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Simple Summary: We tested complex tri-trophic level interactions among a crop plant, a pest, and its
natural enemy to maximize plant protection by compatible, combined contributions of crop resistance
and biological control. Fitness components of the predatory bug Orius laevigatus were inferior to
Phthorimaea absoluta-resistant tomato genotypes. These findings support the idea that biological
control and crop resistance are incompatible in this system and highlight the need to consider
biological control agents when developing crops for pest resistance. In sustainable integrated pest
management systems, only the complementary actions of pest-resistant crops and biological controls
could offer reliable and cost-effective plant protection.

Abstract: Complex interactions between host plant resistance (HPR) and biological control agents,
particularly omnivorous predators, can shape the outcome of an integrated pest management (IPM)
program. However, such interactions are seldom explored during plant breeding programs. There-
fore, in the present study, we compared the performance of the omnivorous biological control agent
Orius laevigatus on six tomato genotypes with different levels of resistance to the tomato leaf miner
Phthorimaea absoluta. We found that the O. laevigatus fitness components (i.e., egg deposition, egg
hatching rate, and duration of egg, early nymphal, late nymphal stages, and their survival) were
inferior on the wild resistant genotypes (LA 716 and LA 1777) in comparison to the resistant domes-
ticated genotype EC 620343 and the susceptible genotypes (EC 705464 and EC 519819). It appears
that the adverse effects of tomato genotypes on O. laevigatus are determined mainly by glandular
and non-glandular trichome densities on the leaves. Comparison of O. laevigatus response to the
tested tomato cultivars to that of P. absoluta revealed significant positive correlations in duration of
the egg stages, development time of early and late larval stages, and overall immature mortality
in both species. It appears, therefore, that defensive plant traits operate in a similar way on the
pest and its predator in the system. Overall, the present study of the tomato-P. absoluta-O. laevigatus
system provides experimental evidence for the need to optimize pest management by employing
intermediate levels of crop resistance together with biological control agents.

Keywords: host plant resistance; biological control; tomato genotypes; tri-trophic interactions

1. Introduction

A wide range of defense mechanisms are employed by crop plants against herbivorous
pests and diseases [1]. In turn, these defenses may interact with other plant protection
agents in integrated pest management (IPM) systems [2]. As a result, interactions between
biological control agents and host plant resistance (HPR) often shape the efficacy of sus-
tainable IPM programs [3,4]. This is particularly important for biological control agents,
such as predators and parasitoids. Yet, the outcome of such interactions depends on the
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operating direct and indirect effects and the mode of action of plant resistance traits on
biological control agents as well as other biotic stressors [4-6].

Some resistance mechanisms that protect plants from herbivorous insects may harm
or repel beneficial predatory insects, making HPR and biological control partially incom-
patible [7,8]. For example, plant resistance may have an adverse impact on natural enemies
when toxic secondary plant compounds are passed on to natural enemies through the
pest, resulting in prey-mediated indirect effects [9,10]. Furthermore, the effectiveness of
natural enemies may be compromised by plant physical structures, such as leaf toughness,
cuticle thickness, leaf waxy surface, and trichomes host plant-mediated direct effects [11].
In contrast, natural enemies often use herbivore-induced synomones emitted by crop plants
to find and attack pests [12-15], and partial plant resistance may benefit natural enemies
by reducing the growth rate of pests, thus making them susceptible to predation for a
longer time [11,16]. Taken together, it is important to assess plant-pest-natural enemy
interactions in crop protection programs when both host plant resistance and biological
control are employed [17]. Yet, the negative effects of crop resistance traits on parasitoids
and predators have largely been ignored during the development of insect-resistant crop
varieties [7].

