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oxysporum Enhances Pest Control by
Changing the Feeding Preference of
an Omnivorous Predator
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and Gerben J. Messelink?*

" Molecular Phytomedicine, University of Bonn, Bonn, Germany, 2 Business Unit Greenhouse Horticulture, Wageningen
University and Research, Bleiswijk, Netherlands

Mirid predators, a special group of plant-feeding omnivorous predators, have become
important biological control agents for pest control in greenhouse cropping systems.
Their efficacy and behavior may potentially be affected by microorganisms that induce
plant defenses or change plant quality. Here we studied the interaction between a
root restricted endophytic non-pathogenic strain of Fusarium oxysporum (Fo162) in
tomato plants, the greenhouse whitefly Trialeurodes vaporariorum (Westwood) and
the plant-feeding mirid predator Macrolophus pygmaeus (Rambur). In the absence of
prey, inoculation of tomato plants with the Fo162 endophyte significantly reduced the
reproduction of M. pygmaeus compared to plants without the endophyte. In contrast,
the population growth of M. pygmaeus was not affected by the Fo162 endophyte in the
presence of whiteflies. Moreover, the combination of the predator and endophyte resulted
in lower whitefly densities than the predator alone. Whitefly population development
was not different between endophyte-inoculated and untreated plants. Thus, endophyte
inoculation of tomato plants seems to shift the feeding preference of this omnivorous
predator from plant consumption toward relatively more prey consumption, resulting in
enhanced suppression of the herbivore. Moreover, the negative effect of the endophyte
on M. pygmaeus reproduction could easily be eliminated by providing decapsulated
cysts of Artemia franciscana Kellogg as a supplemental food source. Together, this
suggests an overall net positive effect of the Fo162 endophyte on a preventive biological
control strategy in tomato using M. pygmaeus. Besides the enhanced whitefly control,
endophyte-inoculation of tomato plants both with or without the predator also resulted
in a higher yield and a reduced number of fruits with blossom-end rot, a disorder caused
by limitations in uptake and transport of calcium to the fruits. This suggests that the
Fo162 endophyte is also involved in the acquisition of essential nutrients for the benefit
for the plant. Since both the Fo162 endophyte and the predator M. pygmaeus can
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induce plant defense, further studies need to elucidate the exact mechanisms that occur
when both organisms are present. Our findings confirm the importance of studying
endophytes and induced plant responses in a multi-trophic context with herbivores and

their natural enemies.

Keywords: biological control, endophytic fungi, multitrophic interactions, Macrolophus pygmaeus, Trialeurodes

vaporariorum

INTRODUCTION

Plant-feeding generalist predators, a specific group of true
omnivores, have become important biological control agents in
various cropping systems (Coll and Guershon, 2002; Dumont
et al., 2018) and particularly in greenhouse crops (Messelink
et al, 2012). Plant-feeding generalist predators of the family
Miridae, also called zoophytophagous predators, are among the
most important predatory bugs used for biocontrol. This family
includes well-known species such as Macrolophus pygmaeus
(Rambur), Nesidiocoris tenuis (Reuter), Dicyphus errans, and
Dicyphus hesperus (Sanchez and Cassis, 2018). They perform
well on plants with high trichome densities like tomato and
eggplant and have become very successful for two reasons. The
first reason is their ability to predate on several important
pest species such as whiteflies (Montserrat et al., 2000), aphids
(Alvarado et al., 1997), spider mites (Hansen et al., 1999), leaf
miners (Arné et al., 2003) and Lepidopterans, including the
important South American moth Tuta absoluta (Urbaneja et al.,
2009; Ingegno et al., 2013, 2019). The second reason is their
capacity to persist in crops prior to pest invasions by feeding
on alternative food and plant resources (Perdikis et al., 2011;
Messelink et al., 2014). Preventive releases or “crop inoculations”
with generalist omnivorous predators have proven to be very
effective for controlling pests that infest crops later in the growing
season (Calvo et al., 2012; Messelink et al., 2015). Interestingly,
the plant-feeding behavior of mirid predators can also induce
plant defense responses by activating the jasmonic acid (JA)
signaling pathways (Pappas et al., 2015; Perez-Hedo et al., 2015;
Zhang et al., 2018b). Previous exposure of tomato plants to M.
pygmaeus caused an increase in mortality and decrease of egg
production of the two-spotted spider mite Tetranychus urticae
Koch (Pappas et al., 2015). Similarly, in sweet pepper plants,
previous feeding by these mirid bugs reduced the reproduction of
both western flower thrips Frankliniella occidentalis (Pergande)
and T. urticae (Zhang et al., 2018b). Moreover, activation of the
JA pathway by mirid predators has been shown to attract the
whitefly parasitoid Encarsia formosa (Gahan) and repel some pest
species in tomato and sweet pepper plants (Perez-Hedo et al.,
2015; Bouagga et al,, 2017; Zhang et al., 2018a).

