traits, implying the possibility of selecting 
superior genotypes, as previously found (14, 26).

High values of genotypic variance for permanent environmental variance were found 
for STH, SucTH and FTH. In relation to SP, the genotypic variance was higher than the 
permanent environmental variance and the genotype x harvest cycles interaction variance, 
suggesting that these traits have genetic over environmental predominance.

Medium and high genotypic correlations throughout harvest cycles suggest genotypic 
identification, whose phenotypic expression (SucTH and SP), was stable during harvest 
cycles with a greater predominant genetic component. Regarding SP, it might be inferred 
that the genotypes have a high potential for ratoon sucrose production. For Silva et al. 
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(2018), it is about regularity in the repetition of this important production component. 
For Oliveira et al. (2017), a complex part of the genotype x environment (harvest cycles) 
interaction causes traits such as STH and TFH to show a low genotypic correlation between 
harvest cycles.

Table 2. General mean, genetic traits, estimated variance components of sugarcane tons 
per hectare (STH), sucrose tons per hectare (SucTH), fiber tons per hectare (FTH), fiber 

percentage (FP) and apparent sucrose percentage (SP), evaluated in the agricultural area 
of Pumaty sugar mill, considering four harvest cycles. 

Tabla 2. Media general, caracteres genéticos, componentes de varianza estimados de 
toneladas de caña de azúcar por hectárea (STH), toneladas de sacarosa por hectárea 

(SucTH), toneladas de fibra por hectárea (FTH), porcentaje de fibra (FP) y porcentaje de 
sacarosa aparente (SP), evaluados en el área agrícola del ingenio Pumaty, considerando 

cuatro ciclos de cosecha.

*, **Significant at 5 and 1%, respectively, according to deviance analysis. GV: Genotypic variance. EPV: 
Environmental variance. GEV: Harvest cycles x genotype interaction. EV: Temporary residual variance. 

FV: Phenotypic individual variance. h2g: Plots individual Heritability. r: repeatability. R2
E: Environmental 

determination coefficient. R2
GE: Determination coefficient for genotype x harvest cycle interaction effects. rgmed: 

Genotypic correlation through harvest cycle. h2mg: mean genotype heritability.
*, ** Significativo al 5 y 1%, respectivamente, de acuerdo con la análisis de deviación. GV: Varianza genotípica. EPV: 

Varianza ambiental permanente. GEV: Interacción genotipos x ciclos de cosecha. EV: Varianza temporal residual. 
FV: Varianza fenotípica individual. h2g: Heredabilidad de parcelas individual. r: repetibilidad. R2

E: Coeficiente de 
determinación ambiental permanente. R2

GE: Coeficiente de determinación de los efectos de interación genotipos 
x ciclos de cosecha. rgmed: Correlación genotípica a través del ciclo de cosecha.. h2mg: heredabilidad media de los 

genotipos.

Individual plots of heritability and repeatability coefficients showed average magnitude. 
Furthermore, determination coefficients of genotypes x harvest cycles interaction showed 
greater participation of this interaction in phenotypic variance genotypes.

A viable alternative for minimizing environmental effects would be to adopt a selection 
practice based on genotypes mean, given that environmental effects (harvest cycles) tend 
to cancel (11). Complementarily, Zeni Neto et al. (2008), said that considering an analysis of 
adaptability and stability would be important to identify stable genotypes.

As the mixed linear models methodology allows selection based on predicted genotypic 
values (9, 13), selection of the evaluated material could be based on the genotypic means of 
all harvest cycles. Such a procedure would provide greater selective accuracy, confirmed by 
the estimated genotype mean heritability for STH, SucTH and SP, which presented average 
magnitudes. For Garcia and Nogueira (2005), genotype mean heritability above 0.46 show 
higher selection potential. According to Rodrigues et al. (2011), it indicates phenotypic 
value reliability, as indicator for genetic value.