Tomato (Solanum lycopersicum L.) is the world’s most important vegetable crop [18].
However, its production is hampered by several biotic stressors, including insects, pathogens,
and nematodes [19-22]. One of the major insect pests of tomato worldwide is the tomato
leaf miner Phthorimaea (=Tuta) absoluta (Meyrick) (Lepidoptera: Gelechiidae), which feeds
on leaf parenchyma at the larval stage, thus creating visible blotches [23]. The development
of P. absoluta-resistant tomato cultivars is a sustainable alternative to insecticide applica-
tion [1,9,24,25]. It is important, however, to make sure that the employment of resistant
crops is compatible with the activity of natural enemies in the system [26]; there is ample
evidence for the adverse effects of resistant genotypes on natural enemies [8,27]. Partic-
ularly susceptible to such negative effects of resistant crops are omnivorous predators
that feed on plant materials in addition to prey [28]. However, the ability of omnivorous
consumers to feed on plants and sustain viable populations when prey is scarce in the field
is desirable for biological control because they can then retard crop recolonization by the
pests [27,29,30].

In the present study, therefore, we tested the compatibility of P. absoluta-resistant
tomato genotypes to O. laevigatus. For the following reasons, we decided to use O. laevigatus
for the present study even though Orius performance on tomato plants is inferior compared
to that on other crop plants (e.g., [31]) and compared to that of mirid bugs on tomato [32,33]:
(i) Orius bugs are readily found in tomato fields, with more than 1700 published studies; (ii)
the performance of mirid bugs, such as Macrolophus and Nesidiocoris species, on tomato has
been studied extensively, with more than 5000 published papers; and (iii) we are aware
of only two studies of the effect of tomato resistance on Orius bugs [27,34]. Yet, these
studies explored the response of O. insidiosus and O. sauteri, respectively, to aphid- and
whitefly-resistant tomato, and it is well established that plant resistance to sucking insects
differs from that to chewing pests (P. absoluta in our study).

The flower bug Orius laevigatus (Fieber) (Hemiptera: Anthocoridae) is an omnivorous
generalist predator of tomato leaf miner and many other key agricultural pests [35]. How-
ever, the plant-feeding habits of omnivorous biological control agents, such as O. laevigatus,
make them particularly susceptible to plant defenses. In addition, O. laevigatus inserts its
eggs into leaf tissues, and its preference for oviposition sites is determined by plant charac-
teristics [36,37]. It was therefore important to test the compatibility of P. absoluta-resistant
tomato genotypes with O. laevigatus. Toward this goal, we compared fitness components,
such as oviposition rate, survival, and development, of O. laevigatus on P. absoluta-resistant
wild tomato genotypes, resistant domesticated genotypes, and susceptible domesticated
genotypes. In addition, we correlated O. laevigatus performance with glandular and non-
glandular trichome densities on the leaves. Finally, we correlated the performance of
O. laevigatus and P. absoluta on these plant genotypes [38]. Results of this study provide
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direct assessment of the compatibility of insect-resistant crop genotypes and an omnivorous
biological control agent.

2. Materials and Methods
2.1. Plants

Based on results obtained from an earlier screening for P. absoluta resistance in tomato [38],
we selected six tomato genotypes (accessions) for the present study: two resistant wild
genotypes (LA 716 and LA 1777), two resistant domesticated genotypes (EC 620343 and EC
631369), and two susceptible domesticated genotypes (EC 705464 and EC 519819). More
than 15 seeds of each of the accessions were treated with 1% sodium hypochlorite (Y. S.
Shion Ltd., Ashdod, Israel) for 30 min for sterilization and to break seed dormancy. After
treatments, seeds were washed with running autoclaved water, and then seeds of each
genotype were germinated collectively in a single plastic pot containing potting soil. The
accessions were grown for three weeks in potting soil at 25 &+ 2 °C in the greenhouse.

2.2. Insects

A stock colony of O. laevigatus was established with about one thousand newly
emerged adults obtained from BioBee (Sde Eliyahu, Israel). The bugs were reared in
ventilated plastic boxes provided with Ephestia kuehniella eggs [39] attached to sticky Post-
it® Note (5 cm x 2 cm). Fresh tender geranium shoots were provided to the bugs every
three days as water and food sources, as well as oviposition position medium. Egg-bearing
shoots were collected and used to maintain the colony and for the experiments until adults
survived [40]. The colony was maintained at 25 & 2 °C and ca. 70% RH.