Induced plant responses or plant quality can also influence
the feeding behavior of omnivores themselves. Induced plant
responses caused a shift in the feeding preferences of the
omnivorous thrips F. occidentalis from plant feeding to prey
feeding (spider mite eggs) (Agrawal et al., 1999). Studies with
host plants from different quality confirmed that low host
plant quality increases prey consumption of this omnivore
(Magalhaes et al., 2005).

A perhaps largely overlooked factor by which plant-feeding
predators can be influenced is the effect of microorganisms
proliferating inside plants on induced plant defenses and plant
quality (Schouten, 2016; Van Overbeek and Saikkonen, 2016).
Fungal and bacterial species that are capable of colonizing
the root cortex and/or other plant tissues without provoking
visual disease symptoms are generally referred to as endophytes
(Wilson, 1995). Such endophytes often have beneficial effects
on plant performance (Clay and Schardl, 2002; Waller et al.,
2005; Rodriguez et al., 2009; Schouten, 2016). Besides increasing
nutrient uptake, endophytes may enhance resistance against
plant pathogens and herbivores through changes in defensive
chemistry (Alabouvette et al., 1993; Vidal, 1996; Backman and
Sikora, 2008; Vega et al., 2009; Schouten, 2016). However,
these endophyte-generated effects on herbivores can be versatile,
depending on plant species, endophytic strain, and the feeding-
mode and degree of specialism of the herbivore (Hartley and
Gange, 2009).

Besides the herbivores themselves also their natural enemies
can be affected by endophytes, and this has been reported for both
parasitoids and predators (Omacini et al., 2001; Bultman et al.,
2009; Hartley and Gange, 2009; Saari et al., 2014; Garantonakis
et al, 2018; Pappas et al., 2018). Plant-mediated effects of
endophytes on natural enemies may increase in complexity
when the natural enemies are plant-feeding. To date, it is not
known if and how endophytes can affect such multitrophic
food-web interactions between plants, herbivores and plant-
feeding natural enemies. Here we studied how the presence of
a root-restricted non-pathogenic endophytic strain of Fusarium
oxysporum in tomato plants affects the performance of the
greenhouse whitefly Trialeurodes vaporariorum (Westwood) and
its control by the plant-feeding mirid predator M. pygmaeus.
When inducing plant defense responses or altering plant
quality, the endophyte may directly affect the survival and/or
reproduction of whiteflies and mirid predators. Moreover, the
endophyte may indirectly affect whitefly densities by changing
the feeding behavior of the plant-feeding predator. The results of
our study may be interesting for both understanding endophyte-
mediated multitrophic interactions and for further developing
biological pest control strategies.

MATERIALS AND METHODS
Plants, Insects, and Endophyte

All tomato plants (Lycopersicum esculentum L. cv. Capricia,
Rijk Zwaan, The Netherlands) for the greenhouse trials were
grown in rockwool blocks in a greenhouse compartment with
an average temperature of 20°C and a relative humidity of
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70%. The predator M. pygmaeus was obtained from Koppert
Biological Systems (Berkel & Rodenrijs, The Netherlands) and
reared for one generation on tomato plants (cv. Capricia)
supplemented with frozen eggs of the flour moth Ephestia
kuehniella Zeller. The greenhouse whitefly, T. vaporariorum was
reared on tomato plants (cv. Capricia) in small greenhouse
compartments. The fungal endophyte used in this study was
the non-pathogenic strain Fol62 of Fusarium oxysporum, which
was isolated from the cortical tissue of surface-sterilized tomato
roots from Kenya (Hallmann and Sikora, 1994). This strain is
known to induce plant defense responses in tomato (Bogner et al.,
2017) and previous studies have shown effects on phloem feeding
insects (Martinuz et al., 2012; Menjivar et al., 2012). Endophyte
inoculum was produced on solid potato dextrose agar (PDA) in
petri dishes.

