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Studies that focus on understanding complex interactions among resistant plants, herbivores, and their
natural enemies are fundamental to elucidating whether plant herbivore defenses impose beneficial,
adverse, or neutral effects on natural enemies. The impacts of resistant plant genotypes on natural ene-
mies can determine the feasibility of integrating host plant resistance with biological control in IPM pro-
grams. We investigated direct and indirect effects of tomato trichomes on the predatory stink bug Podisus
nigrispinus by assessing the development, predatory capacity, and foraging behavior of bugs fed Tuta
absoluta larvae reared on resistant and susceptible tomato genotypes in both the presence and absence
of the plant. We also characterized and quantified glandular leaf trichomes on the tomato genotypes
to assess correlations between these and observed effects on the predator. The resistant tomato genotype
did not affect P. nigrispinus development in the absence of the plant, but survival, adult longevity, number
of larval prey consumed, and foraging behavior were all negatively impacted in the presence of resistant
plants. These negative effects on P. nigrispinus were associated with higher densities of type I and type IV
glandular leaf trichomes on resistant plants compared to susceptible ones. We infer that resistant geno-
types possessing high densities of glandular trichomes, especially those of type I and IV, could be antag-
onistic to biological control of T. absoluta by P. nigrispinus in tomato fields. Additional research is
warranted to assess other effective and environmentally safe control methods for integration with
P. nigrispinus biological control in tomato IPM.
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1. Introduction

The tomato leafminer, Tuta absoluta (Meyrick) (Lepidoptera:
Gelechiidae), has long been considered one of the major pests of
tomatoes, Solanum lycopersicon L., in South America. It has also
become a major threat to tomato production in Europe, Africa,
and Eurasia after its recent introduction to these regions
(Desneux et al., 2010, 2011; Galdino et al., 2015). Larvae of T. abso-
luta can injure both the leaves and fruits of tomatoes, ultimately
leading to reductions in yield (Desneux et al., 2011; Tropea
Garzia et al.,, 2012; Galdino et al., 2015). Nigeria, for instance,
recently reported losses of about US$ 3.5 million caused by T. abso-
luta (Opara, 2016). In order to mitigate losses, insecticides have
been heavily applied to tomatoes (Siqueira et al., 2000). However,
chemical control has not been completely effective and a number
of problems have arisen from frequent applications, especially
the evolution of insecticide-resistant T. absoluta populations
(Siqueira et al., 2001; Silva et al., 2011; Roditakis et al., 2015) as
well as detrimental impacts on natural enemies (Gentz et al.,
2010; Biondi et al., 2013; Abbes et al., 2015).

There has been much effort in recent years to integrate multiple
control tactics in crop pest management programs. Many studies
have focused on understanding tritrophic interactions among
plants, herbivores, and their natural enemies (Zanuncio et al.,
2012; Bottega et al., 2014; Jesus et al., 2014; Pérez-Hedo et al.,
2015; Naselli et al., 2016). Understanding the behavioral and eco-
logical roles of natural enemies in complex multitrophic interac-
tions with herbivores and plants is of great importance for
effective use of natural enemies in IPM programs.

Various species of Asopinae stink bugs (Heteroptera: Pentato-
midae) have proven promising as biological control agents of insect
pests (Molina-Rugama et al., 1997; Vivan et al., 2002). Stink bugs of
the genus Podisus are generalist predators found in various ecosys-
tems that prey preferentially on lepidopterous larvae (De Bortoli
et al.,, 2011; Vacari et al., 2012). In Brazil, Podisus nigrispinus (Dal-
las) preys on a variety of insect pests infesting numerous crops,
including pests of tomatoes such as tomato leafminer (De Clercq,
2000). P. nigrispinus has demonstrated great potential for preying
on T. absoluta larvae in the laboratory (Vivan et al., 2002), and
therefore this predator can be regarded as a potential biocontrol
agent of T. absoluta in tomato IPM, especially in European, African,
and Eurasian countries where the pest is recently invasive. De
Clercq et al. (2000) reported that P. nigrispinus feeding behavior
varied according to host plant of the prey, and that its functional
response to larvae of Spodoptera exigua (Hiibner) differed on
tomato plants compared to eggplant and sweet pepper.

