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Abstract

In the field, plants are challenged by more than one biotic stressor at the same time. In

this study, the molecular interactions between potato (Solanum tuberosum L.), Colorado

potato beetle (Leptinotarsa decemlineata Say; CPB) and Potato virus YNTN (PVYNTN)

were investigated through analyses of gene expression in the potato leaves and the gut

of the CPB larvae, and of the release of potato volatile compounds. CPB larval growth

was enhanced when reared on secondary PVYNTN-infected plants, which was linked to

decreased accumulation of transcripts associated with the antinutritional properties of

potato. In PVYNTN-infected plants, ethylene signalling pathway induction and induc-

tion of auxin response transcription factors were attenuated, while no differences were

observed in jasmonic acid (JA) signalling pathway. Similarly to rearing on virus-

infected plants, CPB larvae gained more weight when reared on plants silenced in JA

receptor gene (coi1). Although herbivore-induced defence mechanism is regulated pre-

dominantly by JA, response in coi1-silenced plants only partially corresponded to the

one observed in PVYNTN-infected plants, confirming the role of other plant hormones

in modulating this response. The release of b-barbatene and benzyl alcohol was differ-

ent in healthy and PVYNTN-infected plants before CPB larvae infestation, implicating

the importance of PVYNTN infection in plant communication with its environment.

This was reflected in gene expression profiles of neighbouring plants showing differ-

ent degree of defence response. This study thus contributes to our understanding of

plant responses in agro-ecosystems.
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Introduction

Plant pathogens and pests are the cause of substantial

loss of crop yields throughout the world. Understand-

ing the principles of plant–pathogen and plant–herbi-

vore interactions is necessary to establish effective

systems for plant protection. Substantial knowledge has

been gathered during past decades on the mechanisms

of attack and defence in one-to-one interaction studies

under laboratory conditions (Pieterse et al. 2012). In the

field, however, plants have to face combinations of dif-

ferent pathogens and pests.

Colorado potato beetle (Leptinotarsa decemlineata Say;

CPB) and Potato virus Y (PVY) are the most important

pest and viral pathogen, respectively, in potato (Sola-

num tuberosum L.), and these can result in major eco-

nomic damage to potato production worldwide

(Alyokhin et al. 2008; Scholthof et al. 2011). Thus, the

aim of this study was to determine the responses of

potato plants when simultaneously exposed to both of

these biotic stressors.
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Plants respond to pathogen or herbivore attack by

activation of different plant defence pathways. Bio-

trophic pathogens, including viruses, and a majority of

phloem feeding insects induce salicylic acid (SA) path-

way-related defences, whereas necrotrophic pathogens,

some phloem feeding insects and chewing herbivores,

such as CPB, mainly activate jasmonic acid (JA) and

ethylene (ET) pathway defences (Pieterse et al. 2012).

Infestation with CPB larvae induces JA biosynthesis

(Kruzmane et al. 2002) and upregulates the expression

of JA-pathway-responsive antinutritional proteins, such

as proteinase inhibitors, arginase, threonine deaminase

and polyphenol oxidase, which decrease the amino acid

bioavailability in the CPB midgut (Rivard et al. 2004;

Lawrence et al. 2008; Chung & Felton 2011). The potato

response to the most aggressive strain of PVY, PVYNTN,

has been characterized in several studies (Kogov�sek &

Ravnikar 2013), although the dynamics and interactions

between the phytohormone pathways during infection

remain largely unknown.

In the context of multitrophic interactions, pre-exist-

ing plant viral infections can alter the attraction of a

plant to herbivores (Castle et al. 1998) or improve the

nutritional assimilation of the plant by the herbivores

(Belliure et al. 2005; Wang et al. 2012). Such interactions

are commonly explained by differences in plant defence

responses to viruses and herbivores (Thaler et al. 2010;

Zhang et al. 2012), such as the antagonistic crosstalk

between the SA and JA signalling pathways (Van der

Does et al. 2013).

In the JA pathway, the COI1 protein has been identi-

fied as a receptor for the bioactive form of the jasmo-

nates: jasmonic acid–isoleucine (JA-Ile). Upon JA-Ile

treatment, COI1 targets a repressor protein, JAZ, to a

SCFCOI1 complex for degradation, which ultimately leads

to the activation of herbivore defence response genes

(Thines et al. 2007). In Arabidopsis, the COI1-dependent

defence response is transcriptionally regulated by the

MYC and ERF/AP2 transcription factors, which act

antagonistically (Verhage et al. 2011; Schweizer et al.

2013). Silencing of the COI1 gene results in desensitiza-

tion of the JA signalling pathway. When attacked by her-

bivores, COI1-silenced plants (coi1 plants) produce lower

levels of defence compounds and release lower amounts

of volatile organic compounds (VOCs; Li et al. 2004;

Halim et al. 2009; Schweizer et al. 2013).

These VOCs also have important roles in communica-

tion between plants and other organisms. Insect infesta-

tion induces the production and release of VOCs, such as

fatty acid derivatives and terpenoids, which are mainly

regulated by the JA pathway. The VOCs are involved in

direct plant defence, as their release can deter herbivores

and indirect defence as they attract insects that pred-

ate upon or parasitize herbivorous insects (Mith€ofer &

Boland 2012). Furthermore, these VOCs can be perceived

by neighbouring plants, in which they can induce prim-

ing (Kim & Felton 2013). In potato plants, an attack by

the CPB induces the release of a complex blend of VOCs

(Bolter et al. 1997; Sch€utz et al. 1997). However, although

plant viruses have been shown to influence VOC release

(Ponzio et al. 2013), PVY infection of potato causes only

minor changes in VOC release (Eigenbrode et al. 2002).

