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General introduction

Omnivores feed on resources from more than one trophic level (Pimm and Lawton
1978). Omnivory is a common phenomenon many food webs, including terres-

trial plant-inhabiting communities of arthropods (Polis et al. 1989; Polis and Strong
1996; Coll and Guershon 2002). Earlier theoretical models predicted that omnivory
would be rare and would destabilize food webs (Pimm and Lawton 1978), but later
research has shown that omnivory is common in nature and may even increase the
stability and resilience of food webs (Polis 1991; McCann and Hastings 1997; Fagan
1997). The idea behind this is that by being linked to various species at several troph-
ic levels, omnivores can respond to changes in densities of either of the species, thus
decreasing the effects of perturbations (Kondoh 2003).

It has become clear in the last few decades that many terrestrial arthropods are
omnivores. Omnivorous predators are increasingly used for biological control of var-
ious pests in different crops (Messelink et al. 2012). By feeding on plant tissues or
pollen and nectar, populations of omnivores can persist in a crop even when prey
density is low. Thus omnivores can make a cropping system more resilient to pest
invasions. However, little information is available on the interactions between omniv-
orous predators and plants, herbivores and other predators. Yet, such information is
required for a better understanding of these interactions, which may result in better
biological pest control. Whereas the predatory role of omnivores has been studied in
detail, there is much less known about the effects of phytophagy on the host plant
and the associated food web. In contrast, the interactions between plants and her-
bivores have been studied extensively. I therefore first review the interactions
between herbivores and plants to subsequently focus on omnivore-plant interac-
tions.

Plant-herbivore interactions
Herbivory is one of the most severe threats for plants, causing negative effects on
plant growth (Agrawal 2000). Plants employ different types of defences to resist her-
bivores. Such defences can be displayed constitutively or can be induced. In gener-
al, constitutive defences are present all the time, and induced plant defences are
reinforced or activated by herbivory. Induced defences involve the production of sig-
nalling molecules, which results in the upregulation of biosynthesis of specific com-
pounds such as toxins and digestion inhibitors (Karban and Baldwin 1997; Kant et
al. 2015). These compounds act directly against herbivores, reducing their growth,
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survival or reproduction (Howe and Jander 2008; Kant et al. 2015), which is referred
to as direct plant defence.

Induced direct plant defences can be local, i.e., they are expressed at the dam-
aged site, or systemic, i.e., expressed in plant parts that were not damaged by the
herbivores. Phytohormones play important roles in regulating induced defences
(Pieterse et al. 2009). The most important hormones involved in induced defences
are jasmonic acid (JA), salicylic acid (SA) and the hormone ethylene (Erb et al. 2012;
Pieterse et al. 2012). Plant defences can differ qualitatively and quantitatively with the
herbivore species attacking the plants (de Vos et al. 2005; Rodriguez-Saona et al.
2010), and time since attack (Kant et al. 2004). Moreover, different defence pathways
can affect each other either positively or negatively (Koornneef and Pieterse 2008).

Plants can also reduce damage by herbivores indirectly by involving natural ene-
mies of the herbivores, which is referred to as indirect plant defences (Dicke and
Sabelis 1989; Karban and Baldwin 1997; Sabelis et al. 2001). Plants can arrest nat-
ural enemies of the herbivores by providing them with food, e.g. nectar and pollen
(Pemberton and Lee 1996; Heil et al. 2001; Wäckers 2001), and shelter such as
domatia (Walter 1996). Herbivory also results in the production of mixtures of
volatiles that are attractive to natural enemies (Turlings et al. 1995; Sabelis et al.
1999; Dicke and van Loon 2000). These plant volatiles do not only emanate from the
damaged plant tissue but also systemically from non-damaged tissue (Turlings and
Tumlinson 1992; Dicke 1994; Rose et al. 1996; Guerrieri et al. 1999). The volatiles dif-
fer qualitatively and quantitatively among plants species (van den Boom et al. 2004),
herbivore species feeding on the plants (De Moraes et al. 1998; Birkett et al. 2003),
and with the period that herbivores feed on the plants (Takabayashi et al. 1994b;
Turlings et al. 1998; Kant et al. 2004), and also vary with other biotic and abiotic fac-
tors (Takabayashi et al. 1994a; Dicke and van Loon 2000).

Interactions between omnivores and plants
Until recently, effects of phytophagy by omnivores on plants have not been studied
in detail. Perhaps this was caused by most omnivores causing little damage to
plants, so there was no reason to expect strong effects on the plants. Since a few
years, however, omnivore-plant interactions have received more attention, showing
that, like herbivores, several omnivorous predators do induce direct defences when
feeding on a plant (De Puysseleyr et al. 2011; Pappas et al. 2015; Pérez-Hedo et al.
2015a,b; Naselli et al. 2016; Bouagga et al. 2018; Zhang et al. 2018). It is known that
herbivore-induced direct defences can affect the performance of other herbivores on
the same plant (Karban and Baldwin 1997; Howe and Jander 2008; Kant et al. 2015).
Likewise, the induction of plant defences by omnivores can affect the performance
of herbivores on the same plant. For example, exposure of tomato plants to the

8
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omnivorous predator bug Orius laevigatus increases resistance against thrips (De
Puysseleyr et al. 2011). In addition, Pérez-Hedo et al. (2015a,b) and Naselli et al.
(2016) have shown that three species of omnivorous predators Nesidiocoris tenuis,
Macrolophus pygmaeus and Dicyphus maroccanus induced different defence-relat-
ed pathways. This resulted in different attractiveness of plants to herbivores and nat-
ural enemies. The whitefly Bemisia tabaci and the lepidopteran Tuta absoluta were
less attracted by the plants exposed to N. tenuis than to clean plants clean plants.
Pappas et al. (2015) found that exposing tomato plants to the omnivorous predator
M. pygmaeus reduced the performance of two-spotted spider mites, but not of
greenhouse whiteflies. In conclusion, omnivorous predators can reduce herbivore
populations directly by preying on them, but also indirectly through the induction of
direct plant defences.

Recently, some evidence has also been presented that phytophagy by omnivores
also induces the production of plant volatiles, and these volatiles may affect the
searching behaviour of herbivores and natural enemies. Moayeri et al. (2007) showed
that the omnivorous predator Macrolophus pygmaeus induced production of
volatiles in bean plants. A study by Bouagga et al. (2018) showed that feeding by the
omnivorous predator Orius laevigatus induced the production of volatiles that
repelled whiteflies and thrips, but attracted the parasitoid Encarsia formosa.
Together, these studies show that omnivores can affect other plant-inhabiting arthro-
pods indirectly through the induction of changes in the plant.

In this thesis, I also investigated whether plant feeding by an omnivorous preda-
tor induces plant defences, but furthermore investigated the ecological conse-
quences of the induction of these defences. In particular, I address the effects of
induced direct plant defences on herbivore performance in CHAPTER 2, the effects on
host plant choice of herbivores in CHAPTER 3, and the effects on the searching behav-
iour of a predator in CHAPTER 4.

Although the literature summarized above clearly shows that phytophagy by
omnivores can have important consequences for the interactions among plants, her-
bivores and predators, it is still unclear how this affects the performance of the host
plants and omnivores. Plant defences induced by herbivores are thought to benefit
the plant because they decrease the performance of the herbivores and increase the
probability that the natural enemies of the herbivores will decimate herbivore popu-
lations. In contrast, plant defences induced by omnivores can also reduce herbivore
performance, but these defences are even induced in the absence of herbivores.
Moreover, the induction of the production of plant volatiles may attract natural ene-
mies without the plant harbouring their herbivorous prey. This suggests that the
induction of plant defences by omnivores may not benefit the plants through a
decrease in herbivory, but the plants will probably have costs associated with the

9
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induction of defences by the omnivore. I therefore studied the consequences of the
induction of plant defences for plant and omnivore performance in CHAPTER 5.

The study system
Macrolophus pygmaeus (Rambur) (formerly identified as Macrolophus caliginosus
Wagner) (FIGURE 1.1) is native from and widely distributed in the Mediterranean area
(Perdikis and Lykouressis 2000). It is an important omnivorous predator of several
generalist crop pests such as whiteflies (Montserrat et al. 2000), thrips (Riudavets
and Castañé 1998), aphids (Alvarado et al. 1997), spider mites (Hansen et al. 1999),
leaf miners (Arnó et al. 2003) and Lepidoptera species (Urbaneja et al. 2009). It is
commercially used for the biological control of spider mites, aphids and whiteflies.
Being omnivores, they can also feed on plant tissue (Perdikis and Lykouressis 2000).
Plant damage has been observed with high predator densities on tomato, zucchini,
and gerbera flowers under experimental conditions, but no such damage has been
observed under cropping conditions (Castañé et al. 2011).

Sweet pepper plants, Capsicum annuum L., also known as bell pepper (FIGURE

1.1) are an important crop all over the world. They are cultivated both in open fields
and in closed systems such as greenhouses. The most important pests of green-
house sweet pepper are aphids, spider mites and thrips (Ramakers 2004). Biological
pest control is widely used in greenhouse crops. Both generalist and specialist pred-
ators are released, for example: the omnivorous predator M. pygmaeus, and the
predatory mite Phytoseiulus persimilis Athias-Henriot (Acari: Phytoseiidae)
(Messelink et al. 2012).

The two spotted spider mite, Tetranychus urticae Koch (Acari: Tetranychidae)
(FIGURE 1.2), is one of the most polyphagous herbivores. It feeds on more than 1100

10
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FIGURE 1.1 Left: Macrolophus pygmaeus female. Right: Sweet pepper plants, Capsicum annuum, also known as

bell pepper
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plant species (Migeon et al. 2010). Widely distributed all over the world, it is one of
the most important pests on many outdoor and protected crops. Due to their short
life cycle and abundant progeny, they can reproduce and dramatically increase in
numbers when the conditions are favourable, causing severe plant damage (Helle
and Sabelis 1985). Spider mites feed on parenchymal cells and avoid damaging the
epidermis cells (Bensoussan et al. 2016). Plant feeding by spider mites can induce
JA- and SA-related defence pathways (Kant et al. 2004), and their performance often
decreases when JA-related defences are induced (Kant et al. 2008). Female spider
mites produce silk webs that can protect them from predation by some predators
(Helle and Sabelis 1985; Sabelis and Bakker 1992).

The green peach aphid, Myzus persicae (Sulzer) (Hemiptera: Aphididae) (FIGURE

1.3), is the most common species of aphid and attacks various host plant species.
Most of the year, females reproduce parthenogenetically, giving birth to nymphs
without mating. When the plant quality or climate becomes unfavourable, they start

FIGURE 1.3 The green peach aphid, Myzus persicae

FIGURE 1.2 The two spotted spider mite, Tetranychus urticae
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reproducing sexually (Blackman 1971, 1972). They can reproduce extremely fast,
and can cause serious plant damage. They feed from phloem without damaging
mesophyll tissue using their long flexible stylets (Walling 2008; Schwarzkopf et al.
2013). Plant feeding by aphids induces SA-related defence pathways, and suppress-
es JA pathways, to which they are sensitive (Omer et al. 2001; Walling 2008).

The western flower thrips, Frankliniella occidentalis (Pergande) (Thysanoptera:
Thripidae) (FIGURE 1.4), native from North America, is an economically important pest
in many crops. Thrips are also cell-content feeders like spider mites. Using their
mouthparts, they punch holes in both the epidermal cells and mesophyll cells and
subsequently, empty the punctured cells with their stylets, resulting in strong plas-
molysis and collapse of cells (Hunter and Ullman 1992; van de Wetering et al. 1998).
This damage results in silvery discoloration and holes in the plants. Plant feeding by
thrips mainly induces JA-related pathways, and thrips are sensitive to JA-pathways

12
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FIGURE 1.5 The predatory mite Phytoseiulus persimilis

FIGURE 1.4 The western flower thrips, Frankliniella occidentalis
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(Omer et al. 2001; Kawazu et al. 2012). Female thrips lay their eggs inside plant tis-
sues, which is another source of damage. In addition, thrips are omnivores that can
feed not only on plant, but also on vulnerable stages of other herbivores and preda-
tors, such as eggs of spider mites and predatory mites (Janssen and Sabelis 1992;
Pallini et al. 1998; Faraji et al. 2002).

Phytoseiulus persimilis (FIGURE 1.5) is a predator of spider mites. They can feed on
all stages of spider mites, and are not hindered by the webs produced by their prey,
making them successful biological control agents of this pest (Helle and Sabelis
1985). These predatory mites can locate their prey from a distance using volatiles
emitted by plants infested with spider mites (Sabelis and van de Baan 1983).

Outline of the thesis
In CHAPTER 2, I investigated the effects of phytophagy by Macrolophus pygmaeus on
the performance of three species of herbivorous prey, the two-spotted spider mite
Tetranychus urticae, the green peach aphid Myzus persicae and the western flower
thrips Frankliniella occidentalis on sweet pepper plants. It is known that defences
induced by herbivores can be local, i.e., they are expressed at the damaged site, and
systemic, i.e., expressed in plant parts that were not damaged by the herbivores
(Karban and Baldwin 1997). Here, I specifically tested whether induction of defences
by the omnivore was local or systemic. To further confirm whether these effects were
caused by induced plant defences by the omnivore, I quantified the levels of
defence-related plant hormones in leaves from plants exposed to the omnivore and
from clean plants.

When herbivores search for host plants, they may encounter plants with or with-
out omnivores, and their performance on plants with omnivores may differ from that
on clean plants. Moreover, they may be attacked by the omnivores. Therefore, I
investigated the effects of previous exposure of plants to the omnivorous predator
M. pygmaeus on the host plant choice of the three herbivore species in CHAPTER 3.
This host plant choice can be affected by cues from the omnivorous predators them-
selves and by the plant defences induced by phytophagy by the omnivore.

The results of CHAPTER 3 suggest that volatiles were produced by plants exposed
to the omnivore. This was further investigated in CHAPTER 4, where I checked whether
plant feeding by M. pygmaeus induced the production of plant volatiles and how this
affected the performance of P. persimilis, a predatory mite of spider mites, one of the
herbivores studied here. To confirm that plant volatiles were produced, I also
analysed the volatiles from plants exposed to the omnivore and clean plants with gas
chromatography-mass spectrometry.

Exposure of plants to the omnivorous predator M. pygmaeus can induce plant
defences that decrease the performance of herbivores and influence the host plant

NinaZhang-chap1_Gerben-chap1.qxd  08/05/2018  13:57  Page 13



choice of herbivores and behaviour of other predators. Such induction of plant
defences by omnivores is intriguing because many omnivores do not cause signifi-
cant damage to plants, and can effectively protect plants against herbivores, so the
induction of plant defences by omnivores is largely redundant. Possibly, this induc-
tion of plant defences somehow benefits the omnivores, the plants, or both.
Therefore, I investigated the effects of the omnivorous predator M. pygmaeus on the
plant performance by evaluating plant development and reproduction in CHAPTER 5. I
also investigated the effects of the changes in plant performance on the survival and
reproduction of the omnivore.
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Phytophagy of omnivorous predator
Macrolophus pygmaeus affects 
performance of herbivores through
induced plant defences

Nina Xiaoning Zhang, Gerben J. Messelink, Juan M. Alba, Robert. C. Schuurink, Merijn

R. Kant & Arne Janssen

ABSTRACT – Plants possess various inducible defences that result in synthesis of

specialized metabolites in response to herbivory, which can interfere with the per-

formance of herbivores of the same and other species. Much less is known of the

effects of plant feeding by omnivores. We found that previous feeding of the omniv-

orous predator Macrolophus pygmaeus on sweet pepper plants significantly

reduced reproduction of the two-spotted spider mite Tetranychus urticae and

western flower thrips Frankliniella occidentalis on the same plants, also on leaves

that had not been exposed to the omnivore. In contrast, no effect was found on

the reproduction of the green peach aphid Myzus persicae. Juvenile survival and

developmental time of T. urticae and M. persicae, and larval survival of F. occiden-

talis were not affected by plant feeding by M. pygmaeus. Larvae of F. occidentalis

feeding on leaves previously exposed to M. pygmaeus required longer to develop

into adults. Defence-related plant hormones were produced locally and systemical-

ly after exposure to M. pygmaeus. The concentrations of 12–oxo-phytodienoic

acid and jasmonic acid-isoleucine in the attacked leaves were significantly higher

than in the corresponding leaves on the uninfested plants, and jasmonic acid con-

centrations showed the same trend, suggesting that jasmonic-acid-related

defence pathways were activated. In contrast, similar concentrations of salicylic

acid were produced in the attacked leaves of M. pygmaeus-infested plants and

uninfested plants. Our results show that plant feeding by omnivorous predators

decreases the performance of herbivores, suggesting that it induces plant

defences.

Oecologia 186: 101–113 (2018)
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Introduction
Plants employ different types of defences to resist herbivores. Such defences can be
displayed constitutively or can be induced. In general, constitutive defences are
present all the time, and induced plant defences are reinforced or activated by her-
bivory, involving the production of signalling molecules, which results in the upregu-
lation of biosynthesis of specific compounds such as toxins and digestion inhibitors
(Karban and Baldwin 1997; Kant et al. 2015). These compounds act directly against
herbivores, reducing their growth or survival or reproductive rate (Howe and Jander
2008; Kant et al. 2015). Plants can also defend themselves indirectly by involving the
natural enemies of the herbivores (Price et al. 1980), for example by providing them
with food or shelter, or by attracting them with volatiles induced by herbivore dam-
age (Sabelis et al. 1999a,b). Induced plant defences can be local, i.e., they are
expressed at the damaged site, and systemic, i.e., expressed in plant parts that were
not damaged by the herbivores. At the damaged sites of the plant, signals may be
produced and transmitted systemically to undamaged distal sites, resulting in prim-
ing or induction of plant defences in those sites, which provide resistance to future
herbivore attacks (Karban and Baldwin 1997; Howe and Jander 2008; Heil and Ton
2008; Conrath et al. 2015). Phytohormones play important roles in regulating induced
defences (Pieterse et al. 2009). The most important hormones involved in induced
defences are jasmonic acid (JA), salicylic acid (SA) and the hormone ethylene (Erb et
al. 2012; Pieterse et al. 2012).

Plant defences can differ qualitatively and quantitatively with the herbivore
species attacking the plants (Vos et al. 2005; Rodriguez-Saona et al. 2010), and time
since attack (Kant et al., 2004). Moreover, different defence pathways can affect each
other either positively or negatively (Koornneef and Pieterse 2008). Therefore, herbi-
vores sharing the same plant can affect each other through the defences they induce
(Rodriguez-Saona et al. 2005; Kaplan et al. 2009).

Much research has been conducted on such indirect herbivore interactions medi-
ated via induced plant defences, but little information is available on the induction of
plant defences by omnivorous predators and their effects on herbivore performance
on the same plant. Omnivorous predators are important in natural ecosystems (Coll
and Guershon 2002) and are increasingly used as biological control agents because
they can feed on plant material and their populations can thus persist in the crop
when pest densities are low, making the system more resilient (Messelink et al. 2012).
However, some omnivores cause as much damage to the plant as herbivores
(Puentes et al. 2017), hence these omnivores are not useful for biological control.

Some omnivores are known to activate plant defence mechanisms. For example,
the predatory bug Orius laevigatus was shown to increase tomato resistance against
thrips Frankliniella occidentalis (Pergande) (Thysanoptera, Thripidae) (De Puysseleyr
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et al. 2011). In addition, Pérez-Hedo et al. (2015a) and Naselli et al. (2016) have
shown that exposing tomato plants to the mirid bug Nesidiocoris tenuis resulted in
the activation of the abscisic acid (ABA) and jasmonic acid (JA) signalling pathways
involved in plant defences, whereas Macrolophus pygmaeus activated only JA path-
ways not ABA pathways. Pappas et al. (2015) found that exposing tomato plants to
the omnivorous predator M. pygmaeus reduced the performance of a subsequently
infesting herbivore, the two-spotted spider mite Tetranychus urticae Koch (Acari,
Tetranychidae), but not of the greenhouse whitefly Trialeurodes vaporariorum. Here,
we further investigated the effects of plant feeding by M. pygmaeus on herbivore per-
formance and plant hormone levels in another plant species, sweet pepper
(Capsicum annuum L.). We specifically tested whether this effect was local or sys-
temic.

Macrolophus pygmaeus is an important omnivorous predator of several agricultur-
al pests such as whiteflies (Montserrat et al. 2000), thrips (Riudavets and Castañé
1998), aphids (Alvarado et al. 1997), spider mites (Hansen et al. 1999), leaf miners
(Arnó et al. 2003) and Lepidoptera species, including Tuta absoluta (Urbaneja et al.
2009). It attacks a wide range of arthropod pests and is commercially used for the
biological control of spider mites and whiteflies. However, it can also feed on plant
tissue (Perdikis and Lykouressis 2000). Plant damage has been observed with high
predator densities on tomato, zucchini, and gerbera flowers under experimental con-
ditions, but no such damage has been observed under cropping conditions (Castañé
et al. 2011). In this paper, we investigated the effects of phytophagy of M. pygmaeus
on the performance of three species of its herbivorous prey, the two-spotted spider
mite T. urticae, the green peach aphid Myzus persicae (Hemiptera, Aphididae), and
the western flower thrips F. occidentalis.

These herbivores species employ different feeding strategies. Spider mites and
thrips are cell-content feeders, but spider mites have relatively long stylets and feed
on parenchymal cells and avoid damaging the epidermis cells (Bensoussan et al.
2016), and thrips use their mouthparts to punch holes in both the epidermal cells and
mesophyll cells and subsequently empty the punched cells with their stylets, result-
ing in strong plasmolysis and collapse of cells (Hunter and Ullman 1992; Wetering et
al. 1998). Aphids use their long flexible stylets to feed only from phloem, causing
hardly any damage to mesophyll tissue (Walling 2008; Schwarzkopf et al. 2013).
These different feeding strategies are reflected in the differential defence responses
they induce in plants. Spider mites induce both the JA and the SA pathway (Kant et
al. 2004), and thrips predominantly induce the JA pathway (Kawazu et al. 2012),
whereas phloem-feeding insects such as whiteflies and aphids generally activate the
SA pathway (Walling 2000). JA-related plant defences decrease the performance of
spider mites and thrips (Omer et al. 2001; Kant et al. 2008). Aphids and whiteflies are

21

Omnivore’s plant feeding induces plant defences | CHAPTER 2

NinaZhang-chap2_Gerben-chap1.qxd  08/05/2018  13:58  Page 21



also sensitive to the JA-related defences, but they mainly induce SA-related
defences, which can suppress JA-related defences (Omer et al. 2001; Zarate et al.
2007; Walling 2008; Puthoff et al. 2010). Owing to these different sensitivities to plant
defences, we expected that the herbivores would be differentially affected by plant
feeding by the omnivore, and this would help to evaluate which types of defences are
induced by the omnivore. We therefore tested the performance of herbivores on
plants previously infested by M. pygmaeus and on uninfested plants. To test the
induction of different defensive systems by the omnivore, we quantified defence-
related plant hormones of both defensive pathways in plants infested by M. pyg-
maeus and in uninfested plants. Specifically, we quantified concentrations of the two
main hormones of the two defensive pathways, JA and SA. We furthermore quanti-
fied the hormone 12-oxo-phytodienoic acid (OPDA), which is the precursor of JA
(Wasternack and Hause 2013), JA-isoleucine (JA-Ile), which is the main bioactive
form of JA and plays a key role in regulating defence gene expression (Fonseca et al.
2009), and abscisic acid (ABA) (Bodenhausen and Reymond 2007; Pieterse et al.
2009), which plays an important ancillary role in fine-tuning plant defences (Kessler
and Baldwin 2002; Vos et al. 2013; Kant et al. 2015).