Population Dynamics and Tomato Yield

The effect of the endophyte Fol62 on greenhouse whitefly
population dynamics was tested both in the presence and in
the absence of the predator M. pygmaeus in a greenhouse
trial on tomato plants. The four treatment combinations
[(1) untreated, (2) the endophyte, (3) the predator, and (4)
the endophyte + predator] were organized in a randomized
complete block design with 5 replicates: Twenty plants of
6 weeks old were placed individually in cylindrical insect
cages (1.6m diameter, 3m high) made of fine insect gauze
(mesh size 0.22 x 0.31 mm) in a greenhouse compartment of
98 m? at the Institute of Wageningen University & Research,
BU Greenhouse Horticulture in Bleiswijk, the Netherlands.
Each plant was placed on a 1 m rockwool slab and supplied
with nutrients through drip irrigation without recirculation
in order to prevent contamination with endophyte spores
among treatments. The nutrient solution was specifically
developed for tomato (Sonneveld and Voogt, 2009), which

was composed by the following recipe: macronutrient
(mM): [Ca(NO3)2.4H20.0.2NH4NO3] (5.4); KNO3 (6.0)
KH2PO4.2H20 (1.5); K2SO4 (2.0); MgSO4.7H20 (2.4);

CaCl2.2H20 (1.5); and micronutrients (uwM): H3BO3 (25);
MnSO4.4H20 (15); ZnSO4.7H20 (5); CuSO4.5H20 (1.5);
NaMoO4.2H20 (1.5); and FeDTPA (30). Plants were grown
according to standard cultivation methods: each plant was
allowed to grow up along a rope attached to the top of the cage
(3m high), which was extended as soon as the plants reached
the top of the rope. The plants were subsequently rotated when
this stage was reached and the lower leaves were picked to fit
the plant in the cage. Picked leaves were left in the cages to
allow the remaining predators and whiteflies to move back
to the plant. Half of the treatments were inoculated with the
endophyte by pipetting 10° spores (harvested from a culture on
PDA and solved in 3 ml of water) near the roots in the rockwool
blocks right after planting the tomato plants. This procedure was
repeated after one week. Five days after the second endophyte
application, 6 female and 6 male predatory bugs were introduced
per cage in 2 of the 4 treatments. Two weeks after the second
endophyte inoculation twenty female whiteflies of mixed age
were released per cage in all treatments. Densities of whitefly
eggs, larvae and pupae were assessed at 2, 5, 8, and 11 weeks, and

predators at 3, 6, 9, and 12 weeks, after their release respectively.
Cages were entered through a zip opening and closed again
before assessing the plants. Numbers of predators (nymphs and
adults) were counted on the whole plant while carefully turning
leaves and disturbing the predators as less as possible. The
densities of whitefly juveniles were assessed by picking each time
6 terminal leaflets per plant: 3 from the bottom and 3 from the
top, and counting all eggs, larvae and pupae under a binocular
microscope. Prior to removing the leaves from the cage, adult
whiteflies, as well as all M. pygmaeus nymphs and adults, were
shaken from the leaves. Tomato fruits were harvested when
they were ripe and the number of fruits were counted each
time after harvesting. The first tomatoes were ripening 9 weeks
after planting. Fruit weight was not measured, but the harvested
tomatoes were in general similar sized which makes it plausible
to use the number of tomatoes as approximation for the yield.
Some of the fruits showed dark rotting spots at the bottom, also
referred to as blossom-end rot, which is a physiological disorder
caused by a calcium imbalance within the plant (Ho et al,
1993). The number of tomatoes affected by blossom-end rot
were counted separately from “healthy” tomatoes. Temperature
and relative humidity were registered every 5min throughout
the experiment with a climate recorder (Hoogendoorn Growth
Management) inside one of the cages. The experiment was
conducted in March-June, and during that period the average
daily temperature and relative humidity in the cages was 20.0°C
(range 18.2-21.7°C) and 62% (range 47-77%), respectively.
Plants were grown under natural light conditions.

