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Abstract Plant pathogens and insect herbivores are prone

to share hosts under natural conditions. Consequently,

pathogen-induced changes in the host plant can affect

herbivory, and vice versa. Even though plant viruses are

ubiquitous in the field, little is known about plant-mediated

interactions between viruses and non-vectoring herbivores.

We investigated the effects of virus infection on sub-

sequent infestation by a non-vectoring herbivore in a

natural genotype of Trifolium repens (white clover). We

tested whether infection with White clover mosaic virus

(WClMV) alters (1) the effects of fungus gnat feeding on

plant growth, (2) the attractiveness of white clover for adult

fungus gnat females, and (3) the volatile emission of white

clover plants. We observed only marginal effects of WClMV

infection on the interaction between fungus gnat larvae and

white clover. However, adult fungus gnat females clearly

preferred non-infected over WClMV-infected plants. Non-

infected and virus-infected plants could easily be discrim-

inated based on their volatile blends, suggesting that the

preference of fungus gnats for non-infected plants may be

mediated by virus-induced changes in volatile emissions.

The compound b-caryophyllene was exclusively detected in

the headspace of virus-infected plants and may hence be

particularly important for the preference of fungus gnat

females. Our results demonstrate that WClMV infection can
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decrease the attractiveness of white clover plants for fungus

gnat females. This suggests that virus infections may con-

tribute to protecting their hosts by decreasing herbivore

infestation rates. Consequently, it is conceivable that viruses

play a more beneficial role in plant–herbivore interactions

than generally thought.

Keywords Pathogens � Three-way interactions �
Trifolium repens � Volatiles � White clover mosaic virus

Introduction

Under natural conditions, plants are likely to be exposed to

simultaneous attacks by pathogens and insect herbivores.

Consequently, interactions between pathogens and herbi-

vores sharing the same host plant are also likely to occur.

Different studies have shown that the plant plays a central

role in mediating such interactions, whereby pathogen-

induced changes in host plants can affect herbivory, and

vice versa (Hatcher and Paul 2000a; Rostás et al. 2003;

Stout et al. 2006; Pieterse and Dicke 2007; De Vos and

Jander 2010; Mouttet et al. 2011). Recent advances in

genomics, plant physiology, and ecology have greatly

enhanced our understanding of the interactions between

plants, pathogens, and herbivores. It has become clear that

pathogen infections in the host plant can both decrease

(Gibbs 1980; Hatcher et al. 1994; Stout et al. 1999; De Vos

et al. 2007; Röder et al. 2007; Rayapuram and Baldwin

2008; Thaler et al. 2010) and increase (Ericson and Wen-

nström 1997; Moran 1998; Preston et al. 1999; Kruess

2002; Johnson et al. 2003; Belliure et al. 2005, 2010;

Eubanks et al. 2005; Jiu et al. 2007; Thaler et al. 2010;

Mouttet et al. 2011) herbivore consumption, growth rate,

survival, and fecundity as well as attractiveness of the

shared host plant for oviposition and feeding (Stout et al.

2006). The effects of phytopathogens on plant–herbivore

interactions depend largely on the specific organisms

involved (Felton and Korth 2000).

So far most ecological studies on plant pathogen–her-

bivore interactions have focussed on phytopathogenic fungi

(Moran 1998; Hatcher et al. 1995; Hatcher and Paul 2000b;

Kruess 2002; Johnson et al. 2003; Rostás et al. 2003; Röder

et al. 2008; Kurtz et al. 2010; Mouttet et al. 2011), and

relatively little is known about the effects of viruses on

plant–herbivore interactions, especially in non-crop plant

species. Phytopathogenic viruses can be closely associated

with specific herbivores on which they rely for transmis-

sion between host plants (vectors). In these cases, virus-

induced changes in the host plant usually result in attraction

of the vectoring insect herbivores (Eigenbrode et al. 2002;

Jiménez-Martı́nez et al. 2004; Werner et al. 2009; Mauck

et al. 2010), with either positive (Belliure et al. 2005) or

negative (Mauck et al. 2010) effects on herbivore perfor-

mance. However, virus-infected plants are bound to expe-

rience damage by non-vectoring herbivores as well. Plant-

mediated interactions between viruses and non-vectoring

insects may fundamentally differ from interactions

between viruses and their vectoring herbivores, owing to

possible competitive relationships between pathogens and

non-vectoring herbivores.

Few studies have investigated plant virus–herbivore

interactions for non-vectoring herbivores. Lin et al. (2008)

studied the effects of Tomato mosaic virus infection in

tomato plants on herbivory by the corn earworm, Heli-

coverpa armigera, but found no clear effects of virus

infection on feeding or oviposition preferences by the

herbivore. In another study, Belliure et al. (2010) showed

that Tomato spotted wilt virus enhances survival and ovi-

position of spider mites in pepper plants, while the devel-

opmental rate of spider mites remained unaffected by virus

infection. Thaler et al. (2010) showed that Tobacco mosaic

virus increases growth of Spodoptera exigua caterpillars

when feeding on infected tomato plants. All these studies

focussed on agricultural crops. Consequently, we know

very little about the effects of virus infections on herbivory

in non-crop species.