Materials and methods
Plant material
Sweet pepper plants (Capsicum annuum L. Spider F1; Enza Zaden Beheer,
Enkhuizen, The Netherlands) were grown from seeds in pots (14 cm Ø) with soil in a
climate room dedicated to growing clean plants (25 ± 1°C, 60-70% RH, 16:8 L:D).
Water was supplied twice a week. Four-week-old plants with 6-8 true leaves (about
20 cm high) were used for experiments. Plants of 5-8 weeks old were used for the
rearing of spider mites, thrips and aphids.

Cultures
A colony of M. pygmaeus was established with fifth instar nymphs obtained from a
commercial biological control company (Koppert Biological Systems, Berkel en
Rodenrijs, The Netherlands). It was reared in plastic containers (45 cm high, 35 cm
Ø) in a climate room (conditions as above) with Ephestia kuehniella eggs as food and
green bean pods, which served as both food supply and oviposition substrate. New
E. kuehniella eggs and beans were added twice a week. Old beans with M. pyg-
maeus eggs were transferred to new containers, and kept until the eggs hatched,
whereupon E. kuehniella eggs and beans were supplied twice a week. Old beans
were removed from the containers when no new nymphs hatched from them. Adults
of 4-8 days old were used for experiments.
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The colony of T. urticae was started with individuals that were obtained from a
cucumber colony in our lab (see Janssen 1999 for details), and reared on intact sweet
pepper plants in a climate room (conditions as above). New plants were provided
twice a week. The colony was cultivated for 10 months on sweet pepper plants
before being used for experiments. Thus, T. urticae females used in the experiments
below were adapted to sweet pepper plants. Nevertheless, the oviposition rate of
these spider mites remained low.

A red phenotype of M. persicae was obtained from a culture on sweet pepper
plants at Wageningen UR Greenhouse Horticulture (Bleiswijk, The Netherlands). The
culture was established by placing all individuals on intact sweet pepper plants in
insect-proof cages (BugDorm-44545F, 47.5 × 47.5 × 47.5 cm, mesh size: 160 µm) in
a climate chamber (conditions as above). New plants were supplied every 2 weeks.

A colony of F. occidentalis which originated from the stock colony of Koppert
Biological Systems, was maintained on bean pods and cattail pollen Typha latifolia L.
These thrips were subsequently reared on sweet pepper plants supplemented with
cattail pollen in fine mesh cages (as above) in a climate chamber (conditions as
above). New pollen was applied on sweet pepper leaves with a fine brush three times
per week. New plants were supplied twice per week. In order to obtain cohorts of
thrips larvae, adult thrips were collected with an aspirator connected to a vacuum
pump and placed on clean sweet pepper leaves on soaked cotton wool in Petri-dish-
es sealed with Parafilm. The lids had ventilation holes covered with a fine mesh for
ventilation. Adults were removed after 24 h and leaves were kept until new larvae
hatched. Thereafter, new leaves and pollen were added. In this way, cohorts of sim-
ilar-aged adults were obtained for experiments.

Infestation of sweet pepper plants with Macrolophus pygmaeus
Four-week-old plants with 6-8 true leaves were transferred to a climate room (condi-
tions as above). Leaves from the middle part of the plants were treated with omniv-
orous predators to observe the systemic effects on untreated leaves above and
below the treated leaves. To restrict the feeding of omnivorous predators, bags made
of fine mesh (30 µm, size: 15 × 13 cm) were used to enclose them. Five adult males
and five adult females of M. pygmaeus, starved for 2 h, were released in the bag of
half the plants, haphazardly chosen. The other half of the plants also received bags
and served as controls. All bags were closed with stretchable ropes around the
stems of the leaves to prevent M. pygmaeus from escaping. After 4 days, all adults
and the bags were removed from all plants. No food or prey was supplied for M. pyg-
maeus during these 4 days, thus preventing the females from ovipositing (Perdikis
and Lykouressis 2004). An average of 60% of the females of M. pygmaeus was alive
4 days later.
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Effect of plant infestation by Macrolophus pygmaeus on herbivore 
reproduction
The second to sixth leaf (from below) of sweet pepper plants treated as above (unin-
fested or previously exposed to M. pygmaeus) were used to measure the perform-
ance of spider mites, thrips and aphids. Lanolin (Sigma Aldrich) was pasted around
the stem of each leaf of each plant to prevent spider mites from escaping. For repro-
duction of the spider mites, adult female T. urticae were collected from the colony. To
reduce the effect of the previous diet on reproduction, all females were starved for 2 h
before being used for the experiment. Ten starved females were carefully introduced
on each leaf with a fine brush. Subsequently, the number of females was recorded
on a daily basis for 4 days, and the number of eggs was recorded on the 4th day
under a stereomicroscope. The experiments were conducted in 3 blocks in time and
there were 5 plants of each treatment per block. We calculated the number of eggs
per mite-day as follows: First, we observed that almost all mites disappeared from
the 2nd leaf from below of all plants, suggesting that the quality of this leaf was low,
independent of treatment. As we could not rule out the possibility that the mites
escaped by dropping from the plant immediately after being introduced, we exclud-
ed oviposition on this leaf for further analysis. Second, we summed the number of
alive, ovipositing females on the other leaves per day over a 4-day period, yielding
the total number of mite-days per leaf. Subsequently, the total number of eggs pro-
duced during 4 days was divided by this total number of mite-days, thus correcting
for mortality or escapes of adult females. Each plant was considered as a replicate
but because we were interested in local and systemic effects of the feeding by M.
pygmaeus, we averaged oviposition per leaf per plant. These oviposition rates on dif-
ferent leaves of each treatment were compared using linear mixed-effects models
(LME), with treatment, leaf and their interaction as fixed factors and individual plant
and block as random factors. The distribution of the residuals was checked for nor-
mality. Non-significant interactions and factors were removed until a minimal ade-
quate model was reached (Crawley 2007). Contrasts were assessed with the Tukey
method (package lsmeans in R, Lenth 2016).

For survival of the female spider mites, we again excluded the data from the 2nd
leaf. The proportion of females surviving was analysed with a generalized linear
mixed effects model (GLMM) using the function glmer of the lme4 package in R
(Bates et al. 2015), with treatment, leaf and their interaction as fixed factors and indi-
vidual plant and block as random factors. The distribution of the residuals was
checked for normality. All statistical analyses were performed with R (R Development
Core Team 2017).

For the assessment of performance of aphids, a single 2- to 4-day-old apterous
adult was introduced on leaf 3-6 of plants treated as above with a fine brush. Each
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leaf was enclosed with a bag (as above) to prevent the aphids from escaping. Four
days later, all the bags were removed carefully. All adult aphids survived, except for
one female, which died due to handling and was therefore excluded from the analy-
sis. Thereafter, the number of nymphs produced by each female aphid was counted
under a stereo microscope. The experiments were conducted in two blocks in time
with five plants of each treatment per block. The numbers of nymphs per female per
day were compared using LME as explained above with treatment, leaf and their
interaction as fixed factors and individual plant and block as random factors.

Given that thrips females are able to fly and also escaped from the bags used for
aphids, leaf discs were used in this experiment. Based on the results of the previous
experiment, leaves 3-5 (from below) of infested and uninfested plants were used.
Five leaf discs (15 mm Ø) were made from each leaf, avoiding areas including the
midrib. Each leaf disc was placed upside down on soaked cotton wool inside a small
plastic cup (20 mm Ø, 3 cm high). A single 4- to 6-day-old female thrips was released
inside the cup. All cups were closed with lids with a ventilation hole covered with fine
mesh (80 µm). Females were removed 3 days later and all leaf discs were kept for
another 4 days until all larvae had hatched from the leaf discs. The total number of
larvae that hatched from the eggs produced by each female was recorded. The
experiments were conducted in two blocks in time and there were eight replicates
(plants) per treatment in total. Thrips that were missing or dead at the end of the
experiment (around 16%) were excluded from the analysis of reproduction, but there
were always surviving thrips for each leaf of each plant. We calculated the average
number of thrips larvae per female of each leaf and this average was used for further
analysis. As above, these data were compared using LME with leaf and treatment
and their interaction as fixed factors and individual plant and block as random fac-
tors. Below, we do not report non-significant interactions. The distribution of the
residuals was checked for normality. The number of thrips larvae was log(x+10)
transformed in order to stabilize variance. Contrasts were assessed with the Tukey
method (package lsmeans in R, Lenth 2016).

For adult thrips, the proportions of females that survived per leaf of each plant
were analysed with a GLMM as described above, with treatment, leaf and their inter-
action as fixed factors and individual plant and block as random factors.

Effect of plant infestation by Macrolophus pygmaeus on immature 
herbivore development
Plants that received the same treatments (uninfested plants and plants infested by
M. pygmaeus) as for the above experiment were used. Based on the previous exper-
iment, leaves 3-5 of each plant were chosen for this experiment. Five leaf discs (15
mm Ø) were made from each leaf and placed upside down in small plastic cups on

NinaZhang-chap2_Gerben-chap1.qxd  08/05/2018  13:58  Page 25



top of soaked cotton wool. Three leaves (leaves 3, 4 and 5) of five plants per treat-
ment were used for the larval development of spider mites, and three leaves of 10
plants per treatment were used for larval development of thrips and nymphal devel-
opment of aphids. A single newly-hatched two-spotted spider mite larva, a newly
born aphid nymph, or a first-instar thrips larva was transferred carefully to each leaf
disc with a fine brush under a stereomicroscope. The cup was closed with a lid with
a ventilation hole covered with fine mesh (80 µm). Juvenile survival and their devel-
opmental stages were checked under the stereomicroscope and recorded on a daily
basis until the adult stage for spider mites and aphids. Thrips larvae largely stop
feeding when they become prepupae; we therefore analysed the development and
survival from larva to prepupa. Discs were replaced by new ones that had received
the same treatments every three days. Because five spider mite larvae and seven
thrips larvae died due to handling, some of these averages per leaf were based four
individuals instead of five. Survival of immatures per leaf was compared with a
GLMM as above. The developmental times were log(x + 0.1) transformed and were
analysed with LME following the same procedure as explained above.

Phytohormone accumulation
To test whether plant feeding of M. pygmaeus induced plant defences, phytohor-
mones were quantified. Sweet pepper plants were treated for 4 days as above, six
plants with M. pygmaeus inside the bags, the other six plants with only the bags as
control. Leaves 2-6 of each plant were frozen in liquid nitrogen and stored at –80°C.
The metabolites OPDA, JA, JA-Ile, SA and ABA were analysed with liquid chro-
matography-mass spectrometry/mass spectrometry (LC-MS/MS) using the proce-
dure of Alba et al. (2015) with some minor modifications. In short, c. 200 mg of frozen
leaf material was homogenized (Precellys 24, Bertin Technologies, Aix-en-Provence,
France) in 1 ml of ethyl acetate solution with 100 ng/ml of the internal standards D6-
SA, D5-JA and D6-ABA (C/D/N Isotopes, Canada). Samples were centrifuged at
15000 rpm for 20 min at 4°C and the ethyl acetate phase was transferred to new
tubes. Pellets were washed with 0.5 ml of ethyl acetate without internal standards.
Subsequently, the supernatants were combined with the previous extraction after
centrifugation (20 min at 4°C at 15000 rpm). Samples were dried on a vacuum con-
centrator (CentriVap Centrifugal Concentrator; Labconco, Kansas City, MO, USA) at
room temperature. The residue was re-suspended in 0.25 ml of 70% methanol (v/v).
Samples were transferred to glass tubes and then analysed with LC-MS/MS. To cal-
culate the amount of each compound, a serial dilution of pure standards of OPDA,
JA, JA-Ile, SA, SA and traumatic acid was included. Measurements were conducted
on a liquid chromatography tandem mass spectrometry system (Varian 320-MS
LC/MS; Agilent Technologies, Amstelveen, The Netherlands). Twenty µl of each sam-
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ple was injected into a Pursuit XRs 5 column (C18; 50 × 2.0 mm, Agilent
Technologies). The mobile phase comprised solvent A (0.05% formic acid in water;
Sigma-Aldrich, Zwijndrecht, The Netherlands) and solvent B (0.05% formic acid in
methanol; Sigma-Aldrich). The program was set as follows: 95% solvent A for 90 s,
followed by 6 min in which solvent B increased until 98% (0.2 ml/min) which contin-
ued for 5 min with the same flow rate, subsequently returning to 95% solvent A for
1 min until the end of the run. Metabolites were detected using the negative electro-
spray ionization mode. The mother ions, daughter ions and collision energies used in
these analyses are listed in TABLE S2.1. For all oxylipins, we used D5-JA to calculate
the recovery rate, and their in planta concentrations were subsequently quantified
using the external standard series. For SA and ABA we used D6-SA and D6-ABA,
respectively, to calculate the recovery rate and they were quantified using the exter-
nal standard. Values were expressed as ng per gram fresh leaf material.

First we carried out a multivariate analysis of variance (MANOVA) to check the
overall effects of treatments on the concentrations of all plant hormones. Because
this MANOVA showed a significant effect, we proceeded with an analysis of the indi-
vidual hormones. The hormone concentrations in different leaves from each plant in
each treatment were compared with LMEs with treatment, leaf and their interactions
as fixed factors and individual plant as a random factor. The distribution of the resid-
uals was checked for normality. The concentrations of OPDA and JA-Ile were square-
root transformed and the JA log(x+1) transformed to stabilize variance. Non-signifi-
cant interactions and factors were removed until a minimal adequate model was
reached (Crawley 2007).

Vascular connectivity of different leaves of sweet pepper plants
Rhodamine-B (Sigma-Aldrich, St Louis, MO, USA) was used to track the vascular
connectivity of different leaves of sweet pepper plants (Supplementary material Ch.
2, Methods).

Results
Effect of plant infestation by Macrolophus pygmaeus on herbivore 
reproduction
Overall, the oviposition rate of T. urticae on M. pygmaeus-infested plants was lower
than on the uninfested plants (FIGURE 2.1a, LME: c2 = 5.83, d.f. = 1, P = 0.016), and
it varied among leaves (FIGURE 2.1a, LME: c2 = 10.9, d.f. = 3, P = 0.012). Female T.
urticae feeding on the M. pygmaeus-damaged leaf (leaf 4) and the 5th leaf of treated
plants laid significantly fewer eggs than females on corresponding leaves of uninfest-
ed plants (FIGURE 2.1a, contrasts with glht function of package lsmeans). The same
trend was observed on the 3rd and 6th leaves.
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FIGURE 2.1 Average reproduction rate (+ SE) of Tetranychus urticae (a; n = 15 plants), Myzus persicae (b; n = 10)

and Frankliniella occidentalis (c; n = 8) when feeding on leaves from plants previously exposed to Macrolophus

pygmaeus for 4 days (grey bars) and uninfested plants (control, white bars). Significant differences between cor-

responding leaves from infested and uninfested plants are indicated by asterisks (contrasts after LME, *: P < 0.05).

Different letters inside bars indicate significant differences among different leaves of uninfested (small letters) and

infested (capital letters) plants (contrasts after LME: P < 0.05)
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Female M. persicae produced similar numbers of nymphs on uninfested and treat-
ed plants (FIGURE 2.1b, LME: c2 = 0.12, d.f. = 1, P = 0.73), and numbers of nymphs
did not differ among leaves (FIGURE 2.1b, LME: c2 = 0.87, d.f. = 3, P = 0.83).

Overall, lower numbers of F. occidentalis larvae were found on treated plants than on
uninfested plants (FIGURE 2.1c, LME: c2 = 4.52, d.f. = 1, P = 0.034). Lower numbers of
larvae were found on the leaf infested by M. pygmaeus (leaf 4) and on leaf 5 than on the
corresponding leaves of uninfested plants (FIGURE 2.1c, contrast as above). The num-
bers of larvae differed among leaves (FIGURE 2.1c, LME: c2 =10.9, d.f. = 2, P = 0.004).

The survival of adult T. urticae females was differentially affected by feeding of M.
pygmaeus on different leaves (FIGURE 2.2a, GLMM, interaction between treatment
and leaf: c2 = 7.82, d.f. = 3, P = 0.050). Survival on the leaf previously exposed to M.

FIGURE 2.2 Average proportions (+ SE) of (a) Tetranychus urticae females surviving on leaves of plants previously

exposed to Macrolophus pygmaeus (black bars) and leaves of uninfested plants (control, white bars) on day 4

(n = 15 plants), and (b) average proportions (+ SE) of Frankliniella occidentalis females surviving on leaves of treat-

ed and uninfested plants after 3 days (n = 8). Significant differences between infested and uninfested leaves are

indicated by asterisks (contrasts after LME, *: P < 0.05)
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pygmaeus (leaf 4) was only half as high as on the corresponding leaf of uninfested
plants, but survival on the other leaves did not differ significantly between treatments
(FIGURE 2.2a). All aphid females survived the entire experiment. The survival of adult
F. occidentalis females did not differ between uninfested and M. pygmaeus-infested
plants (FIGURE 2.2b, GLMM: c2 = 0.08, d.f. = 1, P = 0.78), or among different leaves
per treatment (GLMM: c2 = 2.36, d.f. = 2, P = 0.31).

Effect of plant infestation by Macrolophus pygmaeus on immature 
herbivore development
No significant effect of treatment or leaf was found on the survival of T. urticae from
larva to adult (FIGURE 2.3a, GLMM: treatment: c2 = 0.0008, d.f. = 1, P = 0.98; leaf:
c2 = 1.32, d.f. = 2, P = 0.52). Furthermore, spider mite larvae feeding on uninfested
and treated plants required similar developmental times (FIGURE 2.4a, LME: c2 = 0.86,
d.f. = 1, P = 0.35). Larvae feeding on different leaves of the same treatment also required
similar times to develop into adults (FIGURE 2.4a, LME: c2 = 4.04, d.f. = 2, P = 0.13).

For aphid survival, no significant effect of treatment or of leaf was found (FIGURE

2.3b, GLMM: treatment: c2 = 0.82, d.f. = 1, P = 0.78; leaf: c2 = 2.13, d.f. = 2, P = 0.34).
Nymphs feeding on uninfested and treated plants required similar times to develop
into adults (FIGURE 2.4b, LME: c2 = 2.95, d.f. = 1, P = 0.086). Developmental period
did not differ significantly among leaves of plants of the same treatment (FIGURE 2.3e,
LME: c2 = 2.48, d.f. = 2, P = 0.29).

The survival of thrips larva to prepupa was not affected by the plant treatment or
the plant leaf (FIGURE 2.3c, GLMM, treatment: c2 = 1.61, d.f. = 1, P = 0.20; leaf:
c2 = 1.24, d.f. = 2, P = 0.54). A significant effect of the interaction between treatment
and leaf was found on the developmental time from larva to prepupa (FIGURE 2.4c,
LME: c2 = 8.93, d.f. = 2, P = 0.012). Larvae feeding on treated leaves (leaf 4) required
a longer time to develop into prepupae than those feeding on the corresponding
leaves of uninfested plants (FIGURE 2.4c).

Phytohormone accumulation
Overall, there was a significant effect of treatment, of leaf and their interaction on the
concentrations of hormones accumulated (MANOVA: treatment: F1,6 = 6.59,
P < 0.0001; leaf: F4,24 = 4.46, P < 0.0001; treatment: leaf: F4,24 = 2.31, P = 0.009).
We therefore analysed each plant hormone separately.

Feeding by M. pygmaeus resulted in significantly higher concentrations of OPDA
in the attacked leaf (leaf 4) than in the 4th leaf of the uninfested plants and then in
the other leaves of the treated plants (FIGURE 2.5a). This resulted in an interaction
between treatment and leaf (FIGURE 2.5a, LME: c2 = 11.83, d.f. = 4, P = 0.019). Similar
concentrations of OPDA were produced in all leaves of uninfested plants.
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FIGURE 2.3 Average proportions (+ SE) of immature Tetranychus urticae (a; n = 5 plants) and Myzus persicae (b;

n = 10) surviving to adult, and of immature Frankliniella occidentalis (c; n = 10) surviving to prepupa when feed-

ing on leaves from plants previously exposed to Macrolophus pygmaeus for 4 days (black bars) and uninfested

plants (control, white bars). ns, not significant (contrasts after LME: P > 0.05)
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FIGURE 2.4 Average developmental time (+SE) of immature Tetranychus urticae (a; n = 5 plants) and Myzus persi-

cae (b; n = 10) to adult, and of Frankliniella occidentalis (c; n = 10) to prepupa when feeding on leaves from plants

previously exposed to Macrolophus pygmaeus for 4 days (black bars) and uninfested plants (control, white bars).

Significant difference between corresponding leaves from infested and uninfested plants is indicated by asterisk

(contrasts after LME, *: P < 0.05)
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FIGURE 2.5 Average concentrations of plant hormones (in ng/g fresh weight), of OPDA (a), JA (b), JA-Ile (c), SA (d)

and ABA (e) (mean + SE; n = 6 plants) in different leaves of plants previously exposed to Macrolophus pygmaeus

for 4 days (black bars) and uninfested plants (control, white bars). Significant differences between corresponding

leaves from infested and uninfested plants are indicated by asterisks (contrasts after LME, *: P < 0.05). Different

letters inside the bars indicate significant differences among different leaves of uninfested plants (small letters) and

of infested plants (capital letters, contrasts after LME: P < 0.05)

NinaZhang-chap2_Gerben-chap1.qxd  08/05/2018  13:58  Page 33



The concentrations of JA in leaves of treated and uninfested plants did not differ
significantly (FIGURE 2.5b, LME: c2 = 0.30, d.f. = 1, P = 0.58), and different leaves of
plants with the same treatment produced similar concentrations of JA (FIGURE 2.5b,
LME: c2 = 8.49, d.f. = 4, P = 0.075). The concentration of JA in the attacked leaf (leaf
4) was higher than that in the corresponding leaf of the uninfested plants, but the dif-
ference was not statistically significant due to high variation in the JA concentration
in the attacked leaves (FIGURE 2.5b).

Leaves attacked by the omnivore (leaf 4) contained a significantly higher concen-
tration of JA-Ile than the corresponding leaf of the uninfested plants and the other
leaves of the treated plants (FIGURE 2.5c). This resulted in an interaction between
treatment and leaf (FIGURE 2.5c, LME: c2 = 21.51, d.f. = 4, P = 0.0003). JA-Ile con-
centrations in the other leaves of infested plants did not differ significantly from the
corresponding leaves of uninfested plants (FIGURE 2.5c). Different leaves of uninfest-
ed plants had accumulated a similar amount of JA-Ile (FIGURE 2.5c).