Potato VOC release in a multi-attacker situation has not

been previously explored.

In this study, we investigated the responses of

PVYNTN-infected potato plants to infestation by CPB

larvae. We have first shown that the CPB larvae grow

faster on PVYNTN-infected potato plants than on healthy

potato plants. We further examined the following

hypotheses: (i) In PVYNTN-infected potato plants,

induced JA-signalling-dependent defence against herbi-

vores is attenuated due to the proposed SA–JA antago-

nism; (ii) plant defence signalling perturbation causes a

decrease in production of antinutritional compounds in

virus-infected plants; (iii) CPB larvae reared on

PVYNTN-infected plants face lower inhibition of diges-

tive enzymes, therefore their midgut transcriptional

response is attenuated; and (iv) PVYNTN infection alters

the release of VOCs which can impact the priming of

neighbouring plants.

Materials and methods

Plant growth, larval feeding assays and tissue
sampling

The study was designed to initially measure the CPB

larval weight gain and included collection of potato leaf

tissue and sampling of the CPB larva midgut during

differential feeding assays. Potato plants of cv. ‘Igor’

(healthy and secondary PVYNTN infected, i.e. plants

grown from infected tubers) and cv. ‘D�esir�ee’ (nontrans-

genic and coi1 plants; Halim et al. 2009) were grown in

separate glass containers and used for the larval feeding

assays. The leaves from the healthy, infested and neigh-

bouring but noninfested plants were sampled at three

time points [0, 3, and 24 h post-infestation (hpi)] in

three replicates. Noninfested plants of cv. ‘Igor’ (healthy

and secondary PVYNTN infected) and noninfested plants

of cv. ‘D�esir�ee’ (nontransgenic and coi1 plants) grown

outside the glass containers were sampled as controls at

the same time points.

For the differential feeding assays, a total of 20 first

instar CPB larvae were placed on the upper developed

leaves of four potato plants in each glass container (five

larvae per plant; for both cv. ‘Igor’ and cv. ‘D�esir�ee’

plants). A further control of detached leaves-reared CPB

larvae was supplied with fresh potato leaves of cv.

© 2014 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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‘Igor’ every 24 h (to avoid activation of the plant

defence system). The larvae were weighed as groups at

0 days postinfestation (dpi) (immediately before infesta-

tion), 2 and 4 dpi, and individually every day from 5 to

9 dpi (see Fig. S1, Supporting information for experi-

mental scheme). The larval midgut sampling for tran-

scriptional analysis was performed on 4th instar larvae

at 10 dpi, as described in Petek et al. (2012). Four

pooled midgut samples (each containing 3–5 midguts)

were prepared for each of the five differential feeding

assay groups: larvae reared on healthy and PVYNTN-

infected cv. ‘Igor’ plants, larvae reared on nontransgenic

and coi1 plants cv. ‘D�esir�ee’ and control CPB larvae

reared on detached leaves. For a more detailed descrip-

tion, see Supporting Information.

RNA isolation and quantitative PCR

Potato leaf samples (~150 mg) were homogenized using

a TissueLyzer (Qiagen, Germany) and the total RNA

was extracted using RNeasy Plant Mini kits (Qiagen),

as described by Baebler et al. (2009). The total RNA

from the larval midgut tissue was isolated using TRIzol

(Invitrogen, USA), as described by Petek et al. (2012).

The RNA concentrations and integrity were validated

using a NanoDrop ND-1000 spectrometer (NanoDrop

Products, USA) and agarose gel electrophoresis. DNase

treatment (DNase I; Invitrogen) and reverse transcrip-

tion (High Capacity cDNA RT kits; Invitrogen) were

performed as described by Baebler et al. (2009). The

samples were analysed using a LightCycler 480 real-

time PCR system (Roche Applied Science, USA), as

described by Petek et al. (2010).

For the potato plants, the analysis included the

expression of 26 genes involved in JA biosynthesis and

signalling, ET, SA and auxin signalling, phenylpropa-

noid biosynthesis, gene silencing, photosynthesis, sugar

metabolism and genes regulated by phytohormonal

pathways. Cytochrome oxidase (COX), elongation factor

1 (EF-1) and 18S rRNA were used as the reference

genes for data normalization. In the CPB larvae, 11 mid-

gut-expressed genes involved in larval response to

potato defences were assayed, and Ld_smt3 and 18S

rRNA were used as the reference genes for data nor-

malization. Detailed descriptions of the assay design

and analysis are given in the Supporting Information

and in Table S1 (Supporting information). The standard

curve approach described by Petek et al. (2012) was

used for quantification.

RNAseq analysis

RNA samples from potato leaves infested with CPB

larvae and leaves from noninfested control plants were

collected 24 hpi and pooled to obtain four samples for

each cultivar. These pooled samples were treated with

DNase I. The enrichment of the mRNA using oligo (dT)

beads, the RNAseq library preparation following stan-

dard Illumina protocols, and the high-throughput

sequencing on the Illumina HiSeq2000 platform were

performed at BGI Tech. After removing the adapter

sequences and low-quality reads, ~49 mio 90 bp paired-

end reads (insert size 200 bp) per sample were obtained

(Table S2, Supporting information).

Quality trimming, merging of overlapping pairs,

mapping the reads to the potato transcriptome (Ram�sak

et al. 2014) and read counting were performed using

CLC Genomics Workbench 6. The read counts for the

transcripts belonging to the same StNIB putative para-

logue group were summarized, and the reads per kilo-

base per million mapped reads (RPKM) were calculated

using representative transcript lengths. The log fold

change (logFC) was calculated as log2(CPB-larvae-

infested sample RPKM) � log2(noninfested control sam-

ple RPKM). More detailed descriptions of the RNAseq

analysis are available in the Supporting Information.