Traits
Genetic 

Parameters STH (t.ha-1) SP (%) FP (%) SucTH 
(t.ha-1)

FTH 
(t.ha-1)

GV 24.13 0.07 0.00 0.84 0.69
EPV 1.98 0.02 0.00 0.10 0.02
GEV 78.72 0.01 0.26 1.24 1.83
EV 115.11 1.75 1.18 3.27 3.57
FV 219.94 1.87 1.45 5.45 6.11
h2g 0.11 0.04 0.00 0.15 0.11
r 0.12 0.05 0.00 0.17 0.11

R2
E 0.08 0.01 0.00 0.01 0.00

R2
GM 0.36 0.00 0.18 0.23 0.30

rgmed 0.23 0.82 0.00 0.40 0.27
h2mg 0.52 0.66 0.02 0.69 0.57

General mean 79.26 14.83 15.77 11.88 12.34
Deviances 1265.32** 398.56** 343.45** 568.62** 588.06**
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Observing the predicted genetic values (u+g+gem), the genotypes VAT90-212, SP81-
3250, EECAC 04, EECAC 03 and SP79-1011 showed the highest values in harvest cycles and 
the highest genetic gains for STH (table 3).

Table 3. Estimated genetic gain on sugarcane tons per hectare (STH), sucrose tons per 
hectare (SucTH), fiber tons per hectare (FTH), fiber percentage (FP) and apparent sucrose 

percentage (SP) of top five sugarcane genotypes, as evaluated during the experiment 
conducted in the agricultural area of Pumaty sugar mill, considering four harvest cycles.
Tabla 3. Estimación de ganancia genética de los caracteres toneladas de caña de azúcar 
por hectárea (STH), toneladas de sacarosa por hectárea (SucTH), toneladas de fibra por 
hectárea (FTH), porcentaje de fibra (FP) y porcentaje de sacarosa aparente (SP), de los 
cinco mejores genotipos evaluados en el experimento realizado en el área agrícola del 

ingenio Pumaty, considerando cuatro ciclos de cosecha.

Regarding FTH, the following genotypes stood out: SP81-3250, SP79-1011, EECAC 
03, VAT90-212 and EECAC 08. For FIB, SP79-1011 EECAC 06, SP81-3250, EECAC 09 and 
RB813804 showed a tendency, however not significant, something normally expected given 
low heritability. Finally, regarding PC f, the genotypes EECAC 07, EECAC 04, EECAC 06, 
RB813804 and EECAC 03 were the most important.

The relative performance of predicted genotypic values (HMRPPGV) on sixteen sugarcane 
genotypes for sugarcane tons per hectare (STH), sucrose tons per hectare (SucTH), fiber 
tons per hectare (FTH), fiber percentage (FP) and apparent sucrose percentage (SP) are 
presented in table 4 (page 17).

Sugarcane tons per hectare (STH)
Genotypes G Gain New Mean
VAT90-212 3.91 83.17 3.91 83.17 86.36
SP81-3250 2.73 82.00 3.32 82.58 84.23
EECAC 04 2.08 81.35 2.91 82.17 83.05
EECAC 03 1.91 81.17 2.66 81.92 82.73

SP79-1011 1.77 81.03 2.48 81.74 82.48 
Sucrose tons per hectare (SucTH)

VAT90-212 0.85 12.73 0.84 12.72 13.04
EECAC 04 0.71 12.60 0.80 12.66 12.86

SP81-3250 0.53 12.41 0.70 12.58 12.61
EECAC 08 0.46 12.34 0.64 12.52 12.51
EECAC 03 0.42 12.29 0.59 12.47 12.45

Fiber tons per hectare (FTH)
SP81-3250 0.67 13.02 0.67 13.02 13.46
SP79-1011 0.50 12.85 0.59 12.93 13.18
EECAC 03 0.39 12.73 0.52 12.86 12.98