Predator Survival and Reproduction

A separate greenhouse experiment was set-up to assess effects
of the endophyte Fo162 on the survival and reproduction of M.
pygmaeus on plants in the absence of prey. Moreover, it was
tested whether potential negative effects of the endophyte can be
compensated with supplemental food consisting of decapsulated
cysts of Artemia franciscana Kellogg (obtained from Smulders
wholesale, Artemia quick HS aqua, Ulestraten, The Netherlands).
These decapsulated cysts are known to be a good alternative food
source for M. pygmaeus (Vandekerkhove et al., 2009). All four
combinations of endophyte and alternative food were tested in
a two-factorial randomized complete block design containing 5
replicates. Five-week old tomato plants (cv. Capricia) were placed
individually in insect cages (60*60*90 cm, mesh size 0.5 mm) in a
greenhouse compartment similar to the one used in the previous
experiment. Nutrients were supplied through drip irrigation
without recirculation in order to prevent contamination with
endophyte spores among treatments. Fertilization was similar
to the previous experiment. Also endophyte inoculation was
performed in the same way as in the population dynamic
experiment. One week after the second endophyte inoculation,
twelve couples of 1-week-old M. pygmaeus males and females
were introduced in each cage. The supplemental food was added
weekly by dusting 0.5 g of A. franciscana cysts with a brush over
the entire plant. Twenty-five days after their release, all juvenile
and adult predators present on each plant were collected with
an aspirator, counted and stored in 70% ethanol. Subsequently,
the number of nymphs were counted separately per stage
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in the laboratory under a binocular microscope (40x) after
putting the individuals on a white filter paper. Temperature and
relative humidity in the greenhouse compartment were recorded
every 5min throughout the experiment with the same climate
recorder as the one used in the population dynamic experiment.
The experiment was conducted in September-October and
the average daily temperature and relative humidity in the
greenhouse during the presence of the predators was 19.4°C
(range 18.5-21.2°C) and 74% (range 69-79%), respectively.
Natural light was supplemented with 9000 lux artificial light for
2 hours per day during the last 4 weeks of the trial. Artificial
lights were also switched on during the day when the natural light
intensity was below 300 Watt.

Statistical Analyses

All whitefly and predator density data in the population
dynamic trial were log (41) transformed to adjust the data for
homogeneity of variance and normality, followed by a repeated
measures ANOVA, with predator and endophyte presence as
factors. Differences among treatments were analyzed by Fisher’s
Least Significant Difference (LSD) post hoc tests (p < 0.05).
Differences among treatments in the total number of produced
tomato fruits per plant and the percentage of tomato fruit with
blossom-end rot was analyzed with a two-way ANOVA with
predator and endophyte as factors. Fruit numbers were log (41)
transformed and fractions of fruit with blossom-end rot arcsine
transformed prior to this analyses to meet the requirements
for a normal distribution of the data, followed by Fisher’s LSD
post hoc tests (p < 0.05). A two-way ANOVA was also used to
analyse the data of the predator survival and reproduction trial,
with endophyte and supplemental food application as the two
factors. Because a faster juvenile development would result in a
larger proportion of the older nymphal stages, we also looked
at differences in the proportion of third nymphal stages among
treatments (the oldest nymphal stage found after 25 days). The
proportion of surviving adults and third nymphal stages were
arcsin transformed and the total number of offspring were log
transformed to get a normal distribution of the data prior the
ANOVA analyses, followed by Fisher’s LSD post hoc tests (p <
0.05). All statistical analyses were performed using the statistical
package GenStat, Release 19.1.