2.3. Measure of O. laevigatus Fitness Components

Eight seedlings from each accession were transplanted individually in plastic pots and
used as replicates for a total of 48 potted plants in a no-choice experiment in the greenhouse
at 25 £ 2 °C. When the transplanted plants were 45 days old, 5-days old, single mated
O. laevigatus females were placed individually in clip leaf-cage (2 cm in diameter) (Figure 1)
that contained E. kuehniella eggs on a 0.25 cm? Post-it® Note. One leaf cage was set per
plant, attached to the epical leaflet of the third leaf from the top.

Figure 1. A clip leaf-cage with screened ventilated top.

Every 24 h and for 3 days, the caged females were moved to a new clip leaf-cage on
another leaflet within the same plant (for a total of 72 h oviposition period), thus preventing
exhaustion of oviposition sites and allowing us to monitor the newly emerged nymphs.
Three newly emerged nymphs from each plant were caged individually on the same plant
to prevent cannibalism. These nymphs were not provided with prey because we were
interested in maximizing the effect of tomato genotypes on their fitness; this simulated a
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pest-scarcity situation in the field. We then monitored the nymphs daily until they molted to
the adult stage or died. Therefore, three nymphs were monitored on each plant, replicated
eight times per genotype for a total of 144 nymphs. Early and late instar mortality were
determined from egg hatch to molting to the third instar, and from the molting to the third
instar to adult eclosion, respectively. These data were used to calculate the duration of
the egg, early, and late nymphal periods, total developmental time, early, and late-instar
mortality, and total immature mortality. At the end of the experiment, the number of
deposited eggs and the proportion of hatched eggs were determined for each clip cage
using a dissecting stereoscope.

2.4. Measure of Leaf Trichome Density

We followed Maiti et al. [41] to compare trichome densities on the leaves of the six
tomato genotypes used in the present study. Three 1 cm? samples were collected at random
from the third fully opened leaf from the top of each plant of the six genotypes. Each leaf
sample was placed in 20 mL water at 85 °C for 15 min. The samples were then placed in
96% ethyl alcohol (Gadot group, Netanya, Israel) at 80 °C for 20 min. The alcohol soaking
stage was repeated until all chlorophyll pigments were completely bleached off the leaves.
To clear the leaf samples, 90% lactic acid (Fluka Analytical, Sigma-Aldrich Co., St. Louis
MO, USA) was added to the test tubes containing leaf tissues, which were then sealed and
kept at 85 °C for approximately 30—45 min. A drop of lactic acid was used to mount the
cooled leaf samples onto microscope slides. An image analyzer was used under a stereo
zoom microscope to count the number of glandular and non-glandular trichomes per cm?
leaf area.

2.5. Correlation between O. laevigatus and P. absoluta Performance Variables

In this part of the study, we correlated the performance of P. absoluta (data from a
companion study [38]) and O. laevigatus (results of the present study) on the tested plant
genotypes to gain insight into the resistance mechanisms that underlie the effects of tomato
plants on these insects. We asked, do these plant genotypes have similar effects on the
various fitness components of the two insects? We therefore correlated the egg period (the
time required for an egg to hatch) of P. absoluta with that of O. laevigatus, developmental
time of early stages of P. absoluta and O. laevigatus, developmental time of late stages of
P. absoluta and O. laevigatus, and overall immature mortality of P. absoluta and O. laevigatus.

2.6. Data Analysis

The data were subjected to one-way analyses of variance (ANOVA; JMP 16). To meet
the ANOVA assumptions, percent mortality data were square root-transformed before
the analysis (JMP 16). Data that did not meet ANOVA assumptions (Levene test for
homogeneity of variance) were analyzed using Wilcoxon and Kruskal-Wallis test (Chi-
square test) (JMP 16). Means were compared using Tukey’s mean comparison test (JMP 16).
The six tomato genotypes studied were used as data points in the correlation analyses
of trichome vs. O. laevigatus performance, and P. absoluta vs. O. laevigatus performance
(Pearson’s correlation; JMP 16).

