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ABSTRACT

The use of predatory insects has gained interest for reliable and environmentally
safe pest management to control the South American tomato leafminer, Phthorimaea
absoluta (Meyrick) (Lepidoptera: Gelechiidae), a pest of tomato crops worldwide. Based
on video tracking using EthoVision® software and static feeding multiple-choice tests,
we report the prey-searching behavior and feeding preference of the Neotropical mirid
bug Tupiocoris cucurbitaceus Spinola (Hemiptera: Miridae), a biological control agent
of P absoluta when presented with its eggs and other two prey species. T cucurbitaceus
exhibits generalist feeding behavior; the nymphs initially showed a preference for
Trialeurodes vaporariorum Westwood (Hemiptera: Aleyrodidae) nymphs but consumed
more P absoluta and Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) eggs after 24 h.
T cucurbitaceus males preferred T. vaporariorum throughout the experiment while females
showed no preference for any prey. Furthermore, they did not cause significant damage to
the leaves. The findings emphasize the importance of evaluating the simultaneous offer of
multiple prey types to understand the effectiveness of biocontrol agents in the field. Overall,
the research contributes valuable insights into the feeding habits of T cucurbitaceus,
supporting its potential as a biological control agent for P. absoluta in tomato crops.
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RESUMEN

El uso de insectos depredadores ha ganado interés para el manejo confiable y
ambientalmente seguro de la polilla del tomate, Phthorimaea absoluta (Meyrick)
(Lepidoptera: Gelechiidae), una plaga de este cultivo en todo el mundo. Por medio
de un estudio con el programa EthoVision® y de ensayos de opcién multiple, repor-
tamos el comportamiento de bisqueda de presas y la preferencia alimentaria del mirido
neotropical Tupiocoris cucurbitaceus Spinola (Hemiptera: Miridae), un agente de control
biolégico de P. absoluta, cuando se le presentan huevos de la plaga y simultaneamente
otras dos especies de presas. T cucurbitaceus exhibe un comportamiento alimentario
generalista. Las ninfas del depredador mostraron inicialmente preferencia por las ninfas
de Trialeurodes vaporariorum (Westwood) (Hemiptera: Aleyrodidae) pero consumieron
mas huevos de P. absoluta y Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) al cabo
de 24 h. Los machos de T cucurbitaceus prefirieron a T vaporariorum mientras que las
hembras no mostraron preferencia por ningtn tipo de presa. Ademas, los individuos no
causaron danos directos a las hojas. Los hallazgos enfatizan la importancia de evaluar la
oferta de diferentes presas para conocer la efectividad de los agentes de control bioldgico en
el campo. La investigacion aporta valiosos conocimientos sobre los habitos alimentarios de
T cucurbitaceus, respaldando su potencial como agente de control biolégico para P. absoluta.

Palabras clave
amplituddedietaechinchedepredadorae Trialeurodesvaporariorume Ephestia kuehniella
e biocontrol

INTRODUCTION

The use of generalist arthropod predators for biological control has historically received
less attention compared to parasitoids and entomopathogens, given assumed negative
effects. Among those effects, the most reported are omnivory, attack of non-target species,
competition, and intraguild predation on other natural enemy species present in crops
(21, 32). However, important biocontrol successes have been achieved with mite and
hemipteran predators since they can feed on a variety of prey and plant resources, ensuring
their survival and reproduction and enhancing their establishment (39, 42). For instance, in
Spain, biocontrol against the sweet potato whitefly, Bemisia tabaci (Gennadius) (Hemiptera:
Aleyrodidae), is accomplished by releasing predatory mirid bugs and mites in protected
sweet pepper, Capsicum annuum L. (Solanales: Solanaceae) crops (9, 33).

A crucial aspect when planning the use of generalist predators as biocontrol agents
is to determine the range of species on which they effectively feed, i.e., the diet breadth.
Although most predators usually feed on various species, they may exhibit a degree of
acceptance for different prey based on certain characteristics, such as nutritional quality
and stage of development, which ultimately can affect their success as biocontrol agents
(16). Two life traits especially defined to assess diet breadth of a predatory species
are food-searching behavior and preference. The former implies predator engagement in
the activity of prospecting in the environment, the recognition and acceptance of some
prey. Factors such as developmental stage, sex, age, starvation, and available prey species
influence food-searching behavior. Preference for food is determined by different prey’s
morphological, physiological, and behavioral traits to obtain enough nutrients and avoid
toxic or indigestible food (3, 14, 31).