Detection and analysis of volatile compounds

The trapping of the VOCs was performed on intact

plants using a ‘push’ headspace collection system in

hermetically sealed glass containers, as described previ-

ously (Arimura et al. 2008). Ten biological replicates of

potato cv. ‘Igor’ and six biological replicates of potato

cv. ‘D�esir�ee’ were sampled. The headspace VOCs from

the same plants were sampled before infestation and

during infestation with two 4th instar CPB larvae, 24 h

for cv. ‘D�esir�ee’ and 48 h for cv. ‘Igor’. Because neigh-

bouring receiver plants were of the same treatment

group as the focal emitter plants, any effects of treat-

ment on volatile emissions in the focal emitter plant

cannot be distinguished from the effects of treatment on

volatile perception and downstream processes in the

neighbouring receiver plant. Gas chromatography–mass

spectrometry (GC-MS) analysis was performed as

described by Arimura et al. (2008), using a Zebron ZB-5

capillary column (0.25 mm i.d. 9 15 m, with 0.25 lm
d.f.; Phenomenex, Torrance, CA, USA). AMDIS (NIST,

USA) and LCquan (Thermo Scientific, USA) were used

for the relative quantification of the VOCs.

Statistical analysis

The differences in the larval weight gains and gene

expression differences between the potato plant groups

used in the feeding assays and their noninfested control

plants, and between the larvae reared on these different

potato plant groups, were evaluated using Student’s

© 2014 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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t-tests, with the assumption of equal sample variance.

Enrichment of the RNAseq differentially expressed

genes in biological processes present in MapMan gene

ontology was determined using Wilcoxon rank-sum

tests implemented in MAPMAN software (Usadel et al.

2005). Only genes with absolute logFC > 0.5 were used

for the enrichment analysis. Multifactorial statistical

model was set for analysis of VOC release (for detailed

description, see Supporting Information).

Results

Rearing beetle larvae on PVYNTN-infected potato
positively affects their growth

The PVYNTN-infected potato plants of cv. ‘Igor’ showed

systemic symptoms, including leaf mosaics, curling,

senescence and stunted growth, which indicated the

severe disease status of these plants. Independent feed-

ing assays were performed to examine the effects of the

PVYNTN infection of these potato plants on the growth

of the CPB larvae, and to compare this to the effects of

the disruption of JA signalling in the coi1 plants of cv.

‘D�esir�ee’. From the eighth day onwards, the larvae

reared on the PVYNTN-infected plants gained signifi-

cantly more weight than those reared on the healthy

plants, and reached an ~20% greater mean larval weight

by 9 dpi (Fig. 1). This increase in weight of the CPB lar-

vae feeding on the PVYNTN-infected plants suggests

that PVYNTN attenuates the plant defence responses

against these herbivores. The CPB larvae reared on the

coi1 plants gained ~60% more weight by 9 dpi than

those reared on the nontransgenic plants (Fig. 1).

Because of the different genetic backgrounds used in

our viral infection and COI1 silencing treatments, we

cannot compare the impacts of these treatments

directly. With this caveat in mind, our data suggest that

the PVYNTN infection may have less impact on larva

weight gain improvement than the COI1 silencing. At

the same time, the control CPB larvae reared on the

detached leaves, and thus with plant defences induced

to minor extent (Gruden et al. 1998), gained about 35%

more weight than those reared on either the PVYNTN-

infected or the coi1 plants (Fig. 1).

PVYNTN infection attenuates herbivore-induced
defences in potato leaves

To examine how the PVYNTN infection affects the plant

defences when exposed to herbivory, gene expression

changes in the pathways associated to biotic stress were

examined in potato leaves using qPCR. The genes

examined were those involved in JA-Ile biosynthesis

(13-LOX, AOS2, JAR1) and in the JA, SA and ET signal-

ling pathways (WIPK, NPR1, TGA2, COI1, MYC2, ETR1,

ETR4, CTR1, ERF1), and also genes downstream of

these pathways (PR1b, Glu I, Glu II, PCPI). Additionally,

this included an examination of genes related to auxin

signalling (ARF2, ARP), phenylpropanoid biosynthesis

(PAL, C4H, HCT), photosynthesis (RA, CAB4), sugar
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Fig. 1 Growth of CPB larvae in the differential feeding assays. The CPB larvae were fed on Potato virus YNTN (PVYNTN)-infected and

healthy plants of cv. ‘Igor’, and on nontransgenic and coi1-plants of cv. ‘D�esir�ee’. Fresh potato leaves of cv. ‘Igor’ were provided for

the ‘control’ larval group every 24 h. Larvae were weighted as whole groups at 0, 2 and 4 dpi, and individually every day from 5 to

9 dpi. Error bars (5–9 dpi) show standard errors of the mean (n = 20). The statistical evaluation of differences in larval weight

throughout the feeding assays is presented in Table S3 (Supporting information).
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metabolism (CW_INV) and gene silencing (RdR1). Gene

expression was examined in the healthy plants and in

the corresponding PVYNTN-infected plants, at 3 and

24 hpi (Table S4A, Supporting information).

Three hours after CPB larvae infestation, not many

significant differences in gene expression were observed

in the PVYNTN infected when compared to their respec-

tive noninfested control plants. In the healthy plants,

only CW_INV was significantly upregulated, whereas

JAR1, ARF2, CTR1 and ERF1 were significantly down-

regulated (Fig. 2A). In the PVYNTN-infected plants, there

was significant downregulation of the SA-regulated and

JA-regulated genes PR1b, Glu II and PCPI, and a trend

towards downregulation of the photosynthesis activity

marker RA (Fig. 2A).