RESULTS

Population Dynamics and Tomato Yield

We found a significant interaction effect between the endophyte
and the M. pygmaeus treatment on the number of whiteflies over
time [F(; 16) = 4.68, p = 0.046]. The factor predator alone was
statistically significant [F(; 16y = 182.49, p < 0.001], whereas
the factor endophyte alone was not significant [F(; 1) = 1.4,
p = 0.255]. The endophyte treatments had no significant effect
on whitefly population development, but combining the two
factors enhanced control of whiteflies significantly compared to
the treatment with predators alone (Figure 1A). In other words,
the endophyte showed an effect on whiteflies only in the presence
of predators. Overall predator densities were not significantly
different on plants inoculated with the endophyte compared

A
10000 -
-B-untreated
—a—endophyte 2
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< 100 b
©
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B
30 4
-@-predator
25 -G- endophyte + predator
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= N
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FIGURE 1 | Population dynamics of (A) the greenhouse whitefly Trialeurodes
vaporariorum and (B) the predator Macrolophus pygmaeus on tomato plants
treated with the endophyte Fo162, the predator M. pygmaeus, both, or none
of them (untreated). Predators were added 1 week and the endophyte
inoculations were done 2 and 3 weeks prior to the whitefly release,
respectively. Data shown are the mean (+ SE) (Log) densities of juvenile
whiteflies per 6 leaflets and predator densities per plant. Different letters next
to the curves indicate overall significant differences among treatments (Fisher’s
L SD-tests, p < 0.05).

to untreated plants [F(; gy = 1.29, p = 0.289, Figure 1B]. The
factor predator did not have a significant effect on both the total
number of produced tomato fruits per plant [F(; 16) = 1.19, p =
0.292] and the number of fruits with blossom-end rot [F(;,15) =
0.05 p = 0.825], neither was the interaction with the endophyte
factor significant. After removing the predator factor from the
model, the factor endophyte did show a significant effect on both
the total number of produced tomato fruits per plant [F(; 15 =
4.95, p = 0.039] and the number of fruits with blossom-end rot
[F(1,18 = 4.54, p = 0.047]. There were no differences among
treatments in the appearance of the first ripe fruits, so this was not
further analyzed. Plants treated with the Fo162 endophyte gave a
significant higher yield (numbers of fruit) and the tomato fruits
were less affected by blossom-end rot (Figures 2A,B).

Predator Survival and Reproduction
The survival of M. pygmaeus adults 25 days after their
release on plants was not significantly affected by the factor
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these fruits with blossom-end rot (B) from tomato plants without or with

inoculation of the endophyte Fo162. Different letters above bars indicate
significant differences between treatments (ANOVA, p < 0.05).

endophyte [F( 16) = 0.3, p = 0.593], nor was the interaction
between supplemental food application and endophyte treatment
significant [F(y, 16) = 3.15, p = 0.095]. In contrast, the application
of supplemental food increased survival significantly [F(; 16) =
26.11, p < 0.001, Figure 3A]. The total number of offspring
was significantly affected by the interaction of the factors
endophyte and supplemental food [F( 16y = 10.08, p =
0.006]. In the absence of supplemental food, the endophyte
reduced the predator’s offspring, but this negative effect of the
endophyte completely disappeared when Artemia was provided
as supplemental food source (Figure 3B). The juvenile stages
present at the day of assessment all belonged to the first,
second and third nymphal stage (Figure 3B). The application of
supplemental food also enhanced juvenile developmental time,
since a significantly larger proportion of third nymphal stages
were present in these treatments than in the treatments without
food [F(y,16) = 9.71, p = 0.007]. Juvenile developmental time,
reflected by the proportion of third nymphal stages, was not
affected by the factor endophyte [F(; 1) = 2.2, p = 0.157], nor
was the interaction between the factors endophyte and food
significant [F(; 16y = 0, p = 0.974].
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FIGURE 3 | Survival (A) and reproduction (B) of the predator Macrolophus
pygmaeus on tomato plants treated with the endophyte Fo162, the
supplemental food source Artemia franciscana or a combination of both
compared to untreated plants. Shown is the mean (+SE) percentage of
survival of 24 released adult predators 2 weeks after their introduction (A) and
the mean (+SE) total number of first, second and third nymphal stages (n1,
n2, n3) produced (B). Different letters above bars indicate significant
differences among treatments (Fisher’s LSD-tests, p < 0.05).