In this paper, we investigated the effects of virus

infection on subsequent attack by a non-vectoring insect

herbivore in the stoloniferous herb Trifolium repens (white

clover; Fig. 1a). T. repens is susceptible to White clover

mosaic virus (WClMV; Fig. 1b) which was first reported in

white clover by Pierce in 1935. WClMV occurs worldwide

in temperate regions and can commonly be found in

T. repens pastures (Sherwood 1997; Norton and Johnstone

1998; Coutts and Jones 2002; Denny and Guy 2009). The

virus is not transmitted by insect vectors and spreads

between host plants via mechanical transmission (Tapio

1970). WClMV can severely diminish biomass accumula-

tion and decrease vegetative propagation in T. repens

(Jones 1992; Dudas et al. 1998; Van Mölken and Stuefer

2011), although these effects may differ greatly among host

genotypes (Van Mölken and Stuefer 2011). Previous

greenhouse studies have provided circumstantial evidence

for interactive effects of WClMV and larvae of non-vec-

toring fungus gnats (Bradysia sp.; Fig. 1c) on the growth of

T. repens plants (Van Mölken, unpublished results).

Bradysia sp. is widespread on all continents and inhabits a

broad range of habitats (Menzel et al. 2003), including

T. repens pastures (Springer and Carlton 1993).

To study the tripartite interaction between WClMV,

fungus gnats, and their host plant T. repens, we first tested

the hypothesis that WClMV infection alters the effects of

fungus gnat infestation on T. repens growth. Second, we

determined whether WClMV infection alters the attrac-

tiveness of T. repens to adult fungus gnats. This may be
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caused by virus-induced alterations in the composition of

the volatile blend emitted by host plants (Eigenbrode et al.

2002; Jiménez-Martı́nez et al. 2004; Mauck et al. 2010).

Therefore, we determined whether WClMV induces

changes in the volatile composition of T. repens plants.

Herbivorous insects can effectively discriminate between

different bouquets of volatile organic compounds (VOCs;

Smart and Blight 1997; Mewis et al. 2002; Quiroz et al.

2005; van Dam 2009), and chemical cues are predomi-

nantly responsible for the selection of oviposition sites by

female herbivores (Renwick 1989).

The results of these experiments provide information

about the possible influence of virus infections on the

interaction between a non-vectoring insect herbivore and a

non-crop plant species suggesting that, under certain con-

ditions, host plants may indirectly benefit from virus

infections (Roossinck 2011).

Materials and methods

Study organisms and experimental conditions

Trifolium repens L. (white clover) and White clover mosaic

virus (WClMV) were used for all experiments. T. repens

produces clonal offspring (ramets) which develop at the

nodes of horizontally growing stems (stolons). Each indi-

vidual ramet consists of a single leaf, an internode, and

meristems which can develop into roots, branches, and

flowers. T. repens is an important plant for pastures and

hence cultivated worldwide. However, we performed all

experiments with cuttings from a single genotype (A120),

which had been collected from a wild population (riverine

grasslands) and grown under common garden and green-

house conditions for 5 years before we conducted this

experiment (see Weijschede et al. 2006 for details). This

genotype was previously shown to respond most strongly

to WClMV infection in terms of reduced growth, as com-

pared to ten other genotypes (Van Mölken and Stuefer

2011). Total plant biomass and the number of ramets were

used as an indication of plant fitness, since they are con-

sidered the best fitness proxies in plants with reduced (or

no) sexual reproduction (Sackville-Hamilton et al. 1987;

Winkler and Fischer 1999; Pan and Price 2002). All

experiments (unless stated differently) were carried out in a

greenhouse with a 16/8 h light/dark period, at 19/18 �C.

WClMV (necrosis strain, originally isolated from

T. repens) was obtained from the Deutsche Sammlung

von Mikroorganismen und Zellkulturen (Braunschweig,

Germany). Plants in the virus treatments were mechani-

cally inoculated with infected cell sap, prepared by grind-

ing WClMV-infected plant material in inoculation buffer

(50 mM Na2HPO4 buffer, 1 mM EDTA, set to pH 7.0 with

HCl). Leaves were dusted with carborundum (500 mesh),

and 10 ll virus suspension was rubbed on each leaf by

hand. Control plants were mock-inoculated with inocula-

tion buffer only. WClMV presence was tested by DAS-

ELISA (Clark and Adams 1977). Virus replication starts

Fig. 1 Model species used in this study: a a picture of a Trifolium
repens leaf; b transmission electron microscopy image of White
clover mosaic virus; c a fourth instar Bradysia sp. larva
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within a few hours after inoculation (Bos 1999) after which

a systemic infection will be established (Van Mölken et al.

2011). The infection process is characterized by a rapid

multiplication of virus particles within the whole plant. In

Phaseolus vulgaris, for instance, the concentration of

WClMV shows a more than 10-fold increase within 7 days

post-inoculation (Clarke, Burritt and Guy 1998). The rate

of multiplication depends on various factors such as the

rate and stage of plant development, temperature, and light

availability, implying that after a few weeks the concen-

tration of virus particles in the plant is virtually indepen-

dent of the virus concentration in the inoculum.

