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Abstract Herbivores can profit from vectoring plant
pathogens because the induced defence of plants against
pathogens sometimes interferes with the induced defence
of plants against herbivores. Plants can also defend them-
selves indirectly by the action of the natural enemies of the
herbivores. It is unknown whether the defence against
pathogens induced in the plant also interferes with the
indirect defence against herbivores mediated via the third
trophic level. We previously showed that infection of
plants with Tomato spotted wilt virus (TSWV) increased
the developmental rate of and juvenile survival of its
vector, the thrips Frankliniella occidentalis. Here, we
present the results of a study on the effects of TSWV
infections of plants on the effectiveness of three species of
natural enemies of F. occidentalis: the predatory mites
Neoseiulus cucumeris and Iphiseius degenerans, and the
predatory bug Orius laevigatus. The growth rate of thrips
larvae was positively affected by the presence of virus in
the host plant. Because large larvae are invulnerable to
predation by the two species of predatory mites, this
resulted in a shorter period of vulnerability to predation for
thrips that developed on plants with virus than thrips
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developing on uninfected plants (4.4 vs. 7.9 days, respec-
tively). Because large thrips larvae are not invulnerable to
predation by the predatory bug Orius laevigatus, infection
of the plant did not affect the predation risk of thrips larvae
from this predator. This is the first demonstration of a
negative effect of a plant pathogen on the predation risk of
its vector.
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Introduction

Herbivorous arthropods induce direct defences in plants,
involving changes in plant quality that negatively affect
growth and survival of the herbivores (Karban and Baldwin
1987; Agrawal 1998; Agrawal and Klein 2000; Belliure
et al. 2005). Defences induced in plants by herbivory may
also be indirect, i.e. mediated by promoting the effective-
ness of the third trophic level (Price et al. 1980). For
example, indirect defence may involve the emission of
plant volatiles that are attractive to natural enemies of
herbivores (Sabelis and Van der Baan 1983; Dicke and
Sabelis 1988; Turlings et al. 1990; Dicke et al. 1990, 1998;
Takabayashi and Dicke 1996; Janssen et al. 1998; Sabelis
et al. 1999). Through this attraction, plants indirectly
reduce the population of herbivores on them (Thaler 1999;
Kessler and Baldwin 2001).

Plant pathogens also induce defences in plants, leading
to the production of defence-related RNAs and proteins
(Pieterse and van Loon 1999; Spoel et al. 2003). The
defence induced by pathogens in plants can interact with
the induced anti-herbivore defence, through cross-talk
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between the metabolic pathways activated after herbivore
and pathogen attack. This cross-talk may be positive (Bo-
stock 1999; Stout et al. 1999, 2006) or negative (Bostock
1999; Felton et al. 1999; Thaler et al. 1999, 2002a, b;
Felton and Korth 2000; Pieterse and Van Loon 2004; Stout
et al. 2006), depending on the herbivores and pathogens.
The negative cross-talk between anti-pathogen and anti-
herbivore defences favours the performance of herbivore
vectors on plants infected with vector-borne pathogens
(Carter 1939; Bautista et al. 1995; Maris et al. 2004; Bel-
liure et al. 2005; Stumpf and Kennedy 2007).

Most research on the negative interaction between anti-
herbivore and anti-pathogen defences has concentrated on
direct plant defences (Thaler et al. 1999; Felton et al. 1999;
Felton and Korth 2000; Thaler et al. 2002b; Pieterse and
Van Loon 2004; Belliure et al. 2005), and few studies have
focused on indirect plant defence, involving the action of
the third trophic level (Rostas et al 2006). Nevertheless,
survival of vectors and success of pathogen dispersal is
negatively affected by natural enemies of vectors. There-
fore, we expect pathogens to reduce the impact of natural
enemies of their vectors in order to enhance their own
spread. In this article, we investigate the interaction of a
virus with the natural enemies of its insect vector.