There was also a significant effect of the interaction between treatment and leaf
for the amount of SA in different leaves (LME: c2 = 10, d.f. = 4, P = 0.040), but there
was no significant effect of treatment per leaf (FIGURE 2.5d). Within each treatment,
there was no significant difference in the concentrations of SA among leaves (FIGURE

2.5d, contrasts as above).
Feeding by M. pygmaeus also resulted in significantly higher concentrations of

ABA in the attacked leaf (leaf 4) and in the uninfested leaves 3 and 6 than in the other
leaves of the treated plants and then in the corresponding leaves of the uninfested
plants (FIGURE 2.5e, LME, interaction between treatment and leaf: c2 = 16.76, d.f. = 4,
P = 0.002). Different leaves within the same treatment accumulated different amounts
of ABA (FIGURE 2.5e).

Vascular connectivity of different leaves of sweet pepper plants
After 4h, Rhodamine-B was observed in half of each leaf 5 and 6, but not in leaf 3
(FIGURE S2.1). Subsequently, the Rhodamine-B also accumulated in the other halves
of leaf 5 and 6 after 24 h (FIGURE S2.1). After 48h, it was visible in leaf 3 and both
sides of the leaf 5 and 6 (FIGURE S2.1).

Discussion
We show that the feeding of M. pygmaeus on sweet pepper plants lowers the per-
formance of two of the three herbivore species feeding on the same plants through
induced defences. The reproduction of T. urticae and F. occidentalis on M. pygmaeus-
infested plants was significantly lower than on uninfested plants, not only on the
leaves that had been exposed to M. pygmaeus, but also on other leaves of the same
plants, showing that the effect was systemic. Furthermore, F. occidentalis larvae
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developed slower on leaves previously exposed to M. pygmaeus than on uninfested
leaves. In contrast, there was no effect on the reproduction of female M. persicae. The
developmental rate and juvenile survival of T. urticae and M. persicae, and larval sur-
vival of F. occidentalis was not affected by the previous infestation of M. pygmaeus.

Similarly, Pappas et al. (2015) have shown that the performance of T. urticae was
lower on local and systemic tomato leaves of plants that were previously exposed to
M. pygmaeus than on leaves of uninfested plants, but they found no effect on the
greenhouse whitefly. However, these authors found lower survival and oviposition of
spider mites, but it is unclear whether the lower oviposition was mainly caused by
decreased survival of the ovipositing female, by surviving females producing fewer
eggs, or by both. Here, we corrected for mortality of the adult females and show that
both the survival and oviposition rate were negatively affected by previous exposure
of plants to M. pygmaeus. Oviposition rates of spider mites on uninfested plants were
relatively low (1-1.5 eggs per day), confirming that sweet pepper is a less suitable
host plant for this herbivore (van den Boom et al. 2003). Another study showed that
the predatory bug O. laevigatus also increased tomato resistance against the thrips
F. occidentalis (De Puysseleyr et al. 2011). Thus, omnivorous predators can decrease
the performance of herbivores sharing the same plants both directly, through preda-
tion, as well as indirectly through induced plant defences.

The number of spider mite females on the M. pygmaeus-infested plants
decreased during the experiments compared to those on the uninfested plants.
Because there were no predators present, the females either escaped or died
because of poor plant quality. Further experiments are needed to confirm whether
spider mites disperse more from plants previously exposed to M. pygmaeus. Notice
that reproduction was corrected for this dispersal and mortality (see Materials and
Methods). Because thrips and aphid reproduction was tested with leaf discs and in
the bags (as described above), they were prevented from escaping. Such an
approach was not possible with the smaller spider mites.

Besides reacting to reduced plant quality due to induction of defences, the herbi-
vores may have responded to the cues left behind by the omnivore on the exposed
leaves, as was found for several prey in response to predator cues (Kats and Dill
1998). Possibly the presence of omnivore faeces or other products may have affect-
ed the behaviour of the herbivores. It is also known that egg deposition by herbivores
(Hilker and Meiners 2006) or even herbivore walking (Bown et al. 2002; Peiffer et al.
2009) can induce changes in plants. Perhaps plants respond in a similar manner to
omnivores and this may have contributed to modulation of the plant’s local and sys-
temic defence responses. However, the reproduction of spider mites and thrips was
also reduced on unexposed leaves of exposed plants, suggesting that plant quality
affected the performance of the herbivores.
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In contrast to reproduction, the juvenile survival and developmental period of T.
urticae and the juvenile survival of F. occidentalis were not affected by the infestation
of M. pygmaeus, but the developmental time of F. occidentalis larvae to adults was
delayed on leaves previously exposed to M. pygmaeus. This may point at a differ-
ence in response of juveniles versus adults to cues associated with previous expo-
sure of the plants. Possibly, adult females refrain from reproducing in the presence
of such cues. This could be caused by egg retention by the females (Montserrat et
al. 2007), or because the females attempt to escape, thus spending less time and
energy on reproduction. The observation that many spider mites did escape or die
partly confirms this, but even females that did not escape reproduced less. Although
thrips and aphid females were confined, this did not prevent them from attempting
to escape, and feeding and reproducing less as a consequence. Another explanation
would be that juvenile spider mites and thrips feed much less than adult females,
hence, suffer less from the decreased plant quality. Furthermore, we used leaf discs
for the experiments on larval development experiments instead of intact plants for
practical reasons, which may also have affected the results. Although both methods
are amply used in the literature, the effects of induced plant defences may differ
between these two approaches. Elsewhere (Dias et al, in prep.) we address this
issue, showing that the reproduction rates of spider mites on leaf discs and on intact
plants showed the same trend. Therefore, it is likely that the effect of infestation by
M. pygmaeus on thrips reproduction will be comparable on leaves from intact plants.

In the current experiments, five pairs of M. pygmaeus were released on the 4th leaf
of each plant, and no leaf damage by M. pygmaeus was observed during the exper-
iments, yet these low numbers were sufficient to activate plant defences. In our
experiments, M. pygmaeus were released on one leaf, however in practice, they are
free to disperse to other plant parts, hence, more leaves may become exposed to
these omnivores, resulting in larger overall effects on herbivore performance.
However, pest individuals may actively avoid feeding and reproducing on leaves that
were previously exposed to M. pygmaeus. This will be the subject of further research.

Oviposition of female M. pygmaeus and plant feeding of nymphs can also induce
plant defences (Pappas et al. 2015). In this study, no prey or food was supplied for M.
pygmaeus. An earlier study showed that in the absence of prey, no female M. pyg-
maeus oviposited on pepper plants (Perdikis and Lykouressis 2004), and indeed, no
nymphs were observed on the plants during our experiments. Thus, the effect on the
performance of herbivores was mainly due to the response induced by the feeding of
M. pygmaeus and not due to the response to oviposition or to the presence of nymphs.

The three herbivores species used in our study have different feeding modes and
induce and are sensitive to different plant defences. Aphids are sensitive to the JA-
related defences, but they mainly induce SA-related defences, which suppress JA-
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related defences (Omer et al. 2001; Zarate et al. 2007; Walling 2008; Puthoff et al.
2010). Thrips are sensitive to JA-related defences and spider mites are sensitive to
both JA- and SA-related defences. Our observation that the performance of spider
mites and thrips were affected by plant feeding by M. pygmaeus and that of the
aphids not, suggests that the omnivore mainly induces JA-related defences.

To further confirm whether plant defences were involved in the decrease of per-
formance of some of the herbivores tested here, we quantified the plant hormones
accumulated in leaves of uninfested plants and M. pygmaeus-infested plants. We
found that the concentrations of the plant hormones OPDA and JA-Ile in the exposed
leaves was significantly higher than in the corresponding leaves of uninfested plants,
but no such effect was found for the uninfested leaves of the exposed plants. The
accumulation of JA showed the same trend as that of JA-Ile, but this was not signif-
icant. Concentrations of JA and JA-Ile in induced plants were comparable to those
found in induced tomato plants (Alba et al. 2015; Schimmel et al. 2017). The amount
of SA in the 3rd, 4th, 5th leaves of treated plants was not significantly higher than in
corresponding leaves of the uninfested plants. ABA levels were significantly higher in
leaves exposed to M. pygmaeus and in some of the other leaves of the same plants
than in the respective leaves of the uninfested plants. Similarly, Pérez-Hedo et al.
(2015a) found that the JA signalling pathway was activated and the amount of ABA
was higher in tomato leaves attacked by another omnivore N. tenuis. But attack by
M. pygmaeus only activated the JA signalling pathway in tomato leaves, not the ABA
pathway (Pérez-Hedo et al. 2015b). It is likely that plants of different species
response differently to the damage by the omnivore. It is known that ABA plays an
important role in response to abiotic stress and its role in biotic stress is becoming
evident in Arabidopsis (Mauch-Mani and Mauch 2005; Asselbergh et al. 2008;
Pieterse et al. 2009). In Arabidopsis, ABA enhances the JA-related response
(Anderson et al. 2004) and antagonizes SA-dependent responses (Mohr and Cahill
2007). All these results suggest that several of the plant hormones investigated here
are involved in the local defence induced by the omnivore, but are not decisive in the
systemic defences experienced by the herbivores. Perhaps other, unidentified
metabolites (e.g. OPC4; Gasperini et al. 2015) were involved in the systemic effects.
Alternatively, plant defences may have been primed in undamaged distal leaves of
M. pygmaeus-infested plants, and JA-regulated defences may not have been acti-
vated by M. pygmaeus feeding, but could have been rapidly activated upon subse-
quent attacks by the herbivores, which would explain the decreased performance of
herbivores on these leaves. The systemic response by ABA suggests that it may play
a role in modulating plant JA-defences induced by omnivorous mirid bugs. Indeed,
ABA plays an important role in herbivore-induced defences by activating primed JA-
regulated defences upon secondary herbivore attack (Vos et al. 2013).
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Concluding, our results suggest that plant feeding by the omnivorous predator M.
pygmaeus induces the JA-related defensive pathway in sweet pepper plants, and
this coincides with reduced performance of the herbivore species T. urticae and F.
occidentalis. The phytohormones accumulated in the M. pygmaeus infested plants
confirm that mainly the JA-related pathway was induced. Perhaps aphids can
decrease these defences by inducing SA-related defences. Pappas et al. (2015)
found no effect of previous exposure of tomato plants on the performance of white-
fly, which is also considered to be able to suppress induced JA-related defences
(Zarate et al. 2007; Walling 2008). Together, this suggests that spider mites and thrips
are more sensitive to the defences induced by M. pygmaeus than are whiteflies and
aphids, perhaps because the latter can decrease these defences through cross-talk
with the SA-related defences they induce.

Macrolophus pygmaeus attacked the 4th leaf of the plants in our experiment. This
leaf has higher vascular connectivity with leaves 5 and 6 than with leaf 3 (FIGURE

S2.1). However, the dye used in this experiment was also detected in leaf 3 after 48h
(FIGURE S2.1). Because our plants were treated with M. pygmaeus for 4 days,
defence-related compounds were likely be transferred to all untreated leaves, permit-
ting systemic effects on herbivores feeding on the tested leaves. Although the
increased concentrations of OPDA, JA and JA-Ile point at a local, non-systemic
effect, the concentrations of ABA point at a systemic effect. Perhaps longer expo-
sure of plants to the omnivores, or exposure to higher densities, would result in more
pronounced differences in phytohormone concentrations. Alternatively, the systemic
response may have been primed rather than induced (Conrath et al. 2015) which
implies that systemic effects could only have been seen when comparing primed and
unprimed leaves infested with herbivores. This will be the subject of further research.

Overall, we conclude that plant feeding by the omnivorous predator M. pygmaeus
can decrease the performance of herbivores feeding on the same plants through the
induction of defences. Possibly plants simply responded to the feeding of the omni-
vores similar to their response to herbivores. However, plants are known to respond
differently to different herbivore species, suggesting that there is specificity in their
response (Turlings et al. 1998; De Moraes et al. 1998; Alba et al. 2015). Hence, plants
can adapt their defensive response to the agent causing the plant damage on an
evolutionary time scale, so induction of defences by M. pygmaeus may not be a sim-
ple side effect of plant damage. A remaining question is then why plants would
mount direct defences when they are already defended by omnivorous predators.
Possibly, plants affect the omnivore’s diet through induced defences, thus manipu-
lating them to feed more on herbivores and less on the plant tissue in which defences
are induced. It is known that omnivores may change their diet according to plant
quality (Agrawal et al. 1999; Janssen et al. 2003), and that a decrease in plant qual-
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ity may increase the predation rate of omnivores (Eubanks and Denno 2000). Further
research is therefore needed to investigate the diet choice of M. pygmaeus on
induced and uninduced plants. Another possibility is that in nature, the presence of
omnivorous predators is strongly correlated with the presence of herbivores, and
thus, plant defences are likely to be induced anyway, so further induction by omni-
vores has little effect on plant defences and plant fitness. Clearly, further research is
needed to investigate the ecological role of omnivorous predators in plant-herbivore-
predator interactions.
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Supplementary material Ch. 2
Spread of Rhodamine-B through sweet pepper plants
After 4 h, Rhodamine-B was observed in half of leaf 5 and 6, but not in leaf 3 (FIGURE

S2.1), suggesting that half of the leaves 5 and 6 were connected with leaf 4 through
vascular bundles, but leaf 3 was not directly connected. Subsequently, the
Rhodamine-B also accumulated in the other halves of leaf 5 and 6 after 24 h (FIGURE

S2.1). After 48 h, it was visible in leaf 3 and both sides of leaves 5 and 6.

TABLE S2.1 Parameters used for detection of phytohormones and related compounds with LC-MS/MS

Compound Capillary Molecular ion Fragment ion CE2 (V) Reference
CID1 (V) [M-H] (m/z) (m/z)

OPDA -35 291 165 18 Koo et al. 2009
JA -35 209 59 12 Wu et al. 2007
D5-JA (IS) -35 213 61 12 Alba et al. 2015
JA-Ile -35 322 130 19 Wu et al. 2007
SA -35 137 93 15 Wu et al. 2007
D6-SA (IS) -35 141 97 15 Alba et al. 2015
ABA -35 263 153 9.0 Bonaventure et al. 2011
D6-ABA(IS) -35 269 159 9.0 Bonaventure et al. 2011
1collision-induced dissociation; 2collision energy; IS = internal standard.
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FIGURE S2.1 Presence of Rhodamine-B in sweet pepper leaves 3, 5 and 6 after 4, 24 and 48 h. Rhodamine-B

was applied to the main vein and petiole of leaf 4
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Herbivores avoid host plants previously
exposed to their omnivorous predator
Macrolophus pygmaeus

Nina Xiaoning Zhang, Daan van Wieringen, Gerben J. Messelink & Arne Janssen

ABSTRACT – Herbivorous arthropods use various cues to choose suitable host

plants for feeding and reproduction. Here, we investigated whether three species

of herbivores use cues associated with their omnivorous predator Macrolophus

pygmaeus to select host plants. Earlier, we found that this omnivore induces plant

defences which decreased the performance of two of the herbivores, i.e., the spi-

der mite Tetranychus urticae and the western flower thrips Frankliniella occidental-

is, whereas the green peach aphid Myzus persicae, a third prey was not affected.

In agreement with the effect on their performance, we found that spider mites and

western flower thrips preferred clean plants over M. pygmaeus-exposed plants.

Possibly, these herbivores also avoided exposed plants to reduce predation risk.

Aphids showed no preference, also is in agreement with their performance, but not

with avoiding exposed plants to reduce predation risk. We furthermore showed

that the preference of spider mites and thrips for clean plants increased through

time. A similar effect was observed for aphids, with higher proportions of aphids

leaving plants previously exposed to M. pygmaeus than clean plants through time.

Thrips also showed lower oviposition rates on omnivore-treated plants than on

clean plants, which was correlated with the numbers of females recaptured on the

plants. Hence, omnivorous predators can decrease herbivore densities on plants

not only by killing them but also by indirectly affecting herbivore host plant selec-

tion.
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Introduction
To find a suitable host plant for feeding and oviposition herbivores use cues associ-
ated with the quality of the host plant (Dicke 2000), the likelihood of food competi-
tion (Bernays and Chapman 1994; Pallini et al. 1997) and the risk of predation (Lima
and Dill 1990; Janssen et al. 1998; Grostal and Dicke 1999). From a distance, olfac-
tory and visual cues are important for host plant selection of herbivores (Bernays and
Chapman 1994). For example, whiteflies use colours, and aphids use both visual and
olfactory cues to direct their flight to host plants (Gerling 1990; Powell et al. 2006).

Volatile cues used by herbivores can be those produced constitutively by their
host plants (Visser 1986). Such plant volatiles can provide specific information about
the quality of the plants, but volatiles associated with the presence of competitors
and predators are also known to play a role in herbivore host plant selection (Pallini
et al. 1997, 1999; Nomikou et al. 2003; Meng et al. 2006; Dias et al. 2016; Darshanee
et al. 2017). Upon attack by herbivores, plants produce volatiles that are used by the
natural enemies of the herbivores to locate their prey (Dicke and Sabelis 1988;
Turlings et al. 1990; Takabayashi et al. 2006), and this information is also picked up
by other herbivores that use it to locate suitable host plants (Shiojiri et al. 2002;
Sabelis et al. 2007). Some herbivores are repelled by volatiles from plants with con-
specifics or heterospecifics to avoid competition and predation risk (Pallini et al.
1997; De Moraes et al. 2001), but there are also examples of herbivores that are
attracted by the volatiles from plants with conspecifics (Harari et al. 1994; Loughrin
et al. 1995; Bolter et al. 1997; Sarmento et al. 2011).

After contact with a plant, herbivores are exposed to other cues. Both physical
and chemical cues on the plant surface can arrest or repel herbivores (Müller and
Riederer 2005). For example, whiteflies prefer plants with non-glandular trichomes
over glabrous plants (Neal and Bentz 1999) and other herbivores find refuge from
predators under glandular trichomes (van Houten et al. 2013). Herbivores can also
use tactile and gustatory cues to assess plant quality (Gerling 1990; Powell et al.
2006; Walling 2008). Phloem feeders such as whiteflies and aphids can taste the
chemical defences in the phylloplane and detect the presence or absence of second-
ary metabolites to determine whether the plant is a suitable host (Müller and Riederer
2005; Walling 2008). Herbivore feeding induces so-called direct plant defences that
result in the production of specific compounds that can decrease the development
and survival of herbivores (Karban and Baldwin 1997), and these compounds can
affect the choice of other herbivores when arriving on the plant. Some herbivores
may be deterred after detecting induced defences, but herbivores that can tolerate
and suppress induced defences may stay on the host plant (Zarate et al. 2007;
Walling 2008). Thus, feeding by one species can affect the host plant choice of other
species (Karban and Baldwin 1997).
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Other cues left by competitors and predators may also affect host plant selection
(Bernays and Chapman 1994), for example, chemical markings left behind by com-
petitors deter butterflies (Schoonhoven 1990) and many herbivore species avoid
plants with cues of predators (Meng et al. 2006; Choh and Takabayashi 2007; Lee et
al. 2011). In contrast, some herbivores that benefit from the presence of predators of
other herbivore species will prefer plants with cues from these carnivores (Atsatt 1981;
Pierce and Elgar 1985; Wagner and Kurina 1997). For example, aphids and lycaenid
caterpillars prefer plants with ants over ant-free plants, because ants can help them
defend against their enemies (Pierce and Young 1986; Müller and Godfray 1999).

Omnivorous predators prey on herbivores and also feed on plants. Therefore,
omnivorous predators can affect herbivore populations directly by preying on them
as well as indirectly through plant-mediated effects and through cues left by the
omnivores. It is known that several omnivores induce direct plant defences when
feeding on a plant (Pappas et al. 2015; Pérez-Hedo et al. 2015a,b; Bouagga et al.
2017; Zhang et al. 2018 [= CHAPTER 2]). Earlier, we showed that feeding of
Macrolophus pygmaeus on sweet pepper plants induced direct plant defences,
resulting in reduced performance of two-spotted spider mites (Tetranychus urticae)
and western flower thrips (Frankliniella occidentalis) on these plants, but the perform-
ance of green peach aphids (Myzus persicae) was unaffected by previous omnivore
plant feeding (Zhang et al. 2018 [= CHAPTER 2]). Omnivore feeding also resulted in
increased concentrations of defence related plant pheromones in sweet pepper
plants, indicating that direct defences were induced (Zhang et al. 2018 [= CHAPTER 2]).
During these experiments, we observed that herbivores tried to escape from plants
previously exposed to M. pygmaeus, indicating that herbivores might avoid these
plants. We therefore tested the effects of previous exposure of plants to omnivores
on the host plant choice of these herbivores.

Omnivorous predators can affect the host plant choice of herbivores in different
ways. First, plant feeding by omnivorous predators can induce direct plant defences,
decreasing the quality of the host plants and consequently the preference of the her-
bivores. Furthermore, herbivores may avoid plants with cues of omnivores to avoid
plants on which they would experience a high predation risk. We investigated the
effects of previous exposure of plants to M. pygmaeus on the host plant choice of
two-spotted spider mites, western flower thrips and green peach aphids. The herbi-
vores were allowed to perceive plant cues from a distance, but could also enter the
plants and use short-range cues in deciding to stay or to leave. Based on their per-
formance on M. pygmaeus-exposed plants, we expected that the first two herbivore
species would avoid settling on these plants, whereas the aphids would not. Based
on the perception of cues associated with predation risk, we expected that these
herbivore species would avoid plants previously exposed to the omnivore.
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Materials and methods
Plant material
Sweet pepper plants (Capsicum annuum L. Spider F1; Enza Zaden Beheer,
Enkhuizen, The Netherlands) were grown from seeds in soil pots (14 cm Ø) in a cli-
mate room dedicated to grow clean plants (25 ± 1°C, 60-70% RH, 16:8 L:D). Water
was supplied twice a week. Four-week-old plants with 6-8 true leaves (about 20 cm
high) were used for experiments. Plants of 5-8 weeks old were used for the rearing
of spider mites, thrips and aphids.

Cultures
A culture of M. pygmaeus was established with fifth instar nymphs from a commer-
cial company (Koppert Biological Systems, Berkel en Rodenrijs, The Netherlands). It
was reared in plastic containers (45 cm high, 35 cm Ø) in a climate room (conditions
as above) with Ephestia kuehniella eggs as food and green bean pods as both food
supply and oviposition substrate. New E. kuehniella eggs and beans were added
twice a week. Old beans with M. pygmaeus eggs were transferred to new contain-
ers, and kept until the eggs hatched, whereupon E. kuehniella eggs and beans were
supplied twice a week. Old beans from which nymphs no longer hatched were
removed from the containers. Adults of 4-8 days old were used for experiments.

The culture of T. urticae was started with individuals that were obtained from a
cucumber colony in our lab (see Janssen 1999 for details), and was reared on intact
sweet pepper plants in a climate room (conditions as above). New plants were pro-
vided twice a week. The colony was cultivated for 10 months on sweet pepper plants
before being used for experiments. Thus, T. urticae females used in the experiments
below were adapted to sweet pepper plants.

A red phenotype of M. persicae was obtained from a culture on sweet pepper
plants at Wageningen UR Greenhouse Horticulture (Bleiswijk, The Netherlands). The
culture was established by placing all individuals on intact sweet pepper plants in
insect-proof cages (BugDorm-44545F, 47.5 × 47.5 × 47.5 cm, mesh size: 160 µm) in
a climate chamber (conditions as above). New plants were supplied every 2 weeks.
We used apterous females for the experiments.