Host plant resistance can be an important component of IPM
programs. Resistant plants can help maintain pest populations
below economic injury levels and are usually compatible with
other control methods, in addition to being environmentally safe
(Smith, 2005). Sources of resistance to several insect pests have
been identified in wild tomato species (Baldin et al., 2005;
Oliveira et al., 2012; Bottega et al., 2015), and the corresponding
genes have been introgressed into commercial cultivars. For exam-
ple, tomato plants possess glandular trichomes that accumulate
metabolites toxic to herbivorous insects (Schilmiller et al., 2008;
Weinhold and Balwin, 2011). The wild tomato relative Solanum
habrochaites Knapp & D.M Spooner expresses the allellochemical
2-tridecanone (2-TD) in glandular trichomes, a compound toxic
to arthropod pests, including T. absoluta (Maluf et al., 1997;
Gongalves et al,, 1998; Oliveira et al., 2012). Since the presence
of glandular trichomes can adversely affect insect development,
this common resistance trait warrants investigation for possible
effects on the predator P. nigrispinus.

In view of the possibility of integrating resistant tomato geno-
types and biological control against T. absoluta in tomato IPM pro-
grams, studies on the plant-herbivore-natural enemy complex are
necessary to elucidate whether the effects of defensive traits in
resistant tomatoes are beneficial (Ruberson et al., 1986), adverse
(Vivan et al., 2003), or neutral (Valicente and O’Neil, 1995) to
tomato leafminer natural enemies. Traits that defend plants
against herbivory may render pests more susceptible to natural
enemies, insectides, and/or abiotic mortality factors. However,
resistance traits also may be deleterious to natural enemies. To
date, little is known about the interactions among resistant toma-
toes, the tomato leafminer, and predatory stink bugs, interactions
that should be carefully examined prior to use P. nigrispinus as a
biocontrol agent.

In this study, we investigated tritrophic interactions among
genotypes of tomatoes, T. absoluta, and P. nigrispinus by assessing
the development, predatory capacity, and foraging behavior of
the bug on T. absoluta larvae reared on resistant and susceptible
tomato genotypes. In addition, we characterized and quantified
glandular trichomes on leaves of the resistant and susceptible
tomato genotypes and correlated their presence with effects on
P. nigrispinus.

2. Materials and methods
2.1. Experimental conditions

Experiments were carried out at the Department of Crop Protec-
tion, Sdo Paulo State University (Unesp), School of Agricultural and
Veterinarian Sciences, Campus Jaboticabal, in Jaboticabal county,
state of S3o Paulo, Brazil. Insect rearing and all laboratory experi-
ments and bioassays were conducted in a climate-controlled room
set to 25+ 1°C, 70+ 10% RH, and 12:12 L:D photoperiod (]. Prolab,
Sdo José dos Pinhais, PR, Brazil). Assays to evaluate behavior of the
predator on resistant and susceptible plants and reductions of T.
absoluta injury in the presence or absence of the biocontrol agent
were conducted in a greenhouse. under ambient temperature,
humidity, and lighting (23-35°C, 55-72% RH, and ~14:10 L:D
photoperiod).

2.2. Plants

Two tomato genotypes were used in assays: Pl 134417 of the
wild species S. habrochaites, (resistant genotype) and the commer-
cial S. lycopersicum cultivar Santa Clara (susceptible genotype).
These genotypes were previously screened for resistance to T. abso-
luta and classified as moderately antibiotic and highly susceptible,
respectively (Bottega et al., 2015). Seeds of both plants were sown
in polystyrene cell trays filled with commercial potting mixture
and seedlings were transplanted into 3-L-plastic pots filled with
soil, sand, and organic substrate at 3:1:1 ratio ~1 month after ger-
mination. The plants were watered daily and maintained in the
greenhouse until use in the assays.