The Tomato spotted wilt virus (TSWV) is a vector-
borne plant virus that is transmitted horizontally by var-
ious thrips species (Thysanoptera: Thripidae), such as the
Western flower thrips Frankliniella occidentalis (Per-
gande) (Sakimura 1962). Thrips acquire the virus as they
hatch from eggs and feed on infected plants. However,
not all thrips develop into virus-transmitting adults (Sa-
kimura 1962; Nagata and Peters 2001). Western flower
thrips induce anti-herbivore defences in plants (Belliure
et al. 2005; Delphia et al. 2007), and have been reported
to aggregate preferentially on TSWV-infected plants
(Carter 1939; Bautista et al. 1995; Maris et al. 2004). This
aggregation can be explained by the benefit that thrips
larvae obtain when developing on TSWV-infected plants;
their juvenile survival and developmental rate are higher
on plants with the virus than on plants that are also
attacked by thrips, yet free of the virus (Belliure et al.
2005). This suggests that the virus reduces the induced
direct plant defence against thrips, thereby promoting
survival and development of its vector (Belliure et al.
2005).

Important natural enemies of the thrips are predatory
mites, such as the phytoseiid species Neoseiulus cucumeris
(Oudemans) and Iphiseius degenerans (Berl.), and antho-
corid bugs such as various Orius spp. Anthocorid bugs prey
upon all juvenile stages and the adults of the thrips (van
den Meiracker and Sabelis 1999), whereas phytoseiid mites
feed mainly on first instar thrips larvae (Bakker and Sabelis
1986, 1989). Thrips larvae defend themselves against
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attacks by the predators. This defence consists of jerking of
the abdomen and producing a droplet of rectal fluid. Thrips
larvae can hit the predators with their abdomen, which may
deter predators, and, while doing so, they can contaminate
the predators with rectal fluid, which often leads to vig-
orous preening and retreating of the predator (Bakker and
Sabelis 1986, 1989; Teerling et al. 1993a, 1993b; de Bruijn
et al. 2006). The success of this defence increases with the
size of the larva (Bakker and Sabelis 1986, 1989), and is
more effective against predatory mites than against pred-
atory bugs. Because thrips larvae have a higher
developmental rate on host plants that are infected by the
virus (Belliure et al. 2005), such infection could result in a
shorter vulnerable period to predation of the larvae.
Besides accelerating thrips development through infection
of the host plant, the acquisition of TSWV by newly
emerged larvae sometimes also directly results in their
accelerated development, independent of the infection
status of the host plant (Belliure et al. 2005). Hence, the
presence of the virus in the vector and in the host plant of
the vector would reduce the predation risk of the thrips
larvae, and the virus would thus indirectly promote the
survival of its vector.

Apart from this effect on the duration of the vulnerable
period, the virus could also have an effect on the behaviour
of vulnerable thrips larvae, which would also result in
changes of predation risk. In general, behaviour of infected
arthropods is known to change because of infection (Tho-
mas et al. 2005), but such behavioural changes have not
been studied in thrips larvae infected with TSWV. The
virus circulates and replicates in thrips larvae (Ullman et al.
1992; Wijkamp and Peters 1993; Wijkamp et al. 1993;
Nagata et al. 1999; Kritzman et al. 2002), and could
therefore induce behavioural changes. For example,
infected thrips larvae may differ from uninfected conspe-
cifics in their defensive behaviour upon attack by predators,
thereby affecting their vulnerability. Infection of thrips
larvae could also affect their suitability as prey, and con-
sequently, predators may preferentially feed on infected or
uninfected larvae.

We studied the effects of the TSWV on the vulnerability
of Western flower thrips larvae to predation. Specifically,
we tested whether thrips larvae developing on TSWV-
infected plant tissue had a decreased vulnerability to pre-
dators. We further tested whether this decreased
vulnerability was the result of the increased growth rate of
thrips larvae on TSWV-infected plant tissue or of different
behaviour of thrips larvae from infected plant tissue upon
attack by a predator. Moreover, we tested whether preda-
tors had differential preference for thrips larvae with and
without the virus. To our best knowledge, this is the first
investigation on the indirect effect of a plant virus on its
herbivore vector through the third trophic level.
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Materials and methods
Plant material and virus isolate