A culture of F. occidentalis that originated from the stock colony of Koppert
Biological Systems was maintained on bean pods and cattail pollen Typha latifolia L.
These thrips were subsequently reared on sweet pepper plants supplemented with
cattail pollen as extra food in fine mesh cages (as above) in a climate chamber (con-
ditions as above). New pollen was applied on sweet pepper leaves with a fine brush
3× per week, and new plants were supplied twice per week. In order to obtain
cohorts of thrips larvae, adult thrips were collected with an aspirator connected to a
vacuum pump, and placed on clean sweet pepper leaves on soaked cotton wool in

48

CHAPTER 3 | HERBIVORES AVOID HOST PLANTS EXPOSED TO OMNIVORES

NinaZhang-chap3_Gerben-chap1.qxd  08/05/2018  14:11  Page 48



49

HERBIVORES AVOID HOST PLANTS EXPOSED TO OMNIVORES | CHAPTER 3

Petri-dishes sealed with Parafilm. The lids had ventilation holes covered with a fine
mesh for ventilation. Adults were removed after 24 h, and leaves were kept until new
larvae hatched. Thereafter, new leaves and pollen were added. In this way, cohorts
of similar-aged adults were obtained for experiments.

Infestation of sweet pepper plants with Macrolophus pygmaeus
Exposure of sweet pepper plants to M. pygmaeus was done as described previous-
ly (Zhang et al. 2018 [= CHAPTER 2]). In short, 4-week-old plants with 6-8 true leaves
were transferred into insect-proof cages (same type as above) in a climate chamber
(conditions as above). Five adult females and five adult males of M. pygmaeus were
released in half of the cages, haphazardly chosen, and plants in these cages served
as treated plants. In the other half of the cages, the plants were clean and served as
control plants. After 4 days, all M. pygmaeus were removed from the treated plants.
No food or prey was supplied for M. pygmaeus during these 4 days, thus preventing
the females from ovipositing (Perdikis and Lykouressis 2004). An average of 60% of
the females of M. pygmaeus was alive after these 4 days.

Host plant choice by two-spotted spider mites
One plant treated with M. pygmaeus as above and one clean plant were transferred
into an insect-proof cage (BugDorm-44590DHF, 93.0 × 47.5 × 47.5 cm, mesh size:
160 µm) in a climate chamber (same condition as above). The plants were placed in
a plastic tray (49 × 31 cm) filled with water, on opposite sides and 30 cm away from
the centre of the tray. A pot (8 cm Ø) was placed bottom up in the center of each tray,
on top of which a plastic cup was placed. A string of nylon thread (Hema, The
Netherlands) was tied around the base of the 4th leaf of each plant, and the other
end was fixed to the rim of the cup with a paperclip with the end of the string reach-
ing the bottom of the cup. These strings served as bridges between the cup and the
plants. One hundred adult female spider mites were collected from the culture, were
starved for 1 h in four 1.5 ml Eppendorf Safe-Lock tubes, and were subsequently
released in the center of the cup. Spider mites on the plants were counted 4× after
the release, with 1-h intervals between the end of one counting and the start of the
next, and again after 24 h. Fourteen pairs of plants were used in total, each pair in a
separate cage. To remove possible effects of directionality in the mite movement
(Janssen 1999), the position of treated and control plants was alternated among
cages. The numbers of spider mites found on the two plants per sampling time were
compared using a linear mixed-effects model (LME), with treatment, time and their
interaction as fixed factors, and individual plant as random factor. The distribution of
the residuals was checked for normality. Non-significant interactions and factors
were removed until a minimal adequate model was reached (Crawley 2007). Below,
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we do not report non-significant interactions. Contrasts for each sampling period
were assessed with the Tukey method (package lsmeans in R, Lenth 2016). All sta-
tistical analyses were performed with R (R Core Development Team 2017).

Host plant choice by green peach aphids
A similar set-up as above was used for host plant choice experiments with aphids
with some minor modifications. One string was used to make a horizontal connection
between the clean and treated plant, with each end tied around the stem (between
the 5th and 6th leaf) of one of the two plants. Another string was tied to the centre of
this horizontal string and the other end was fixed onto the cup (as described above)
where aphids were released. Twenty female aphids from the colony, starved for 2 h in
an Eppendorf tube (as above), were released in the cup. Thereafter, the numbers of
aphids that arrived on the plants and the time when an aphid arrived on and left from
a plant was recorded. Observations for each pair of plant lasted for 45 min after the
release, during which almost all aphids made a choice. Aphids on each plant were
counted again 24 h after the release. Experiments were conducted in 2 blocks in time
with 5 pairs of plants per block. Again, the position of treated and control plants was
alternated among cages. The cumulative number of aphids that arrived on each plant
was calculated every 5 min for the first 45 min. These data were compared using an
LME as described above, with treatment and time and their interaction as fixed fac-
tors, and individual plant as random factor. The distribution of the residuals was
checked for normality. The proportions of aphids that had left each plant after 45 min
and 24 h were compared between plant treatments with a generalized linear model
(GLM).

Host plant choice by western flower thrips
Plants (treated as above) were transferred to a greenhouse compartment (25 ± 1°C,
60-70% RH, 16:8 L:D) at the University of Amsterdam the day before the experiments,
and placed inside an insect-proof cage (203 × 86.5 × 84 cm). Two treated and two
clean plants were placed in a square with equal distances (35.5 cm) to the centre, and
the positions of treated and clean plants were alternated. A small pot (9 × 9 × 9.7 cm)
was placed upside down in the centre of the square serving as the release point.
The 3rd leaf of each plant pointed towards the release point. A group of 100 female
thrips were collected from the culture and starved for 90 min in four 1 ml Eppendorf
pipette tips, closed with Parafilm, with 25 thrips in each tip. Tips with starved thrips
were placed at the four corners of the pot at the release site and the thrips were
released by removing the Parafilm. The number of thrips on each plant was
assessed 6× with 1-h intervals by removing the thrips from the plants with an aspi-
rator while counting them. Thereafter, numbers of thrips on each plant and those
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inside the tubes at the release point were assessed 24 h after release. To avoid
effects of directionality, the position of the treated and untreated plants was alter-
nated among replicates. There were 9 replicates, each with two control and two
treated plants. The cumulative numbers of adult thrips encountered on the plants at
each count were log(x+10) transformed, and compared using an LME following the
same procedure as above, with treatment and time and their interaction as fixed
factors, and individual plant as random factor. The distribution of the residuals was
checked for normality. Contrasts were assessed with the Tukey method (package
lsmeans in R, Lenth 2016).

Because the thrips were removed from the plants while counting, thrips had lim-
ited time to choose a host plant, and even less time to assess the quality of the plant
by probing (Harrewijn et al. 1996). Therefore, a second group of experiments was
done as above, but thrips were removed only after 24h, not after each sampling. This
experiment was replicated 6×, and the numbers of thrips [log(x+1) transformed] were
compared as above. To compare the two experiments, the cumulative numbers of
thrips on the plants after 24 h were compared with a GLM using experiment as fac-
tor with a quasi-Poisson error distribution.

Four of these six replicates in this latter experiment were used to assess the
oviposition of the thrips on the plants. To this end, plants were transferred individu-
ally into cages (BugDorm-44590DHF, 93.0 × 47.5 × 47.5 cm, mesh size: 160 µm) after
each replicate, and the numbers of larvae hatching from the eggs on each plant were
counted 4 days later as an indication of the oviposition rate. To check for differences
in oviposition plus egg survival on the plants, the numbers of larvae were compared
with a generalized mixed effects model (GLMER from the package lme4, Bates et al.
2015) with a Poisson error distribution with treatment and the numbers of female
thrips encountered on the plants and their interaction as fixed factors and replicate
as random factor.

Results
Host plant choice by two-spotted spider mites
The numbers of spider mites on clean plants increased over time, and the numbers
of spider mites on the M. pygmaeus-treated plants increased during the first 3 h but
subsequently decreased from the 3rd to the 4th h (FIGURE 3.1), resulting in a signifi-
cant effect of the interaction between treatment and time (LME: c2 = 23.95, d.f. = 4,
P < 0.0001). Significantly lower numbers of spider mites were found on the treated
plants 4 and 24 h later compared to those on clean plants (FIGURE 3.1, contrasts with
glht function of package lsmeans).
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Host plant choice by green peach aphids
The numbers of aphids on M. pygmaeus-treated plants and control plants did not dif-
fer significantly (FIGURE 3.2a, LME: c2 = 2.91, d.f. = 1, P = 0.088), but the numbers of
aphids on the plants increased significantly with time (FIGURE 3.2a, LME: c2 = 239.5,
d.f. = 8, P < 0.0001). A significantly higher proportions of aphids left the treated
plants than the control plants after 45 min and 24 h (FIGURE 3.2b, GLM, 45 min: c2 =
6.74, d.f. = 1, P = 0.0094; 24 h: c2 = 14.2, d.f. = 1, P = 0.00017).

Host plant choice by western flower thrips
When thrips were recaptured within 1 h of arriving on the plants, the cumulative num-
bers of thrips found on clean plants increased faster through time than those on M.
pygmaeus-exposed plants (FIGURE 3.3a), resulting in a significant effect of the inter-
action between treatment and time (LME: c2 = 14.1, d.f. = 4, P = 0.085). Significantly
higher numbers of thrips were found on the clean plants after 5, 6 and 24 h (FIGURE

3.2a, contrasts after LME). When thrips were not removed from the plants during
each sampling, significantly higher numbers were found on the clean plants than on
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FIGURE 3.1 The effect of previous exposure of plants to Macrolophus pygmaeus on the host plant choice of spi-

der mites Tetranychus urticae. Shown are average cumulative numbers (± SE) of spider mites on plants previous-

ly exposed to M. pygmaeus for 4 days (solid line, closed squares) and clean plants (control, dashed line and open

triangles) over time. Significant differences between M. pygmaeus-treated and clean plants at each time point are

indicated by asterisks (contrasts after LME, **: P < 0.01)
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the M. pygmaeus-exposed plants throughout the experiment (FIGURE 3.3b, treatment:
LME: c2 = 13.0, d.f. = 1, P = 0.0003) and the numbers of thrips increased through
time (LME: c2 = 112.1, d.f. = 6, P < 0.0001). More feeding scars were observed on
clean plants than on treated plants during the experiments (NX. Zhang pers. obs.).

FIGURE 3.2 The effect of previous exposure of plants to Macrolophus pygmaeus on the host plant choice of apter-

ous aphids Myzus persicae. (a) Average numbers of aphids (± SE) on plants previously exposed to M. pygmaeus

for 4 days (solid line, closed squares) and clean plants (control; dashed line, open triangles) over time. (b) Mean

proportions of aphids (+ SE) that left plants previously exposed to M. pygmaeus (grey bars) and clean plants (con-

trol, white bars) after 45 min and 24 h. Significant differences between M. pygmaeus-treated and clean plants at

each time point are indicated by asterisks (contrasts after GLM, **: 0.001 < P < 0.01,***: P < 0.001)
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Comparison of the two experiments after 24 h (FIGURE 3.3a,b), showed that the
numbers of thrips on the control plants after 24 h did not differ significantly (GLM:
F1,28 = 0.02, P = 0.89). In contrast, the numbers of thrips on the treated plants after
24 h were significantly lower in the experiment where thrips were not recaptured
immediately (GLM: F1,28 = 10.58, P = 0.003). This suggests that thrips females
moved away from the M. pygmaeus-exposed plants in the second experiment,
where they had more time to do so.

The numbers of thrips larvae on treated and clean plants did not differ significant-
ly (FIGURE 3.3c, GLMM: c2 = 0.79, d.f. = 1, P = 0.38), but there was a significant pos-
itive effect of the numbers of females that had been recaptured on the plants on the
numbers of larvae (FIGURE 3.3c, GLMM: c2 = 38.9, d.f. = 1, P < 0.0001). This suggests
that, once the females had chosen for a plant, they oviposited regardless of the plant
treatment.

Discussion
We show that two species of herbivores preferred clean plants over plants previous-
ly exposed to the omnivorous predator M. pygmaeus. Higher numbers of spider
mites chose clean plants rather than omnivore-treated plants. A clear trend of spider
mites leaving the plants previously exposed to M. pygmaeus was shown 3-4 h after
release. This suggests that spider mites changed host plant after assessing cues on
the plant. The numbers of aphids on clean plants and plants previously exposed to
M. pygmaeus was similar over time. However, the proportions of aphids that left the
omnivore-treated plants were significantly higher than the proportions that left the
clean plants after 45 min and 24 h, but this did not result in differences in the total
numbers on the plants. Adult female thrips preferred clean plants over plants previ-
ously exposed to M. pygmaeus. When offered a chance to change host plants, num-
bers of female thrips on omnivore-treated plants were significantly lower than when
not offered such a chance (FIGURE 3.3a, 3b). This suggests that, given more time to
assess cues on the plants, thrips more strongly avoided plants exposed to M. pyg-

FIGURE 3.3 The effect of previous exposure of plants to Macrolophus pygmaeus on the host plant choice and

oviposition of thrips Frankliniella occidentalis. Average numbers of thrips (± SE) on M. pygmaeus-exposed plants

(solid line, closed squares) and clean plants (control; dashed lines, open triangles) over time, (a) when being

released and recaptured within 1 h after landing on a plant, and (b) when being released and recaptured the next

day. Significant differences between M. pygmaeus-treated and clean plants at each time point are indicated by

asterisks (contrasts after LME, *: 0.01 < P < 0.05, **: 0.001 < P < 0.01, ***: P < 0.001). Different letters at 24 h

indicate significant differences between clean plants (small letters) and M. pygmaeus-treated plants (capital let-

ters) of the two experiments (i.e., comparing panels a and b, contrasts after LME: P < 0.05). (c) Relation of the

numbers of F. occidentalis larvae on the plants in the experiment with delayed recapture (panel b) and the num-

bers of females previously recaptured on these plants
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maeus. Overall, we conclude that spider mites and thrips preferred clean plants over
plants previously exposed to M. pygmaeus, whereas aphids did not show a clear
preference. This is in agreement with a study by Pérez-Hedo et al. (2015a) who found
that whitefly avoided plants damaged by M. pygmaeus.

Earlier, we found that M. pygmaeus induced direct plant defences that lowered the
reproduction rates of spider mites and thrips, but not of aphids (Zhang et al. 2018 [=
CHAPTER 2]). In particular, the reproduction rates of spider mites and thrips were lower
on plants previously exposed to M. pygmaeus, and the juvenile development of thrips
larvae was slower on plants previously exposed to M. pygmaeus (Zhang et al. 2018 [=
CHAPTER 2]). In contrast, we found no significant effects of plant exposure on aphid per-
formance. The plant preferences of spider mites and thrips observed here are in close
agreement with these differences in performance, but can also be explained by these
herbivores avoiding plants on which predation risk is high. The lack of preference of
aphids is also in agreement with their performance on clean plants and omnivore-
exposed plants, but contrasts with the aphids choosing plants with a lower predation
risk. Macrolophus pygmaeus is a known efficient predator of aphids (Alvarado et al.
1997; Messelink et al. 2011), and it was therefore expected that aphids would avoid
plants with this omnivore. Perhaps the aphids departed more from omnivore-exposed
plants in response to non-volatile cues associated with the presence of the omnivore.

It is known that aphids can use both visual and olfactory cues to choose a suitable
host plant from a distance (Powell et al. 2006). Previous reports have shown that M.
persicae alighted equally on host and non-host plants, but left earlier from the non-
host plant (Kennedy et al. 1959), in agreement with the behaviour of the apterous
aphids tested here. However, it has been reported that alate and apterous morphs
use different cues when choosing a host plant (Walling 2008); hence, the response of
alate aphids to plants previously exposed to omnivores needs further study.

All herbivores were released some distance from the plants, and they could there-
fore perceive both visual and volatile cues associated with the suitability of a plant
before contacting it. Although we did not perceive any signs of damage on M. pyg-
maeus-exposed plants, we cannot rule out the possibility that the herbivores per-
ceived visual cues associated with plant feeding by the omnivore. Furthermore, it is
known that spider mites, thrips and aphids use olfactory cues to locate host plants
(Chapman et al. 1981; Dicke 1986; Nottingham et al. 1991; Gotoh et al. 1993; Pallini
et al. 1997; de Kogel et al. 1999), and several herbivore species are known to avoid
plants with heterospecific competitors (Byers and Wood 1980; Birch et al. 1980;
Byers et al. 1984; Byers 1993; Pallini et al. 1997). Plants produce volatiles upon
attacks by herbivores (Turlings et al. 1990; Dicke et al. 1990), and these volatiles vary
quantitatively and qualitatively with herbivore species feeding on the plants (De
Moraes et al. 1998; Birkett et al. 2003). Possibly, plants on which M. pygmaeus had
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fed also produce different volatiles from clean plants, and the herbivores tested here
may have responded to these volatiles. Indeed, feeding by M. pygmaeus induced the
production of new volatiles in bean plants (Moayeri et al. 2007), and feeding by Orius
laevigatus induced volatile production in sweet pepper plants (Bouagga et al. 2018).
It is possible that M. pygmaeus also induced the production of volatiles in sweet pep-
per plants in our study, which may have affected host plant choice of the herbivores.
This is the subject of a further study. Upon arrival on the plants previously exposed
to M. pygmaeus, herbivores may have perceived that direct plant defences had been
induced by M. pygmaeus (Zhang et al. 2018 [= CHAPTER 2]), whereupon they decid-
ed to search for a better host plant. This would explain the higher dispersal from
exposed plants than from clean plants. It is known that herbivores avoid plants with
cues associated with predation (Pallini et al. 1999; Choh and Takabayashi 2007;
Grostal and Dicke 1999), hence, the herbivores tested here may also have perceived
cues such as faeces and other chemical markings left on the plants by M. pygmaeus
(Moayeri et al. 2007), and this may have caused them to leave the plant. Although the
herbivores tested here did not have contact with M. pygmaeus and the omnivores
had mainly fed on plants and not on prey, it is possible that the herbivores had an
innate aversion to cues associated with the omnivores (Pallini et al. 1999; Choh and
Takabayashi 2007; Grostal and Dicke 1999). Possibly, herbivores with previous expe-
rience with the omnivores and the associated predation risk would show stronger
preferences than found here (Nomikou et al. 2003; Meng et al. 2006).

Macrolophus pygmaeus is commercially used for biological control of several
pests in various crops in greenhouses (Messelink et al. 2015). Although it can also
feed on plant tissue (Perdikis and Lykouressis 2000), no plant damage is observed
under cropping conditions (Castañé et al. 2011). In practice, these mirid bugs are
released in the crop before pest invasions, and are then mainly found in the flowers,
where they feed on pollen and nectar (Messelink & Janssen 2014), but they may also
feed on plant tissue. The young plants in this study were not flowering, thus forcing
the omnivores to feed on leaves and stems. It remains to be investigated whether M.
pygmaeus also induces plant defences in flowering plants.

We showed that the exposure of plants to M. pygmaeus decreases the plant qual-
ity for herbivores, resulting in fewer herbivores on the plants guarded by the omniv-
orous predators. In this way, M. pygmaeus does not only reduce herbivore damage
directly by preying on them, but also indirectly by decreasing their performance.
Whereas predators can affect prey directly by killing them and indirectly by inducing
antipredator behaviour (Sih 1980; Lima and Dill 1990; Schmitz 1998), we show else-
where that omnivores can also affect their herbivorous prey by inducing plant
defences that affect their population growth (Zhang et al. 2018 [= CHAPTER 2]) and
here that they can affect herbivore host plant selection.
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Omnivore induces production of plant
volatiles that attract a specialist spider
mite predator

Nina Xiaoning Zhang, Joke Andringa, Jitske Brouwer, Juan M. Alba, Ruy W. J.

Kortbeek, Gerben J. Messelink & Arne Janssen

ABSTRACT – Omnivorous predators may induce plant defences that affect the per-

formance and host plant choice of herbivores. Herbivores were found to be less

attracted by plants previously exposed to omnivorous predators than clean plants,

which suggests that plant volatiles are involved in the host plant choice of the her-

bivores. These volatiles may also affect the searching behaviour of other predators.

Here we show that the predatory mite Phytoseiulus persimilis prefer volatiles from

plants previously exposed to the omnivore Macrolophus pygmaeus to volatiles

from clean plants. The predatory mites were equally attracted by plants previously

exposed to the omnivore and subsequently infested by spider mites (Tetranychus

urticae, the prey of the predatory mite) and plants infested with spider mites. In

contrast, the predators were more attracted by volatiles from plants infested with

prey and subsequently exposed to the omnivore than plants infested with prey but

not exposed to the omnivore. The predatory mites were also significantly more

attracted to plants on which the omnivores were still present. Experience of the

predatory mites with volatiles from plants previously exposed to the omnivore and

without prey resulted in a loss of the preference for volatiles emitted by plants

exposed to the omnivore. Furthermore, different ratios and quantities of plant

volatiles were produced by plants exposed to the omnivore by clean plants.

Together, these results suggest that omnivorous predators induce the production

of plant volatiles that attract other predators. The volatiles possibly resemble the

volatiles induced by the prey of the predators, but subsequent experience with

these volatiles in the absence of prey decreases their attractiveness. The conse-

quences of these results for spider mite control remain to be investigated.
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Introduction
To protect themselves from herbivory, plants can produce specific compounds that
directly reduce the development and oviposition of herbivores, so-called direct plant
defences (Karban and Baldwin 1997; Kant et al. 2015). Plants can also reduce dam-
age by herbivores indirectly by involving natural enemies of the herbivores, which is
referred to as indirect plant defences (Dicke and Sabelis 1989; Karban and Baldwin
1997; Sabelis et al. 2001). Plants can arrest natural enemies of the herbivores by pro-
viding them with food, e.g. extrafloral nectar and pollen (Pemberton and Lee 1996;
Heil et al. 2001; Wäckers 2001) and shelter such as domatia (Walter 1996), but her-
bivory also results in the production of mixtures of volatiles that are attractive to the
natural enemies (Turlings et al. 1995; Sabelis et al. 1999; Dicke and van Loon 2000).
These plant volatiles do not only emanate from the damaged plant tissue but also
systemically from non-damaged tissue (Turlings and Tumlinson 1992; Dicke 1994;
Rose et al. 1996; Guerrieri et al. 1999). The volatiles differ qualitatively and quantita-
tively among plants species (van den Boom et al. 2004), herbivore species feeding
on the plants (De Moraes et al. 1998; Birkett et al. 2003), and with the period that her-
bivores feed on the plants (Takabayashi et al. 1994b; Turlings et al. 1998; Kant et al.
2004), and also vary with other biotic and abiotic factors (Takabayashi et al. 1994a;
Dicke and van Loon 2000).