After 24 h of infestation, the gene expression changes

in the CPB-larvae-infested plants were much more pro-

nounced. In both the healthy and the PVYNTN-infected

plants, the JA-pathway-related genes (WIPK, 13-LOX,

AOS2, COI1) were strongly and significantly upregulat-

ed, and the SA-pathway-related genes (NPR1, TGA2)

were moderately, but significantly, upregulated, when

compared to their respective noninfested control

plants (Fig. 2A). The MYC2 transcription factor was
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AOS2

WIPK

JA

JAR1

JA-Ile

RdR1

COI1

JAZ1

MYC2 ERF1

EIN3

EBF1/2

EIN2

CTR1 IAA

TIR1

AUX/IAA

ARF2

ETR4 ETR1

ET

RA

CAB4

photosynthesis

CW_INV
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Fig. 2 Differential expression of genes involved in plant defence responses in Potato virus YNTN (PVYNTN)-infected and healthy cv.

‘Igor’ potato plants after infestation with CPB larvae. In the scheme, the proteins involved in plant defence are shown as ellipses and

the metabolites as deltoids. Dashed lines show indirect regulation. The small tables beside the proteins show the gene expression

changes in (A) CPB-larvae-infested plants and (B) neighbouring plants, at 3 and 24 hpi. H/C, comparison between CPB-larvae-

infested healthy and noninfested healthy control plants; P/C, comparison between CPB-larvae-infested PVYNTN-infected and nonin-

fested PVYNTN-infected control plants. The fold changes in gene expression were calculated by dividing the average relative copy

number of healthy and PVYNTN-infected samples by the average relative copy number of their respective control samples, and then

applying the log2 transformation. Statistical significances of expression differences (t-test P-values) are represented by the colours of

cells in the table (see Table legend). <loq, comparisons in which the expression of all of the samples from both groups were below

the limit of quantification. The relative copy number data are available in Table S4A (Supporting information). The gene names are

abbreviated follows: PR1b, basic pathogenesis-related protein 1; Glu II, b-1,3-glucanase II; CAB4, chlorophyll a/b-binding protein; RA, Rubisco

activase; ARF2, auxin response factor 2; 13-LOX, 13-lipoxygenase H3; AOS2, allene oxide synthase 2; WIPK, wound-induced protein kinase;

JAR1, jasmonate resistant 1; COI1, coronatine insensitive 1; JAZ1, jasmonate-ZIM-domain protein 1; MYC2, transcription factor MYC2; ETR1,

ethylene receptor 1; ETR4, ethylene receptor 4; CTR1, constitutive triple response 1; ERF1, ethylene-responsive transcription factor 1; ARP,

auxin-repressed protein; CW_INV, cell wall invertase; PAL, phenylalanine ammonia-lyase; C4H, cinnamic acid 4-hydroxylase; HCT,

hydroxycinnamoyl transferase; NPR1, nonexpressor of PR1; TGA2, leucine zipper transcription factor TGA2; RdR1, RNA-dependent RNA-

polymerase 1; PCPI, potato cysteine proteinase inhibitors.

© 2014 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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upregulated to approximately twofold upon CPB larvae

infestation in both healthy and PVYNTN-infected plants,

although this upregulation was statistically significant

(P < 0.05) only for the healthy plants (Fig. 2A). Some

genes were upregulated only in the healthy plants,

namely CTR1, ERF1, JAR1 and RdR1, and some genes

were upregulated only in the PVYNTN-infected plants,

namely RA and CAB4 (Fig. 2A). For many of the assayed

genes, the responses in the healthy and PVYNTN-infected

plants were quantitatively different. These genes were

either more strongly upregulated in the healthy plants

(PR1b, Glu II, PCPI, ARP; Fig. 2A) or in the PVYNTN-

infected plants (PAL, HCT, CW_INV; Fig. 2A).

Jasmonic acid signalling is known to be a major con-

tributor to defence against herbivores, and thus we

hypothesized that the responses observed in the potato–

PVYNTN–CPB larvae interaction were the final outcome

of attenuation of this pathway. To test this hypothesis,

the transcriptional response to CPB larvae infestation

was investigated using the same qPCR assays in the

control nontransgenic and coi1 cv. ‘D�esir�ee’ plants. In

the coi1 plants, COI1 expression was ~35% of that in the

control nontransgenic plants (Table S4B, Supporting

information). Gene expression differences in cv.

‘D�esir�ee’ were again relatively low at 3 hpi, while more

pronounced changes were detected at 24 hpi. JA bio-

synthesis and signalling was induced at 24 hpi in the

nontransgenic plants, and to a lesser extent also in the

coi1 plants (Fig. 3A). In the coi1 plants, however, this

did not result in induced expression of genes regulated

by the JA signalling cascade, such as PCPI and HCT, as

was seen in the nontransgenic plants. Contrary to the

upregulation in the PVYNTN-infected plants, the photo-

synthesis genes were downregulated in these coi1

plants. Similarly, the cell wall invertase gene (CW_INV)

that was induced in the PVYNTN-infected plants was

induced to a lesser extent in the coi1 plants than in the

nontransgenic plants (Fig. 3A). On the other hand, sup-

pression of CTR1 kinase involved in ET signalling and

auxin-repressed protein (ARP) expression was observed

in the coi1 and the PVYNTN-infected plants (Figs 2A

and 3A).