DISCUSSION

Here we show for the first time that plants inoculated with a
root-associated endophyte can shift the feeding preference of
an omnivorous predator from plant feeding toward relatively
more prey consumption, resulting in enhanced suppression of
the herbivore. The presence of the endophyte Fol62 can thus
further improve the whitefly control efficacy of the already
rather effective predation by M. pygmaeus. This enhanced
control is remarkable, because reproduction of the predator
was significantly reduced on endophyte treated plants without
prey or supplemental food, and we also observed a clear trend
(although statistically not significant) of lower adult survival on
endophyte-treated plants compared to untreated plants. Thus,
this negative effect of the endophyte on predator reproduction
shifted to a positive effect in terms of pest control, because
of the predator’s flexible feeding behavior. In the presence of
whiteflies, the predator population remained unaffected by the
endophyte. Providing Artemia cysts as a supplemental food
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source also eliminated the negative effect of the endophyte
on predator survival and reproduction. Hence, providing these
supplemental food sources could be used to increase predator
populations in the absence of pests on endophyte inoculated
plants. Plant feeding by M. pygmaeus was probably not
completely abandoned on endophyte-treated plants because of
the considerable amount of water they need for their extra-oral
digestion when feeding on prey (Casta et al., 2011). Moreover,
the predator M. pygmaeus is known to develop and reproduce
on plants even without prey (Lykouressis et al., 2008), suggesting
that plant nutrients form an important part of their diet (Portillo
et al., 2012). It has been shown before that reduced host
plant quality can induce a feeding shift of omnivores (Agrawal
et al, 1999; Magalhdes et al, 2005), but that such a shift
from plant to prey feeding can be mediated by an endophyte
was unknown.

An unexpected additional positive effect of the endophyte in
this study was the reduction we observed in the number of fruits
with blossom-end rot in endophyte-treated plants compared
to plants without endophyte inoculation. Blossom-end rot is
a disorder caused by limitations in uptake and transport of
calcium to the fruits (Ho et al,, 1993). The endophyte Fol62
apparently enhanced the uptake of essential nutrients, including
calcium, which reduced the number of fruits with disorders.
Moreover, the endophyte also increased the total number of
produced fruits during the experimental time. This all indicates
that the Fol62 F. oxysporum strain can be beneficial for the
tomato plants in several ways, similar to what was observed for
the Fol62-Arabidopsis interaction (Martinuz et al., 2015). It is
generally accepted that, although many strains of F. oxysporum
are notorious for being pathogenic (Gordon and Martyn, 1997),
non-pathogenic F. oxysporum strains can be beneficial for plants
by suppressing Fusarium wilt disease (Ogawa and Komada, 1985;
Postma and Rattink, 1992) and nematode infestations (Martinuz
et al,, 2013; Schouten, 2016). Overall, Fol62 not only positively
affected the whitefly control by a plant-feeding predator, but also
reduced blossom-end rot and increased yield.

As omnivorous predators also use plant nutrients for their
development (Portillo et al., 2012), it may have seemed logical
to expect a positive effect of endophyte-facilitated nutrient
acquisition on the survival and reproduction of M. pygmaeus
due to the expected better nutritional value of the plants. In fact,
this has also been shown for studies with other root-colonizing
fungi: tomato plants colonized by Trichoderma longibrachiatum
promoted population growth of M. pygmaeus and were more
attractive for these predators (Battaglia et al., 2013) and similar
results were found for the arbuscular mycorrhizal fungus
Rhizophagus irregularis (Prieto et al., 2017). Yet, in our study
we found a negative effect of the endophyte on the reproduction
of M. pygmaeus, and a positive effect on fruit quality and yield,
indicating that other mechanisms than changes in nutritional
value of the plant are involved as well. Other studies with the
Fol62 endophyte showed this fungus may both induce plant
defense responses and release various secondary metabolites by
itself (Bogner et al,, 2017), including indole acetic acid and
4-hydroxybenzoic acid, which may directly or indirectly have
affected the survival, reproduction and feeding behavior of M.

pygmaeus, similar to what was found for sedetary plant parasitic
nematodes (Martinuz et al., 2013; Le et al., 2016).