All pepper plants (Capsicum annuum L., var. Pikante
Reuzen) used in the experiments were grown from seed in
a climate room [25°C, 50-70% relative humidity (RH),
16:8 h light:dark (L:D)] in plastic pots (11 cm high;
diameter 10 cm). Clean pepper plants were maintained free
of virus and thrips and were not damaged in any way. The
TSWYV isolate used was Brazilian BRO1 (De Avila et al.
1990). To obtain TSWV-infected plants, mechanical
inoculations were performed as follows: 1 g of leaf mate-
rial from pepper plants previously inoculated with the virus
by thrips was triturated in 10 ml of inoculation buffer
(0.01 M NaPOy, pH 7.0) (Maris et al. 2004). This inoculum
was subsequently applied to clean plants by damaging the
two first real leaves by dusting them with carborundum
powder (500 mesh), and subsequently rubbing them with a
sponge previously embedded in the inoculum. Such
mechanically inoculated plants were used 2 weeks after
inoculation. Infection of plants by the virus was checked by
the development of symptoms typical for TSVW: chlorotic
rings, chlorotic mosaic patterns, mottling on the leaves,
growth reduction and deformation.

Thrips

Stock cultures of Frankliniella occidentalis (Pergande)
were started from individuals collected in a commercial
cucumber greenhouse near Pijnacker (The Netherlands) in
May 1994, and were cultured on pepper plants in climate
boxes (25°C, 50-70% RH, 16:8 h L:D) since 2002. To
obtain cohorts of thrips larvae of similar age, adult female
thrips were allowed to oviposit on pepper leaves on which
pine (Pinus sp.) pollen was provided to increase oviposi-
tion. The leaves were incubated in petri dishes (diameter
14 cm) with wet cotton wool on the bottom to prevent
desiccation. Females and pollen were removed after 48 h,
before the eggs hatched, to obtain a cohort of larvae that
had been feeding on leaf tissue and not on pollen.

To obtain thrips larvae from TSWV-free plants (larvae
that were not infected by the virus are referred to as
“uninfected”), cohorts of thrips larvae were obtained from
clean pepper plants, by allowing adults to oviposit on
detached leaves. To obtain thrips larvae from TSWV-
infected plants, cohorts were obtained on detached leaves
from mechanically inoculated plants. Thrips larvae were
allowed to feed on TSWV-infected leaf tissue for at least
48 h (acquisition access period). When feeding on infected
plants as freshly emerged larvae, thrips become infected by
the virus (Nagata and Peters 2001), hence we refer to these
larvae as “infected”.

Predators

Neoseiulus cucumeris (Oudemans) was reared on arenas
consisting of a black PVC tile (8 x 15 cm?) placed on a
wet sponge in a plastic tray with water. Wet tissue was
wrapped over the edges of each tile and a glue barrier was
applied on the tissue. Mites were fed a mixture of pollen of
Typha spp. and Vicia faba L. (broad bean) twice a week
(Overmeer et al. 1989). Cultures consisted of several
cohorts of similar-aged individuals, obtained by collecting
recently laid eggs from an arena with adult females.

Iphiseius degenerans (Berl.) was reared on a diet of
birch (Betula sp.) pollen on plastic arenas, as described by
Van Rijn and Tanigoshi (1999). Arenas consisted of grey
plastic sheets (30 x 21 cm?) each subdivided into four
rearing units with water-soaked paper tissues to provide
water. Sheets were placed on wet sponges in a tray con-
taining water. Mites were fed birch pollen twice per week
(Faraji et al. 2000). Cultures consisted of several cohorts of
similar-aged individuals.

Orius laevigatus (Fieber) were obtained from Koppert
BV (The Netherlands) and reared according to the method
described by van den Meiracker and Sabelis (1999) in
plastic jars (8 x 8 x 11 cm®) with two lateral holes
(diameter 4 cm) covered with fine nylon gauze. Twice per
week, Orius were fed eggs of the flour moth Ephestia ku-
ehniella (Zeller) and provided with bean pods as
oviposition substrate and moisture supply. Bean pods with
predator eggs were collected regularly from jars with adults
and placed in a new jar with flour-moth eggs to obtain
cohorts of Orius with similar age. Jars were lined with
crumpled tissue to provide hiding places for the juveniles
and thus reduce cannibalism (van den Meiracker and
Sabelis 1999).