2.3. Insect rearing

A colony of T. absoluta was maintained in the laboratory on a
natural diet of tomato leaves for ~2 years following the methodol-
ogy of Miranda et al. (1998). Larvae of T. absoluta were fed on
leaves of the tomato cultivar Santa Cruz Kada Paulista, and adults
were fed a 10% honey solution on a piece of cotton wool. A colony
of the predator P. nigrispinus was reared on larvae of Diatraea sac-
charalis (F.) that were reared on artificial diet (Hensley and
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Hammond, 1968). P. nigrispinus rearing procedures followed the
methodology of Zanuncio et al. (1991).

Initially, P. nigrispinus were held as eggs and first instars in Petri
dishes (9 cm diameter), ~30 individuals per dish, with a piece of
moistened cotton wool. Upon molting to the second instar,
P. nigrispinus were transferred to plastic containers (15cm
diam x 15cm ht), 10 individuals per container, each with a
1-cm-diam hole cut in the lid to permit insertion of a plastic tube
(0.9 mm diam x 65 mm ht, 2.5 ml vol) filled with distilled water.
The open end of tube inside the container was plugged with cotton
wool to provide hydration for the bugs. Larvae of D. saccharalis
were offered ad libitum on a daily basis. Eggs laid by P. nigrispinus
were carefully removed from the container’s walls with a piece of
moistened cotton wool and transferred to Petri dishes, two egg
masses per dish (~15 eggs per mass).

2.4. Quantitative and qualitative assessment of tomato glandular
trichomes

Leaves were collected from mid and apical parts of 60 d-old
plants of each genotype for characterization and quantification of
glandular trichomes. The leaves were pooled, washed in running
water, allowed to dry on paper towels at room temperature
(~25°C), and cut in pieces 0.5 cm square using scissors. The leaf
pieces were fixed with 3% glutaraldehyde in 0.05 M phosphate buf-
fer (pH 7.4), at 8 °C for 72 h. The leaf material was washed six times
with pure buffer every 15 min, post-fixed in 2% osmium tetroxide,
dehydrated in a gradient ethanol series (30, 50, 70, 80, 90, 95, 100,
100, and 100%) every 15 min, and then dried in a critical point
dryer using CO,. The leaf material was then metalized with
35 nm gold palladium in a sputter (Dentom Vacuum Desk II, Den-
tom Vacuum LLC, Moorestown, NJ, USA) and micrographed under a
scanning electron microscope (JEOL JSM 510, JEOL, Freising, Ger-
many) at 15 kV (Luckwill, 1943). Glandular trichomes were charac-
terized and counted on the abaxial and adaxial leaf surfaces within
a 0.038-cm? area under the scanning electron microscope (50x
magnification). Glandular leaf trichomes were characterized based
on the criteria of Aragdo et al. (2000a). The number of glandular tri-
chomes per 0.038 cm? was converted into the number per cm?. Fif-
teen replicates were examined for each tomato genotype, each
replicate consisting of one leaflet from one plant.

2.5. Biological performance and predatory capacity of P. nigrispinus

Plants absent. Preliminary assays revealed that P. nigrispinus
consumed more T. absoluta larvae in the absence of tomato plants
than in their presence. Although the absence of any plant is quite
artificial, it was necessary to control for any direct plant effects
and thus ensure that any effects on P. nigrispinus development
were only caused by the T. absoluta larvae. Larvae of T. absoluta
were reared on either leaves of resistant PI 134417 or susceptible
Santa Clara and fed to developing P. nigrispinus in a completely ran-
domized design with 30 replicates per treatment. Each replicate
consisted of a cylindrical plastic container (9.5 cm diam x 9.5 cm
ht) with 10 third-fourth instar T. absoluta larvae and one P. nigrispi-
nus second instar nymph. We recorded the duration of P. nigrispi-
nus nymphal instars, nymph-to-adult survival, and the longevity
of unfed adults. The predatory capacity of P. nigrispinus was
assessed as the number of T. absoluta larvae consumed in each
nymphal instar and over the entire course of nymphal
development.