We also performed RNAseq to provide an overview of

the transcriptome changes in the CPB-larvae-infested

plants after 24 h of infestation, and this showed missing

links in our understanding of the defence signalling in

multi-attacker systems. The RNAseq differential expres-

sion (|logFC| > 1) correlated highly with the qPCR
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Fig. 3 Differential expression of genes involved in the plant defence response in the nontransgenic and coi1 potato cv. ‘D�esir�ee’

plants after infestation with CPB larvae. For the details of the scheme, see legend to Fig. 2. NT/C, comparison between infested non-

transgenic and control noninfested nontransgenic plants; T/C, comparison between infested coi1 and control noninfested coi1 plants.

Relative copy numbers data are available in Table S4B (Supporting information). For gene name abbreviations, see legend to Fig. 2.
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(r = 0.93). Analysis at the biological process level

(Table 1) showed that upregulation of photosynthesis,

metabolism of phenylpropanoids and cell wall compo-

nents was specific for potato plants infected with

PVYNTN and exposed to the CPB larvae. In addition,

PVYNTN infection showed specific upregulation of gib-

berellin signalling components and downregulation of

auxin response transcription factors. Proteinase inhibi-

tors were upregulated in all of the plants infested with

the CPB larvae except in coi1 plants; the induction was

albeit attenuated in PVYNTN-infected plants compared to

the induction in healthy plants (up to 32-fold lower

induction). More detailed evaluation of the RNAseq data

revealed that besides the proteinase inhibitors, other an-

tinutritional proteins, such as a-amylase inhibitors, argi-

nase and polyphenol oxidases, were suppressed in the

PVYNTN-infected plants when compared to the induction

in CPB-larvae-infested healthy plants, although to a

much lower extent than in the coi1 plants (Table S5,

Supporting information). In addition, the expression of

several key genes involved in ET biosynthesis and sig-

nalling (ACS, ACO, EBF1/2, individual ERFs) was attenu-

ated in the PVYNTN-infected plants, which was not the

case in COI1-silenced plants, while expression of main

SA biosynthesis gene ICS1 and JA methyltransferase

(JMT) was enhanced (Table S5, Supporting information).

However, as both treatments were performed in differ-

ent genetic backgrounds, comparison between the treat-

ments has to be treated with caution (see Supporting

Information Supplementary results for details).

PVYNTN infection moderately alters the transcriptional
response in the larval gut

The feeding assay data suggested that PVYNTN infection

attenuates the plant defence that is induced upon CPB

larvae infestation. We showed that the majority of the

proteinase inhibitor genes were induced to a lesser

extent in the PVYNTN-infected plants (Fig. 2A, Table S5,

Supporting information). To determine whether these

differences were reflected in the transcriptional

response in the CPB larval gut, we sampled the midgut

from the last instar larvae in the feeding assays and

examined the differences in the expression of the inte-

stain family genes, and of other genes previously asso-

ciated with larval response (Gruden et al. 2004; Petek

et al. 2012).

As expected, all of the assayed genes were signifi-

cantly differentially expressed in the larval response to

plant defences (Fig. 4A). Rearing larvae on PVYNTN-

infected plants did not result in major changes in the

expression of these genes (Fig. 4B). Slightly weaker

response was detected for the genes Ld_GH45-6 and

Ld_GH48-2 (Fig. 4B), which encode cellulases from the

families of glycoside hydrolase 45 (GH45) and glycoside

hydrolase 48 (GH48), respectively. The differences in

larval response were more pronounced for the larvae

reared on the coi1 plants. The intestain D, serine protease,

cellulase, pectinase and JHBP-like genes were expressed at

significantly higher levels in the larvae reared on the

nontransgenic plants than in the larvae reared on the

coi1 plants, whereas the intestain C genes were regulated

in the opposite direction (Fig. 4C).

Herbivore-induced volatile emissions in potato are to a
large extent COI1 dependent

After observing virus-induced and CPB-larval-induced

transcriptional changes in potato defence signalling, we

investigated whether VOC release was also affected in

these interactions. We measured the release of 68

compounds from the potato plants of cv. ‘Igor’ and 59

Table 1 MapMan bins significantly enriched for upregulated (+) and downregulated (�) genes. MapMan bins identified as signifi-

cantly enriched (Wilcoxon rank-sum test, Benjamini–Hochberg corrected P < 0.01) in cv. ‘Igor’ PVYNTN-infected plants 24 h after

CPB larvae infestation are presented, along with the significant enrichment of the bins in healthy cv. ‘Igor’ and nontransgenic and

coi1 cv. ‘D�esir�ee’ potato plants. Bin description and sizes are shown

MapMan bin description Elements in bin

cv. ‘Igor’ plants cv. ‘D�esir�ee’ plants

Healthy PVYNTN infected Nontransgenic coi1

Cell wall 364 +
Photosynthesis 247 � + � �
Phenylpropanoids/lignin biosynthesis 73 + +
Proteinase inhibitors 57 + + +
Amino acid synthesis/aromatic 47 +
Auxin response transcription factors 21 �
Gibberellin-regulated genes 14 +

PVYNTN, Potato virus YNTN.

© 2014 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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compounds from the potato plants of cv. ‘D�esir�ee’

(Table S7, Supporting information). Upon CPB larvae

infestation, we detected significantly enhanced release

of several VOCs that belong to different chemical

groups; for example, the aliphatic undecane, several

sesquiterpenoids, and the monoterpenoid shyobunol in

the healthy and PVYNTN-infected potato plants of cv.

‘Igor’ (Table 2). Moreover, there was a trend to an

increase in methyl salicylate (MeSA) release detected

after the CPB larvae infestation (Table 2).

Intriguingly, the PVYNTN infection itself significantly

suppressed only the release of the sesquiterpenoid b-
barbatene and induced the release of benzyl alcohol.