Many carnivorous arthropods use plant volatiles produced by plants attacked by
herbivores to locate their prey or hosts from some distance (Turlings et al. 1990;
Dicke et al. 1990; Sabelis et al. 1999). Predatory arthropods and parasitoids can dis-
criminate between volatiles from plants attacked by their prey or host and those of
plants attacked by non-prey or non-host herbivores (Sabelis and van de Baan 1983;
De Moraes et al. 1998), and they can also discriminate between quantitative differ-
ences in the composition of major volatile blends from different plants attacked by
the same herbivore species (Du et al. 1998; Guerrieri et al. 1999; Birkett et al. 2003).
For example, the predatory mite Phytoseiulus persimilis preferred volatiles from prey-
infested leaves and not those of leaves infested by non-prey (Sabelis and van de
Baan 1983). However, it has also been reported that predatory arthropods and par-
asitoids respond to volatiles from plants attacked by non-prey or non-host herbi-
vores (Shimoda and Dicke 2000; Sabelis et al. 2007).

Although much research has addressed plant volatiles induced by herbivores and
their role in plant- arthropod interactions, there is little information on whether omnivores
induce the production of plant volatiles. It has been shown that plant feeding by omniv-
orous predators can induce direct plant defences that affect the performance of herbi-
vores (De Puysseleyr et al. 2011; Pappas et al. 2015; Pérez-Hedo et al. 2015a,b; Naselli
et al. 2016; Zhang et al. 2018 [= CHAPTER 2]), and this plant feeding can potentially also
induce the production of plant volatiles, and there is indeed some evidence for this
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(Moayeri et al. 2007; Pérez-Hedo et al. 2015a; Bouagga et al. 2017, 2018). Here, we
investigate the induction of volatile production by the omnivorous predatory bug
Macrolophus pygmaeus and we assess the response of another predator, the predato-
ry mite P. persimilis, to volatiles emanating from plants exposed to the omnivore.

Macrolophus pygmaeus is commercially used for biological control of several
pests. Besides feeding on plant tissue (Perdikis and Lykouressis 2000), it attacks a
wide range of arthropod pests, such as whiteflies (Montserrat et al. 2000), thrips
(Riudavets and Castañé 1998), aphids (Alvarado et al. 1997), spider mites (Hansen et
al. 1999), leaf miners (Arnó et al. 2003) and Lepidoptera species, including Tuta abso-
luta (Urbaneja et al. 2009). Earlier, others and we have shown that M. pygmaeus
affected the performance of the herbivorous pests Tetranychus urticae and F. occi-
dentalis through induced direct plants defences (Pappas et al. 2015; Zhang et al.
2018 [= CHAPTER 2]). Moayeri et al. (2007a) showed that feeding by M. pygmaeus
induced the production of 11 additional volatile compounds in bean plants. We also
showed that females of T. urticae and F. occidentalis avoided plants previously
exposed to M. pygmaeus (CHAPTER 3), which was possibly mediated by volatiles. We
therefore sought to confirm the induction of volatile production by performing olfac-
tometer experiments and by analysing the headspace of plants exposed to the omni-
vore. Although it is possible to test the response of several of the herbivores we stud-
ied in an olfactometer (Pallini et al. 1997; de Kogel et al. 1999), these experiments are
slow and results are variable (Pallini et al. 1997). We therefore chose to use the
predatory mite P. persimilis, which relies on olfactory cues to locate plants infested
with the two-spotted spider mite, its prey, from a distance (Sabelis and van de Baan
1983; Sabelis et al. 1984; Dicke et al. 1990). Because both the omnivore and the
predatory mite are commercially used in biological control, these two species often
co-occur in greenhouse crops, but not much is known about their interactions.

To understand the effect of exposure of plants to M. pygmaeus on the response
of P. persimilis to volatiles emanating from these plants, a series of olfactometer
experiments was conducted. First, we investigated the response of P. persimilis to
clean plants and plants previously exposed to M. pygmaeus, but without these omni-
vores being present on the plants. Subsequently, we infested these same plants with
spider mites and determined the response of predatory mites again, to check
whether previous infestation by omnivores would change the response of predatory
mites towards plants with their spider mite prey. We also performed the reverse
experiment, infesting plants first with spider mites and then exposing one group to
M. pygmaeus. We furthermore investigated whether P. persimilis responded to
volatiles of the mirids themselves by offering them a choice between plants previous-
ly exposed to M. pygmaeus, of which one group still harboured the mirids and the
other group not.
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Materials and methods
Cultures
Sweet pepper plants (Capsicum annuum L. Spider F1 Enza Zaden Beheer, The
Netherlands) were grown from seeds in pots (14 cm Ø) with soil in a climate room
dedicated to growing clean plants (25 ± 1°C, 60-70% RH, 16:8 L:D). Water was sup-
plied twice a week. Plants with 6-10 leaves were used for experiments. Four-week-
old plants with 6-8 true leaves (about 20 cm high) were used for experiments. Plants
of 5-8 weeks old were used for the rearing of spider mites, thrips and aphids.

A culture of M. pygmaeus was established with fifth instar nymphs from a com-
mercial company (Koppert Biological Systems, Berkel en Rodenrijs, The
Netherlands). They were reared in insect-proof cages (BugDorm-44545F, 47.5 × 47.5
× 47.5 cm, mesh size: 160 μm) in a separate climate room (conditions as above) with
Ephestia kuehniella eggs as food and 4- to 5-week-old sweet pepper plants as both
food supply and oviposition substrate. New E. kuehniella eggs were added twice a
week and new plants were added every 2 weeks. Adults from the colony were used
for experiments.

The culture of two-spotted spider mites T. urticae was started with individuals that
were obtained from a cucumber colony in our lab (see Janssen 1999 for details), and
was reared on intact sweet pepper plants in a separate climate room (conditions as
above). New plants were provided twice a week. The culture was cultivated for 10
months on sweet pepper plants before being used for experiments, hence, was
adapted to sweet pepper plants.

The predatory mites P. persimilis originating from a culture (Koppert strain) reared
with spider mites on bean plants (van Wijk et al. 2008), were transferred to sweet
pepper leaves infested with spider mites. These leaves were placed on a plastic plat-
form in a tray filled with water with soap, preventing the mites from escaping. New
sweet pepper leaves infested with spider mites were provided 5-6× per week.
Predatory mites were reared in this way for more than three generations before being
used in the experiments, to allow them to adapt to sweet pepper plants.

Olfactometer experiments
Responses of predatory mites to different plant volatiles were tested using a Y-tube
olfactometer (Sabelis and van de Baan 1983). It consisted of a Y-shaped glass tube
with a metal wire in the middle on which the predators could walk freely. A transpar-
ent hose connected each arm of the Y-tube to a separate glass container (50 × 40 ×
40 cm) that contained a volatile source and had an air inlet and outlet covered with
fine mesh (80 μm). A tray with three sweet pepper plants that had received one treat-
ment was placed inside one container 30 min prior to the experiment, the other con-
tainer received a tray with three plants of another treatment. The base of the Y-tube
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was connected to a vacuum pump, creating an air flow in the olfactometer (0.45 ±
0.05 m/s). Anemometers (VelociCalc® Air Velocity Meter 9545-A, TSI, USA) were
used to measure the wind speed in both arms of the olfactometer, which were cali-
brated with valves inserted in the transparent hoses. With equal wind speeds in both
arms, two separated volatile plumes are formed in the base of the Y-tube, with their
interface coinciding with the metal wire (Sabelis and van de Baan 1983; Janssen et
al. 1997).

After disconnecting the vacuum pump from the base of the Y tube, an individual
starved gravid female of P. persimilis was introduced onto the beginning of the metal
wire in the Y-tube with a fine brush. Immediately afterwards, the vacuum pump was
connected. The predatory mite was observed until it had reached the end of one of
the arms or until 5 min had passed. Subsequently, it was removed and the next
female was introduced. After five females that made a choice, the volatile sources
were switched by connecting the hoses to the other arm or to the other container and
the wind speed was measured and calibrated. This was done to correct for any
unforeseen asymmetry in the experimental set-up that could influence the choice of
the predatory mites (Janssen et al. 1997). Each olfactometer replicate consisted of
20 female predatory mites that made a choice for one volatile. In between replicates,
the olfactometer and the hoses were washed with detergent and rinsed with dem-
ineralized water, and were left to dry. The containers containing the plants were
cleaned with alcohol (60%) and air-dried. All female predatory mites were only used
once for an experiment. Individuals that did not make a choice within 5 min were not
included in the statistical analyses; on average, 1.92 mites per replicate did not make
a choice.

To make sure that females of P. persimilis from our culture responded to volatiles
from sweet pepper plants, a preliminary olfactometer test was conducted. Three
sweet pepper plants (4-5 weeks old) were infested for 2 days with 240 adult spider
mites per plant with an average of 30 adults per leaf. Subsequently, an olfactometer
experiment was conducted with these plants as one volatile source and another
group of plants of the same age and size, but without spider mites as the other
volatile source. This test was replicated 2×, and P. persimilis significantly preferred
treated plants to clean plants in both tests (clean: 17.5 ± 2.5%, plants with spider
mites: 82.5 ± 2.5%; GLM: c2 = 18.35, d.f. = 1, P < 0.001), showing that they can rec-
ognize volatiles from infested sweet pepper plants.

Response to plants exposed to Macrolophus pygmaeus
Six sweet pepper plants (4 weeks old with 6-8 true leaves) were transferred each into
a separate insect-proof cage (as above) in a separate climate room (conditions as
above). Five adult females and five adult males of M. pygmaeus were released in
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three cages. Plants in the other three cages were clean, serving as control. Four days
later, all M. pygmaeus were removed from the three treated plants, and the treated
and control plants served as volatile sources for an olfactometer experiment. The
response of P. persimilis to these two groups of plants was tested as described
above. Five replicates were conducted in total, with five different groups of plants
and predatory mites.

Response to plants exposed to Macrolophus pygmaeus and infested
with Tetranychus urticae
After the olfactometer experiment, the groups of plants from four out of the five repli-
cates of the above experiment were transferred back to their cages, and 240 female
spider mites were subsequently released on each plant. Each plant was placed in a
tray filled with water to prevent mites from escaping. Two days later, another olfac-
tometer experiment was conducted with these three plants previously exposed to M.
pygmaeus and subsequently infested with spider mites as one volatile source and
the three plants only infested with spider mites as the other volatile source. The spi-
der mites were present on the plants during the test. Subsequently, other groups of
plants were treated with spider mites and M. pygmaeus, but the order of the treat-
ment was changed compared to the experiment above. Six sweet pepper plants
were infested with 240 adult spider mites per plant for two days. Subsequently, an
olfactometer experiment was conducted as described above with two groups of
three spider mite-infested plants to make sure that these two groups of plants had
similar attractiveness to the predatory mites before they were exposed to M. pyg-
maeus. Thereafter, all plants were transferred back to their cages, and the group of
three plants that attracted a (non-significantly) lower number of predatory mites sub-
sequently received five adult males and five adult female M. pygmaeus. The other
three plants were kept without mirids but with spider mites. After 4 days, the remain-
ing mirids were removed from the three plants, and their attractiveness was com-
pared with that of the other three plants in the olfactometer. Four replicates were
conducted, each with a new group of plants.

Response of Phytoseiulus persimilis to plants with Macrolophus
pygmaeus
The following experiment was conducted to check the response of P. persimilis to M.
pygmaeus present on the plants. Two groups of plants, one group treated with M.
pygmaeus, the other group consisting of clean plants, were prepared as above. All
M. pygmaeus remaining in the cages with the treated plants were collected after the
four days of treatment and kept in 1.5-ml Eppendorf Safe-Lock tubes and the plants
were transferred to the container of the olfactometer. The collected M. pygmaeus
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were subsequently released in this container and their number was supplemented
with mirids from the culture to an average of five males and five females per plant.
The untreated plants served as the alternative volatile source. The air inlets and out-
lets of the containers were closed with mesh to prevent mirid escapes. Four repli-
cates were conducted, each with a new set of plants.

We subsequently removed the mirids from the containers after the olfactometer
test, all plants were left in the containers overnight with an airflow of about 0.20 m/s
to prevent condensation of water on the plants and the container walls, and the
response of the predatory mites to the volatiles of these plants and the control plants
was measured the next day. This was done with two of the four groups of plants of
the previous test

Response of Phytoseiulus persimilis with experience with volatiles from
plants previously exposed to Macrolophus pygmaeus
The previous experiments showed attraction of P. persimilis to plants exposed to M.
pygmaeus. This response was somewhat surprizing because the omnivore can feed
on eggs of P. persimilis, hence, the predatory mites were expected to avoid plants
with the omnivore. We therefore investigated whether experience of P. persimilis with
the omnivore would change its response towards volatiles of plants exposed to the
omnivore. Four plants treated with M. pygmaeus and four clean plants were prepared
as described above. From one of the treated plants, leaf discs (1.5 cm Ø) were made
and placed in plastic cups (2 cm Ø, 3 cm high) filled with water to support the leaf
discs and prevent mites from escaping. Leaf discs of such plants have induced direct
defences (CHAPTER 2). Subsequently, gravid females of P. persimilis collected from
the culture were each transferred to a separate leaf disc, which did not contain food
for the predatory mites. The cups were closed with lids with a ventilation hole cov-
ered with fine mesh (80 μm), thus volatiles could enter and leave the cups. Thereafter,
all the cups were placed on top of an upside-down plastic tray (30 × 24 cm) in a cage
(same type as above) with one of the M. pygmaeus-treated plants. Live M. pygmaeus
in all three cages were counted and new individuals were added to a total of five
adult females and five adult males per cage. Thus, P. persimilis were able to perceive
cues from the treated leaf disc, volatiles from the treated plant and cues from M. pyg-
maeus. A second group of gravid females of P. persimilis were treated similarly, but
were incubated on leaf discs from one clean plant and placed in a cage with one
clean plant without M. pygmaeus. About 24 h later, these predatory mites were used
in an olfactometer test. All M. pygmaeus were removed from the three plants, and the
plants were used as one volatile source; the three clean plants as the other. A third
group of P. persimilis was collected from the colony and starved for 1 h, and was
subsequently also tested in the olfactometer with the same plants. Five replicates
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with five different groups of plants were conducted in total; in the last replicate only
the first two groups of predatory mites were tested.

Volatile collection and analysis
Three groups of plants with different treatments (as above) were prepared for volatile
analysis: 1) clean plants as control (Clean); 2) plants exposed to five females and five
males of M. pygmaeus for 4 days, after which all M. pygmaeus were removed before
volatiles were collected (M. pygmaeus removed); 3) plants exposed to five females and
five males of M. pygmaeus for 4 days, with the omnivores present during volatile collec-
tion (M. pygmaeus present). To ensure that all plants in this last treatment had the same
number of omnivores, the omnivores from the culture were added until there were five
males and females per plant. Three plants from the same treatment were used as one
replicate, in total 21 clean plants, 27 plants from M. pygmaeus removed, and 15 plants
from M. pygmaeus present were used. The three plants were placed in a 40-l desicca-
tor, and volatile sampling was done according to Kant et al. (2004). Briefly, desiccators
were ventilated with carbon-filtered pressured air at a flow of 400 ml/min. Air from the
desiccator was sampled during 24 h by trapping it on 50 mg of Porapak type Q 80-100
Mesh (Supelco) enclosed in a 5 mm wide glass tube. Volatiles were eluded from the
adsorbent using 2 ml pentane-diethyl ether (4:1) spiked with 2.5 ng/ml of benzylacetate
(BA) as internal standard. One μl of the eluate was injected (splitless) in the injector port
of a Quadrupole Time-of-flight (Q-TOF) and immediately heated to 275°C. Compounds
were separated on a HP-5ms column (30 m × 250 μm, 0.25 μm film thickness; Agilent)
in an Agilent 7890A gas chromatograph with a temperature program set to 40°C for
5 min, increasing to 250°C at a rate of 15°C per min and an additional 5 min at 250°C.
Helium was used as the carrier gas with the transfer flow set to 3 ml/min and a column
flow rate of 1 ml/min thereafter. Mass spectra were generated by an Agilent 7200 accu-
rate-mass quadrupole time-of-flight mass spectrometer, operating in electron ionization
mode (70 eV) at 230°C and collected with an acquisition rate of 20 scans/s acquiring
ions at a 30-500 m/z range. Several volatiles were identified using standard solutions
and comparing the retention time (RT) and mass spectra: (E)--ocimene, linalool, methyl
salicylate (MeSA), -caryophyllene and nerolidol (Sigma-Aldrich). Peaks were detected
by chromatogram deconvolution using Agilent MassHunter Qualitative Analysis soft-
ware using the following settings: signal-to-noise ratio = 2; RT window size factor = 100;
minimal peak area = 500; m/z accuracy = 50 ppm. Identified peaks were integrated over
the acquired samples using Agilent Masshunter Quantitative Analysis software. Here,
the base ion of the peak's mass spectrum was taken for quantification with an accura-
cy of 50 ppm. Peak areas were corrected with the internal standard. Standards were
used for the identification of the peaks when possible. If not, the Kovats Index was cal-
culated using the metabolite's retention time.
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Statistical analysis
The preference of the predatory mites for a particular volatile source in each experi-
ment was tested with a log-linear model for contingency tables with a generalized lin-
ear model (GLM) with treatment and replicate and their interaction as factors and the
numbers of predators choosing for the volatile sources as response variable with a
Poisson error distribution (log link) (Crawley 2013). Differences in preference between
different experiments were tested by comparing the proportions of predators choos-
ing for a volatile source with a GLM with a binomial error distribution (logit link) with
the experimental treatment as factor. All statistical analyses were performed with R
(R Development Core Team 2017).

In total, 160 volatiles were found in the volatile analyses. Because we were inter-
ested in volatiles associated with the exposure of plants to the omnivore, as a first
step, we selected those compounds that were at least a factor 2 higher or lower in
exposed plants (either with M. pygmaeus present or absent) than in clean plants. This
resulted in 20 compounds, of which all the peak areas were scaled relative to the
average peak areas of clean plants, and subsequently log(x+0.1)-transformed and
analysed with a linear discriminant analysis in R. Three of these compounds were not
further identified and were present in significantly lower amounts in exposed plants
than in clean plants and were therefore not further analysed. Moreover, the amounts
of these volatiles were compared among treatments with an ANOVA. To further con-
firm the most important volatiles separating the three treatments, we performed a
tree analysis (Ripley 2016) and a Partial Least Squares Discriminant analysis (see
Supplementary material Ch. 4, Methods).

Results
Response to plants exposed to Macrolophus pygmaeus
Phytoseiulus persimilis significantly preferred plants previously exposed to M. pyg-
maeus over clean plants in four out of the five replicates (FIGURE 4.1). No significant
preference was found in one replicate, resulting in a significant interaction between
treatment and replicate (GLM: c2 = 20.20, d.f. = 4, P < 0.001). Overall, the predatory
mites showed a clear preference for M. pygmaeus-treated plants to clean plants.

Response to plants exposed to Macrolophus pygmaeus and infested
with Tetranychus urticae
When both groups of plants of the previous experiment were subsequently infested
with spider mites, the preference for M. pygmaeus-treated plants disappeared
(FIGURE 4.2a). Phytoseiulus persimilis showed no significant preference in three out of
four replicates, and showed a preference for plants that had not been exposed to M.
pygmaeus in the fourth replicate, resulting in a significant interaction between treat-
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ment and replicate (GLM: c2 = 14.83, d.f. = 3, P = 0.002). The difference in prefer-
ence between the previous experiment and the current one was highly significant (cf.
FIGURES 4.1 and 4.2a, GLM: c2 = 16.9, d.f. =1, P < 0.0001), showing that the prefer-
ence for plants exposed to M. pygmaeus disappeared when these plants plus the
clean plants were subsequently attacked by spider mites.

When plants were first infested with spider mites and not exposed to M. pygmaeus,
none of the two groups of plants attracted significantly more P. persimilis (FIGURE 4.2b).
However, because we assigned the groups of plants that were slightly more attractive
to one treatment (FIGURE 4.2b, left-hand bars) and the other groups to the other treat-
ment (FIGURE 4.2b, right-hand bars), there was an overall significant preference for the
groups of plants that were more attractive (GLM: c2 = 7.32, d.f. = 1, P = 0.007). When
the least attractive groups of plants were subsequently exposed to M. pygmaeus, they
became equally attractive as the groups of plants not exposed to M. pygmaeus
(FIGURE 4.2c, GLM: c2 = 0.45, d.f. = 1, P = 0.50). The change in preference due to
exposure to M. pygmaeus was significant (cf. FIGURE 4.2b,c, GLM: c2 = 5.77, d.f. = 1,
P = 0.016).

Response of Phytoseiulus persimilis to plants with Macrolophus
pygmaeus
When adults of M. pygmaeus were present on the plants, P. persimilis again preferred
plants exposed to M. pygmaeus (FIGURE 4.3a, GLM: c2 = 8.61, d.f. = 1, P = 0.0034).
When subsequently, the omnivores were removed from the plants and their attrac-
tion was tested again the following day (FIGURE 4.3b), the preference for mirid-
exposed plants was even somewhat more pronounced (cf. panels 4.3a and b), but
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FIGURE 4.1 Numbers of Phytoseiulus persimilis responding to the volatiles emanating from two groups of plants:

clean plants (white bars) vs. plants previously exposed to M. pygmaeus (grey bars). Each bar represents the result

of a different replicate, each with new groups of plants and predatory mites. NC indicates the number of preda-

tory mites that did not respond. Significant preference for one of the two volatiles is indicated by asterisks

(*: 0.01 < P < 0.05; ***: P < 0.001)
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this difference was not significant (FIGURE 4.3, GLM: c2 = 1.66, d.f. = 1, P = 0.20). The
results presented in FIGURE 4.3b further confirmed earlier results showing the attrac-
tion of P. persimilis to plants previously exposed to M. pygmaeus without these
mirids being present on the plants (FIGURE 4.3b, GLM: c2 = 12.8, d.f. = 1, P = 0.0003,
cf. FIGURE 4.1).