In this study, we were not able to detect any effect of the
endophyte on the whitefly population growth, whereas Menjivar
et al. (2012) showed that the Fol62 endophyte negatively
affected the feeding preferences of greenhouse whiteflies. This
endophyte may be able to induce plant volatiles that influence
the plant preference of whiteflies, but this study shows that
it does not affect reproduction of whiteflies in a situation
where the whiteflies were forced to feed on endophyte treated
plants. These results suggest that due to being an obligate
herbivore, whitefly may have adapted to certain levels of plant
defenses in the course of co-evolution, e.g., by tolerating or
degrading toxic secondary plant metabolites. Since M. pygmaeus
is a zoophytophagus predatory bug, such selection pressure
might be less pronounced or even absent in this species. At
the same time, however, specialist natural enemies, like aphid
parasitoids, can also experience a negative effect of endophytes
through their host (Omacini et al,, 2001). In general it has
been observed that pests can adapt to plant defense responses,
whereas their natural enemies still encounter negative effects
(Ode, 2006). Another possible reason for the difference in
endophyte effects on whiteflies and plant-feeding predators is
their completely different mode of plant feeding. Whiteflies rarely
damage mesophyll cells in their search for phloem sieve elements,
thus remaining unaffected by defensive secondary metabolites
stored in mesophyll cells (Walling, 2008). Omnivorous predatory
bugs, however, use their stylets to lacerate the mesophyll cells,
solubilizing cell contents and consuming the cellular slurry
(Wheeler, 2001), and are therefore probably more exposed to the
endophyte-induced plant defensive compounds. In addition to
the endophyte induced plant defenses, the omnivorous predator
may also induce defenses (Pappas et al., 2015). However, previous
studies showed that the JA-signaling pathway induced by M.
pygmaeus did not affect whitefly and aphid phloem feeders
(Pappas etal., 2015; Zhang et al., 2018b). Thus, a synergistic effect
of the predator induced and endophyte-induced plant defenses
on whiteflies is not likely. However, how those two defense
inducers interact is not known and deserves further studies.

Plant feeding by mirid predators can not only induce plant
defenses, but in some cases also cause considerable plant damage
(Casta et al.,, 2011; Puentes et al., 2018). Although M. pygmaeus is
in general considered as a safe predator, it can cause serious plant
damage at high predator levels and low prey densities (Sanchez
et al,, 2018). Greenhouse observations indicate this damage may
even increase when plant are infected by the Pepino Mosaic
Virus (Moerkens et al., 2016). More serious plant damage can be
caused by the related omnivorous predator N. fenuis (Arno et al.,
2010), making this predator a controversial biological control
agent (Pérez-Hedo and Urbaneja, 2016). The results of our
study suggest that plant feeding by omnivorous predators can be
reduced by endophytes, which may potentially also reduce crop
damage caused by the predator’s plant feeding. Indeed, another
non-pathogenic Fusarium strain [Fusarium solani strain K (FsK)]
was shown to reduce feeding damage by N. tenuis in young
tomato plants (Garantonakis et al., 2018). Hence, this reduction
of plant feeding damage by omnivorous predators might be
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another benefit of inoculating plants with fungal endophytes. In
addition, a recent study by Pappas et al. (2018) showed increased
attraction of M. pygmaeus to tomato plants that were colonized
by this same endophyte (FsK), even in the absence of prey. This
attraction to pest-free plants that are colonized by endophytes
might result in an additional negative effect on M. pygmaeus
reproduction. However, any negative effects of endophytes on
population growth of omnivorous predators can probably be
eliminated rather easily by providing supplemental food sources,
as was shown in our study.

Opverall, this work shows that the trophic level, on which an
omnivorous predator operates can be influenced by a fungal
endophyte. Our findings confirm the importance of studying
endophytes and induced plant responses in a multi-trophic
context with herbivores and their natural enemies, as unexpected
interactions may occur (Bezemer et al., 2005; Kaplan and Thaler,
2011). Moreover, it confirms the importance of studying the
impact of below-aboveground interactions on predator-pest
interactions (Hooper et al., 2000; Van Der Putten et al., 2001,
2009; Wardle et al., 2004), even in simplified ecosystems as
described by us. Changing plant quality by endophytes may
also be a useful tool for enhancing biological pest control with
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