Adult fungus gnats (Bradysia sp.; Sciaridae) were col-

lected from the greenhouse and maintained in the labora-

tory under controlled conditions. Adult female fungus

gnats oviposit into the soil and the emerging larvae feed on

organic soil matter, and young roots. Fungus gnats are

pervasive greenhouse pests (Harris et al. 1996) and com-

mon in nature (Menzel et al. 2006; Kjaerandsen et al. 2007;

Vilkamaa, Salmela and Hippa 2007). The collected adults

were placed in 1-l plastic pots containing moist potting soil

mixed with rabbit food (2:1/v:v; Hope farms, Woerden, the

Netherlands) and allowed to propagate. Naive fungus gnats

that had never been exposed to plant tissue were used for

all experiments.

Effects of virus infection and fungus gnat feeding

on plant performance

To study combined effects of fungus gnats and virus

infection on plant growth, 64 cuttings were individually

planted in plastic trays (16 9 12 9 5 cm) filled with

sterilized clay grains (SERAMIS; Masterfoods, Germany)

and placed in a climate chamber with a 16/8 h light/dark

period at 20/18 �C. Each cutting consisted of an apical

meristem and four rooted nodes. Each of the nodes had a

single leaf attached to it. Plants of the same fungus gnat

treatment were put into mesh cages to avoid uncontrolled

contamination with fungus gnats. The first two fully

expanded leaves were used for mechanical inoculation.

Fungus gnats and WClMV were applied in a full-factorial

design, resulting in 16 replicate plants per treatment. Cut-

tings assigned to the infection treatment were mechanically

inoculated 7 days after planting. We allowed the virus

infection to establish for another 5 days before adding the

first fungus gnat larva. The larval period usually lasts up to

14 days (Berg 2000), which is considerably shorter than

the time span of the experiment. To ensure continuous

herbivore pressure throughout the experiment, we applied

larvae at four different points in time. A total of 50 larvae

(3rd and 4th instars) were applied. Twenty fungus gnat

larvae were applied to the substrate of each individual plant

(no-choice) in the fungus gnat treatment on 6 and 13 days

post-inoculation. Another five larvae per plant were added

at 20 and 31 days post-inoculation. Due to the short time

span of the larval period, an average of 21 larvae were

present in each individual plant tray during the experiment.

This herbivore pressure falls within the range of larvae

observed in the field. According to Frouz (1999), the

number of Sciaridae larvae in arable land, fallows, and

grasslands ranges from 13 to 1,358 individuals per square

meter, and the author suggests that these numbers may

underestimate actual field values. These numbers would

correspond roughly to 0.25–26 individuals per tray in our

experiment. Bradysia females lay on average 120 eggs

during their lifespan (Berg 2000, and references therein)

indicating that larval pressure may locally become very

high in Bradysia-prone environments. At 36 days post-

inoculation, the length of the primary stolon was measured,

and the total number of ramets and the number of branches

were counted. All plant material was dried at 70 �C for

72 h, and dry weights of roots, stolons, and leaves were

measured separately.

Effects of virus infection on plant attractiveness

to fungus gnats

To determine whether adult fungus gnats prefer healthy

over virus-infected plants, we carried out choice tests with

adult females of Bradysia. We planted uniform individual

cuttings in plastic pots (7 9 7 9 8 cm). Cuttings consisted

of an apical meristem and four rooted nodes holding a

single leaf each. For practical reasons, cuttings in the virus

treatment were inoculated with WClMV on the first two

fully expanded leaves at 18 and 3 days prior to the analysis

for the first and second set of replicates, respectively. The

results from both sets were very similar (v2 test, effect of

day on fungus gnat preference, v2 = 0.00, p = 0.9747) and

were pooled in the final analysis. To allow for sufficient

volatile emission, we placed three pots with plants of the

same treatment together. For each treatment, the cuttings

were placed in a 5-l glass cuvette at the upwind end of one

of the two arms of a closed-system Y-tube olfactometer

(Takabayashi and Dicke 1992), and established a constant

air flow towards the lower part of the tube. Then, 4 l min-1

of air (filtered through activated charcoal) was driven

through each olfactometer arm and pulled towards the base

of the olfactometer by the laboratory vacuum system at

8 l min-1. After an acclimation period of 30 min, an

individual female fungus gnat was placed at the downwind

end of the olfactometer and observed for a maximum of

10 min. The choice was recorded when the insect remained

in the upwind end of one of the arms for more than 20 s, or

if it remained in the middle part (5 cm upwind of the

junction) of one of the arms for more than 50 s. These

criteria are analogous to those used in similar studies

436 Oecologia (2012) 170:433–444

123



(Pareja et al. 2007; Yin-Quan et al. 2009; Najar-Rodriguez

et al. 2010; Addesso et al. 2011).