Plants present. In this assay, each replicate consisted of a trans-
parent plastic container (15 cm diam x 15 cm ht) containing an
excised branch of a 60 d-old tomato plant. The branch was placed
in the container through a hole in the bottom and the cut stem
placed in a smaller plastic container (8 cm diam x 8 cm ht) filled

with distilled water to retain plant turgor during the assay. The lar-
ger container was covered with a transparent plastic lid, and dis-
tilled water was made available to the bugs through a plastic
tube (0.9 mm diam x 65 mm ht, 2.5 ml vol) plugged with cotton
wool and inserted through a hole in the lid.

Each tomato branch was infested with five third-fourth-instar
T. absoluta larvae using a fine brush. First and second instar larvae
mine the leaves, feeding on the mesophyll, whereas older larvae
usually emerge from their mines and search for young apical
leaves, stems or fruits on which they complete larval development
(Desneux et al., 2011; Galdino et al., 2015). The latter may repre-
sent a period of susceptibility to predation by natural enemies in
the field. We selected older, rather than younger, leafminer larvae
because fewer larvae would be required to feed the predator over
the course of the assays.

Three hours after infestation of the branches, one P. nigrispinus
second-instar nymph was released in each cage with the aid of a
fine brush. Assessments of P. nigrispinus predatory capacity were
made every 24 h, and larvae preyed on were replaced to maintain
five larvae in each container. When P. nigrispinus nymphs reached
adulthood, they were isolated in cylindrical glass tubes (1.5 cm
diam x 9cm ht) with water supplied in a tube as previously
described, and their adult longevity recorded.

2.6. Persistence of P. nigrispinus on resistant and susceptible tomato
plants infested with T. absoluta larvae

This assay directly observed the behavior of P. nigrispinus
nymphs and adults foraging for T. absoluta larvae on either PI
134417 or Santa Clara plants. In each treatment, 15 replicates were
used for each biological stage of P. nigrispinus. Tomato plants (60 d
old, n=15 per treatment) were each infested with 10 larvae of
T. absoluta (12 d old) using a fine brush. Each plant was covered
with a voile-fabric cage to isolate the replicate and prevent larvae
from escaping. Either one P. nigrispinus third-instar nymph or
one adult female was then released in each cage (replicate). The
residence time of bugs on each plant was directly observed and
recorded until the predator left the plant.

2.7. Damage to resistant and susceptible tomatoes by T. absoluta
larvae and biological control by P. nigrispinus

A greenhouse assay was conducted to assess plant damage and
biological control outcomes when 60 d-old plants were each
infested on a middle branch with eight 12 d-old T. absoluta larvae
(second-third instar) and then caged with either an adult female
P. nigrispinus, a third instar nymph, or no predator (control). This
number of leafminers is sufficient to be consumed by an adult
female P. nigrispinus in three days (Vivan et al., 2002). The setup
yielded a 2 x 3 factorial design consisting of three predator treat-
ments (n = 6 replications per treatment) repeated on both resistant
and susceptible tomato genotypes. The infested branch of each
plant was enclosed with a round plastic container (11cm
diam x 25 cm ht) sealed bottom and top with voile fabric. An elas-
tic band was used to gather the fabric at the top, and a string to tie
the base of the cage to the tomato branch. A single predator was
released into each cage one h after introduction of the leafminer
larvae.

After 72 h, all live T. absoluta larvae were recovered from plants
and counted, and the leaf area consumed was measured by means
of a leaf area meter (LI-COR, Lincoln, NE, USA). Infested branches
were detached from tomato plants and transferred to the labora-
tory where the consumed patches of leaves were covered with
tape, allowing total leaf area of the branch to be determined in
cm?. Next, the tape was removed and consumed leaf area was
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estimated. The damaged leaf area was then expressed as a percent
of total leaf area.