Miridae bugs (Hemiptera) are important predatory insect species. Most of them show
high preying rates and are capable of finding and colonizing new habitats due to their
dispersing capacity (27). Approximately 20 species are currently commercialized worldwide
as biocontrol agents against whiteflies, eggs and small larvae of lepidopterans, among other
horticultural pests (41). Particularly for the biological control of the South American tomato
pinworm, Phthorimaea absoluta (Meyrick) (Lepidoptera: Gelechiidae), a Neotropical pest
that has invaded the European, African, and Asian continents, several mirid species are
main predatory agents (4, 7, 9, 10, 19, 23, 28, 38, 40).
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Tupiocoris cucurbitaceus Spinola (Hemiptera: Miridae) has been reported in the
Americas preying mainly on whiteflies (17, 29). High predation rates and pest kill rates
were later examined for this predatory bug over a range of prey species: the whiteflies
B. tabaci and Trialeurodes vaporarioum (Westwood) (Hemiptera: Aleyrodidae), the green
peach aphid, Myzus persicae (Sulzer) (Hemiptera: Aphididae), the two-spotted spider mite,
Tetranychus urticae Koch (Acari: Tetranychidae), and eggs of three lepidopteran species,
the Mediterranean flour moth, Ephestia kuehniella Zeller (Lepidoptera: Pyralidae), the
Angoumois grainmoth, Sitrotroga cereallela Olivierand P. absoluta (Lepidoptera: Gelechiidae)
(8, 22, 23, 44). Besides, E. kuehniella eggs are also applied under a prey-enrichment
technique to allow the establishment of mirids, as for the use of N. tenuis to control
P, absoluta in Spain (40, 41). T cucurbitaceus has been recently developed as a commercial
biocontrol agent in Argentina and Uruguay against whiteflies and P. absoluta. To improve its
establishment, releases are performed along with E. kuehniella eggs as supplementary food
(1, 18, 35). In this research, we aimed to explore T. cucurbitaceus prey-searching behavior
and feeding preference when offered simultaneously P. absoluta and E. kuehniella eggs, and
T vaporariorum nymphs. This information could help better assess the performance of this
generalist predatory mirid in tomato crops as biocontrol agent of P. absoluta.

MATERIALS AND METHODS

Plant and insect materials

Tomato plants, Solanum lycopersicon L. (Solanales: Solanaceae), Elpida variety Enza
Zaden, The Netherlands, were cultivated at the Centro de Estudios Parasitolégicos y de
Vectores (CEPAVE, CONICET-UNLP-Asociado CICPBA). Tomato seedlings were individually
transplanted to 1 l-plastic pot, watered daily, and kept free of insect pests by protecting
them inside 60 x 40 x 40 cm (length x width x height) white voile cages (BioQuip Inc., USA).
Plants used in P, absoluta, T. cucurbitaceus, and T. vaporariorum colonies and experiments
had 4-5 expanded leaves.

Tupiocoris cucurbitaceus colony was initiated with individuals collected from organic
tomato crops in farms located near the La Plata Horticultural Belt (N Buenos Aires province,
Argentina). Insects were maintained in a controlled environment walk-in rearing room at
25 + 2°C, 60 + 10% RH, 14:10 L:D. Identifications of T cucurbitaceus were confirmed by
taxonomists at La Plata Museum (Entomology Department, School of Natural Sciences and
Museum, National University of La Plata). To obtain individuals of T. cucurbitaceus of known
age for the tests, 30 cohorts were reared in a white voile cage along with a potted tomato
plant (as described above). Ephestia kuehniella eggs provided by Brometan SRL (Argentina)
and commercial bee pollen were spread ad libitum on the leaves as food, and distiller
water was provided in soaked sponge pieces inside containers. Oviposition on leaves was
allowed for 24 h, and later the plant was placed in a new cage to start a cohort and replaced
with a fresh one. Once nymphs emerged, they were fed as adults until they reached the
developmental stages needed for the trials (4-5% instar nymphs or adults) (6). To obtain
P, absoluta eggs, a colony was initiated by maintaining bouquets of tomato leaves infested
with moth larvae collected from the field placed in white voile cages. Once pupae were
formed, they were transferred to a new cage until moths emerged. Adults were provided
with a honey solution (70%) and allowed to mate. Potted tomato plants were offered daily
as oviposition substrate and those replaced were held in clean voile cages (30). A uniform
cohort of 24 h-old eggs was used in the experiments. T vaporariorum nymphs used in the
feeding preference experiment were obtained from adults captured in tomato crops using a
manual aspirator and transported to the laboratory for identification (26). Then, they were
released in white voile cages and provided with potted tomato plants, to lay eggs (37). Once
they hatched, development was checked and after 15 days revised every 24 h to collect late
instar nymphs for the assays.
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Prey searching behavior assay