For each replicate set of virus-infected and non-infected

plants, we recorded the preference of 8–10 female fungus

gnats as described above. After that, we replaced the plants

and started the next choice test with a new batch of

females. In total, we tested seven sets of plants in this

manner. We consider each set of virus-infected and non-

infected plants as a replicate, since fungus gnats preference

within one set of plants cannot be considered statistically

independent. Each fungus gnat and plant was used only

once. Six fungus gnats did not make a choice within

10 min and were excluded from subsequent analyses. The

experiments were carried out at 24 �C.

Virus induced changes in plant volatile emission

To analyze volatile production of virus-infected and non-

infected plants, we planted individual cuttings of four

ramets in plastic pots (7 9 7 9 8 cm). Cuttings in the virus

treatment were inoculated with WClMV on the first two

fully expanded leaves 4 days prior to the analysis. Each

replicate consisted of four independent cuttings grouped

together during the measurements. Each cutting was used

once. The sampling was repeated 13 times per treatment.

VOC collection, desorption, and identification were per-

formed according to the protocol of Soler et al. (2007) with

the following modifications: the glass collection chambers

containing the plants were constantly supplied at the top

with 150 ml min-1 of pressurized air (Hoekloos, NL)

cleaned over a Zero Air generator to remove hydrocarbons

(Parker Hannifin, Tewksbury, MA, USA). The headspace

was collected for 80 min in steel traps filled with 150 mg

Tenax TA and 150 mg Carbopack B, and analyzed after

direct desorption with a GC–MS system. We measured five

replicates per treatment and two background VOC profiles

from pots filled with substrate in parallel sessions. The

background sample peak area was subtracted from the

plant sample peak area for final analyses. The whole pro-

cedure was repeated with an additional eight replicates per

treatment and one background VOC profile. Volatiles were

desorbed from the traps using an automated thermode-

sorption unit (model Unity; Markes, Llantrisant, UK) at

200 �C for 12 min and focused on a cold Tenax trap

(-10 �C). After 1 min of dry purging, trapped volatiles were

introduced into the GC–MS (model Trace; ThermoFinni-

gan, Austin, TX, USA) by heating the cold trap for 3 min

to 270 �C (split ratio 1:4; column 30 m 9 0.32 mm ID

RTX-5 Silms; film thickness 0.33 lm). The volatiles were

detected by the MS operating at 70 eV in EI mode. Mass

spectra were acquired in full scan mode (33–300 AMU, 0.4

scan s-1). Compounds were identified by their mass spectra

(Soler et al. 2007) using deconvolution software (AMDIS),

in combination with Nist 98 and Wiley 7th edition spectral

libraries, and by comparing their linear retention indices

(RI). Additionally, mass spectra and/or linear retention

indices of chromatographic peaks were compared with

values reported in the literature. Further confirmation of

compound identification was obtained by interpolating

retention indices of homologous series and by compar-

ing analytical data with those of reference substances

(farnesene, ±limonene, methyljasmonate, methylsalicylate,

dimethyldisulfide, dimethyltrisulfide, octanal, nonanal,

decanal, cis-3-hexen-1-ol, 2-phenylethylalcohol, indole,

and benzylcyanide; Sigma-Aldrich, St. Louis, MO, USA).

The integrated signals generated by the AMDIS software

from the MS-chromatograms were used for comparing

treatments.

Statistical analysis

Main and interaction effects of WClMV and fungus gnats

on plant growth were analyzed by two-way ANOVA, the

percentage of biomass allocation was log-transformed to

meet the ANOVA assumptions. Similarities in the volatile

blends between virus-infected and non-infected plants were

analyzed by canonical discriminant analysis (CDA; Soler

et al. 2007). To satisfy assumptions of CDA, a subset of 24

volatile compounds was selected for analysis for their role

in plant–insect interactions. The selection was made based

on the ubiquity in the samples. CDA allowed for the

identification of compounds that discriminate most clearly

between treatments. This analysis provides a ranking of

compounds according to their power for discriminating

VOC blends emitted from virus-infected and non-infected

plants, respectively. High-ranking compounds correlate

most closely with the first canonical axis and are hence

most important for differentiating between the two groups.

Simple correlation coefficients (total canonical structure)

were used to quantify the association between compounds

and the canonical axis. The probabilities of misclassifi-

cation were estimated with the CROSS-VALIDATE option

in SAS procedure DISCRIM. This approach reclassifies

every data point as if it were a new observation, thereby

reconstructing the discriminant function without that

observation. Cohen’s j (kappa) coefficient was calculated

to assess the significance of classification agreement. A

two-way ANOVA was carried out to test for the effect of

virus infection on peak areas of each of the 24 selected

compounds. Virus infection was used as main factor and

sampling time as block effect. Assumptions of ANOVA

were verified for each variable prior to analysis. The effect

of virus infection on fungus gnat preference was analyzed

by GEE analysis in proc GENMOD of SAS. Each replicate

set of plants contained (1) the number of choices made for

control versus virus-infected plant (events) and (2) the total
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number of trials. We analyzed the data with the events/

trials response variable, thereby allowing for summarized

binomial response data. The REPEATED statement was

used to identify each replicate set of plants as a statistically

independent subject, because responses within subjects

were assumed to be correlated. Virus treatment was

regarded as a within-subject factor. All tests were carried

out with SAS, v.9.1 (SAS Institute, Cary, USA).