2.8. Statistical analysis

All data were tested for normality and homogeneity of variance
and data that failed these tests were either appropriately trans-
formed or analyzed by non-parametric methods. The numbers of
glandular trichomes per unit leaf area were analyzed by Student’s
independent t-test (oo =0.05). Data on P. nigrispinus development
and predatory capacity in plant-absent and plant-present condi-
tions were analyzed by either Student’s independent t-test or
Mann-Whitney’s U test (oo = 0.05 in both cases). Data on the leaf
area injured by T. absoluta and the number of surviving larvae were
analyzed by two-way ANOVA to detect main effects of genotype,
predator stage, and any genotype x predator stage interaction.
Treatment means were compared by Tukey’s test (o0 = 0.05) when
three groups were compared. Data on P. nigrispinus persistence
on tomato plants were analyzed by Mann-Whitney's U test
(o0 =0.05). Statistical analysis was performed using SAS 9.0 soft-
ware (SAS Institute, 2008).

3. Results

3.1. Quantitative and qualitative assessment of tomato glandular
trichomes

The resistant genotype PI 134417 possessed higher densities of
glandular trichomes on both abaxial (txg=2.15, P=0.0458) and
adaxial (tpg = 2.47, P = 0.0235) leaf surfaces than did the susceptible
genotype Santa Clara (Table 1). The resistant genotype had 51%
higher density of glandular trichomes on the abaxial surface and
53% on the adaxial surface compared to the susceptible genotype.

Table 1
Mean (+SE) numbers of glandular trichomes of different types cm~2 on abaxial and
adaxial leaf surfaces of resistant (PI 134417) and susceptible (Santa Clara) tomato
plants.

Plant type Trichome type Abaxial® Adaxial®
PI 134417 I, IV, VI, and VII 836.8 +179.47 539.5+97.11
Santa Clara VI and VII 407.9 + 88.42 255.3+61.58

¢ Treatment means were significantly different (independent t-test, P < 0.05).

Fig. 1. Glandular trichomes of types I (A), IV (B), VI (C), and VII (D) observed on
resistant PI 134417 tomato plants. Only trichome types VI and VII were found on
leaves of susceptible Santa Clara plants.

In addition, four types of glandular trichomes were identified on
leaves of the resistant genotype, namely types I, IV, VI, and VII,
whereas only two types were recorded on leaves of the susceptible
genotype, types VI and VII (Fig. 1).

3.2. Biological performance and predatory capacity of P. nigrispinus

In the presence of plants, there was no effect of tomato geno-
type on the duration of P. nigrispinus second instar (Uyg=71.0,
P=0.5500), third instar (Uxs=65.5, P=1), fourth instar
(Us4=36.5, P=0.6172), or fifth instar (t;; =0.43, P=0.6688), or
total nymphal development (ty; = 0.34, P =0.7383). Shorter adult
longevity (t;; = 5.76, P < 0.0001) was observed when P. nigrispinus
developed on T. absoluta larvae fed on the resistant genotype
(Fig. 2A). Similarly, tomato genotype did not affect the duration
of P. nigrispinus second instar (Uy = 226.5, P = 0.7548), third instar
(Uge=223.5, P=0.7017), fourth instar (Usg=176.0, P=0.5565), or
fifth instar (t35 = 1.93, P=0.0618), or total nymphal development
(Uss = 126.5, P = 0.1805) when plants were absent (Fig. 2B). Shorter
adult longevity (U,4 =24.0, P<0.0001) was again observed when
P. nigrispinus developed on larvae of T. absoluta fed on leaves of
the resistant genotype (Fig. 2B).