To assess T cucurbitaceus food searching capacity, a three-treatment experiment was
set up, considering developmental stage and sex: 1) late (4-5% instars) nymph, 2) 7-d adult
coupled female, and 3) 7-d adult coupled male. Individuals were isolated from the cohort
and kept starved for 24 h before performing the assays in plastic Petri dishes (diameter:
5 c¢m, height: 1 cm), provided with small, moistened cotton pieces as water sources.

The experimental unit consisted of a plastic container (diameter: 9 cm, height: 5 cm)
with a tomato leaflet on 1-cm layer of water agar (1%) to maintain its turgidity. Three
different prey patches were offered simultaneously to one T. cucurbitaceus individual: the
target patch (TP) containing 30 P. absoluta eggs (24 h old) and two non-target patches
(NTP) with 30 E. kuehniella eggs and 5 T vaporariorum nymphs (late instar), respectively
(figure 1). Since we were interested in determining the predatory action of T cucurbitaceus
on P, absoluta, we considered this species as a TP while the other prey species were treated
as NTP. To avoid food depletion during the experiment, the quantity of P absoluta and
E. kuehniella eggs offered was estimated based on previous diet reports by Burlaetal. (2014),
Lopez et al. (2019) and Duarte et al. (2022) for T cucurbitaceus, Macrolophus basicornis
(Stal) and Engytatus varians (Distant) (Hemiptera: Miridae), respectively. The number of
T vaporariorum nymphs used in the experiment was based on T. cucurbitaceus food uptake
registered by Burla et al. (2014). Patches of prey were carefully deposited on the leaflet
using a fine brush with the aid of a stereoscope microscope and placed at equidistant points.
The quality of all prey items was checked before starting the trial to discard collapsed eggs
or dead whiteflies. Each treatment was replicated 15 times and experimental units were not
re-utilized.

T vaporariorum
T. cucurbitaceus nymph
nymph or adults

P, absoluta
eggs

E. kuehniella
eggs

Figure 1. Assembly of the experimental unit to analyze the predation behavior of
Tupiocoris cucurbitaceus on three types of prey exposed in patches on a fresh tomato
leaflet and maintained on a layer of agar-water.

Figura 1. Esquema de la unidad experimental para analizar el comportamiento de
depredacion de Tupiocoris cucurbitaceus sobre tres tipos de presas expuestas en parches
sobre un foliolo fresco de tomate y mantenidos con una capa de agar-agua.

Prey searching behavior was studied for 30 min using the software EthoVision® XT
(Noldus, The Netherlands) which videotapes and analyzes animal activity inside an arena.
Various steps were followed to calibrate the recording of T cucurbitaceus when visiting
the food patches or the time they spent outside the patches (i.e., clean parts of the leaflet).
Observations were made between 10 am and 2 pm. Environmental conditions remained
similar for all replicates during the trial (25+2°C and 60+10% RH).
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Four behavioral descriptors were evaluated: 1) time spent in each of the three food
patches or on the clean leaflet, 2) accumulated time of T. cucurbitaceus nymphs and adults in
movement or non-movement, 3) visit frequency (first visit to TP and NTP), i.e., the number
of times that the predator entered the patch, and recurrent visit or re-visits to TP, and 4) the
maximum number of times predators alternated among patches. Given our interest in mirid
behavior concerning that prey, only revisits to the TP (i.e., with P absoluta) were considered.
Thus, we set out the trial to analyze whether T cucurbitaceus, after choosing TP as the first
option, decided to revisit more frequently, i.e., whether the predator preferred that food, or not.