Effect of TSWV on body growth rates of thrips

The growth in body size of thrips and the development into
prepupae and into invulnerable size classes were recorded
daily from egg hatching until adulthood. Newly emerged
thrips larvae (<24 h after emergence from egg) were
placed on leaf discs (diameter 1.5 cm) placed upside down
in agar (15%) in a petri dish (diameter 3.5 cm). The agar
helped to prevent desiccation of the leaf tissue and larvae
from hiding underneath the leaf discs. The petri dish had a
hole in the lid (diameter 2.5 cm) covered with fine mesh
gauze (30 um) to allow ventilation and avoid water con-
densation, yet prevent thrips escaping. Lids were sealed
with parafilm to prevent larvae from escaping. The discs
were incubated at 21°C and 16 h light. Leaf discs were
obtained from clean plants (i.e. without damage or virus),
or from plants that were mechanically inoculated with
TSWYV. Care was taken to prepare discs from leaves that
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showed no sign of mechanical damage. Larvae were
transferred to fresh leaf discs of the same treatment every
3—4 days. Larvae that were tested on infected leaf tissue
were collected from cohorts on infected leaves, hence these
larvae were infected with the virus, and larvae that were
tested on clean leaf discs came from cohorts on clean
leaves and were uninfected. The length (from head to tip of
the abdomen, excluding antennae) and width (the widest
part of the abdomen) of thrips was measured daily under a
stereoscope. The volume of the thrips larvae was estimated
by calculating the volume of a cylinder with the length and
width of the thrips. This overestimates the volume of thrips
larvae because they are not tube-shaped, but the overesti-
mation is consistent between thrips groups. The increase in
body size of infected and uninfected larvae was estimated
by fitting the curve

SmSo

S =
" S0+ (S — So)et

(1)

where S, = volume of the thrips at time #; S,, = maximum
volume of thrips larvae; S; = minimum volume of thrips
larvae, and r = growth rate. S, was taken directly from the
measurements of thrips larvae at the start of the experiment,
and was identical for uninfected and infected larvae
(So = 3.65 x 1072 mm?>). S, and r were estimated by fit-
ting this curve to the data. Differences in r and S,, of infected
and uninfected thrips larvae were assessed with a z-test. The
fitted curves were used in other experiments to estimate age
of thrips larvae from their size. The development of infected
and uninfected larvae into prepupae and into an invulnerable
size was compared by using regression models of time-to-
event data (Hosmer and Lemeshow 1999). The size of thrips
larvae invulnerable to predation was assessed from the
experiment on predation rate of predatory mites on thrips
larvae of different sizes explained below.

Although the midgut of all thrips is infected when they
acquire virus as newborn larvae, transmission is related to
the infection and multiplication of the virus in the salivary
glands (Nagata et al. 1999; Nagata and Peters 2001), and
not all larvae that acquire the virus become TSWV trans-
mitters (Sakimura 1962). Because it was possible that
larvae that did not develop into transmitters would have
growth rates comparable to uninfected larvae, we assessed
the ability to transmit the virus of all thrips larvae that
survived until adulthood in the growth experiment. The
transmission ability of adults was checked with the petunia
leaf disc assay: the adults were allowed to feed on petunia
leaf discs for 48 h and the discs were checked for the
presence of local lesions after 48 h (Wijkamp and Peters
1993). The growth rates of infected thrips that were either
transmitters or non-transmitters were compared to detect a
possible effect of transmission ability on growth rate of
thrips.
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Effect of the virus on predation rate