Although tomato genotype significantly affected the survival of
P. nigrispinus when plants were present (U,; =225.0, P=0.0008),
survival was not significantly affected by tomato cultivar when
P. nigrispinus were fed larvae of T. absoluta in the absence of the
plants (Uss =435.0, P=0.8267) (Fig. 3).

With plants present, there were significant differences between
resistant and susceptible tomatoes in the number of T. absoluta lar-
vae consumed by P. nigrispinus second instars (U;9=10.0,
P=0.0020), fourth instars (t;5=5.75, P<0.0001) and fifth instars
(t15=3.06, P < 0.0001), and in the total number of larvae consumed
(t;5=6.05, P <0.0001) over the entire period of immature develop-
ment (Fig.4A). Consumption of T. absoluta larvae by nymphal
P. nigrispinus was 2.3-fold greater when prey developed on the sus-
ceptible genotype compared to the resistant genotype. However,
consumption by third instars did not vary with plant type
(Ujs=18.5, P=0.2433) (Fig. 4A).

With plants absent, more T. absoluta larvae were consumed by
5th instars (t»; = 5.66, P < 0.0001), and more total larvae were con-
sumed over the period of immature development (ty; =5.45,
P<0.0001) when they were reared on the resistant, rather than
the susceptible, tomato genotype (Fig. 4B). There were no signifi-
cant differences in consumption by second instars (ty;=0.98,
P =0.3400), third instars (t;; =1.50, P=0.1477) or fourth instars
(t22=1.73, P=0.0971). In contrast to results in the presence of
tomato plants, consumption by P. nigrispinus nymphs averaged
1.4-fold greater when T. absoluta larvae developed on the resistant
genotype.

3.3. Persistence of P. nigrispinus on resistant and susceptible tomato
plants infested with T. absoluta larvae

The time that nymphs and adults of P. nigrispinus remained on
tomato plants was significantly influenced by plant genotype
(Table 2). Third instar P. nigrispinus remained on susceptible Santa
Clara tomato plants approximately 22 min longer than on PI
134417 plants (Uyg=55.5, P=0.0181), whereas adults remained
nearly 30 min longer (Uxg = 41.5, P =0.0030).

3.4. Damage to resistant and susceptible tomatoes and biological
control by P. nigrispinus

There was significant interaction between plant genotype and
predator life stage for the number of live larvae of T. absoluta recov-
ered from plants (F, 39 =5.47, P=0.0095), but the interaction was
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Fig. 2. Developmental time and adult longevity of P. nigrispinus when fed T. absoluta larvae reared on resistant (Pl 134417) and susceptible (Santa Clara) tomato plants with

(A) and without (B) plants present. ***, P < 0.001.

®PI 134417 0O SantaClara

100

80 A

Survival (%)

With plant Without plant

Fig. 3. Survival (to adult stage, percent) of P. nigrispinus nymphs fed T. absoluta
larvae reared on resistant (PI 134417) or susceptible (Santa Clara) tomato plants
either with or without the plant present. **, P <0.01.

not significant for leaf area injured by the pest (F;30=0.24,
P=0.7903). There was no difference between tomato genotypes
in either the numbers of live larvae recovered (F;3o=0.44,
P=0.5124) or the leaf area damaged (F; 30 = 0.84, P = 0.3678).

The life stage of P. nigrispinus significantly influenced the num-
ber of live larvae recovered from tomato plants (F,30=95.52,
P<0.0001; Fig. 5) and the leaf area damaged by T. absoluta larvae
(F230=3.93, P=0.0305). The fewest live T. absoluta larvae were
recovered from susceptible plants when P. nigrispinus adults were
released, followed by nymphs (Fig. 5). In contrast, similar numbers
of live T. absoluta larvae were recovered from resistant plants in
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Table 2

Mean (+SE) duration of residence by third instar and adult P. nigrispinus on resistant
(PI 134417) and susceptible (Santa Clara) tomato plants infested with T. absoluta
larvae.