Nevertheless, there was a clear reducing trend in the

terpenoid release levels in these PVYNTN-infected plants

after CPB larvae infestation (Table 2).

In the combination of PVYNTN infection with CPB lar-

val feeding, VOC release related to the CPB larvae

dominated over that associated with the PVYNTN infec-

tion. Interestingly, b-barbatene release was induced by

the CPB larval feeding and was completely abolished in

the PVYNTN-infected plants, while the induction of ben-

zyl alcohol was enhanced (Table 2). The dominance of

the herbivory for the release of terpenoids was also evi-

dent from the RNAseq data, which showed that JA-

pathway-responsive terpene synthase genes were

induced in healthy and in PVYNTN-infected plants upon

CPB larval attack (Table S5, Supporting information).

The nontransgenic and coi1-plants of cv. ‘D�esir�ee’

were also analysed. Several sesquiterpenoid volatiles

[(E)-b-caryophyllene, (E)-b-farnesene, germacrene D-4-

ol] were released in significantly smaller amounts from

the infested coi1 plants than from the infested nontrans-

genic plants (Table 3). Supporting these data, 13 of 18

terpene synthase genes induced by infestation in the

nontransgenic plants (logFC > 1) had markedly reduced

expression, or were expressed below the limit of quanti-

fication in coi1 plants (Table S5, Supporting informa-

tion). A similar decrease in release was observed for

MeSA, and for an unknown phenyl ester, decanal and

compounds tentatively identified as dodecane, heptade-

cane and nonanal (Table 3).

Priming of neighbouring plants after herbivore
infestation

In addition to the CPB-larvae-infested leaves, gene

expression changes that might be associated to elicita-

tion by VOCs were analysed at the same time points in

the leaves of neighbouring noninfested plants. The

neighbouring plants (the VOC receivers) had the same

disease status (healthy, PVYNTN infected, with cv.

‘Igor’) and were of the same genotype (nontransgenic,

coi1, with cv. ‘D�esir�ee’).

Compared to the responses in the CPB-larvae-infested

plants, the transcriptional changes in neighbouring

Lo
g 2
FC

(A) (B) (C)

Fig. 4 Effects of different diets on the response of CPB larvae. Comparisons of gene expression in (A) larvae reared on detached

potato plants exchanged every 24 h and larvae reared on healthy cv. ‘Igor’ potato plants (C/H), (B) larvae reared on Potato virus

YNTN (PVYNTN)-infected plants and larvae reared on healthy cv. ‘Igor’ potato plants (P/H), and (C) larvae reared on coi1 plants and

larvae reared on nontransgenic cv. ‘D�esir�ee’ potato plants (coi1/NT). Expression fold changes (log2FC) were calculated by compari-

son of the average relative copy number of larval samples (Table S6, Supporting information) from the same groups, and then apply-

ing the log2 transformation. Statistically significant differences (t-tests) are designated as (**)P < 0.01, (*)P < 0.05 and (.)P < 0.10.

JHBP-like, Juvenile hormone binding protein-like genes.

© 2014 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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plants were in general much more subtle and occurred

for fewer genes. The photosynthesis-related genes RA

and CAB4 were upregulated at 3 hpi only in the

PVYNTN-infected leaves. Additionally, the SA-regulated

genes PR1b and Glu II were significantly upregulated in

healthy plants, and downregulated in PVYNTN-infected

Table 3 Volatile organic compounds (VOCs) that show release that is significantly affected by CPB larvae infestation, COI1 silencing

(coi1) or the interaction of both of these factors in cv. ‘D�esir�ee’ potato plants. Average VOC response factors are given as log10 values

relative to release from nontransgenic plants before CPB larvae infestation. For coi1 and CPB larvae-infested interaction, only the

VOCs with significantly different release compared to both factors alone are indicated

Compound group Identification Retention index CPB larvae infested coi1 coi1 and CPB larvae infested

Aliphatics Undecane 1100 3.41*** �0.73 �0.21*

Dodecane‡ 1200 0.31** �1.02** �1.28

Pentadecane‡ 1496 0.79* �0.62 �0.01

Heptadecane‡ 1699 �0.33 �1.88† �3.30

Aliphatic aldehydes Nonanal‡ 1104 �0.08 �1.45* �1.51

Decanal 1205 0.02 �0.98† �0.96

Benzenoids Unknown phenyl ester 959 �0.03 �0.56* �0.48

MeSA 1193 1.41*** �0.28 0.19†

Monoterpenoids Shyobunol 1691 4.23*** �7.18 �2.60

Sesquiterpenoids a-Copaene 1376 1.29*** �0.96 0.12*

(E)-b-Caryophyllene 1421 1.65*** �0.70* 0.47

a-Humulene‡ 1454 2.25*** �0.90† 0.81

(E)-b-Farnesene 1458 7.47*** �1.01* 3.62

Germacrene D-4-ol 1576 2.17*** �1.68*** �0.27

‡Tentative identification.

Significant differences in VOC release are indicated as: ***P < 0.0005; **P < 0.005; *P < 0.05; †P < 0.10.