Results

Effects of virus infection and fungus gnat feeding

on plant performance

Fungus gnat infestation caused a greater depression in the

growth and development of host plants than did WClMV.

WClMV infection (Table 1, virus effects) reduced total

plant biomass production by 27 %. This reduction was

almost twice as high in fungus gnat infested plants (52 %;

Table 1, fungus gnats effects). Fungus gnats reduced the

total number of ramets (44 %) and the percentage of

branches on the main stolon (41 %), whereas these plant

traits remained unaffected by virus infection.

For a number of traits, the effects of fungus gnats on

plant growth differed slightly between non-infected and

WClMV-infected plants (Table 1, virus 9 fungus gnat

interaction). For example, the reduction in total biomass

production caused by fungus gnats was slightly less pro-

nounced in virus-infected plants than in non-infected plants

(51 vs. 53 %, respectively; Fig. 2a). Fungus gnat infesta-

tion increased proportional biomass allocation to roots in

non-infected plants, but decreased this allocation in virus-

infected plants (Fig. 2b). There was no significant inter-

action between virus infection and fungus gnat infestation

with respect to proportional biomass allocation to stolons

(Fig. 2c) or leaves, the branching percentage on the pri-

mary stolon (Fig. 2d), or the total number of ramets

(Fig. 2e). However, plant biomass investment per ramet

(Fig. 2f) was strongly reduced by fungus gnats in non-

infected plants (22 %), but showed only a slight decrease in

virus-infected plants (5 %). Mean values ± SE of various

developmental and growth traits in each of the treatments

are given in supplementary Table 1.

Effects of virus infection on plant attractiveness

to fungus gnats

Virus infection had a strong effect on the host plant’s

attractiveness for adult female fungus gnats. These adults

clearly preferred non-infected plants (67 %) over virus-

infected plants (33 %), the preference being expressed as a

percentage choice for either one of the two plant groups.

This shows that fungus gnat adults can discriminate

between the two plant groups based on the different

emissions of VOCs (v2 = 4.84, p = 0.0278; Fig. 3 in favor

of the healthy plants.

Virus-induced changes in plant volatile emission

Control and infected plants emitted significantly different

volatile blends (j = 0.9231; p = \ 0.0001; Fig. 4a). A

more detailed analysis of the compounds (Table 2) shows

that only two individual compounds differed significantly

between virus-infected and non-infected plants. The emis-

sion of both b-caryophyllene (F = 11.39, p = 0.0027),

Table 1 Statistical analysis of the effects of WClMV, fungus gnat larvae and their interaction (ANOVA) on different developmental and growth

traits

Trait Error Virus Fungus gnats Virus 9 fungus gnats

df MS df MS F P df MS F P df MS F P

Total no. of ramets 59 70.16 1 191.18 2.72 0.1041 1 8,773.01 125.04 \0.0001 1 2.81 0.04 0.8419

Length of pr. stolon 59 16.10 1 242.76 15.08 0.0003 1 212.11 13.18 0.0006 1 26.49 1.65 0.2045

% Branches on pr. stolon 59 136.44 1 243.73 1.79 0.1865 1 8,949.87 65.59 \0.0001 1 153.28 1.12 0.2935

Total biomass 59 0.05 1 1.02 22.00 \0.0001 1 5.74 124.36 \0.0001 1 0.24 5.13 0.0272

Biomass of roots 59 0.00 1 0.02 12.18 0.0009 1 0.24 121.67 \0.0001 1 0.00 0.33 0.5658

Biomass of stolons 59 0.01 1 0.17 27.41 \0.0001 1 0.47 76.6 \0.0001 1 0.04 5.94 0.0178

Biomass of leaves 59 0.01 1 0.20 18.05 \0.0001 1 1.5 136.88 \0.0001 1 0.07 6.7 0.0121

Biomass per ramet 59 0.00 1 0.00 14.89 0.0003 1 0.00 10.53 0.0019 1 0.00 5.15 0.0269

Root–shoot ratio 59 0.00 1 0.00 0.32 0.5736 1 0.00 0.34 0.5624 1 0.02 11.63 0.0012

% Biomass of roots 59 6.88 1 2.16 0.31 0.5771 1 2.90 0.42 0.5190 1 80.62 11.72 0.0011

% Biomass of stolons 59 0.00 1 0.00 3.43 0.0692 1 0.05 35.74 \0.0001 1 0.00 2.97 0.0898

% Biomass of leaves 59 10.57 1 13.19 1.25 0.2686 1 256.11 24.22 \0.0001 1 19.88 1.88 0.1755

Pr. stolon the primary stolon, df degrees of freedom, MS mean square, F F statistic
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which was most important for the discrimination between

the two groups (rank 1 for total canonical structure;

Table 2), and benzonitrile (F = 4.59, p = 0.0435) increased

with virus infection of the plant. Strikingly, b-caryophyllene

was exclusively detected in the headspace of virus-infected

plants and was not emitted by control plants (Fig. 4b). Thus,

virus-infected plants emitted unique volatile blends that

differed from those emitted by uninfected plants.