Feeding preference assay

The feeding preference of T cucurbitaceous nymphs, females, and males at 30 min
and then for 24 h was evaluated by registering the number of preyed lepidopteran eggs
or whitefly nymphs (figure 1, page 100). The number of preys consumed at 30 min was
counted by removing predators from the experimental unit and keeping in labelled
Eppendorf tubes, then restored to its unit. Later, all units were placed in a rearing
chamber (I501PF, SEMEDIX, Argentina) at controlled temperature, relative humidity, and
photoperiod conditions (25 # 1°C, 65 + 5% RH, 14:10 L:D) to check prey consumption at
24 h, without food replacement. After the end of the trial, the experimental units were
checked to record preyed food using a stereoscopic microscope (Nikon SMZ1270) to
observe and count the remains of eggs and nymphs caused by the stylets of the mirid. The
occurrence of phytophagous behavior was checked by observing the presence of feeding
punctures in leaflets (38). Preference was observed at 30 min since we aimed to discern
whether the starvation period could influence the first food election for the predator.
Instead, consumption at 24 h could bring information on prey choice when prey density
decreased.

Statistical analysis

The time spent by individuals in the clean leaflet or prey patches was analyzed with a
Generalized Linear Mixed Model (GLMM) using Ime4 package and glmer function (2) with
the type of patches and developmental stage, i.e., late nymph, female and male adults as
fixed factors and the individual as a random factor. The accumulated time of T cucurbitaceus
nymphs and adults in movement or non-movement was measured as the proportion of the
timein movement /thetotal time ofthe experiment (18005s) (response variable) and analyzed
using Beta regression with betareg package (12), being the stage of predatory individuals
(nymphs, female, and male adults of T cucurbitaceus) the predictive factor. The frequency of
the first visit to TP or NTP was analyzed using 2 x 2 contingency tables with Fisher’s exact
test for each developmental stage and sex of T. cucurbitaceus separately. Then, since the study
was aimed to evaluate the feeding preference of this predator on P. absoluta, compared with
other two possible prey items, we evaluated the frequency of those individuals who revisited
the TP after visiting that TP as its first choice using 2 x 2 contingency tables with Fisher’s
exact test. The maximum number of food patch alternations was analyzed by Kruskal-Wallis
test because the data was not normal. Then, Dunn'’s test checked for significant differences
among factor levels with a p-value adjusted by the Benjamini-Hochberg method for multiple
comparisons.

Considering the feeding preference assay, the proportions of prey eaten at 30 min were
compared using Manly’s Alpha index without prey replacement (25), as follows:

ri 1

a; = — -
ni m¥]
1 n]
where
ai = Manly’s Alpha index for prey i
ri, rj = Proportion of prey type i
jinthediet(iandj=1,2,.., m)
ni, nj = Proportion of prey type i and j in the environment
m = number of prey types possible
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The Manly’s Alpha index varies between 0 and 1, and because in this study three types of
prey were offered, values of a = 0.33 indicated no preference, greater than 0.33 a preference,
and lower than 0.33 a rejection. The number of prey of each food type consumed at 24 h
was calculated as the number of prey alive after 24 h - the initial number of offered prey.
Then the proportion of consumed prey (i.e., the number of individuals of each prey type
consumed / the number of individuals of that prey type alive after 24 h) was analyzed
using a logistic model (binomial family, logit link function), with the individuals (4-5" instar
nymphs, females, and males of T cucurbitaceus) and the type of prey (P. absoluta eggs,
T vaporariorum nymphs, and E. kuehniella eggs) as the predictor variables. All analyses
were carried out using R software (36).

RESULTS

Prey searching behavior

Predators spent significantly more time on the clean leaflet than in any of the food
patches (x2= 57.44; df= 3; P<0.001), with females spending more time outside of food
patches than 4-5" nymphs and males (x2= 6.5; df= 2; P= 0.04). When present on food
patches, all predators spent a similar amount of time on any of the three sources (figure 2).
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Figure 2. Time (s) elapsed in the different food patches
(P, absoluta eggs, E. kuehniella eggs, and T. vaporariorum nymphs) by T cucurbitaceus
individuals (4-5" instar nymphs, females, and males) in 30 min.