Table 2 Volatile organic compounds (VOCs) that show release that is significantly affected by secondary PVYNTN infection, CPB lar-

vae infestation or the interaction of both of these factors in cv. ‘Igor’ potato plants. Average VOC response factors are given as log10
values relative to release from healthy plants before CPB larvae infestation

Compound group Identification

Retention

index

PVYNTN

infected

CPB larvae

infested

PVYNTN infected

and CPB larvae

infested

Aliphatics Undecane 1100 0.29 1.34** 1.23

Heptadecane‡ 1699 �0.55 �0.70† �1.34

Aliphatic

aldehydes

Decanal 1205 0.14 �0.82* �1.08

Benzenoids MeSA 1193 0.03 0.63† 0.68

Benzyl alcohol 1034 0.82* 0.72† 2.75

2-Ethylhexyl

salicylate‡
1805 0.07 �0.61** �0.53

Monoterpenoids Shyobunol 1691 �0.47 7.75** 10.11

Sesquiterpenoids a-Copaene 1376 �0.09 1.47** 1.76

a-Gurjunene 1410 �0.57 3.38*** 3.78

(E)-b-Caryophyllene 1421 �0.19 6.19*** 7.16

b-Barbatene 1442 �1.80** 1.56** 0.09

a-Humulene‡ 1454 0.10 4.33*** 5.43

(E)-b-Farnesene 1458 �0.24 8.23*** 9.63

Germacrene A‡ 1505 �0.06 5.85*** 6.48

Sesquiphellandrene 1523 0.40 0.66* 0.81

Caryophyllene oxide 1584 �0.32 12.02*** 11.37

PVYNTN, Potato virus YNTN.
‡Tentative identification.

Significant differences in VOC release are indicated as: ***P < 0.0005; **P < 0.005; *P < 0.05; †P < 0.10.

© 2014 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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plants (Fig. 2B). Interestingly, 13-LOX and COI1 were

upregulated at 3 hpi in the coi1 plants only (Fig. 3B). In

addition, in the neighbouring coi1 plants, phenylpropa-

noid biosynthesis was significantly affected after infes-

tation, whereby PAL and HCT were upregulated, and

C4H was downregulated (Figs 2B and 3B).

Discussion

Most studies of plant–herbivore interactions have inves-

tigated the responses of plants to single stressors. Due

to the inherent complexity of the plant defence path-

ways, the responses to combined biotic stressors are dif-

ficult to predict from single attacker responses (Pieterse

et al. 2012). To provide answers with infield relevance,

more investigations into multi-attacker settings are

needed. We present here a study of the interactions

between potato plants and two of its economically most

important attackers: the CPB and an aggressive strain

of PVY, PVYNTN.

Interference between PVYNTN infection and defence
signalling against herbivores

Potato virus Y infection is known to interfere with the

SA and JA defence pathways in potato (Pompe-Novak

et al. 2006; Baebler et al. 2009, 2014), and in the present

study, we tried to determine how this further affects

the defence responses against herbivores. The SA–JA

antagonism hypothesis was tested by investigating the

response of the coi1 plants. Direct comparisons of both

viral infection and COI1 depletion need to be taken

with caution as they were performed in different

genetic backgrounds of potato (see Supporting Informa-

tion Supplementary results for details). The SA signal-

ling genes NPR1 and TGA2 were upregulated in both

healthy and PVYNTN-infected plants, while the down-

stream targets of SA signalling, PR1b and Glu II, and

the JA-regulated PCPI genes had lower induction of

expression in the PVYNTN-infected plants after CPB lar-

vae infestation (Fig. 2A). Together with the data from

the coi1 plants, this shows that the plant defence in a

multi-attacker system is modulated by a complex sig-

nalling network, and not only by the combination of JA

and SA signalling. ET biosynthesis and signalling com-

ponents were also differentially regulated in the healthy

and PVYNTN-infected plants, including some specific

ERF transcription factors (Table S5, Supporting informa-

tion). In Arabidopsis, the ERF transcription factor ORA59

was shown to be suppressed by SA signalling, which in

turn suppressed some JA-regulated genes (Van der

Does et al. 2013). Similarly, individual potato ERFs

might also be involved in the modulation of the SA–JA

crosstalk, and thus the attenuation of ERF expression

by PVYNTN might influence this crosstalk and result in

potato plants that are less protected against herbivore

attack. Another group of transcription factors that were

regulated specifically in these PVYNTN-infected plants

after CPB infestation are the ARFs. The ARFs have

important roles in plant defence against pathogens.

ARF2 is established as a signalling hub that integrates

responses from the ET, auxin, brassinosteriod and absci-

sic acid pathways in Arabidopsis (Wang et al. 2011).

Lower amounts of ARF transcripts were detected in the

potato leaves here after CPB larvae infestation, and this

effect was strongest in the PVYNTN-infected plants

(Tables 1 and S5, Supporting information).

Another signalling module where the PVYNTN infec-

tion was shown to interfere with the responses to herbi-

vore infestation was gibberellic acid (GA) signalling.

Comparing the healthy and PVYNTN-infected plants that

were CPB–larvae-infested, several components involved

in GA metabolism and signalling were regulated in a

different manner (Table S5, Supporting information).

GA is known to cause accumulation of reactive oxygen

species and SA, and attenuation of JA signalling in Ara-

bidopsis (Navarro et al. 2008). A positive correlation

between SA and GA, and negative feedback between

JA/ET and GA in potato after PVY infection was shown

previously (Baebler et al. 2014). A possible mechanism

for this action suggested for Arabidopsis is via the

DELLA proteins, which are growth repressor proteins

that are degraded by a GA-dependent mechanism

(Navarro et al. 2008; Yang et al. 2012).

Why would herbivores benefit from PVY infection?

Our initial investigation into the feeding of CPB larvae

showed that PVYNTN infection promotes the potato

leaves as a better food source for these CPB larvae

(Fig. 1). Our hypothesis was that the defence response

to herbivory is attenuated in PVYNTN-infected plants

and consequently lower amounts of antinutritional com-

pounds are produced. Such indirect effects have already

been reported from studies of plant interactions with

several attackers. Myzus persicae, the aphid vector of

PVY, showed increased growth when feeding on PVY-

infected plants (Castle & Berger 1993; Boquel et al.