Discussion

Plant-mediated interactions between pathogens and herbi-

vores may occur when pathogen-induced changes in the host

affect herbivory. We demonstrate that, in Trifolium repens,

WClMV decreases the attractiveness of the host plant for

adult fungus gnat females. This suggests that WClMV

infection may reduce fungus gnat infestation rates when

infected host plants co-occur with non-infected plants.

Within the context of this experiment, fungus gnat

feeding strongly affected total plant biomass and this effect

was two times greater than biomass losses caused by

WClMV infection alone. Furthermore, while WClMV

showed no effect on the total number of ramets, fungus

gnat infestation drastically decreased the number of ramets

produced by their hosts. The total number of ramets and the

total biomass are important traits because they are one of

the best proxies for performance in clonal plants that show

limited sexual reproduction. Thus, fungus gnats can have

clear negative effects on plant performance. However, the

reduction in total number of ramets caused by fungus gnats

did not differ between non-infected and virus-infected plants.

Furthermore, the reduction in biomass production caused

by fungus gnats was only marginally less in virus-infected
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plants than in non-infected plants. In other words, effects of

fungus gnats on T. repens growth were not greatly affected

by WClMV infection. In our experiment, the larvae were

confined to individual host plants, preventing possible

effects of larval preference for virus-infected versus non-

infected plants. Schmelz et al. (2002) have shown that

fungus gnat larvae preferably feed on control Spinacia

oleracea plants instead of herbivore-induced plants. In

analogy, larval preference might result in differential

consumption of virus-infected and non-infected plants in

our system. A choice test between virus-infected and

non-infected plants would be needed to directly confirm

whether fungus gnat larvae can differentiate between these

plants, and whether such differentiation correlates with the

preference of adult female fungus gnats. The ecological

importance of such selective feeding for plant growth

remains questionable given the relatively low mobility of

larvae as compared to fungus gnat adults.

The attractiveness of the host plant for female fungus

gnats was significantly reduced by WClMV infection. Such

virus-induced changes in insect preference have also been

shown in other studies (Eigenbrode et al. 2002; Jiménez-

Martı́nez et al. 2004; Werner et al. 2009; Mauck et al.

2010); however, our results differ from these studies in two

important ways. First, those studies consider insects that

serve as vectors for virus transmission between host plants,

while we show that WClMV infection affected insects that

have no clear ecological association with the virus. Second,

in the above-mentioned studies, virus-infected plants

attract the insect vectors which seems a logical conse-

quence of the relationship between the plant virus and its

vector. On the contrary, we show that adult fungus gnats

prefer non-infected plants over virus-infected plants.

Reduced oviposition in the soil surrounding virus-infected

plants will likely result in benefits for the plant given the

severe effects of fungus gnat larvae on plant growth and

development, as observed in this study.

The WClMV-induced change in plant attractiveness for

female fungus gnats is probably mediated by changes in

volatile emission by the host plant. Our results suggest

that this effect depends at least partly on the emission of

b-caryophyllene. This compound was emitted only by

virus-infected plants and was not observed in the volatile

blend of non-infected plants. This finding is consistent with

previous work (Werner et al. 2009) showing increased
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caryophyllene emission by Potato leafroll virus—infected

potato plants at 2–8 weeks post-inoculation. b-Caryophyl-

lene may thus play a role in plant attractiveness. However,

further experiments testing the repelling function of isolated

compounds are needed to confirm this hypothesis. Jasmonic

acid (JA) could also play a role in this process as JA activity

increases in response to WClMV infection in plants such as

Phaseolus vulgaris, reaching a plateau within 5 days post-

inoculation (Clarke et al. 2000). It is unknown whether

JA activity increases in T. repens plants upon WClMV

infection. Nevertheless, JA induction may play a role in

white clover resistance to herbivores, considering that

increased JA levels are known to stimulate the biosynthesis

of b-caryophyllene (Thaler et al. 2002; Arimura et al. 2008).

There may be several reasons why herbivores avoid

infected plants. First, herbivores may avoid damaged plants

altogether, independent of which biotic or abiotic agents

caused the damage. Alternatively, pathogen infection can

decrease the nutritional value of the plant tissue (Wroth

et al. 1993; Hatcher et al. 1997; Mauck et al. 2010) and

thus herbivores may benefit from avoiding infected host

plants, since plants with a lower food quality would

decrease their performance, fecundity, and offspring vigor

(Awmack and Leather 2002; Mauck et al. 2010). Third, it

is well known that herbivore-induced changes in plant

volatile emissions can attract parasitoids both above- (Vet

and Dicke 1992; Dicke 1999) and below-ground (Aratchige

et al. 2004; Rasmann et al. 2005). b-Caryophyllene can

serve as an indirect defence signal in herbivore-induced

maize plants by attracting entomopathogenic nematodes

(Rasmann et al. 2005). Since the same entomopathogenic

nematodes also attack fungus gnat larvae (Saunders and

Webster 2000), b-caryophyllene may serve as a cue for

future parasitism.