Plant type Time on tomato plants (min, sec)

Nymphs*® Adults?
PI 134417 15'42" + 5'35" 14'41" +5'29"
Santa Clara 37'43" £ 6'10” 43'70" + 6'30”

¢ Treatment means were significantly different (Mann-Whitney U test, P < 0.05).

@PI 134417 OSanta Clara
10

Aa
Aa

4 Ba

Live larvae recovered
w
)

Control Nymphs Adults

Fig. 5. Means of numbers of live T. absoluta larvae recovered (out of eight infested)
from plants of resistant (Pl 134417) and susceptible (Santa Clara) tomato plants
72 h after release of a single P. nigrispinus third instar nymph, adult, or control (no
predator). Columns bearing different lower-case letters were significantly different
(P <0.05) between plant types; columns bearing different upper-case letters were
significantly different (P < 0.05) between predator treatments.
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Fig. 4. Consumption of T. absoluta larvae by P. nigrispinus on resistant (PI 134417) and susceptible (Santa Clara) tomato plants with (A) and without (B) the plant present. ***,

P<0.001; **, P<0.01.
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both nymphal and adult P. nigrispinus treatments, and significantly
fewer than those recovered from control plants (Fig. 5). Tomato
genotype affected the number of live T. absoluta larvae recovered
only in adult P. nigrispinus treatment, with greater numbers recov-
ered from plants of the resistant genotype (Fig. 5). The release of
either nymphs or adults reduced damaged leaf area by approxi-
mately one third (data not shown).

4. Discussion

The time required for P. nigrispinus nymphal development was
neither directly (with plant) nor indirectly (without plant) affected
by tomato genotype. However, P. nigrispinus adult longevity was
extended by 66.1% and 33.5% when T. absoluta larvae were reared
on Santa Clara plants with the plants present and absent, respec-
tively. With plants present, nymphal survival to adult was substan-
tially decreased with T. absoluta larvae on the resistant genotype,
whereas without plants, survival rates were similar. In addition,
P. nigrispinus adults lived longer with plants present than in their
absence, especially with Santa Clara plants, suggesting that
P. nigrispinus gain longevity by feeding on tomato plant tissues.

Podisus nigrispinus has evolved omnivorous adaptations that
allow it to feed on both plant and animal food sources (Torres
and Boyd, 2009), similar to other predatory mirids (Biondi et al.,
2016). Plant feeding supplies necessary nutrients, steroids
(Thummel and Chory, 2002), and water (Magalhaes et al., 2015)
thereby improving predator development (Oliveira et al., 2002;
Evangelista Janior et al., 2003, 2004). Our results indicate that
Santa Clara plants were nutritionally superior to PI 134417 plants
in supporting P. nigrispinus nymphal survival and adult longevity.

With plants present, more T. absoluta larvae were consumed by
P. nigrispinus nymphs on susceptible plants than on resistant
plants. Conversely, with plants absent, more T. absoluta larvae were
consumed by P. nigrispinus nymphs if they developed on resistant
plants than if they developed on susceptible ones. Independent of
host plant type, an average of 73.5% more T. absoluta larvae were
consumed by P. nigrispinus when plants were absent than when
they were present. We observed that larvae of T. absoluta reared
on resistant plants were visually smaller than larvae fed the sus-
ceptible genotype, although this was not quantified. Therefore, it
appears likely that P. nigrispinus nymphs had to consume more
leafminer larvae in the absence of plants to compensate for the lack
of plant food.

Our results indicate that resistant PI 134417 plants directly
impact P. nigrispinus performance as survival of the bugs was
reduced only in the presence of resistant plants. With plants
absent, there were also indirect effects of resistant plants on bug
development which may be attributed to malnourishment of the
T. absoluta larvae. Moreover, P. nigrispinus adult longevity was
not as increased in the presence of resistant plants as it was in
the presence of susceptible plants. We infer that the predator
was either negatively affected by walking on resistant plants,
which possess higher diversity and density of glandular leaf tri-
chomes, or via ingestion of allelochemicals during plant feeding
that were not present in susceptible plants.