Effect of experience of Phytoseiulus persimilis
Phytoseiulus persimilis with and without experience with the volatiles from plants
exposed to M. pygmaeus showed different attractiveness to plants previously
exposed to the omnivore and clean plants (FIGURE 4.4, GLM: c2 = 17.40, d.f. = 2, P =

FIGURE 4.2 Numbers of Phytoseiulus persimilis responding to the volatiles emanating from two groups of plants:

(a) clean plants subsequently infested with spider mites for 2 days (white bars) vs. plants previously exposed to

Macrolophus pygmaeus for 4 days and subsequently infested with spider mites for 2 days (grey bars); (b) plants

infested with spider mites for 2 days (white bars) vs. plants infested by spider mites for two days (grey bars); (c)

plants infested with spider mites for 6 days (white bars) vs. plants infested with spider mites for 6 days and

exposed to M. pygmaeus for the last 4 days (grey bars). Within each panel, each bar represents the result of a

different replicate, each with new groups of plants and predatory mites. Bars with the same numbers in (a) and

FIGURE 4.1 share the same groups of plants, and bars with the same numbers in (b) and (c) share the same groups

of plants. NC indicates the number of predatory mites that did not respond. Significant preference for one of the

two volatiles is indicated by asterisks (**: 0.001 < P < 0.01)
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0.00017). Naïve P. persimilis, without experience with M. pygmaeus-treated plants,
starved for 1 h prior to the test, showed a significant preference to plants exposed
to M. pygmaeus (FIGURE 4.4a, GLM: c2 = 42.2, d.f. = 1, P < 0.0001). This is consis-
tent with previous results (FIGURE 4.1, 4.3b), again confirming that P. persimilis pre-

CHAPTER 4 | OMNIVORE INDUCES PRODUCTION OF PLANT VOLATILES

FIGURE 4.4 Response of Phytoseiulus persimilis (mean + SE) to volatiles of clean plants (white bars) and of plants

exposed to Macrolophus pygmaeus (grey bars). Shown are results of three groups of predatory mites with differ-

ent experience with volatile cues from plants exposed to M. pygmaeus: (a) P. persimilis without experience,

starved for 1h; (b) P. persimilis without experience, starved for 1 day; (c) P. persimilis experienced with the volatiles

from plants with M. pygmaeus in the absence of food for 1 day. Each bar represents the average of 4 (1 h naïve)

or 5 replicates (1d naïve and 1d experienced), each with new groups of plants and predators. NC indicates the

average number of predatory mites that did not respond. Different capital letters indicate significant differences

among the three groups of P. persimilis (contrasts after GLM: P < 0.05). Significant preferences for one of the two

volatiles are indicated by asterisks (***: P < 0.001)

FIGURE 4.3 Average numbers (+ SE) of Phytoseiulus persimilis responding to the volatiles emanating from clean

plants (white bars) and plants exposed to Macrolophus pygmaeus (grey bars), with (a) and without (b) M. pyg-

maeus present on the plants. NC indicates the average number of predatory mites that did not respond. Each

bar represents the average of 4 replicates (M. pygmaeus present) or 2 replicates (M. pygmaeus absent), each with

new groups of plants and predators. Significant preferences for one of the two volatiles are indicated by asterisks

(***: P < 0.001)
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ferred plants exposed to M. pygmaeus over clean plants. When naïve P. persimilis
were starved for 24 h, they were also attracted to plants exposed to M. pygmaeus
(FIGURE 4.4b, GLM: c2 = 29.9, d.f. = 1, P < 0.0001). The two groups of naïve mites
showed similar attractiveness to plants exposed to M. pygmaeus (FIGURE 4.4a,b,
contrasts with glht function of package lsmeans). When given 1day of experience
with the volatiles from plants exposed to M. pygmaeus in the absence of food, the
preference of P. persimilis for these plants disappeared (FIGURE 4.4c, GLM: c2 = 2.57,
d.f. = 1, P = 0.11). The response of the experienced predatory mites differed signifi-
cantly from the two groups naïve mites (FIGURE 4.4, contrasts as above).

Volatile analysis
The 16 volatiles with the largest differences between the clean plants and the
exposed plants are presented in TABLE 4.1. The discriminant analysis based on these
16 compounds resulted in a perfect separation of the three groups (FIGURE 4.5), with
the first linear discriminant explaining 97% of the variance. Exposed plants produced
significantly higher amounts of (E)--ocimene, linalool, E-jasmone and nerolidol than
clean plants (TABLE 4.1). Plants on which the omnivores were present produced high-
er amounts of these volatiles than plants with the omnivores removed, but this differ-
ence was not always significant (TABLE 4.1). Exposed plants also produced higher
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TABLE 4.1 Mean (± SE) levels of volatiles from plants exposed to the omnivore (Macrolophus pygmaeus) with either

the omnivore absent or present during volatile collection relative to clean, unexposed plants

Compound RT (min) Kovats Index M. pygmaeus removed M. pygmaeus present
Monoterpene 1 8.5 1023.5 2.6 ± 0.9 1 ± 0.7
(E)--ocimene † *** 8.6 977.7 11.6 ± 4.4 (b) 40.6 ± 15.9 (c)
Linalool † ** 9.2 1007.2 3.2 ± 0.6 (b) 9.5 ± 3.9 (b)
Monoterpene 2 ** 9.7 1128.3 3.3 ± 1.2 (ab) 9.5 ± 3.1 (b)
MeSA † 10.3 1200.4 2.7 ± 1 4.8 ± 0.9
E-Jasmone *** 12.2 1403.2 80.1 ± 17.9 (b) 323.1 ± 161.2 (b)
-Caryophyllene † 12.4 1418.8 0.4 ± 0.2 1.1 ± 0.6
Phenylpropene 1 12.7 1432.6 1 ± 0.3 0.3 ± 0.1
Sesquiterpene 1 * 13.0 1503.3 0.5 ± 0.2 (ab) 0.4 ± 0.3 (b)
Sesquiterpene 2 * 13.1 1507.7 18.9 ± 11.5 (ab) 60.2 ± 30.3 (b)
Monoterpene 3 13.5 1534.3 0.4 ± 0.1 (a) 1.3 ± 0.5 (b)
Nerolidol † ** 13.5 1535.9 1.6 ± 0.4 (a) 5.5 ± 1.7 (b)
Alkane 1 * 14.0 1611.7 0.4 ± 0.1 (b) 0.4 ± 0.1 (ab)
Alkane 2 14.0 1617.0 1.1 ± 0.5 8.9 ± 6.8
Phenylpropene 2 14.8 1720.8 1.4 ± 0.5 0.3 ± 0.2
Terpene 15.6 1824.7 1.1 ± 0.5 0.2 ± 0.1
†: Compounds identified with standards

Asterisks indicate significant effects of treatment on the relative levels of volatiles from three groups of plants

(*: 0.01 < P < 0.05; **: 0.001 < P < 0.01; ***: P < 0.001).

Letters in parentheses indicate significant differences between treatments of a compound: (a) no difference from

clean; (b), (c): different from clean.
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amounts of other compounds than clean plants, but the differences were not signif-
icant. In contrast, the exposed plants produced less sesquiterpene 1 and alkane 2
than did clean plants (TABLE 4.1, averages < 1).

Discussion
We show that volatiles of sweet pepper plants exposed to M. pygmaeus are attrac-
tive to the predatory mite P. persimilis, although we observed differences among
replicates in the attractiveness (FIGURE 4.1a). This might have been caused by the dif-
ferent survival rate of the M. pygmaeus during the plant treatments in different repli-
cates. Lower numbers of M. pygmaeus feeding on the plants may induce lower
amounts of volatiles, which might be less attractive to predatory mites. However,
overall, predatory mites preferred the M. pygmaeus-infested plants over clean plants,
and this preference was consistently confirmed in subsequent experiments (FIGURE

4.3b, 4.4a). Thus, we conclude that P. persimilis was more attracted by the volatiles
emanating from plants previously exposed to M. pygmaeus than to volatiles from
clean plants. This suggests that the presence of M. pygmaeus could potentially inter-
fere with the long-distance searching behaviour of the predatory mite, which will be
attracted to plants without its prey.
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FIGURE 4.5 Grouping of the three treatments as a function of two linear discriminants, based on the 16 selected

volatile compounds (see text)
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Plants exposed to the omnivore produced different amounts of volatiles than
clean plants. The headspace of plants exposed to the omnivore contained higher
amounts of (E)--ocimene, linalool, and nerolidol than that of clean plants. These
compounds are known to be produced by plants under attack by herbivores, includ-
ing sweet pepper plants (Dicke et al. 1990; Turlings and Tumlinson 1991; van den
Boom et al. 2004). Moreover, linalool and (E)--ocimene are known to be attractive
to P. persimilis (Dicke et al. 1990). Another omnivorous predator, Orius laevigatus,
was found to induce the production of linalool, MeSA, and nerolidol in sweet pepper
plants (Bouagga et al. 2018). The exposed plants produced several volatiles in lower
amounts than clean plants, suggesting that plant feeding by the omnivore changed
ratios of the volatile blends. When the omnivores were present on the plants during
volatile collection, both plant volatiles and volatiles from the omnivore were collect-
ed. A study by Moayeri et al. (2007) detected 12 volatile compounds from M. pyg-
maeus; the presence of these compounds in the volatile blends collected here awaits
further analysis, involving standards of these compounds.

When plants that had been exposed to the omnivore were subsequently attacked
by spider mites, the prey of the predatory mites, the preference for plants exposed to
the omnivore disappeared. When plants were first attacked by spider mites and were
subsequently exposed to M. pygmaeus, they became somewhat more attractive than
before exposure. All in all, these results show that suggest that P. persimilis remains
attracted to plants with spider mite prey, independent of the omnivore. We observed
differences among replicates in the attractiveness of volatiles from plants exposed to
M. pygmaeus and subsequently attacked by spider mites (FIGURE 4.2a). This might
have been caused by the different numbers of spider mites during the treatment in
different replicates, and lower densities of spider mites resulting in lower amounts of
volatiles (Maeda and Takabayashi 2001), making the plants less attractive for preda-
tory mites. We indeed observed lower numbers of spider mites on plants exposed to
M. pygmaeus than on unexposed plants (126 ± 12.9 vs. 171 ± 7.4, respectively),
which was consistent with earlier results showing that spider mites performed less
well on plants previously exposed to M. pygmaeus than on clean plants (Zhang et al.
2018 [= CHAPTER 2]). Overall, these results show that P. persimilis was still attracted to
plants with its spider mite prey, irrespective of the presence of the omnivore.

When the omnivores were present on the plants, predatory mites could also per-
ceive cues from the omnivores themselves present on the plants. Plants with the
omnivores were still significantly attractive to the predatory mites, but this attractive-
ness was slightly less pronounced than that to predator induced plants without the
omnivore (FIGURE 4.3), however, this difference was not significant. We therefore con-
clude that cues from the omnivores themselves did not interfere significantly with the
choice of the predatory mites.
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Because of natural variation in volatile blends, depending on host plant species,
herbivore species, plant age and other factors factors (Takabayashi et al. 1994a; De
Moraes et al. 1998; van den Boom et al. 2004), natural enemies face the difficult task
to discriminate among many different blends (Sabelis et al. 1999; Takabayashi et al.
2006). It is often suggested that the ability to learn to respond to volatile cues asso-
ciated with their prey or host increases their searching efficiency, which is very impor-
tant for many predatory arthropods and parasitoids (Papaj and Lewis 1993; Drukker
et al. 2000a,b; Takabayashi et al. 2006; Glinwood et al. 2011; Janssen et al. 2014).
Given 24 h of experience with the volatiles from plants with M. pygmaeus in the
absence of prey, P. persimilis lost the preference for the volatiles of these plants,
whereas the non-experienced predatory mites were still attracted by these plants
after 1 and 24 h starvation. This shows that the predatory mites probably associated
the volatiles with the absence of food. This suggests that predatory mites that would
initially be naïve and attracted to plants with the omnivore, but without food, would
subsequently no longer be attracted to such plants.

An open question is why predatory mites were attracted by volatiles emanating
from plants exposed to the omnivores. The volatile analysis showed that plants
exposed to M. pygmaeus produced several volatile compounds for example (E)--
ocimene, linalool, MeSA that are similar to those produced by plants infested with
spider mites, and are known to attract P. persimilis (Sabelis and van de Baan 1983;
Dicke et al. 1990; van den Boom et al. 2004; van Wijk 2007). However, plants pro-
duce volatile blends that differ in composition and in quantity upon attack by herbi-
vores of different species feeding on the same plant species (Sabelis and van de
Baan 1983; Takabayashi et al. 1991) and by the same herbivore species feeding on
different plant species (Takabayashi et al. 1994a; van den Boom et al. 2004). So pos-
sibly plants will likely also respond differently to omnivore damage and herbivore
damage, and indeed different blends of volatiles were detected in this study. An
explanation for the attraction of the predators to plants exposed to the omnivore is
that the predators cannot discriminate among the many different volatile blends pro-
duced by plants. The prey of the predator tested here, T. urticae, is highly
polyphagous and induces the production of quantitatively and qualitatively different
plant volatiles in different host plants (van den Boom et al. 2004). It might be impos-
sible for the predatory mites to response innately to all these volatile blends induced
by spider mites, and it has been suggested that learning the association of the
volatiles with the presence of prey helps the predators finding plants with suitable
prey (Krips et al. 1999; Drukker et al. 2000a,b; de Boer et al. 2005). Negative experi-
ence with volatiles from non-prey plants without the presence of prey may result in
aversion to non-prey host plants (Zanen and Cardé 1991; Drukker et al. 2000ab). This
may be the case in our study: after experience with volatiles from plants with M. pyg-
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maeus, the preference for the volatiles produced by these plants disappeared.
Besides experiencing the association of M. pygmaeus-induced plant volatiles with
the absence of food, P. persimilis may also have experienced an association of the
volatiles with cues left by M. pygmaeus on the leaves, such as faeces.

This is not the first study showing that omnivores can induce the production of
plant volatiles. Pérez-Hedo et al. (2015a) found indications that the parasitoid
Encarsia formosa was attracted by tomato plants exposed by each of three species
of mirid bugs. Another study by Moayeri et al. (2007) showed that, compared to clean
plants, 11 additional compounds were produced when M. pygmaeus was feeding on
bean plants. More recently, Bouagga et al. (2018) found that another omnivorous
predator Orius laevigatus induced the production of volatiles by plants. Together with
this study, these results confirm that volatile production was induced by plant feed-
ing of the omnivorous predators. Earlier, we also found that the spider mites and
thrips preferred clean plants over plants previously exposed to M. pygmaeus
(CHAPTER 3), and these responses may have been partly or entirely based on the
volatile produced by these plants. We conclude that plant volatiles induced by M.
pygmaeus play a role in plant-herbivore-predator interactions. In this study, much
lower numbers of omnivores were used than in the study by Pérez-Hedo et al. (five
females and five males here vs. 100), which still resulted in strong effects on the
behaviour of other predators. This is remarkable, because these low densities of
omnivores hardly cause any damage to the plants (Castañé et al. 2011), and much
higher numbers of herbivores are often used to induce direct plant defences or the
induction of volatile production (Maeda and Takabayashi 2001).

Cues from prey and plants with prey are important information for prey patch
choice, however, cues associated with the presence of competitors also affect patch
selection. Avoidance of patches occupied by competitors occurs in parasitoids
(Janssen et al. 1995a,b; Tamò et al. 2006) and predatory mites (Janssen et al. 1997),
and prey patches with cues associated with spider mites eggs killed by competitors
were less attractive for P. persimilis (Choh et al. 2017). In our study, spider mites-
infested plants were subsequently exposed to M. pygmaeus, thus cues associated
with killed spider mite eggs were present on these plants. Moreover, other cues asso-
ciated with the presence of the mirids, e.g., volatiles, chemical marks and faeces from
M. pygmaeus (Kats and Dill 1998; Moayeri et al. 2007), may also serve as cues for
predatory mites. We observed that M. pygmaeus can prey on all stages of P. persim-
ilis, also in the presence of spider mites. We therefore expected that the predatory
mites would avoid plants with the omnivores, but instead, plants with the omnivores
were more attractive for P. persimilis than clean plants. However, we observed that
adult predatory mites could escape from the omnivores (NX. Zhang & J. Brouwer
pers. obs.). Thus, M. pygmaeus is perhaps not a serious threat for adult female P. per-
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similis. Furthermore, the predatory mites oviposit inside the web produced by spider
mites and use it as a refuge to prevent predation from other predators (Sabelis 1985;
Sabelis and Bakker 1992; Cloutier and Johnson 1993; Roda et al. 2000; Lemos et al.
2015), hence, even other stages of the predatory mite may be able to escape from
predation by the omnivore. We showed that the presence of M. pygmaeus can inter-
fere with the searching behaviour of P. persimilis, because the adult female predato-
ry mites are attracted to plants with the omnivore but without prey. However, the adult
female predatory mites then gain experience with the volatiles associated with the
lack of food, and are subsequently no longer attracted to such plants. Depending on
the capacity of the predatory mites to learn to discriminate between plants induced
by spider mites and plants induced by M. pygmaeus, this may interfere with the bio-
logical control of spider mites with P. persimilis. This deserves further confirmation.

It is also not clear why plants would produce volatiles when omnivorous predators
are feeding on them. One suggested function of herbivore-induced plant volatiles is
to attract natural enemies, and one may argue that the plants guarded by the omniv-
orous predators do not need to produce volatiles to attract more natural enemies.
Another suggested function is signalling between different plant parts (Frost et al.
2007), through which unattacked and undefended parts can become primed against
future attacks. It is also unclear why these distant parts should be primed when
omnivores are present on the plant. Possibly, plants do not produce volatiles to
attract natural enemies, but to signal to herbivores that the plant is defended. This
was confirmed by our earlier study that spider mites and thrips preferred clean plants
over plants previously exposed to M. pygmaeus (CHAPTER 3). Pérez-Hedo et al.
(2015b) showed that tomato plants damaged by the omnivorous predator
Nesidiocoris tenuis were less attractive to the whitefly Bemisia tabaci. The repellence
of herbivores would not only reduce herbivore damage to the plant, but also prevent
the transmission of plant pathogens by herbivores. However, without experience,
some predators may take this information as indication of the presence of herbi-
vores, which might be the case for P. persimilis.

Overall, we conclude plants exposed to the omnivorous predator M. pygmaeus
are attractive to P. persimilis and this might disrupt control of spider mites by this
predatory mite. Our earlier study showed that omnivore feeding on the plant inter-
fered with the performance of herbivores through induced direct defences, and the
results of the current study suggest that they also induce the production of plant
volatiles.
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Supplementary material Ch. 4

Methods
Tree analysis
The separation of the three treatments based on the volatiles collected was further
confirmed with a tree analysis (Ripley 2016). In short, the data were successively
divided into groups using the explanatory variables, in this case the volatiles, and the
value of these variables that maximally separate the response variable, in this case
the three treatments. In contrast to the linear discriminant analysis presented in the
main text, this analysis thus results in those single volatiles that separate the three
treatments best.

Partial Least Square Discriminant Analysis
Another discriminant analysis was performed with the full data set. Peak areas that
were higher than 1000 counts were selected, resulting in 99 compounds. The areas
were corrected for the internal standard and log transformed prior to the analysis.
Peak areas of the 99 compounds were analysed with a Partial Least Square
Discriminant Analysis (PLSDA) in MetaboAnalyst 4.0 (http://www.metaboanalyst.ca).
Compounds were selected according to their importance in the linear discriminants
(components 1 and 2) that separated the treatments.

Results
The volatile that separated the three treatments best was (E)--ocimene, which was
produced in low amounts by the clean plants and in higher amounts by the two
groups of exposed plants. Two cases of the treatment with the omnivore removed
were misclassified as being cases with the omnivore present (FIGURE S4.1). To further
investigate other volatiles, we constructed a classification tree without (E)--
ocimene. This showed that E-jasmone also separated the clean plants from the
exposed plants and nerolidol subsequently separated the two exposed groups, also
with two misclassifications. Removal of E-jasmone resulted in poor separation of the
clean plants from the exposed plants. Further removal of volatiles showed that
linalool, monoterpene 2 and phenylpropene 1 all separated the two exposed groups
with two misclassifications. In conclusion, the main compounds that separated clean
plants from exposed plants were (E)--ocimene and E-jasmone. Most of the volatiles
with significantly higher peaks in exposed plants (TABLE 4.1) were also important in
separating the clean plants from the exposed plants.

The PLSDA analysis separated the three treatments, and the two first components
explained 40% of the variance (FIGURE S4.2). Component 1 separated the three treat-
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FIGURE S4.1 A tree analysis of the separation of clean plants and plants exposed to the omnivore, either with the

omnivore present or removed, based on the volatiles produced by the plants. For the analysis, log-transformed

peak areas relative to the clean plants were used. The first separation is between the 7 clean plants and the 13

exposed plants, which produced more (E)--ocimene. Numbers going into each group are given under the bifur-

cation. Six of the eight plants without the omnivore (Macrolophus pygmaeus removed) produced less (E)--

ocimene than plants with the omnivore present, and were classified correctly. The five plants with the omnivore

present plus two plants from which the omnivores were removed were classified as plants on which the omnivore

was present

FIGURE S4.2 Grouping of the three treatments based on component 1 and component 2 from the PLSDA analy-

sis. Triangles correspond to clean plants, plusses to exposed plants from which the omnivores were removed

before volatile collection and crosses to plants on which the omnivores were present during volatile collection
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ments (FIGURE S4.2). Most of the compounds that were important for separating the
three groups were also found in the analysis in the main text (TABLES 4.1 and S4.1).
(E)--ocimene was again one of the main compounds that differentiated between
treatments (TABLE S4.1).

Reference
Ripley B (2016) Tree: Classification and Regression Trees. R package version 1.0-37. https://CRAN.R-proj-

ect.org/package=tree
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TABLE S4.1 Compounds in component 1 and component 2 for separation of the three treatments in the PLSDA

analysis

Compound RT (min) Kovats Index Comp. 1 Comp. 2
E--Ocimene 8.6 977.7 3.12 2.63
E-Jasmone 12.2 1403.2 3.08 2.67
Linalool 9.2 1007.2 2.42 1.95
Sesquiterpene-1 13.0 1503.3 2.20 1.71
Nerolidol 13.5 1535.9 2.11 1.76
Monoterpene-2 9.7 1128.3 2.10 1.69
Sesquiterpene-2 13.1 1507.7 1.89 1.46
Phenylpropene-1 12.7 1432.6 1.80 1.39
Alkane-1 14.0 1611.7 1.75 1.37
Phenylpropene-2 14.8 1720.8 1.59 1.23
C153 15.6 1827.5 1.49 1.18
C129 14.1 1624.8 1.47 1.15
C104 12.7 1435.0 1.46 1.18
C154 15.8 1839.1 1.35 1.12
C22 7.9 951.6 1.32 1.15
Methyl heptenone 7.8 947.6 1.25 1.06
C77 10.8 1231.6 1.22 1.07
Alkane 11.5 1319.2 1.22 0.98
MeSA 10.3 1200.4 1.21 0.96
Alkane 15.3 1750.6 1.16 0.94
C24 7.9 953.6 1.10 1.18
C63 10.1 1144.7 1.08 1.23
Bezyl alcohol 8.4 1019.7 1.02 1.91
C96 12.0 1347.1 0.97 1.20
Alkane-2 14.0 1617.0 0.89 0.85
Sesquiterpene 9.3 1108.5 0.85 1.59
C58 9.7 1127.4 0.47 1.15
Compounds in bold are also presented in TABLE 4.1 in the main text.
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Plant feeding by an omnivorous 
predator affects plant phenology and
omnivore performance

Nina Xiaoning Zhang, Gerben J. Messelink, Sunny Verdonkschot & Arne Janssen

ABSTRACT – Plant feeding by omnivorous predators can induce plant defences that

decrease the performance of herbivores and influence behaviour of other preda-

tors. However, it is not known what are the consequences of this feeding for the

plant and how this, in turn, affects the omnivore. We therefore investigated the

effects of the omnivorous predator Macrolophus pygmaeus on plant development

and reproduction. We found that sweet pepper plants exposed to M. pygmaeus

had significantly fewer leaves and open flowers than clean plants, but numbers of

fruits were similar in both treatments. Moreover, the presence of the omnivore sig-

nificantly shortened the period for flowers to become fruits. The dry weights of

leaves plus stems and fruits were similar on clean plants and plants with the omni-

vore. Significantly higher numbers of seeds were found in fruits from plants

exposed to the omnivore than those of clean plants. The survival rates of M. pyg-

maeus females and nymphs were positively related with numbers of flowers on the

plants. Our results show that the presence of this omnivorous predator can bene-

fit plants by increasing seed production; however, the changes in plant phenology

do not seem to benefit the omnivore.
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Introduction
Plants face many biotic and abiotic challenges, of which herbivory is one of the most
severe. Herbivory on flowers and other reproductive tissues can directly affect plant
reproduction by decreasing the number of flowers, fruits and seeds (Bertness et al.
1987; Cunningham 1995; Krupnick and Weis 1999; McCall and Irwin 2006). Removal
of leaf tissue by herbivores can cause reduction in photosynthesis, suppression of
plant growth and reduced biomass (Marquis 1984; Poveda et al. 2003; Lemoine et
al. 2017). Leaf damage can also alter flower phenology and morphology, affecting
plant reproduction. Herbivory on leaves can delay flowering time (Hanley and Fegan
2007), decrease the number of flowers (Karban and Strauss 1993; Frazee and
Marquis 1994) and the size of flowers (Strauss 1997). For example, foliar herbivory
by cabbage white butterfly larvae delayed flowering time and decreases flower size
of wild radish plants, but did not affect the plant size and biomass, or the lifetime
flower production and total number of fruits and seeds (Strauss et al. 1996; Lehtilä
and Strauss 1997, 1999). Herbivory on leaves and flowers may also change pollen
and nectar characteristics. For instance, foliar herbivory on wild radish plants by cab-
bage white butterfly larvae reduced the amount and size of pollen (Lehtilä and
Strauss 1999). A perennial shrub exposed to a pollen beetle produced fewer func-
tional inflorescences than unexposed plants, and flowers damaged by beetles pro-
duced less than one third of the amount of nectar per flower than undamaged flow-
ers (Krupnick and Weis 1999), and tobacco hornworm herbivory on tobacco leaves
increased alkaloids in nectar, but not in leaves (Adler et al. 2006).