Table 2 Volatile compounds emitted by virus-infected and non-infected plants

Compound RI TCS Rank Mean peak area ml-1 sampled ± SE ANOVA

Control Virus F P

b-Caryophyllene 1,412 0.513 1 0 – 0 420 – 144 11.39 0.0027

1-Hexadecanol 1,882 0.201 2 4,872 ± 2,421 97,496 ± 92,185 1.66 0.2113

2-Nonanone 1,091 0.174 3 116 ± 51 196 ± 77 0.30 0.5907

Benzonitrile 978 0.174 4 682 – 203 963 – 252 4.59 0.0435

3-Hexen-1-ol-acetate (mix of E and Z) 1,008 0.139 8,331 ± 3,114 13,154 ± 6,282 1.13 0.2983

Pentanoic acid 880 0.116 6 717 ± 224 946 ± 334 0.21 0.6501

Dimethyldisulfide 738 0.098 7 449 ± 88 515 ± 105 0.06 0.8115

Acetic acid 569 0.094 8 4,632 ± 1,839 5,985 ± 2,255 0.48 0.4948

Ethylbenzene 857 0.072 9 17,019 ± 6,521 20,452 ± 7,242 0.02 0.8811

Methyl-cyclohexane 720 0.046 10 1,324 ± 454 1,473 ± 470 0.00 0.9995

2-Ethyl-1-hexanol 1,032 0.041 11 24,998 ± 8,140 27,530 ± 9,620 0.00 0.9777

Menthol isomer 1,174 0.034 12 1,916 ± 857 2,091 ± 592 0.14 0.7137

Acetic acid butyl ester 804 0.030 13 1,127 ± 487 1,234 ± 556 0.00 0.9980

Propyl-cyclohexane 921 -0.002 14 132 ± 37 132 ± 48 0.04 0.8413

a-Pinene 927 -0.023 15 1,344 ± 406 1,282 ± 353 0.24 0.6276

2-Propanol-1-butoxy 938 -0.056 16 4,234 ± 1,438 3,678 ± 1,440 0.21 0.6481

Limonene 1,027 -0.133 17 6,171 ± 1,742 4,424 ± 2,004 0.75 0.3961

1-Butanol 658 -0.169 18 5,022 ± 2,166 2,945 ± 1,197 1.30 0.2663

2-Hexenal (E) 841 -0.182 19 1,446 ± 552 880 ± 292 0.40 0.5339

Phenylethyl alcohol 1,106 -0.196 20 357 ± 113 218 ± 86 1.33 0.2606

Ethyl-cyclohexane 823 -0.211 21 787 ± 312 426 ± 135 2.22 0.1508

2-Methyl-1.3-butadiene 522 -0.218 22 3,058 ± 1,119 1,684 ± 573 3.03 0.0956

a-Copaene 1,371 -0.228 23 420 ± 157 209 ± 96 2.74 0.1120

2-b-pinene 970 -0.229 24 626 ± 240 316 ± 121 3.77 0.0650

The linear retention indices (RI) used for identification of the compounds are given in the first column. The total canonical structure (TCS)

provides correlation coefficients between each compound and the first canonical axis, indicating the relative power of each compound for

discriminating between volatile blends emitted by virus-infected and non-infected plants. The compounds are ranked according to their TCS

values. Mean peak areas ml-1 sampled air are given for each compound in the control and the virus treatment, respectively. The last two columns

give results of univariate ANOVA tests, comparing the concentrations of each compound in the control and virus treatment. Significant

differences are indicated in bold. b-caryophyllene is the most important compound for discriminating between virus-infected and non-infected

plants (highest TCS and rank) and the emission of this compound was altered significantly by virus-infection
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Ecological implications

The results in this paper suggest that there may be eco-

logical benefits of virus infection for host plants in terms of

virus-induced herbivore repellence. Such benefits may

accrue if virus infections in plants result in protection of the

host from subsequent herbivore attacks, and if the protec-

tion from herbivory outweighs performance losses due to

virus infection. WClMV incidence can vary greatly within

and between pastures of T. repens (Denny and Guy 2009),

resulting in a mosaic of infected and non-infected plants

which may elicit selective behavior by herbivores. Future

studies measuring herbivore infestation rates on virus-

infected and non-infected plants in the field can determine

the consequences of herbivore preference for plant fitness.

This would allow for a direct test of possible ecological

benefits associated with virus infection in host plants.

Evidently, the generality of the results presented here and

their relevance for natural conditions depends on the specific

ecological context, i.e. the organism involved, the frequency

and spatial scales at which pathogens and herbivores

co-occur, the severity of their individual effects on plant

performance, the order in which they attack the host plant,

and the time span in which the interaction takes place.

Nevertheless, our results support the notion that pathogen

infections may play a role in plant–herbivore interactions.