The predation rate of predatory mites on thrips larvae was
measured on clean pepper leaf discs (diameter 5 cm),
placed upside down on wet cotton wool in a petri dish
(diameter 14 cm). Infected and uninfected thrips larvae
were obtained from cohorts as described above (see section
Thrips). To ensure that all larvae were of approximately the
same size, larvae were measured under the stereoscope
before placing them on the arenas. Five size classes com-
monly found during thrips development were used (size 1—
5:0.0043, 0.0114, 0.0133, 0.0291 and 0.0531 mm’
respectively). Five to ten replicates were carried out per
size class. For each replicate, 20 thrips larvae, each of the
same age and the same infection status, were placed on a
leaf disc and were allowed to settle for 30 min. Subse-
quently, a female predatory mite (either Neoseiulus or
Iphiseius) was introduced on the leaf disc. The mites were
8-12 days old (from the egg stage) and were previously
starved for 3 h to increase their motivation to attack prey.
The leaf discs were maintained in a climate room (25°C,
50-70% RH, and 16 h light). After 24 h, dead and live
larvae were counted under a stereoscope. The number of
larvae that were found in the wet cotton wool or that were
missing was also recorded. Controls were performed, in
which mortality and escapes to the cotton wool were
assessed in the absence of predators. The proportions of
thrips larvae eaten were compared between treatments and
among size classes for each predator species separately,
using a generalized linear model (GLM) with binomial
error distributions (R Development Core Team 2005).
Contrasts among size classes were assessed through model
simplification (Crawley 2002).

Predator preference and defensive behaviour
of thrips larvae

Two types of choice test were performed with Neoseiulus
and Iphiseius: (1) infected and uninfected larvae of the
same size were offered simultaneously; (2) infected and
uninfected larvae of the same age (and therefore different
size, since infected larvae develop faster than uninfected
larvae, see Fig. 1) were offered simultaneously. Infected
and uninfected thrips larvae were obtained as described
above (see section Thrips). The leaf discs (diameter 5 cm)
were from clean plants. Before the experiment, larvae were
measured under the stereoscope to ensure similar size
(0.014 mm3) or were taken from cohorts to ensure similar
age (5 days old), respectively. In both cases, ten uninfected
and ten infected thrips larvae were placed on the leaf disc
and were allowed to settle for 30 min. To enable the
observer to discriminate between them, infected and
uninfected larvae were painted with different colours of a
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Fig. 1 Volume (in mm?) of thrips larvae versus age (in days), when
developing on clean plants (circles uninfected larvae; n = 75) and
plants that were mechanically inoculated with Tomato spotted wilt
virus (TSWYV) (triangles infected larvae; n = 65). Points show
average values == SEM. Curves were obtained by fitting Eq. 1 to the
data. For uninfected thrips larvae, the estimated growth rate () is
0.384 £ 0.019, the maximum volume (S,,) is 0.0455 £ 0.0031; for
infected thrips r = 0.662 £ 0.025 and S,, = 0.0493 £ 0.0012. See
text for further explanation

fluorescent powder, which was gingerly applied with a soft,
moist, fine paintbrush. Although the powder does not affect
predation rates (B. Belliure, personal observation), pink
and blue powder was alternated between infected and
uninfected larvae to avoid a possible effect of the powder
on the preference of the predators. Adult female predatory
mites, treated as above, were placed individually on the
leaf disc. Larvae that were killed by the predators were
replaced after 1 and 2 h of the experiment. Numbers of
larvae killed were assessed after 1, 2 and 24 h. Compari-
sons of predation rates on infected and uninfected thrips
larvae were done with Wilcoxon signed ranks test.
Predatory bugs are much more voracious than predatory
mites. The former may attack up to 18 thrips larvae per hour,
but the latter attack and handle only a few thrips larvae per
day. Predatory bugs are typically used for biological control
of high thrips densities, whereas the predatory mites are
used to keep thrips populations low. Because of the low per
capita predation rate of predatory mites, we restricted
behavioural observations of the interaction between thrips
larvae and predators to those with the predatory bug Orius.
We performed a choice test with infected and uninfected
larvae of the same age (4 days old), and therefore with
infected larvae which were larger than uninfected larvae.
Young adult female Orius (ca. 2 days after moulting to
adulthood) were used after having been starved for 24 h.
Similar leaf discs were used as above, but the experiment
lasted for 1 h. During the experiment, all larvae eaten by
Orius were replaced with new larvae that had been exposed
to the same treatment to maintain equal numbers of infected
and uninfected larvae. Comparisons of predation rates on
the two prey types were performed with a Wilcoxon signed