Furthermore, herbivory on leaves and flowers can change the emission of plant
volatiles (Kessler and Halitschke 2009). Bruinsma et al. (2014) showed that the emis-
sion of volatiles from flowers changed significantly upon attacks of black mustard
leaves by caterpillars. Another study found that flower herbivory reduced volatile
emission from black mustard plants (Lucas-Barbosa et al. 2013).

Phenological, morphological and physiological changes caused by herbivory can
also affect other organisms on the plant, such as other species of herbivores, pred-
ators and flower visitors, including pollinators, which may alter plant reproduction
(Ohgushi et al. 2007). Delayed flowering time may cause plants missing the peak of
pollinator activity, resulting in a lower flower visiting rate (Sharaf and Price 2004).
Changes in flower size and number, and in pollen and nectar characteristics alter the
attraction of flower visitors, which affects plant reproduction (Mothershead and
Marquis 2000; Hoffmeister et al. 2016). A study by Strauss et al. (1996) shows that
foliar herbivory delayed flowering time, decreased flower size and pollen production,
resulting in reduction in the number and duration of visits of pollinators. Such reduc-
tion of pollinator visits can affect plant reproduction because it can result in reduced
seed set (Adler et al. 2001).
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Plants are not passive victims when facing herbivore attacks,; they employ differ-
ent strategies to reduce the negative effects of herbivory. In response to herbivore
attacks, plants defend themselves through constitutive as well as induced defences
(Karban and Baldwin 1997; Kant et al. 2015). These defences can lower the perform-
ance of herbivores directly by the induction of production of specific secondary com-
pounds upon herbivore attack, referred to as induced direct plant defences (Karban
and Baldwin 1997). Foliar herbivory can also results in reduced attraction of bumble-
bee pollinators by the damaged plants, even though it does not result in changes in
flower size and number (Kessler and Halitschke 2009). The induction of plant
defences may go at the expense of other plant traits: resources may be reallocated
from growth and development to defence, resulting in changes in plant phenology
(Herms and Mattson 1992). Thus changes in plant performance may partly be
caused by trade-offs between defence and other life-history traits.

Herbivory also induces the systemic production of leaf volatiles. These so-called
herbivore-induced plant volatiles are often attractive to predators, which use these
cues to locate their herbivorous prey (Turlings et al. 1990; Dicke et al. 1990; Sabelis
et al. 2007). Moreover, they can affect the host plant choice by other herbivores
(Pallini et al. 1997; Bernasconi et al. 1998; Shiojiri et al. 2002).

Not only herbivores may cause changes in plant performance, but omnivores may
also do so. Several recent studies show that omnivores that cause limited or no dam-
age to plants still induce plant defences (De Puysseleyr et al. 2011; Pappas et al. 2015;
Pérez-Hedo et al. 2015a,b; Bouagga et al. 2018; Zhang et al. 2018 [= CHAPTER 2];
CHAPTERS 3 and 4). Hence, like herbivory, plant feeding by omnivores may also cause
changes in plant phenology, which is what we tested here. We previously showed that
the omnivorous predator Macrolophus pygmaeus induced defences in sweet pepper
plants, resulting in negative effects on performance of two herbivore species, i.e., the
spider mite Tetranychus urticae and the thrips Frankliniella occidentalis. A third species,
the aphid Myzus persicae, was unaffected (Zhang et al. 2018 [= CHAPTER 2]). Here we
investigated the effects of this omnivorous predator on plant performance by evaluat-
ing plant development and reproduction. We subsequently assessed the effects these
plant changes on survival and reproduction of the omnivore.

Materials and methods
Plant material
Sweet pepper plants (Capsicum annuum L. Spider F1; Enza Zaden Beheer,
Enkhuizen, The Netherlands) were grown from seeds in pots (14 cm Ø) with soil in a
climate room dedicated to growing clean plants (25 ± 1°C, 60-70% RH, 16:8 L:D).
Water was supplied twice a week. Four-week-old plants with 6-8 true leaves (about
20 cm high) were used for experiments.
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Cultures
A culture of M. pygmaeus was established with fifth-instar nymphs obtained from a
commercial company (Koppert Biological Systems, Berkel en Rodenrijs, The
Netherlands). They were reared in plastic containers (45 cm high, 35 cm Ø) in a cli-
mate room (conditions as above) with Ephestia kuehniella eggs as food and green
bean pods as both food supply and oviposition substrate. New E. kuehniella eggs
and beans were added twice a week. Old beans with M. pygmaeus eggs were trans-
ferred to new containers, and kept until the eggs hatched, whereupon E. kuehniella
eggs and bean pods were supplied twice a week. Old pods from which nymphs no
longer hatched were removed from the containers. Adults of 4-8 days old were used
for experiments.

Experiment
Four-week-old plants with 6-8 true leaves were transferred into insect-proof cages
(BugDorm-44590DHF, 93.0 × 47.5 × 47.5 cm, mesh size: 160 µm) that were equally
distributed on three benches in a compartment in the greenhouse (25 ± 1°C, 60-70%
RH, 16:8 L:D). Plants were watered twice per week and fertilized once per week. In
half of the cages, five adult females and five adult males of M. pygmaeus were
released, and plants in the other half of the cages were clean, serving as control
plants. To minimize the effect of variation in abiotic factors among locations, plants
with different treatments were alternated, and the sequence of treatments of the
plants was alternated on different benches. Thereafter, numbers of females and
nymphs of M. pygmaeus were assessed twice per week. No extra food was supplied
for M. pygmaeus during the experiments. To keep densities of the omnivores similar
throughout the experiment, the cages that contained fewer than five females of M.
pygmaeus received new females and the same number of males twice per week,
adding up to five females in each cage. This also resulted in assessment of survival
of the omnivores. Leaves bigger than 8 cm were counted twice per week. After the
first open flower appeared on one of the plants, the open flowers and fruits on the
plants were counted on a daily basis, and the dates on which the first flower and fruit
appeared on each plant were also recorded. Because M. pygmaeus feeds on pollen
and nectar (Vandekerkhove and De Clercq 2010; Messelink et al. 2011), we com-
pared the survival of females and the numbers of nymphs, resulting from reproduc-
tion of the omnivores, on the plants before and during flowering. Subsequently, we
assessed the effects of the numbers of flowers on adult survival and on the number
of nymphs, omitting the data before flowering. The survival of females and the num-
bers of nymphs on plants with and without flowers were also assessed.

Sixteen to 17 days after the onset of flowering, all plants were harvested, and
leaves and stems and fruits of each plant were put in separate paper bags. The fresh
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weight and the length and diameter of each fruit were measured, and the numbers
of seeds in fruits heavier than 3 mg were assessed. Thereafter, all plant material was
dried separately in an oven (Ehret KLT/S 2, Emmendingen, Germany) (80 ± 1°C) for
about 2 weeks. Subsequently, dry weight of leaves and stems and fruits were record-
ed. The experiments were conducted in two blocks in time (Block A: October-
November, 2016; Block B: March 2017), with nine plants per treatment per block.

Data analysis
The numbers of leaves, open flowers and fruits (all square-root transformed) on
plants exposed to M. pygmaeus and clean plants were each compared using linear
mixed-effect models (LME) with treatment, time and their interaction as fixed factors,
and block and individual plant as random factors. The distribution of the residuals
was checked for normality. Non-significant interactions and factors were removed
until a minimal adequate model was reached (Crawley 2007). Contrasts were
assessed with the Tukey method (function glht of the package lsmeans in R, Lenth
2016). We furthermore compared the time of the first flower appearing between treat-
ments with a generalized linear model (GLM) with treatment and block as factors and
a quasi-Poisson error distribution. Because flowers were not marked and followed
through time individually, we estimated the time to fruit set as the difference between
the appearance of the first flower and the first fruit per plant. These data were com-
pared between treatments with a GLM with a Poisson error distribution and block
and treatment as factors.

The total dry weight of the stem and leaves (untransformed) and the dry weight of
the fruits [log(x+0.1)-transformed] per plant were each compared with LME with
treatment as a fixed factor, and block and each individual plant as random factors as
explained above.

The numbers of seeds per fruit may have been affected by the presence of M.
pygmaeus and the volume of the fruit; therefore, we calculated the volume of all fruits
heavier than 3 mg using half the volume of an ellipsoid as an approximation of the
shape of a sweet pepper fruit. The numbers of seeds per fruit (square-root trans-
formed) were compared using an LME as described above, with treatment and fruit
volume and their interaction as fixed factors, and block and each individual plant as
random factors.

The proportions of female omnivores surviving and the numbers of nymphs
[log(x+1) transformed] on plants before and during flowering were compared using
an LME as described above, with the presence of flowers as a fixed factor, and block
and plant as random factors. The analysis of the numbers of nymphs as a function
of the numbers of flowers was done with a similar LME, with block as a random fac-
tor. Survival of adult females as a function of the number of flowers was done with a
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FIGURE 5.1 The average numbers of leaves (a), flowers (b) and fruits (c) on sweet pepper plants exposed to

Macrolophus pygmaeus and clean plants over time in two experimental blocks performed in different seasons.

Triangles indicate clean plants (Block A: open triangles; Block B: closed triangles); Squares indicate plants

exposed to M. pygmaeus (Block A: open squares; Block B: closed squares). Standard errors are not shown for

reasons of clarity. The median dry weights of leaves plus stems (d) and fruits (e) on plants exposed to M. pyg-

maeus and clean plants. Vertical thick lines show medians, boxes show 25th and 75th percentiles and whiskers

give minima and maxima
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generalized mixed effects model (GLMER) with a binomial error distribution (logit link)
and with block and plant as random factors. All statistical analyses were performed
with R (R Core Development Team 2017).

Results
Plants exposed to M. pygmaeus had significantly lower numbers of leaves than clean
plants (FIGURE 5.1a, LME: c2 = 5.75, d.f. = 1, P = 0.017), and the numbers of leaves
from both groups of plants increased with time (LME: c2 = 513.2, d.f. = 1, P < 0.0001).
The numbers of leaves differed between the two blocks (FIGURE 5.1a), which was
probably caused by the two blocks having been conducted at different periods.
There was no significant difference between treatments in the timing of the first
flower (clean plants: average = 5.28 ± 0.61 days, M. pygmaeus-treated plants: 6.56
± 0.79 days, GLM, F1,34 = 1.89, P = 0.18). The numbers of open flowers on plants
with and without M. pygmaeus increased differently with time (FIGURE 5.1b, LME:
interaction of treatment and time, c2 = 7.4, d.f. = 1, P = 0.0064). Plants exposed to
M. pygmaeus had lower numbers of flowers than clean plants (FIGURE 5.1b, contrasts
after LME). The numbers of fruits of both groups of plants increased differently with
time (FIGURE 5.1c, LME: c2 = 4.5, d.f. = 1, P < 0.034), but overall did not differ signif-
icantly (FIGURE 5.1c, contrasts after LME). The difference in time between appearance
of the first flower and the first fruit was approximately half on exposed plants than on

FIGURE 5.2 The median numbers of seeds in each fruit from sweet pepper plants exposed to Macrolophus pyg-

maeus and clean plants (a) and a picture showing numbers of seeds in two fruits from control plants (top) and M.

pygmaeus-exposed plants (bottom) (b). Vertical thick lines show medians, boxes show 25th and 75th percentiles

and whiskers show minima and maxima
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clean plants (M. pygmaeus-treated plants: 2.5 day ± 0.26 days; clean plants: 4.8 day
± 0.29 days, GLM: c2 = 13.8, d.f. = 1, P < 0.001).

Plants with and without M. pygmaeus had similar biomass of leaves plus stems
(FIGURE 5.1d, LME: c2 = 0.07, d.f. = 1, P = 0.80). However, there was a non-significant
trend of the total dry weight of fruits from plants with M. pygmaeus being lower than
that of clean plants (FIGURE 5.1e, LME: c2 = 3.2, d.f. = 1, P = 0.072).

Interestingly, plants exposed to M. pygmaeus produced five times higher numbers of
seeds per fruit than clean plants did (FIGURE 5.2ab, LME: c2 = 41.6, d.f. = 1, P < 0.0001),
which was not affected by the volume of the fruits (LME: c2 = 2.11, d.f. = 1, P = 0.15).

The survival rate of female M. pygmaeus was higher when plants were flowering
than before flowering (FIGURE 5.3a, LME: c2 = 51.0, d.f. = 1, P < 0.0001), and there
were also more nymphs on plants during flowering than before flowering (FIGURE

5.3b, LME: c2 = 24.6, d.f. = 1, P < 0.0001). Adult survival increased with the numbers
of flowers (FIGURE 5.4a, GLMER, c2 = 11.75, d.f. = 1, P = 0.0006), as did the number
of nymphs (FIGURE 5.4b, LME, c2 = 9.15, d.f. = 1, P = 0.0025).

Discussion
We show that exposure of sweet pepper plants to the omnivorous predator M. pyg-
maeus affected plant performance. Plants exposed to the omnivores had significant-
ly lower numbers of leaves and open flowers than clean plants, suggesting that the
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FIGURE 5.3 The median proportion of surviving females (a) and the median numbers of nymphs (b) of Macrolophus

pygmaeus on plants with (Y) and without (N) flowers. Vertical thick lines show medians, boxes show 25th and

75th percentiles and whiskers show minima and maxima
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presence of M. pygmaeus had a negative effect on these plants. Similar numbers of
fruits and similar dry weights of leaves plus stems and fruits were found on plants
exposed to the omnivore and clean plants, showing no negative effects on plant per-
formance. Moreover, omnivore exposure significantly shortened the time from the
first flower to the first fruit, and five times higher numbers of seeds per fruit were

FIGURE 5.4 The effect of the number of flowers on the survival of Macrolophus pygmaeus. a) The proportion of

females surviving in two blocks (Block A: closed circles; block B: open circles). The solid line is the fitted curve of

a generalized linear mixed effects model on data of both blocks together (block did not have a significant effect).

b) The numbers of nymphs in two blocks. Lines indicate the relation between the number of nymphs and the num-

ber of flowers in two blocks (Block A: solid line; block B: dashed line)
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found on plants with omnivores than on clean plants, suggesting that the presence
of the omnivore is not costly but beneficial for plant fitness. For logistic reasons, we
did not measure plant performance throughout individual plant lifetimes. Possibly,
effects of M. pygmaeus on plant growth and flowering can be partly compensated
later in the plant’s life.

Before the plants started flowering, the omnivores could only use leaves and
stems as food source. After the plants started flowering, they could also feed on
pollen and nectar, which resulted in increased survival and development of the omni-
vore, as was found previously (Perdikis and Lykouressis 2000). This shows that the
omnivores benefit from the resources offered by the flowers. Indeed, M. pygmaeus is
often found in the flowers of sweet pepper plants (Messelink and Janssen 2014). The
results presented here show that the presence of this omnivore resulted in earlier fruit
development and in higher numbers of seeds per fruit, suggesting that M. pygmaeus
may also act as a pollinator. Sweet pepper is self-pollinating, but movement of the
flowers is needed for pollination. Under greenhouse conditions, wind causes suffi-
cient movement, thus growers do not need to release pollinators. In the cages used
in our experiment, there was no wind, so pollination may have occurred less in cages
without the omnivore.

The other changes in plant phenology, i.e., lower numbers of flowers and leaves,
may have been a consequence of the exposed plants allocating more resources to
fruits than to flowers and leaves. In our experiments, plants may have invested in
fruits rather than flowers because the presence of M. pygmaeus probably increased
pollination. However, the phenological changes could also have been a consequence
of the plant investing more in induced plant defences. Earlier, we showed that plant
feeding by the omnivore resulted in the induction direct plant defences, which affect-
ed the performance of the spider mite Tetranychus urticae and the thrips Frankliniella
occidentalis, but not the aphid Myzus persicae (Zhang et al. 2018 [= CHAPTER 2]). The
induction of such plant defences can result in the allocation of fewer resources to
vegetative growth and flower production. Induced plant defences are often assumed
to be costly because of this reallocation (Zangerl et al. 1997; Agrawal 2000), but there
is mixed evidence for such costs (Karban 1993; Gianoli and Niemeyer 1997; Thaler
1999; Strauss et al. 2002). The results presented here suggest that plant perform-
ance is not negatively affected by the presence of M. pygmaeus on the plant or by
the induction of plant defences by the omnivore. Clearly, the ultimate proof for costs
of induced plant defences and other changes in the plant caused by the omnivore,
should involve ecological costs because of changes in interactions within the entire
food web associated with the plant (Sabelis et al. 2007).

One may wonder why plant defences are induced by plant feeding by M. pyg-
maeus? This omnivore does not cause significant damage to plants, and can effec-
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tively protect plants against herbivores, making induced plant defences largely
redundant. Perhaps the omnivore mainly visits plant in nature that have already been
attacked by herbivores, and further induction by the omnivore will then have little
effect on plant defences and plant fitness. Furthermore, it is known that omnivores
feed more on prey and less on the plant when plant quality is low (Agrawal et al.
1999; Janssen et al. 2003). Possibly, the induction of plant defences by M. pygmaeus
lowers plant quality, resulting in a preference for pollen, nectar and herbivores in the
omnivores, thus promoting fruit development and seed production as well as reduc-
ing plant damage.

One remaining question is how M. pygmaeus interacts with other pollinators and
how this affects fruit and seed production (Lehtilä and Strauss 1997; Strauss et al.
2002; Bruinsma et al. 2008, 2014). As explained above, sweet pepper plants are self-
pollinating, and are not dependent on pollinators in greenhouses or in the field.
However, on other plant species, the omnivore could directly interact with pollinators
by attacking them in the flowers, and indirectly by inducing plant defences. It is known
that herbivory can affect pollinator behaviour (Kessler and Halitschke 2009), and the
induction of plant defences by M. pygmaeus may have similar effects. Possibly, plant
feeding by the omnivore can affect pollen and nectar characteristics, which may influ-
ence the behaviour of pollinators. This clearly needs further investigation.

The survival of M. pygmaeus on flowering plants was higher than plants without
flowers. Furthermore, there was a positive relation between the survival and repro-
duction of the omnivore and the number of open flowers. Because plants exposed
to the omnivore produced fewer flowers, this suggests that the changes in flowering
as a result of this exposure do not benefit the omnivore. This may further cause the
omnivores to feed on herbivores instead of on pollen and nectar. Thus, it appears
that the changes in plants as a result of exposure to the omnivore benefit the plant
and not the omnivore.

Macrolophus pygmaeus is commercially used for pest control in greenhouses. The
large advantage of plant feeding by this omnivore for biological pest control is that
populations can be established in a crop before pest outbreaks. Here we show that
such plant feeding has no effect on fruit biomass while it increases seed production.
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General discussion

It has long been known that herbivory can induce direct and indirect plant defences
that affect the performance and host plant choice of the same or other herbivores,

and can also affect the behaviour of natural enemies (Sabelis et al. 2007). Recently,
it was discovered that plant feeding by omnivores can induce similar responses as
herbivory does, thus affecting herbivores and predators in the food webs associated
with the plant (De Puysseleyr et al. 2011; Pappas et al. 2015; Pérez-Hedo et al.
2015b; Naselli et al. 2016; Bouagga et al. 2018; Zhang et al. 2018 [= CHAPTER 2]). In
this thesis, I studied plant defences induced by plant feeding by the omnivorous
predator Macrolophus pygmaeus and the effects on the performance and the host
plant choice of herbivores, as well as effects on the behaviour of predators.

Omnivore-induced direct plant defences
In CHAPTER 2, I studied the effects of previous exposure of sweet pepper plants to the
omnivorous predator on three herbivore species, two-spotted spider mites, green
peach aphids and western flower thrips. I found that exposure of plants to the omni-
vore significantly reduced reproduction of spider mites and thrips, but not of aphids.
Furthermore, this decreased reproduction of the two herbivores was not only found
on the leaves exposed to the omnivore, but also on the leaves that had not been
exposed, suggesting the plant responses induced by the omnivore were systemic.
Juvenile survival and the developmental time of spider mites and aphids, and sur-
vival of thrips larvae were not affected by plant feeding by the omnivore. Thrips lar-
vae feeding on leaves previously exposed to the omnivore required longer to devel-
op into adults.

To further confirm that the decreased performance was caused by plant defences
induced by phytophagy of the omnivore, I measured the levels of plant hormones of
the two main biochemical pathways involved in plant defences against herbivores,
i.e., the jasmonic acid and salicylic acid pathways. I found that the concentrations of
two of the JA-related hormones, i.e., 12–oxo-phytodienoic acid and jasmonic acid-
isoleucine, were significantly higher in the attacked leaves than in the unattacked
leaves from exposed plants and than in the corresponding leaves from clean plants.
Jasmonic acid concentrations showed the same trend, suggesting that the jasmon-
ic acid – related defence pathway was activated. In contrast, similar concentrations
of salicylic acid were produced in the leaves from plants with the omnivore and clean
plants. Concentrations of abscisic acid, a plant hormone not related to either of the
two defence pathways, were significantly higher in both damaged leaves and
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undamaged leaves, indicating that the plant showed a systemic response. The
results suggest that omnivorous predators can decrease herbivore populations
directly by killing them and indirectly by decreasing their performance through
induced direct plant defences.