Figura 2. Tiempo (seg) transcurrido por individuos de T cucurbitaceus
(ninfas de 4-5° estadio, hembras y machos) en los diferentes parches de alimento
(huevos de P, absoluta, huevos de E. kuehniella y ninfas de T. vaporariorum)
en 30 min de observacidn.
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Regarding walking activity, all predatory individuals remained still for almost the 30 min
tested, except for more active males (x2= 25.07; df= 2; P<0.001). Given the small size and
coloration of these insects -particularly nymphs-, on some occasions, the software was
unable to detect activity responses (either moving or not moving). Failure was about 180 s
for nymphs, while for adults of both sexes, the error was lower (<50 s).

The frequency of first visits to the TPs (P. absoluta eggs) and NTPs (E. kuehniella eggs and
whitefly nymphs) was similar for all T cucurbitaceus individuals (females: P= 0.08, males:
P= 0.13, nymphs: P= 0.5). Mirid nymphs and males returned to the TPs independently of
their first visit to that patch (males: P= 0.13, nymphs: P= 0.5). Females did not re-visit TPs
(P= 0.04) (figure 3). In addition, males of T cucurbitaceus showed a higher frequency of
interchanges among patches than females and nymphs (x2= 15.25; df= 2; P<0.001).

B 1°visit TP ™ 1° visit NTP Re-visits at 1° visited patch (TP)
70 A

60 A
50 -
40 -

30 A

Frequency (%)

20 A

4-5 instar nymphs females males

T. cucurbitaceus individuals

Figure 3. Frequency (%) of first visit to the target patch (P, absoluta eggs) and non-target
patch (E. kuehniella eggs and T. vaporariorum nymphs), and re-visits to the target patch
when it was the first patch visited by individuals of T. cucurbitaceus (4-5" instar nymphs,
females, and males) in 30 min. TP: target patch, NTP: non-target patch.

Figura 3. Frecuencia (%) de primera visita al parche blanco (huevos de P, absoluta) y
parche no blanco (huevos de E. kuehniella y ninfas de moscas blancas), y revisitas al
parche blanco cuando este fue el primer parche visitado por individuos de T. cucurbitaceus
(ninfas de 4-5° estadio, hembras y machos) en 30 min de observacidn.

Feeding preference

During the 30 min trial, all T cucurbitaceus individuals tested consumed more
T vaporariorum nymphs, while predatory nymphs also fed on P. absoluta eggs and females
did on E. kuehniella eggs. Besides, T. cucurbitaceus nymphs and males rejected feeding on
E. kuehniella eggs (figure 4, page 104). After 24 h trial, T cucurbitaceus nymphs ate more eggs
of P absoluta than females and males. Mirid nymphs also consumed a greater proportion of
E. kuehniella eggs and T. vaporariorum nymphs than females and males except for the latter
which mainly fed on whitefly nymphs (table 1, page 104; figure 5, page 105).

At the beginning of the experiment, all 24 h starved nymphs and adults of T. cucurbitaceus
practiced phytophagy on the leaflet immediately after being placed in the experimental unit
even in the presence of prey. However, no direct leaf injury was registered after feeding.
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Figure 4. Preference Index (Manly’s a) of 4-5 instars nymphs, females, and males of
T cucurbitaceus for P. absoluta and E. kuehniella eggs, and T vaporariorum nymphs, after

the first 30 m of the trial.

Figura 4. Indice de preferencia (a« de Manly) de las ninfas de 4-5° estadio, hembras
y machos de T. cucurbitaceus por huevos de P. absoluta y E. kuehniella y ninfas de
T vaporariorum luego de 30 min de iniciado el ensayo.

Table 1. Results of the ANOVA of the logistic model (binomial family)
to analyze the proportion of different prey eaten by T. cucurbitaceus
(4-5 instar nymphs, females, and males) after 24 h.
Tabla 1. Resultados del ANOVA del modelo logistico (familia binomial) para
analizar la proporcién consumida de las diferentes presas por T. cucurbitaceus
(ninfas de 4-5° estadio, hembras y machos) al cabo de 24 h.

df deviance resid. df | resid. deviance P-value
Null model 140 1547.48
Prey 2 9.53 138 1537.95 0.008
Individuals 2 793.63 136 744.32 <0.001
Prey x Individuals 4 86.96 132 657.37 <0.001
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Figure 5. Proportion (mean) of each prey item eaten by T. cucurbitaceus
individuals (4-5" instars nymphs, females, and males) in 24 h.