Leaves of PI 134417 plants had twice as many glandular tri-
chomes per unit leaf area on both abaxial and adaxial leaf surfaces
than did leaves of Santa Clara plants. In addition, leaves of the
resistant genotype possessed glandular trichomes of types I, IV,
VI, and VII, whereas leaves of the susceptible genotype possessed
only types VI and VII Allelochemicals expressed by the type-1V
glandular trichomes that were absent on Santa Clara leaves have
been implicated in negative effects on other insects (Fancelli
et al,, 2005; Oliveira et al,, 2012). Plants of many solanaceous
plants possess these specialized glandular trichomes that often

express metabolites toxic to herbivorous insects (Schilmiller
et al., 2008; Weinhold and Balwin, 2011). Glandular trichomes of
types I, IV, VI, and VII have been found to exude the compounds
2-tridecanone, 2-undecanone (methyl ketones), chlorogenic acid
(phenolics), rutin, myricetin (flavonoids), and zingiberene
(sesquiterpenes) (Lin et al., 1987; Juvik et al., 1988; Aragdo et al.,
2000b; Kim et al., 2014). Some of these compounds have been
associated with tomato resistance to T. absoluta (Ecole et al.,
1999; Oliveira et al., 2012). A higher density of glandular trichomes
on tomato leaves would result in more exudate released on the leaf
surface, which can trap small arthropods (Fancelli and Vendramim,
2002; Muigai et al., 2002; Maluf et al., 2007) and impair the perfor-
mance of larger ones, as we observed with P. nigrispinus. Despite
the glandular trichomes on leaves of resistant tomato plants
impacting tomato leafminer, our results demonstrate they also
constrain P. nigrispinus foraging. Overall, nymphs and adults of
P. nigrispinus remained on resistant plants only half as long as they
did on susceptible plants. Similarly, Vivan et al. (2002) inferred
that increased plant pilosity and presence of allelochemicals nega-
tively affected P. nigrispinus predation on resistant tomato plants.

Tomato leafminer damage was similar between plant types
after 72 h of larval infestation, but decreased with releases of P.
nigrispinus as a biocontrol agent. Differences in damage between
tomato genotypes were not evident because 72 h is not sufficient
time for PI 134417 resistance to affect the leafminer larvae. The
antibiosis expressed by this genotype negatively affects survival
and larval growth of T. absoluta (Bottega et al., 2015), effects unli-
kely to be evident until later in larval development. Leaf area
injured by T. absoluta larvae on plants of tomato was similar when
nymphs or adults of P. nigrispinus were released, and was reduced
by one third relative to the control treatment without predators.
Vivan et al. (2002) reported that P. nigrispinus nymphs and adults
preyed on similar numbers of T. absoluta larvae in both the green-
house and the laboratory, consistent with the results of our study.
An average of 70% of T. absoluta larvae were recovered from control
plants, regardless of plant type, whereas half this number were
recovered when P. nigrispinus nymphs were released. When
P. nigrispinus adults were released, only about 20% of T. absoluta
larvae were recovered from susceptible plants, and more than
twice that number from resistant plants, suggesting that the forag-
ing behavior of P. nigrispinus adults was impeded on resistant
plants.

The results of our study demonstrate that P. nigrispinus develop-
ment and foraging behavior were negatively affected on
T. absoluta-resistant tomato plants. Therefore, resistant tomato
genotypes possessing high densities of glandular trichomes, espe-
cially of types I and IV, could be antagonistic to augmentation bio-
logical control with P. nigrispinus in the field. A follow-up study is
warranted to compare the efficiency of P. nigrispinus releases in dif-
ferent numbers against T. absoluta on both resistant and suscepti-
ble tomato plants under greenhouse and field conditions.
Additional research should assess the compatibility of P. nigrispinus
with other environmentally safe control methods for improvement
of tomato leafminer IPM.
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