VAT90-212 0.32 12.66 0.47 12.81 12.88
EECAC 08 0.28 12.62 0.43 12.78 12.81

Fiber percentage (FP)
SP79-1011 0.0063 15.77 0.0063 15.77 16.01
EECAC 06 0.0045 15.76 0.0054 15.77 15.94

SP81-3250 0.0041 15.76 0.0050 15.76 15.93
EECAC 09 0.0015 15.76 0.0041 15.76 15.82
RB813804 0.0012 15.76 0.0035 15.76 15.81

Apparent sucrose percentage (SP)
EECAC 07 0.27 15.10 0.27 15.10 15.11
EECAC 04 0.24 15.06 0.25 15.08 15.07
EECAC 06 0.18 15.01 0.23 15.06 15.02
RB813804 0.05 14.88 0.19 15.01 14.88
EECAC 03 0.04 14.87 0.16 14.98 14.88

Mean components 
(individual BLUP). 

G: Genotypic effect. 
: Predicted 

genotypic values free 
from environmental 

interaction 
(Harvest cycles). 

: Average 
genotypic value in the 

harvest cycles. This 
parameter capitalizes on 

an average interaction 
with all the harvest 

cycles evaluated. 
Componentes medios 

(BLUP individual). 
G: efecto genotípico. 

:
Valores genotípicos 

previstos libres de 
interacción ambiental 

(ciclos de cosecha). 
:Valor 

genotípico medio en los 
ciclos de cosecha. Este 

parámetro capitaliza 
una interacción 

promedio con todos 
los ciclos de cosecha 

evaluados.
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Table 4. Harmonic means of relative performance of predicted genotypic values 
(HMRPPGV and HMRPPGV*GM) for sixteen sugarcane genotypes. Traits: sugarcane tons 
per hectare (STH), sucrose tons per hectare (SucTH), fiber tons per hectare (FTH), fiber 
percentage (FP) and apparent sucrose percentage (SP) in experiments conducted in the 

agricultural area of Pumaty sugar mill, considering four harvest cycles.
Tabla 4. Medias armónicas de actuaciones relativas de valores genotípicos predichos 

(HMRPPGV and HMRPPGV*GM) de dieciséis genotipos de caña de azúcar de los caracteres 
toneladas de caña de azúcar por hectárea (STH), toneladas de sacarosa por hectárea 
(SucTH), toneladas de fibra por hectárea (FTH), porcentaje de fibra (FP) y porcentaje 

de sacarosa aparente (SP), evaluados en el experimento realizado en el área agrícola del 
ingenio Pumaty, considerando cuatro ciclos de cosecha. 

The highest genotypic ​​(HMRPPGV) selection (table 4), implied, simultaneously, adapt-
ability, stability and productivity (18). 

The highest harmonic means for STH were obtained for the genotypes VAT90-212, SP81-
3250, EECAC 03, EECAC 04 and SP79-1011. For SucTH, the highest harmonic means were 
obtained for EECAC 04, VAT90-212, SP81-3250, EECAC 03 and SP79-1011. For FTH, the 

Traits
STH (t.ha-1) SucTH (t.ha-1) FTH (t.ha-1)

Genotypes A B A B A B
VAT90-212 1.06 84.22 1.07 12.80 1.02 12.65
SP81-3250 1.06 83.69 1.06 12.65 1.07 13.32
EECAC 03 1.05 83.38 1.05 12.54 1.05 13.05
EECAC 04 1.05 83.18 1.08 12.88 1.03 12.76

SP79-1011 1.04 83.05 1.04 12.35 1.07 13.32
EECAC 08 1.03 81.99 1.04 12.43 1.02 12.65
RB863129 1.01 80.50 1.02 12.20 1.00 12.51
EECAC 02 1.00 79.98 0.98 11.72 1.01 12.51
EECAC 09 0.99 79.22 0.96 11.41 1.00 12.38
RB813804 0.99 78.89 1.00 11.99 1.00 12.38
RB92579 0.99 78.56 1.00 11.89 0.99 12.27
EECAC 06 0.97 77.59 0.98 11.75 0.99 12.26
EECAC 07 0.97 77.48 0.99 11.87 0.96 11.93
EECAC 01 0.96 76.55 0.94 11.21 0.97 11.98
EECAC 05 0.88 70.08 0.86 10.33 0.89 10.99
EECAC 10 0.88 64.36 0.80 9.55 0.79 9.86