3. Results
3.1. Measure of O. laevigatus Fitness Components

Significant differences were detected among the six tomato genotypes in the number
of eggs laid by O. laevigatus females (F = 28.50; df = 5,42; p < 0.001; Figure 2A), egg hatching
rate (F = 2.91; df = 5,42; p = 0.024; Figure 2B), duration of egg stage (F = 5.42; df = 5,42;
p =0.001; Figure 3A), duration of early nymphal stages (F = 6.60; df = 5,42; p < 0.001;
Figure 3B), duration of late nymphal stages (F = 11.43; df = 5,42; p < 0.001; Figure 3C),
duration of total nymphal stages (F = 16.64; df = 5,42; p < 0.001), and total immature
development periods (F = 19.66; df = 5,42; p < 0.001; Figure 3D).
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Figure 2. Mean number (£SE) of eggs laid by Orius laevigatus in 72 h (A) and egg hatching rate (B) on
six tomato genotypes with different levels of resistance to Phthorimaea absoluta. Bars with shared
letters do not differ significantly (one-way ANOVA; Tukey test; p < 0.05). RWG = resistant wild
genotypes; RDG = resistant domesticated genotypes; and SDG = susceptible domesticated genotypes.
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Figure 3. Mean (£SE) egg period (A), early instars period (B), late instars period (C), and total
development period (D) of Orius laevigatus on six tomato genotypes of different levels of resistance to
Phthorimaea absoluta. Bars with shared letters within the panel do not differ significantly (one-way
ANOVA; Tukey’s test, p < 0.05). RWG = resistant wild genotypes; RDG = resistant domesticated
genotypes; and SDG = susceptible domesticated genotypes.

Tukey’s mean comparison test showed that all measured O. laevigatus fitness compo-
nents were inferior on the wild resistance genotypes LA 716, followed by the other tested
wild resistance genotypes LA 1777 and the domesticated resistant EC 620343. There was
a significant correlation between the number of eggs laid by O. laevigatus females in 72 h
and the proportion of egg hatched on each genotype (r = 0.75, p < 0.001). Likewise, tomato
genotypes had a significant effect on the mortality rate at the early nymphal stage (x? = 22.2;
df = 5; p = 0.001; Figure 4A) and total mortality (F = 2.19; df = 5; p = 0.024; Figure 4C),
but not at the late nymphal stage (x? = 4.01; df = 5; p = 0.548; Figure 4B). Survival curves
(Figure 5) indicate that most mortality occurs at the early developmental stages, and the
survivorship was highest on the susceptible domesticated genotypes followed by resistant
domesticated genotypes and resistant wild genotypes.
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Figure 4. Mean mortality (% =+ SE) of early instars (A), late instars (B), and total mortality to
adulthood (C) of Orius laevigatus on six tomato genotypes with different levels of resistance to
Phthorimaea absoluta. Bars with shared letters within the panel do not differ significantly (one-way
ANOVA; Tukey test; p < 0.05). RWG = resistant wild genotypes; RDG = resistant domesticated
genotypes; and SDG = susceptible domesticated genotypes.
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Figure 5. Survival curves of Orius laevigatus on Phthorimaea absoluta-resistant and susceptible tomato
genotypes: Resistant wild genotypes (LA 716 and LA1777), resistant domesticated genotypes
(EC 620343 and EC 631369), and susceptible domesticated genotypes (EC 705464 and EC 519819).