Figura 5. Proporcién (promedio) de cada item de presa consumido por individuos de
T cucurbitaceus (ninfas de 4-5° estadio, hembras y machos) en 24 h.

DISCUSSION

In this study, we present novel knowledge on the feeding habits of T cucurbitaceus,
a biocontrol agent of P absoluta and whiteflies. The results confirmed the generalist
feeding behavior of T cucurbitaceus since the different developmental stages tested did
not show clear patterns for food search. Mirid males searched for and consumed more
T vaporariorum. Tupiocoris cucurbitaceus nymphs also initially preferred whiteflies
nymphs, but after 24 h consumed more lepidopteran eggs. Notably, T cucurbitaceus
females avoided P absoluta eggs when first presented and ate all prey items in a similar
proportion. As a result, the depletion of the mostly consumed prey across the experiment
(observed in the 24 h trial) could force them to choose other available prey. This may indicate
that, in the field, T cucurbitaceus will consume the more abundant prey species. Likewise,
Jaworski et al. (2013) showed that Macrolophus pygmaeus Rambur (Hemiptera: Miridae)
was able to switch feeding from B. tabaci to P. absoluta depending on their relative numbers.
These results stress the importance of evaluating simultaneous prey offers to corroborate
the in-field effectiveness of entomophagous biocontrol agents. Other studies proved that
in a single-prey system, T cucurbitaceus showed a greater consumption rate of P. absoluta
eggs than those fed on B. tabaci and M. persicae nymphs, and T urticae adults (23). Urbaneja
et al. (2009) also found high consumption of P absoluta eggs by other two mirids,
Macrolophus pygmaeus Rambur and Nesidiocoris tenuis Reuter.

Zoophytophagy is an important aspect to consider when using predators as biological
control agents (11, 34). Interestingly, starved 4-5% nymphs and adults of T. cucurbitaceus
consumed plant tissue before feeding on prey but this behavior did not result in noticeably
injury to the leaflet. Similarly, non-damaging feeding habit was also reported previously for
this mirid species tested on tobacco Nicotiana tabacum L. and tomato plants without adding
any prey (8). However, the potential plant injury caused by T. cucurbitaceus should be more
thoroughly evaluated to discard effects on the crop yield.
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In sum, meticulous studies on diet breadth of generalist predators should avoid failures
in biocontrol programs (42). Currently, two mirid species, M. pygmaeus and N. tenuis, have
proved to be successful in control programs in Europe against the tomato moth P. absoluta
(13). In Brazil, several studies showed other hemipteran species such as Macrolophus
basicornis (Stal), Engytatus varians (Distant), Campyloneuropsis infumatus (Carvalho),
(Hemiptera: Miridae), and Podisus nigrispinus (Dallas) (Hemiptera: Pentatomidae) as
promissory biological control agents of this pest (5, 7, 38, 43). Notably, T. cucurbitaceus is a
dominant predatory species in northern Buenos Aires horticultural crops, co-occurring with
T vaporariorum and P. absoluta populations (29) allowing strategies for its augmentation
and conservation to improve pest control. This study and others (22, 23, 24, 44) highlight
the value of native beneficial fauna and the importance of preserving their natural presence
in crops to contribute to IPM programs. In that context, we are currently assessing the
potential of other entomophagous insects of P absoluta as biological control agents,
including intraguild predation interaction studies.

CONCLUSIONS

Results confirmed the generalist feeding behavior of T. cucurbitaceus since the different
developmental stages tested in the laboratory did not show clear patterns when searching
for the prey items offered. This finding could indicate that, in the field, this predatory
species will consume the more abundant prey species, evidencing the importance of
evaluating simultaneous prey offers to corroborate biocontrol effectiveness under crop
conditions. Since we observed modest leaf consumption by T. cucurbitaceus in laboratory
trials, the potential plant injury should be more thoroughly evaluated to discard effects
on crop yield. We are currently assessing the potential of other entomophagous insects of
P absoluta as biological control agents, including intraguild predation interaction studies.
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