FP (%) SP (%)
A B A B

VAT90-212 0.98 15.49 1.00 14.83
SP81-3250 1.01 15.92 1.00 14.86
EECAC 03 1.00 15.81 1.00 14.88
EECAC 04 1.00 15.64 1.01 15.07

SP79-1011 1.01 16.01 1.00 14.84
EECAC 08 1.00 15.62 0.97 14.53
RB863129 0.99 15.68 1.00 14.86
EECAC 02 1.00 15.77 0.99 14.69
EECAC 09 1.00 15.80 0.98 14.64
RB813804 1.00 15.80 1.00 14.88
RB92579 1.00 15.77 1.00 14.86
EECAC 06 1.01 16.01 1.01 15.02
EECAC 07 0.99 15.65 1.01 15.12
EECAC 01 1.00 15.78 0.99 14.70
EECAC 05 1.00 15.80 0.98 14.66
EECAC 10 0.99 15.61 0.99 14.77

A. HMRPPGV / PADRVG
B. HMPRVG*GM / 

PADRVG*MA
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genotypes SP81-3250, SP79-1011, EECAC 03, EECAC 04 and EECAC 08 showed the highest 
harmonic means. For FP, the EECAC 06, SP79-1011, SP81-3250, EECAC 03 and EECAC 09, 
and finally, for the trait SP, the genotypes EECAC 07, EECAC 06, EECAC 04, EECAC 03 and 
RB3804 resulted the best.

The genotypes EECAC 05, EECAC 01, EECAC 09 and RB92579 showed higher stability in 
fiber yield. However, they did not stand out in terms of TCH, TSH and TFH. These genotypes 
could be used as parents in hybridization approaches, transmitting high fiber productivity 
to possible progenies.

The general mean for fiber percentage (15.77%) was the same obtained by Fernandes 
Júnior et al. (2017). However, the general mean for apparent sucrose content was consid-
erably higher (14.83%). This difference in SP values may be due to the fact that these authors 
evaluated some families from crosses with Saccharum spontaneum species along with other 
materials combining high rusticity and low sucrose content.

It is worth mentioning that the best family selected by Fernades Júnior et al. (2017) 
presented a fiber content of 17%, while sucrose apparent percentage was 11.33%. These 
results evidence the difficulty to simultaneously concentrate high fiber and sucrose content 
in a genotype, since these parameters are not correlated (0.06 correlation, (21)). Therefore, 
in order to “optimize” these traits in genotypes obtained by artificial hybridization, several 
selection cycles are necessary., 

In the present work, considering sugar mill demands (varieties with fiber content 
between 12 and 17% and sucrose content about 13%), genotypes EECAC 06, EECAC 03, 
EECAC 04 and EECAC 07 could be commercially exploited (table 4, page 17). EECAC 03 
genotype also showed higher fiber productivity per hectare. These genotypes presented 
higher genotypic stability and adaptability, for all traits and throughout the harvest cycles. 

Conclusion

Mixed models constitute an efficient tool for sugarcane selection focused on fiber and 
sucrose production. This methodology provides significant genetic gains based on predicted 
genetic values free from interaction with harvest cycles.

The evaluated genotypes present high fiber and sucrose productivity, genotypic adapt-
ability and stability throughout harvest cycles, indicating longevity in the sugarcane crop.

Genotypes EECAC 06, EECAC 04, EECAC 03 and EECAC 08 presented favorable fiber and 
sucrose percentages, towards greater capacity for bioenergy and sugar production.
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