ranks test in all cases. During these experiments, the
behaviour of predator and prey attacked were observed
continuously and recorded using the software Etholog 2.2
(Ottoni 2000). The time that Orius spent searching (i.e.
walking), resting (i.e. being immobile), cleaning (i.e.
preening body, antennae or other legs with legs) was reg-
istered, as well as the number and time of encounters,
attacks, handling time and feeding time of infected and
uninfected thrips larvae. From these data, we calculated the
encounter rates with infected and uninfected thrips larvae
(i.e. number of encounters divided by search time), the
attack success ratio (number of attacks ending with feeding
of the predator and death of the prey divided by the number
of encounters), and the predation rate (number of thrips
larvae eaten per hour). We also recorded whether thrips
larvae escaped (i.e. ran away from predators), and whether
they defended themselves (i.e. jerking the abdomen, Bakker
and Sabelis 1989) after an encounter with the predator.
Behaviour of Orius towards infected and uninfected thrips
larvae as well as behaviour of infected and uninfected thrips
larvae were compared using a Wilcoxon signed ranks test.

Results

Effect of virus on development and body growth
of thrips

Infected larvae developed faster into prepupae than unin-
fected larvae (log-rank test: ¥ =26.3,df = 1, P <0.0001).
The body size of uninfected larvae increased significantly
slower than that of infected larvae (Fig. 1; r-test: df = 138,
P = 0.0001). Larvae reached the prepupa stage and stopped
growing when 8-12 days old, and infected and uninfected
prepupa were not significantly different in size (Fig. 1; #-test:
df = 47, P = 0.21), indicating that infected larvae did not
grow into larger prepupae, but grew faster. Similar results
were obtained with thrips larvae that were raised on tissue
from plants that were infected with the virus by thrips
rather than inoculated mechanically (B. Belliure, personal
observation).

Some 22.7% of the adult thrips obtained from the
infected larvae were able to transmit the virus (n = 22).
This percentage is within the range of transmission effi-
ciency reported elsewhere (van de Wetering et al. 1999).
None of the adults from the control (uninfected larvae) was
able to transmit TSWV (n = 6). Within the infected larvae,
there was no difference in growth rate between larvae that
developed into transmitters and non-transmitters (log-rank
test, ;(2 = 0.139; df =1, P = 0.89), indicating that all
larvae developing on infected plant tissue grew faster than
larvae on uninfected plant tissue, regardless of their ability
to transmit the virus as adults.
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Effect of the virus on predation rate

The size of thrips larvae had a significant effect on pre-
dation rate by both predatory mites (Fig. 2; GLM,
Neoseiulus, F = 23.2, df = 4, 76, P < 0.0001; Iphiseius,
F =704, df = 4, 86, P < 0.0001). Uninfected and infec-
ted thrips larvae of the same size suffered similar predation
rates from Neoseiulus (Fig. 2; GLM, F = 0.0086, df = 1,
76, P = 0.926). Predation rates of Neoseiulus differed
among size classes, except between size classes 2 and 3,
and between size classes 4 and 5 (Fig. 2). For Iphiseius,
there was a significant interaction between size and state
of infection (Fig.2; GLM, F =596, df=4, 82,
P < 0.0001). Contrasts showed that there was a significant
effect of infection on predation within size class 2 (Fig. 2;
z-value = 3.73, P = 0.0002), where infected thrips larvae
were attacked more than uninfected larvae. There was no
effect of infection of thrips on predation rate in the other
size classes.

Only few thrips larvae escaped to the cotton wool or
were missing (altogether 2.84 per replicate on average),
and the number of larvae that escaped did not differ among
treatments, indicating that predators did not induce the prey
to escape from the leaf discs.
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Size of thrips larvae (mm?3)