Our results provide a basis for testing pathogen-induced

plant repellence against a range of herbivorous insects, and

suggest that the consequences of virus-infections may ulti-

mately depend on multiple interactions in the biotic envi-

ronment of the host plant (Roossinck 2011).
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Jiménez-Martı́nez ES, Bosque-Pérez NA, Berger PH, Zemetra RS,

Ding H, Eigenbrode SD (2004) Volatile cues influence the

response of Rhopalosiphum padi (Homoptera: Aphididae) to

Barley yellow dwarf virus–infected transgenic and untrans-

formed wheat. Environ Entomol 33:1207–1216

Jiu M, Zhou X-P, Tong L, Xu J, Yang X, Wan F-H, Liu S-S (2007)

Vector-virus mutualism accelerates population increase of an

invasive whitefly. PLoS One 2:e182. doi:10.1371/journal.pone.

0000182

Johnson SN, Douglas AE, Woodward S, Hartley SE (2003) Microbial

impacts on plant–herbivore interactions: the indirect effects of a

birch pathogen on a birch aphid. Oecologia 134:388–396

Jones RAC (1992) Further studies on losses in productivity caused by

infection of annual pasture legumes with three viruses. Aust J

Agric Res 43:1229–1241

Kjaerandsen J, Kurina O, Olafsson E (2007) The fungus gnats of

Iceland (Diptera, Keroplatidae, Mycetophilidae). Insect Syst

Evol Suppl 64:61–69

Kruess A (2002) Indirect interaction between a fungal plant pathogen

and a herbivorous beetle of the weed Cirsium arvense. Oecologia

130:563–569

Kurtz B, Karlovsky P, Vidal S (2010) Interaction between western

corn rootworm (Coleoptera: Chrysomelidae) larvae and root-

infecting Fusarium verticillioides. Environ Entomol 39:1532–

1538

Lin L, Shen T-C, Chen Y-H, Hwang S-Y (2008) Responses of

Helicoverpa armigera to tomato plants previously infected by

ToMV or damaged by H armigera. J Chem Ecol 34:353–361

Mauck KE, De Moraes CM, Mescher MC (2010) Deceptive chemical

signals induced by a plant virus attract insect vectors to inferior

hosts. Proc Natl Acad Sci USA 107:3600–3605

Menzel F, Smith JE, Colauto NB (2003) Bradysia difformis Frey and

Bradysia ocellaris (Comstock): two additional neotropical

species of black fungus gnats (Diptera: Sciaridae) of economic

importance: a redescription and review. Ann Entomol Soc Am

96:448–457

Menzel F, Smith JE, Chandler PJ (2006) The sciarid fauna of the

British Isles (Diptera: Sciaridae), including descriptions of six

new species. Zool J Linn Soc Lond 146:1–147

Mewis I, Ulrich Ch, Schnitzler WH (2002) The role of glucosinolates

and their hydrolysis products in oviposition and host-plant

finding by cabbage webworm, Hellula undalis. Entomol Exp

Appl 105:129–139

Moran PJ (1998) Plant-mediated interactions between insects and a

fungal plant pathogen and the role of plant chemical responses to

infection. Oecologia 115:523–530

Mouttet R, Bearez P, Thomas C, Desneux N (2011) Phytophagous

arthropods and a pathogen sharing a host plant: evidence for

indirect plant-mediated interactions. PLoS One 6:e18840

Najar-Rodriguez AJ, Galizia CG, Stierle J, Dorn S (2010) Behavioral

and neurophysiological responses of an insect to changing ratios

of constituents in host plant-derived volatile mixtures. J Exp Biol

213:3388–3397

Norton MR, Johnstone GR (1998) Occurrence of alfalfa mosaic,

clover yellow vein, subterranean clover red leaf, and white

clover mosaic viruses in white clover throughout Australia. Aust

J Agric Res 49:723–728

Pan JJ, Price JS (2002) Fitness and evolution in clonal plants: the

impact of clonal growth. Evol Ecol 15:583–600

Pareja M, Moraes MCB, Clark SJ, Birkett MA, Powell W (2007)

Response of the aphid parasitoid Aphidius funebris to volatiles

from undamaged and aphid-infested Centaurea nigra. J Chem

Ecol 33:695–710

Pierce WH (1935) The identification of certain viruses affecting

leguminous plants. J Agric Res 51:1017–1039

Pieterse CMJ, Dicke M (2007) Plant interactions with microbes and

insects: from molecular mechanisms to ecology. Trends Plant

Sci 12:564–569

Preston CA, Lewandowski C, Enyedi AJ, Baldwin IT (1999) Tobacco

mosaic virus inoculation inhibits wound-induced jasmonic acid-

mediated responses within but not between plants. Planta 209:

87–95

Quiroz A, Ortega F, Ramirez CC, Wadhams LJ, Pinilla K (2005)

Response of the beetle Hylastinus obscurus Marsham (Coleop-

tera: Scolytidae) to red clover (Trifolium pratense L) volatiles in

a laboratory olfactometer. Environ Entomol 34:690–695
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Röder G, Rahier M, Naisbit RE (2007) Coping with an antagonist: the

impact of a phytopathogenic fungus on the development and

behaviour of two species of alpine leaf beetle. Oikos 116:

1514–1523
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