3.2. Trichome Density

Densities of glandular and non-glandular trichomes, and total leaf trichome density
(glandular + non-glandular) differed significant among the six studied tomato genotypes
(x* = 44.6, df = 5, p < 0.001; x> = 42.6, df = 5, p < 0.001; and x? = 44.2, df = 5, p < 0.001,
respectively; Figure 5). The density of glandular trichomes and total leaf trichomes were
highest on the wild resistance genotypes LA 716 and LA 1777, followed by the domesticated
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resistant EC 620343. In contrast, the density of non-glandular trichomes was highest on EC
631369, followed by EC 620343 and LA 1777 (Figure 6).
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Figure 6. Mean density (number per 1 cm? + SE) of glandular (A), non-glandular (B), and total
(C) trichomes on leaves of six tomato genotypes with different levels of resistance to Phthorimaea
absoluta. Bars with shared letters within the panel do not differ significantly (one-way ANOVA;
Tukey test; p < 0.05). RWG = resistant wild genotypes; RDG = resistant domesticated genotypes; and
SDG = susceptible domesticated genotypes.

3.3. Effect of Trichome Density on O. laevigatus Survival

A significant positive correlation was found between the total glandular trichome
density and early nymphal mortality and total immature mortality, and between total
trichomes and early nymphal mortality and total immature mortality (Table 1).

Table 1. Correlation between trichome density and immature O. laevigatus mortality on six
tomato genotypes.

Parameters r Value p Value
Glandular trichome vs. total mortality of O. laevigatus 0.47 0.003
Total trichomes vs. total mortality of O. laevigatus 0.49 <0.001
Total trichomes vs. early larval mortality of O. laevigatus 0.55 <0.001
Glandular trichome vs. early larval mortality of O. laevigatus 0.43 0.002

3.4. Correlation between O. laevigatus and P. absoluta Performance Variables

A significant positive correlation was detected between the duration of the P. absoluta
egg period and that of O. laevigatus, the development time of the early stages of P. absoluta
and O. laevigatus, the development time of the late stages of P. absoluta and O. laevigatus,
and the total immature mortality of P. absoluta and O. laevigatus (Table 2).
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Table 2. Correlation between O. laevigatus and P. absoluta performance on six tomato genotypes.

Parameters r Value p Value

Egg period of P. absoluta vs. egg period of O. laevigatus 0.96 0.003
Development time of early stages of P. absoluta vs. development

. . 0.89 0.019
time of early stages of O. laevigatus
Development time of late stages of P. absoluta vs. development time

. 0.92 0.011

of late stages of O. laevigatus
Total mortality of P. absoluta vs. total mortality of O. laevigatus 0.86 0.030

4. Discussion

Our study focused on the effects of plant-resistant traits on an omnivorous biological
control agent. In such systems, plant structural and chemical properties, such as trichome
type and density and plant secondary compounds, may directly influence the oviposition
site selection, development, and survival of players at the third trophic level [2,33,42]. Plant
chemical composition may be particularly important to the performance of omnivorous
consumers that feed on both prey and plant materials. Such omnivores may exhibit
retarded development and impaired survival and fecundity when they feed on defended
plants [34,43]. In addition, the efficacy of biological control agents may be inferior on crop
plants that are defended by glandular trichomes [34,44]. It was therefore important to
assess the direct effect of resistant crop genotypes on omnivorous predators of major pests
in the system [2]. Our results show that the zoophytophagous predator O. laevigatus had
the lowest egg hatch, longest development, lowest fecundity, and highest mortality on
the tested wild tomato genotypes that exhibit the highest level of resistance to its prey
P. absoluta. In addition, female bugs deposited significantly fewer eggs on P. absoluta-
resistant genotypes than on susceptible plants. Yang et al. (2022) [34] reported similar
results for O. sauteri on whitefly-resistant genotypes, suggesting that phytochemicals have
a direct adverse effect on a beneficial species and phytochemical-mediated resistance
can affect non-target insects. Additionally, they suggested that phytochemical-mediated
resistance has a potential ecological impact. Given that mortality and glandular trichome
density in our study have a negative correlation, phytochemicals may have an impact on
the bug’s fitness.