Fig. 2 Predation rates (day~') (average + SEM) of the predatory
mites Neoseiulus and Iphiseius on thrips larvae infected with TSWV
(triangles) and on uninfected thrips larvae (circles) of five different
sizes (0.0043, 0.0114, 0.0133, 0.0291 and 0.0531 mm°® approxi-
mately). Predation on size classes accompanied by the same letter was
not significantly different (comparison for each predator separately).
*P < 0.05 for predation on infected and uninfected thrips larvae
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Thrips larvae of size class 4 (0.029 mm?) were largely
invulnerable to predation by both predatory mite species
(Fig. 2). This invulnerable size was reached by uninfected
larvae after 7.9 days, whereas infected larvae were already
invulnerable after 4.4 days (Fig. 1). Hence, developing on
infected plant tissue resulted in a significant reduction of
the vulnerable period by 3.5 days (Regression of time to
reaching an invulnerable size: Log-rank test, y* = 3.09,
df = 1, P = 0.0020). Although adult males were smaller
than adult females in both treatments (Mann—Whitney U,
uninfected: P = 0.0079; infected: P < 0.0001), there were
no differences within treatments in growth rates of males
and females until reaching this invulnerable size (log-rank
test, n.s.). Larvae on tissue from plants inoculated with
TSWYV by thrips also reached the invulnerable size sooner
than larvae on tissue from plants with thrips damage, yet
free of virus (B. Belliure personal observation).

When plotting the observed predation rates as a function
of the estimated age of the larvae rather than their size, it
becomes clear that infected and uninfected larvae of similar
age are likely to experience different predation rates (Fig. 3).

Predator preference and defensive behaviour
of thrips larvae

We performed a choice experiment with infected and
uninfected larvae of the same age (thus differing in size) to

Neoseiulus
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N
-@-
—e—

Iphiseius

Number of larvae eaten
o
—e—g—

——

T v
®
4?
0 ‘. Ao

0 5 1I0 15 20
Age of thrips larvae (days)

Fig. 3 Predation rate (day™') (average &= SEM) of the predatory
mites Neoseiulus and Iphiseius on thrips larvae infected with TSWV
(triangles) and uninfected thrips larvae (circles) as function of the
estimated age (in days) of thrips larvae
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Fig. 4 Average number (+SEM) of infected (black) and uninfected
(white) thrips larvae eaten in two-choice tests. Left panel Infected and
uninfected larvae of the same size eaten by Neoseiulus (number of
tests = 8) and Iphiseius (number of tests = 9) during 24 h. Right
panel Infected and uninfected larvae of the same age eaten by
Neoseiulus (number of tests = 10) and Iphiseius (number of
tests = 11) during 24 h, and by Orius (number of tests = 13) during
1 h. ***P < (0.05 for predation between uninfected and infected
thrips larvae

test whether they indeed experience different predation
risks. Moreover we did a choice experiment with infected
and uninfected larvae of the same size, hence, differing in
age. When thrips larvae were of the same age (hence,
infected larvae were larger), both predatory mites killed
more uninfected than infected thrips larvae (Fig. 4; right
panel, Wilcoxon signed ranks test, Neoseiulus, P < 0.005;
Iphiseius, P < 0.005). Neither of the two predatory mite
species showed a preference for infected or uninfected
thrips larvae when the larvae were of the same size (Fig. 4;
left panel, Wilcoxon signed ranks test, Neoseiulus,
P = 0.149, Iphiseius, P = 0.21). The predatory bug Orius,
however, did not show any preference for infected or
uninfected larvae of the same age (Fig. 4; right, Wilcoxon
signed ranks test, P = 0.86). There were no significant
differences in the encounter rate, attack success rate, pre-
dation rate, handling time, or feeding time of Orius with
respect to infected versus uninfected larvae (Wilcoxon
signed ranks tests, all differences not significant). Upon
encounter with the predatory bug, infected and uninfected
thrips larvae showed no difference in behaviour (Wilcoxon
signed ranks tests, differences non-significant).