I observed that herbivores had strong tendency of leaving the plants with the
omnivore, even though they were restricted in a closed set-up. This inspired me to
investigate whether herbivores avoid plants exposed to the omnivore. They might
avoid such plants because of the lower plant quality due to the induced direct
defences. This would not hold for the aphids, because their performance was not
negatively affected on previously exposed plants. In addition, the herbivores might
avoid exposed plants because they contain cues associated with an omnivore that
might attack them. I found that spider mites and thrips preferred clean plants over
plants previously exposed to the omnivore, whereas aphids showed no preference.
This was in agreement with their performance as reported in CHAPTER 2. However,
significantly higher proportions of aphids left plants exposed to the omnivore than
clean plants. Perhaps this was due to non-volatile cues on the plants that were asso-
ciated with the presence of their omnivorous predator. These results show that
omnivorous predators can not only decrease herbivore densities on plants by killing
them and by decreasing their performance through induction of direct plant
defences, but also by indirectly affecting herbivore host plant selection.

It was still unclear whether volatile cues from the omnivore-exposed plants played
a role in the host plant choice of the herbivores, in particular the spider mites and
thrips. I therefore subsequently investigated the role of volatiles released by omni-
vore-exposed plants.

Omnivore-induced plant volatiles
Some evidence has shown that omnivorous predators induced the production of
plant volatiles (Moayeri et al. 2007; Bouagga et al. 2018). Inspired by the results of
CHAPTER 3, I asked in CHAPTER 4 whether plant feeding by M. pygmaeus induced the
production of plant volatiles and how this affected the performance of the phytosei-
id Phytoseiulus persimilis, a predatory mite of spider mites. I chose to use this pred-
ator instead of the herbivores because they reliably respond to herbivore-induced
plant volatiles in an olfactometer (Sabelis and van de Baan 1983), whereas herbi-
vores perform much more poorly in such a set-up (Pallini et al. 1997; de Kogel et al.
1999). Moreover, I was interested in the possible interference of the omnivore with
the searching behaviour of this natural enemy, which is often used together with the
omnivore for biological control. I found that the predatory mites preferred volatiles
from plants previously exposed to the omnivore over volatiles from clean plants. This
was surprizing, because these exposed plants did not harbour any food for the
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predatory mites. I therefore further investigated whether the omnivore interfered with
the attraction of predatory mites to plants with spider mites. I found that the preda-
tory mites were equally attracted by plants previously exposed to the omnivore and
subsequently infested by spider mites than to plants infested with spider mites. In
contrast, the predators were more attracted by volatiles from plants infested with
prey and subsequently exposed to the omnivore than plants infested with prey but
not exposed to the omnivore, suggesting that the omnivores indeed can interfere
with the searching behaviour of the predatory mites. Subsequently, I investigated
whether the predatory mites responded to volatiles of the omnivores themselves by
offering them a choice between plants previously exposed to the omnivore, of which
one group still harboured the omnivore and the other group not. I found that the
predatory mites were also significantly attracted to plants on which the omnivores
were still present. This response was unexpected because M. pygmaeus can feed on
eggs of P. persimilis. I therefore investigated whether experience of P. persimilis with
the omnivore would change its response towards volatiles of exposed plants. I found
that such experience resulted in a loss of the preference for volatiles emitted by
exposed plants. To confirm that plant volatiles were induced, I also analysed the
volatiles from clean and exposed plants with gas chromatography-mass spectrome-
try. I found that exposed plants indeed produced different volatile blends than clean
plants, and that some of the volatile compounds were similar to those induced by
spider mites. Together, I showed that the omnivorous predator induced the produc-
tion of plant volatiles that attracted other predators.

Consequences of omnivore-plant interactions on plant and omnivore
performance
Defences induced by herbivores are beneficial for the plants because they decrease
the performance of herbivores and attract natural enemies that attack the herbivores
damaging the plants (Karban and Baldwin 1997). It is not clear, however, why feed-
ing by omnivores should also induce such defences, and whether these are also ben-
eficial to the plant. It is also not clear what are the effects of these changes in the
plant on the performance of the omnivore. This led me to CHAPTER 5, where I inves-
tigated plant development and reproduction in the presence of the omnivore.
Although exposure to M. pygmaeus significantly affected the performance of the
plants, especially lowering the numbers of flowers, overall, the plants seemed to ben-
efit from this exposure, which resulted in higher numbers of seeds per fruit. Once
plants were flowering, the survival and reproduction of the omnivore were significant-
ly higher, because the omnivores could feed on pollen and nectar. Furthermore, sur-
vival and reproduction were positively related with the numbers of open flowers.
Hence, the changes induced in the plants by the omnivores do not seem to benefit
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the omnivore. Thus, it is still unclear why the omnivores induce these changes in the
plant. It is possible that by decreasing their quality for the omnivore through induced
defences, plants manipulate the omnivore to feed more on pollen and herbivores,
and less on plant tissues. Alternatively, the changes in plant performance could be a
result of the plant investing more in fruit production and less in flowering as a
response to pollination by the omnivore. Clearly, further investigation of the effects of
plant defences on the feeding behaviour of the omnivore and on plant performance
is needed.

The ecological role of omnivores
As explained in the introduction, omnivory is a common phenomenon many food
webs (Polis et al. 1989; Polis and Strong 1996; Coll and Guershon 2002) and affects
the persistence and resilience of food webs (Polis et al. 1989). Most studies, howev-
er, have focussed on the effects of omnivores through their feeding on different
trophic levels, and plant-mediated interactions of omnivores with herbivores and
predators have only received attention recently. Several studies have shown that
omnivorous predators can affect herbivores through the induction of plant defences
(De Puysseleyr et al. 2011; Pappas et al. 2015; Pérez-Hedo et al. 2015a,b; Bouagga
et al. 2018; Zhang et al. 2018 [= CHAPTER 2]; CHAPTER 3), which adds to the impor-
tance of their ecological role in food webs associated with plants.

Several interactions among omnivores, plants, herbivores and other species asso-
ciated with the plant-inhabiting food web deserve further attention. For example, the
defences induced by the omnivores may result in the herbivores feeding on these
plants being less nutritious for the omnivore, thus affecting the feeding behaviour of
the omnivores, but also of other predators of the herbivores (Agrawal et al. 1999;
Janssen et al. 2003). Furthermore, the induction of the production of plant volatiles
has clear effects on the searching behaviour of predators (CHAPTER 4), but the con-
sequences for population dynamics of these predators and the herbivores remains
to be investigated. For the omnivore, it is not beneficial to attract other natural ene-
mies that may compete for food with them. Also, these volatiles may affect the
searching behaviour of other, conspecific and heterospecific omnivores. Lastly, the
possibility that the omnivore may also play a role in plant pollination needs further
study.

Implication for biological control
The interactions of omnivores with plants and their associated food webs also
deserve more attention from an applied point of view. During the last decades, an
increasing number of omnivore species are released for biological pest control in
many crops (Messelink et al. 2012, 2015; van Lenteren 2012). Being phytophagous,
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omnivores have the advantage that they can persist in crops by feeding on pollen
and plant materials, even in the absence of pests (Perdikis and Lykouressis 2000).
Thus, they can be released preventively, before pests are present in the crop.

The interactions of the omnivore with other natural enemies deserve more
research. Here, I showed that the predatory mite P. persimilis, a specialist predator
of spider mites, was attracted by plants with the omnivore even when no spider mites
were present (CHAPTER 4). Even after having received experience with volatiles from
omnivore-exposed plants, the predatory mites did not avoid these plants. This sug-
gests that the induction of plants by the omnivore may have negative effects on the
searching efficiency and pest control of the predatory mite. Both species are
released for pest control in crops and both occur in the Mediterranean area. I
observed that the omnivore can kill all stages of the predatory mites, and do so even
when spider mites, their common prey, are present. This could further affect biolog-
ical control of spider mites. However, the presence of the omnivore seemed not a
serious threat for adult female predatory mites, which could easily escape. The vul-
nerability of other stages of the predatory mites, such as eggs and larvae, should be
further investigated. Possibly, they can use the webs produced by their spider mite
prey, in which they preferentially reside, as a refuge (Cloutier and Johnson 1993;
Pallini et al. 1998; Venzon et al. 2000; Roda et al. 2000; Lemos et al. 2015; for com-
parable examples). Understanding the direct and plant-mediated interactions
between the omnivore and the predatory mite and other herbivores and natural ene-
mies will provide information to improve biological control.

Plant-associated food webs are very complex, even when considering a limited
number of herbivores and predators (Janssen et al. 1998; Ohgushi et al. 2007;
Messelink et al. 2012), and omnivores add extra complications to these food webs.
Their common occurrence in natural food webs and their increased use as biological
control agents necessitates further studies of these interesting organisms.
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Summary

Omnivory is a common phenomenon in many food webs. It is defined as feeding
on more than one tropic level, for example a predator feeding on plants and her-

bivores. Omnivory occupies a central position in food web ecology as it can influence
persistence and stability of populations in fundamental ways. Whereas the predation
behavior of omnivorous predators has been extensively studied, the consequences
of plant feeding by omnivores have received relatively little attention. Recently, it has
been shown that omnivorous predators induce plant defences that affect the per-
formance of herbivores. But on a community level, the interplay between effects of
plant feeding by omnivorous predators and the plant-mediated interactions among
omnivorous predators, herbivores and natural enemies is still poorly understood. In
this thesis, I studied the ecological consequences of plant responses induced by the
omnivorous predator Macrolophus pygmaeus, for a community of plants, herbivores
and their natural enemies.

Like many other omnivores, this predator is used for biological pest control. The
advantage of using omnivores is that by feeding on plant tissue, pollen and nectar,
their populations can establish and persist in crops without the presence of pests.
So, when pests enter the crop, these armies of predators can efficiently suppress
them or keep their density at low levels. The study of omnivores in plant-herbivore-
predator communities is therefore important for fundamental as well as applied rea-
sons.

In CHAPTER 2, I show that M. pygmaeus induces plant defences in sweet pepper
plants, which negatively affects the performance of spider mites and thrips, but not
of aphids. I further found that the jasmonic acid pathway, which is involved in
induced plant defences, was activated, but the salicylic acid pathway, also involved
in induced plant defences, was not. Moreover, the abscisic acid pathway was acti-
vated. Hence, phytophagy by the omnivorous predator induced direct plant defences
resulting in decreasing performance of herbivores on the same plant. These results
suggest that the omnivorous predator can decrease the density of herbivores by
directly killing them but also indirectly through plant defences induced by the omni-
vore.

Omnivores present on plants may affect the host plant choice of herbivores by
preying on them as well as by decreasing the quality of host plants. Therefore, in
CHAPTER 3, I further investigated the effect of previous exposure of plants to the
omnivorous predator M. pygmaeus on the host plant choice of the three herbivore
species used in CHAPTER 2. In agreement with their performance (CHAPTER 2), I found
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that spider mites and thrips preferred clean plants over plants previously exposed to
the omnivore. Aphids did not show such preference, but a higher proportion of
aphids left exposed plants than unexposed plants. These results show that omnivo-
rous predators can not only decrease herbivore densities on plants by killing them
and by decreasing their performance through induction of direct plant defences, but
also by affecting herbivore host plant selection.

Important cues used by herbivores during host plant choice are plant volatiles.
Some volatiles are constitutively produced by plants, but others are induced by her-
bivore feeding. Because omnivores also feed on plants, they may also induce the
production of plant volatiles. Inspired by the results of CHAPTER 3, in CHAPTER 4 I
asked whether plant feeding by M. pygmaeus induced the production of plant
volatiles and how this affected the performance of the phytoseiid Phytoseiulus per-
similis, a predatory mite of spider mites. I found that the predatory mites preferred
volatiles from plants previously exposed to the omnivore over volatiles from clean
plants, even when the prey was absent. To understand the interactions between the
two predators, I further investigated whether the omnivore would interfere with the
attraction of predatory mites to plants with their common prey, spider mites.
Predatory mites were equally attracted by plants previously exposed to the omnivore
and subsequently infested by spider mites and plants infested with spider mites. In
contrast, the predators were more attracted by volatiles from plants infested with
prey and subsequently exposed to the omnivore than plants infested with prey but
not exposed to the omnivore, suggesting that the omnivores indeed can interfere
with the searching behaviour of the predatory mites. These responses were surpris-
ing because M. pygmaeus can feed on all stages of P. persimilis. I therefore further
investigated responses of predator mites to exposed plants after having gained
experience with both cues from volatiles and from omnivores from these plants. I
found that such experience resulted in a loss of the preference for volatiles emitted
by exposed plants. I also analyzed the volatiles from the headspace of clean and
exposed plants using gas chromatography-mass spectrometry. Exposed plants
indeed produced different volatile blends than clean plants, and some of the volatile
compounds were similar to those induced by spider mites and attractive to P. per-
similis. Hence, the omnivore induced the production of plant volatiles, which attract-
ed other predators and likely also influenced the host plant choice by the herbivores
(CHAPTER 3). Obviously, interactions between the omnivore and the predatory mite,
especially those mediated by plants, require further study.

The effects of herbivory on plant performance and the subsequent effects on the
herbivores have been extensively studied. In contrast, the consequences of plant
feeding by omnivore for plant performance are less studied, nor are the subsequent
effects of plant performance on omnivore performance. Therefore, in CHAPTER 5, I
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investigated the effects of the presence of the omnivorous predator on plant per-
formance by evaluating plant growth and reproduction. I showed that plants with the
omnivore produced fewer leaves and open flowers, suggesting a negative effect of
the omnivore on plant performance. However, exposed plants and clean plants pro-
duced similar numbers and biomass of fruits. Moreover, flowers developed faster
into fruits on plants with the omnivore, suggesting a positive effect of the omnivore
on fruit development. Most interestingly, the numbers of seeds in fruits on plants with
the omnivore was five times higher than on clean plants, suggesting that the pres-
ence of the omnivore was beneficial to the plant. Possibly, flower visiting by the
omnivore increased pollination, resulting in higher seed production. This increased
pollination may then result in an increased allocation of resources to fruit production
at the expense of flower production. This may explain the lower numbers of flowers
on plants exposed to the omnivore. In addition, I found that the survival and repro-
duction of the omnivore was higher after plants started flowering than before flower-
ing. Moreover, the survival and reproduction of the omnivore was positively correlat-
ed with the numbers of flowers on the plants. So higher numbers of flowers would
be beneficial to the omnivore, however, plants produced fewer flowers when the
omnivore was around, which suggests a negative effect of the changes in plant phe-
nology on omnivore performance.

In this thesis, I only studied plant-mediated interactions between the omnivorous
predator, three herbivores and one predator species. However, the plant-associated
food webs usually are more complex, resulting in many more potential interactions
among plants, herbivores, omnivores and predators. A next step in further research
might be the positioning of plant-herbivore-predator-omnivore interactions in the
context of complex food webs as this may alter the consequences of these interac-
tions for population and community persistence and stability in fundamental ways.
Such focus on overall food web interactions very likely asks for a combination of
empirical and modelling approaches.
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Samenvatting

Omnivoren zijn organismen die zich voeden op meer dan één trofisch niveau –
denk bijvoorbeeld aan een predator die zich voedt met zowel planteneters (her-

bivoren) als met planten. Omnivorie komt veel voor in voedselwebben en neemt een
centrale plaats in binnen de ecologie omdat het bepalend is voor de persistentie en
stabiliteit van populaties en levensgemeenschappen. Het predatiegedrag van omni-
vore predators is uitgebreid bestudeerd, maar de gevolgen van het zich voeden met
planten is veel minder onderzocht. Onlangs is aangetoond dat omnivoren, wanneer
ze zich met een plant voeden, de verdediging tegen vraat in die plant induceren en
dat deze verdediging het functioneren van herbivoren op dezelfde planten beïnvloed.
Het is echter nog niet duidelijk hoe de geïnduceerde verdediging van de plant door
vraat door omnivoren de levensgemeenschappen van herbivoren en predators beïn-
vloedt. Voor dit proefschrift bestudeerde ik de ecologische gevolgen van de reactie
van planten op fytofagie door de omnivore predator Macrolophus pygmaeus in een
gemeenschap van planten, herbivoren en predators.

Macrolophus pygmaeus wordt gebruikt voor biologische plaagbestrijding, zoals
vele andere omnivoren. Het voordeel van omnivoren voor biologische bestrijding is
dat populaties zich kunnen vestigen zonder dat er plagen aanwezing zijn, omdat ze
zich kunnen voeden met plantenmateriaal, zoals blad, stuifmeel en/of nectar. Als een
plaaginsect dan later het gewas invadeert, kan dit legertje van omnivoren de plaag-
populaties efficiënt onderdrukken. De studie van de rol van omnivoren in gemeen-
schappen van planten, herbivoren en predators is daarom niet alleen van fundamen-
teel belang, maar heeft ook praktische relevantie. 

In HOOFDSTUK 2 laat ik zien dat vraat door M. pygmaeus de verdediging van papri-
kaplanten induceert, met negatieve gevolgen voor de voortplanting van trips en spint-
mijten, maar niet voor die van bladluizen. Ik vond ook dat de door jasmonzuur gere-
guleerde verdedigingsrespons werd geactiveerd, maar niet de door salicylzuur gere-
guleerde respons. Verder werd de abscisinezuur-route geactiveerd. Deze resultaten
suggereren dat de omnivoor de dichtheden van herbivoren op een plant direct kan
verlagen door predatie, maar ook indirect, door de inductie van plantenverdediging. 

Dit suggereert ook dat herbivoren die nadeel ondervinden van de door de omni-
voor geïnduceerde defensie mogelijk een voorkeur hebben voor planten die niet
geïnduceerd zijn. Ik onderzocht daarom de waardplantkeuze van dezelfde drie her-
bivoren in HOOFDSTUK 3. Spintmijten en trips bleken een voorkeur te hebben voor
schone planten boven planten die eerder blootgesteld waren aan de omnivoor, in
overeenkomst met de negatieve effecten van de geïnduceerde defensie op deze
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twee herbivoren. Bladluizen hadden geen voorkeur, maar een groter percentage
bladluizen verliet de blootgestelde planten dan de schone planten. Dit laat zien dan
omnivoren de dichtheden van herbivoren op planten niet alleen kunnen verlagen
door predatie en door negatieve effecten op de reproductie van de herbivoren door
de inductie van plantenverdediging (HOOFDSTUK 2), maar ook door het beïnvloeden
van het waardplant-selectiegedrag van de herbivoren.

Vluchtige stoffen behoren tot de belangrijkste stimuli die herbivoren gebruiken
wanneer ze op zoek zijn naar waardplanten. Sommige vluchtige stoffen worden altijd
door de plant afgescheiden, maar andere komen pas vrij als de planten worden aan-
gevallen door herbivoren, of wanneer omnivoren zich met de plant voeden.
Geïnspireerd door de resultaten van HOOFDSTUK 3 besloot ik daarom te onderzoeken
of M. pygmaeus inderdaad aanzet tot de productie van vluchtige stoffen als deze
wants zich met de plant voedt. Ook bestudeerde ik of het zoekgedrag van de roof-
mijt Phytoseiulus persimilis wordt beïnvloed door deze vluchtige stoffen. Het is
bekend dat deze roofmijt aangetrokken wordt door de vluchtige stoffen die planten
maken als ze worden aangevallen door spintmijten, de prooi van de roofmijt. Ik vond
dat de roofmijten ook werden aangetrokken door de vluchtige stoffen van planten die
tevoren waren blootgesteld aan de omnivoor (HOOFDSTUK 4). Vervolgens bestudeerde
ik of de omnivoor interfereert met de aantrekking van de roofmijten door planten met
spintmijten. De roofmijten vertoonden geen voorkeur bij de keuze tussen planten met
spintmijten die wel of niet tevoren waren blootgesteld aan de omnivoor, maar ze pre-
fereerden planten die eerst waren geïnfecteerd met spintmijten en vervolgens wer-
den blootgesteld aan omnivoren boven planten met spintmijten die niet werden
blootgesteld. Dit laat zien dat de omnivoren inderdaad interfereren met het zoekge-
drag van de roofmijten. Deze resultaten waren verrassend omdat de omnivoor alle
ontwikkelingsstadia van de roofmijt kan aanvallen. Ik onderzocht daarom de respons
van predators die ervaring hadden opgedaan met de vluchtige stoffen van de plant
en de omnivoor. Roofmijten met deze ervaring hadden geen voorkeur meer voor
deze vluchtige stoffen. Ook analyseerde ik de vluchtige stoffen van schone planten
en planten die waren blootgesteld aan omnivoren met gas-chromatografie en mas-
saspectrometrie en vond dat blootgestelde planten inderdaad ander vluchtige com-
ponenten afgeven dan schone planten, en dat sommige van deze componenten
overeenkomen met de vluchtige stoffen die worden geïnduceerd door spintmijten en
aantrekkelijk zijn voor de roofmijt. Concluderend heb ik laten zien dat de omnivoor
de productie van vluchtige stoffen door de plant induceert en dat deze aantrekkelijk
zijn voor andere predatoren. Ze hebben waarschijnlijk ook een rol gespeeld in de
waardplantkeuze van de herbivoren (HOOFDSTUK 3). Het is duidelijk dat de interacties
tussen de omnivoor en de roofmijt verder moeten worden bestudeerd, vooral de
interacties die via de plant verlopen.
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De effecten van herbivorie op planten en de effecten van de verdediging van plan-
ten geïnduceerd door deze herbivorie op herbivoren zijn uitgebreid bestudeerd, maar
er is nog heel weinig bekend over de effecten van fytofagie van omnivoren op planten
en, via de geïnduceerde plantenverdediging, weer op de omnivoren. Ik heb daarom
deze effecten bestudeerd in HOOFDSTUK 5. Ik laat zien dat planten blootgesteld aan
omnivoren minder bladeren en bloemen produceren, suggererend dat de omnivoren
een negatief effect hebben op de plant. De blootgestelde planten produceerden ech-
ter evenveel en even zware vruchten en hun bloemen ontwikkelden zich sneller tot
vruchten, die bovendien vijf keer zoveel zaden bevatten als de schone planten, het-
geen een positief effect van de omnivoor op de plant impliceert. Misschien dragen de
omnivoren bij aan de bestuiving van de bloemen door ze te bezoeken, wat tot hoge-
re zaadproductie kan hebben geleid. Deze bestuiving zou tot een verschuiving van
energie en nutriënten naar de productie van vruchten kunnen leiden, ten koste van de
productie van bloemen, hetgeen het lagere aantal bloemen van de blootgestelde plan-
ten kan verklaren. Ik vond ook dat de overleving en voortplanting van de omnivoor
positief waren gecorreleerd met het aantal bloemen aan de planten. Meer bloemen
zou dus goed zijn voor de omnivoren, maar planten die blootgesteld waren aan omni-
voren vormden juist minder bloemen, hetgeen een negatief effect suggereert van de
door de omnivoor geïnduceerde veranderingen in de planten op de omnivoren. 

In dit proefschrift heb ik mij beperkt tot het bestuderen van gemeenschap
bestaande uit één plantensoort, één omnivoor, drie herbivoren en één predator.
Voedselwebben van geleedpotigen op planten zijn echter veelal complexer, wat leidt
tot een veelvoud van potentiële interacties. Een logische volgende stap is dan ook
het onderzoeken van de consequenties van deze interacties in meer complexe voed-
selwebben en hun effecten op de persistentie en stabiliteit van levensgemeenschap-
pen. Dit vereist een combinatie van experimenten en theoretische studies met behulp
van populatiedynamische modellen.
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