Resistance properties of crop plants, such as glandular trichomes, often have a signifi-
cant direct defensive role; they hinder oviposition and retard pest feeding and foraging.
However, such plant defensive traits may also hamper indirect plant defenses provided by
the natural enemies of these very pests [2,34,45-49]. Indeed, we found that the density of
glandular trichomes was positively correlated not only with pest resistance (i.e., P. absoluta)
but also with inferior performance of O. laevigatus. It seems that overall, O. laevigatus has
a greater potential to rapidly build high population densities on P. absoluta-susceptible
tomato genotypes due to its shortest life cycle, higher fecundity, and lowest mortality. The
negative impact of trichomes on both P. absoluta and its predator may be magnified further,
because higher trichome density on tomato stems may retard insect movement among
plant parts [50-52]. Nonetheless, we found that the adverse effect of plant resistance on
O. laevigatus mortality was more pronounced in early (first and second) than late instars
(third—fifth). These results may be attributed to the greater dependency of the early stages
of this omnivore on plant-provided nutrients compared to the later stages, which rely more
on prey diet [53,54].

The positive correlations we detected between the duration of the egg period in
P. absoluta and O. laevigatus, the development time of early and late immature stages of
P. absoluta and O. laevigatus, and the total mortality of P. absoluta and O. laevigatus strongly
suggest that similar plant defense mechanisms operate on the two players that occupy
different trophic levels. This conclusion is supported by the plant-feeding habits of this
omnivorous predator [30]. From an ecological standpoint, the most important concern
is how plant feeding impacts omnivores’ ability to suppress prey on defended plants.
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Foraging theory holds that to meet their energy and nutrient requirements, omnivorous
consumers should mix various plant and prey food sources in their diets [55]. There
is much evidence that adding plant materials to their diet often enhances omnivores’
development [56], longevity [57], and fecundity [57-59] and alters their dispersal and
distribution in the habitat [60,61]. The fact that omnivorous predators feed on a wide variety
of foods and switch between prey and plant resources may also significantly influence
their effects on herbivore populations [62-65]. For example, herbivores are released from
predation when their omnivorous predators feed on high-quality plant materials, such
as pollen [66-69]. Therefore, plant feeding may reduce prey consumption by individual
omnivores. However, at the population level, incorporating plants in their diet often
leads to higher predation because of enhanced reproduction, development, and survival
that result in higher overall omnivore population size [30]. In turn, a decrease in plant
quality is expected to increase predation by individual omnivores [65,70-72]. Therefore,
it is important to quantify diet preferences by omnivorous predators and the impact that
plant feeding has on their numerical response to changes in prey density [70-72].

The present study suggests that an intermediate, rather than maximal, level of HPR
should be employed in integrated pest management programs in tomatoes [34,73]. Such
optimal levels of resistance would reduce pest density to some extent but would not harm
the natural enemies in the system, which would then further suppress pest populations.
This was reported, for instance, for aphid populations on resistant Vicia faba; pest population
was lowest even though Coccinella septempunctata predators had an increased development
time and decreased fecundity on these plants [74]. Likewise, control of the Mexican bean
beetle Epilachna varivestis was improved when resistant soybean cultivars were employed
together with the biological control agent Podisus maculiventris, although this predator was
less effective on resistant plants compared to susceptible plants [75]. Such an approach,
therefore, would maximize plant protection by synergizing the desirable impacts of HPR
and biological control. Further research on the tomato-P. absoluta-O. laevigatus system is
needed to assess the individual and combined impacts of crop resistance and biological
control on pest populations.

5. Conclusions

The tested fitness components of O. laevigatus were inferior to the P. absoluta-resistant
tomato genotypes. These results suggest that biological control and crop resistance are
incompatible in this system and provide strong evidence for the need to consider the action
of biological control agents when breeding crops for pest resistance. Only compatible action
of HPR and biological control could provide dependable and economical plant protection
in sustainable integrated pest management systems.
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