Discussion

In some plant-herbivore—pathogen systems, direct defen-
ces induced by herbivores are countered by plant viruses
through the negative cross-talk between the metabolic
pathways activated by both challengers (Felton et al. 1999;
Felton and Korth 2000; Thaler et al. 2002a, b; Pieterse and
Van Loon 2004), whereas in other systems herbivores and
pathogens induce reciprocal resistance in plants (Stout
et al. 1999, 2006). Mechanisms to suppress the defences

induced in plants by arthropod herbivores may have
evolved in vector-borne plant viruses because they promote
the spread of the virus (Belliure et al. 2005). Our experi-
ments show that the indirect anti-herbivore defence,
mediated through the third trophic level, is also alleviated
by a plant virus. The vulnerability of thrips larvae to pre-
dation by the phytoseiid mites Neoseiulus and Iphiseius
was reduced for those larvae developing on tissue from
plants infected with TSWV. The growth rate of thrips
larvae on infected plant tissue was higher than on unin-
fected plant tissue, resulting in infected thrips larvae
reaching an invulnerable size at a much younger age than
uninfected larvae. As a result, the predation rate on thrips
larvae from infected plant tissue was lower than on thrips
larvae of the same age from uninfected plant tissue.

We did not find a difference in rate of predation with
uninfected and infected larvae of the same size, hence,
different in age. This suggests that preference of the
predator is not affected by virus infection of the prey. This
was further confirmed by the finding that the predatory bug,
which is capable of feeding on all sizes of thrips larvae, did
not show a preference and did not perform differential
attack behaviour towards infected or uninfected larvae of
different size but the same age.

In theory, the virus could also directly change the
behaviour of the thrips larvae (Thomas et al. 2005), espe-
cially the larval defence behaviour (Bakker and Sabelis
1986, 1989). Behavioural observations of thrips larvae in
the presence of Orius showed that infected and uninfected
thrips larvae defended themselves in virtually the same
way. In conclusion, TSWV reduces the predation risk of
larvae of its vector through increased growth rate only, and
not through changes in prey or predator behaviour.

All three species of predators are effective in controlling
thrips populations. Predatory mites have low per capita
predation rates, but are capable of suppressing thrips pop-
ulations because of their high population growth rates (van
Rijn et al. 2002). They are commonly used to prevent out-
breaks of thrips. In contrast, predatory bugs like Orius have
a high per capita growth rate but a low population growth
rate (van de Meiracker and Sabelis 1999), and are used to
reduce thrips populations when their densities are high.
Both types of predators are important mortality factors for
thrips. The reduction of the predation risk by predatory
mites may therefore have a positive effect on thrips densi-
ties and will result in increased spread of the virus.

Possibly, there are additional indirect effects of the virus
on thrips mediated through the third trophic level. For
example, many plants are known to produce volatiles upon
attack by herbivores, and these volatiles attract natural ene-
mies of the herbivores (Sabelis and Van der Baan 1983;
Dicke and Sabelis 1988; Turlings et al. 1990; Dicke et al.
1990, 1998; Takabayashi and Dicke 1996; Janssen 1999;
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Sabelis et al. 1999). These volatiles are produced through the
jasmonic acid-mediated metabolic pathway (Hopke et al.
1994; Thaler et al. 2002a; Gols et al. 2003; Ament et al.
2004). Thrips are also known to induce volatile emission
(Delphia et al. 2007). The infection of plants with virus may
interfere with the production of such volatiles through inhi-
bition of the jasmonic acid signalling pathway and may thus
further affect the predation risk of thrips larvae.

From the point of view of the virus, it is adaptive to
promote thrips fitness because this increases virus dis-
persal. Our studies show that thrips benefit from
developing on infected plants, both from the effect of
TSWYV on direct defence of plants and from the effect on
indirect defence through their natural enemies. Therefore,
it comes as no surprise that thrips prefer infected plants to
lay their eggs (Carter 1939, Bautista et al. 1995, Maris et al.
2004). This preference for infected plants is adaptive for
thrips when the virus is not so virulent as to kill infected
plants before the offspring of the thrips reach adulthood.
Because direct and indirect defences are common in many
plant—virus—vector systems (Walling 2000), we expect
such beneficial effects of a virus on its vectors to occur
more generally.

The lower vulnerability to predation by phytoseiid mites
of infected thrips larvae is likely to have consequences for
the epidemiology of the virus. To our knowledge, the
results in this article represent the first example of a posi-
tive effect of a plant virus on its vector through the third
trophic level. The interactions between virus, vector and
plants should thus be studied within the context of the food
web of organisms living on these plants.
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