2011). While such a positive interaction between virus

and virus vectors might have evolved to promote viral

spreading (Castle & Berger 1993; Jiu et al. 2007), it

would be difficult to interpret the positive growth influ-

ence of PVYNTN on the CPB larvae identified here as

beneficial for the PVYNTN, as the severity of infestation

can only reduce the chances of transmission. Similarly,

there are no apparent benefits of this interaction

between aphids and the CPB. However, aphid infesta-

tion has been shown previously to have growth benefits

© 2014 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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for caterpillars feeding on the same plants (Stout et al.

1998; Heidel & Baldwin 2004; Rodriguez-Saona et al.

2010). The virus-induced susceptibility to CPB may just

be a side-effect of the potentially adaptive-induced sus-

ceptibility to aphid vectors.

The reduced antinutritional potential of PVYNTN-

infected potato plants arises as a result of changes on

several levels. Most notably, the PCPI genes in these

PVYNTN-infected plants were induced to a much lower

level than in the healthy plants (Fig. 2A and Table S5,

Supporting information). The role of proteinase inhibi-

tors as antinutritional compounds is supported by sev-

eral studies which show that the heterologous

expression of proteinase inhibitors can make plants

more resistant to herbivores (Schl€uter et al. 2010; Carril-

lo et al. 2011). The leaves of the PVYNTN-infected plants

should therefore be easier to digest by the CPB larvae.

Feeding CPB larvae on high doses of cysteine protease

inhibitors was previously shown to induce the expres-

sion of intestain genes to compensate for the loss of gut

protease activity (Bolter & Jongsma 1995; Gruden et al.

2004). We hypothesized that lower induction of PCPI in

PVY-infected leaves would be reflected also in the gene

expression profile of the larval digestive proteases. The

expression of intestain genes did however not change

to any great extent in the CPB larvae reared on the

PVYNTN-infected plants (Fig. 4). This might be due to

yet another set of digestive protease genes that is regu-

lated in such multi-attacker systems, or it might be

because the differences in the proteinase inhibitor levels

did not reach certain threshold to be reflected in the

changes in the larval gut gene expression. In addition,

attenuation of the biosynthesis of a-amylase inhibitors,

arginase and polyphenol oxidases (Table S5, Supporting

information) with proposed antinutritional properties

(Chung & Felton 2011) was detected, which might have

contributed to a higher nutritional value of virus-

infected plants. Tomato odorless-2 mutant plants with

reduced trichome density and VOC production sup-

ported faster CPB larval growth than nontransgenic

plants, which suggested that VOCs have antinutritional

or deterrent activities (Kang et al. 2010). Here, in

PVYNTN-infected potato plants, a lower production of

the sesquiterpenoid b-barbatene was detected (Table 2),

which might have again contributed to the higher larval

weight gain on the infected potato plants.

Another aspect of the PVYNTN effect on CPB growth

might be modulation of the nutrient contents. Herbivore

attack and other biotic stresses generally cause downre-

gulation of photosynthesis genes (Nabity et al. 2009; Bil-

gin et al. 2010). Such herbivore damage-related

downregulation of photosynthetic gene expression was

observed also in the present study (e.g. RA and CAB4;

see Figs 2A and 3A and Table 1). Suppression of photo-

synthesis-related genes in wounded tissue has been

speculated to be the consequence of the metabolic

switch from source to sink for carbohydrates regulated

by cell wall invertase (CW_INV), which was shown in

Solanum lycopersicum, Solanum peruvianum and Pisum

sativum (Schwachtje & Baldwin 2008). We detected an

increase in transcriptional activity of CW_INV after CPB

larvae infestation of the potato leaves in both of the

studied cultivars (Figs 2A and 3A). However, an unex-

pected and intriguing aspect was the upregulation of

photosynthetic genes in PVYNTN-infected plants at

24 hpi in parallel with the upregulation of CW_INV

(Fig. 2A and Table 1). This might mean that the photo-

synthetic primary metabolites (monosaccharide sugars)

accumulate to a greater extent in virus-infected leaves.

Transcriptome profiling also showed significant enrich-

ment of upregulated genes in amino acid biosynthesis

processes (Table 1), which might lead to increased lev-

els of amino acids. As sugars and amino acids are the

primary dietary carbon and nitrogen sources, respec-

tively, for the larvae, these changes might additionally

contribute to the higher weight gain observed for the

larvae reared on the PVYNTN-infected plants.

Priming of neighbouring plants by volatiles from
infested plants

Besides for their antinutritional or insect deterrent prop-

erties, plants also use VOCs to communicate with each

other and to allow the priming of neighbouring plants

for insect attack (Arimura et al. 2009; Ueda et al. 2012).

Our hypothesis was that PVYNTN infection alters the

release of VOCs which can impact the priming of

neighbouring plants. Several terpenoids and aliphatic

aldehydes were released in higher amounts from the

CPB-larvae-infested plants (Tables 2 and 3). No plant

receptors for these VOCs have been identified yet, and

the influence of VOCs on plant-to-plant communication

through defence signalling is mainly unknown. Methyl

jasmonate, MeSA and ethylene are the other potential

candidates for elicitation of neighbouring plant defences

(Farmer & Ryan 1990; Shulaev et al. 1997; Baldwin et al.

2006). MeSA release from CPB-larvae-infested plants

was induced in the present study in both of the potato

cultivars (Tables 2 and 3), while methyl jasmonate and

ethylene were not detected in our analytical set-up. In

agreement with previous data, we observed transcrip-

tional upregulation of some defence pathway genes and

downregulation of photosynthesis genes in neighbour-

ing healthy cv. ‘Igor’ plants (Fig. 2B). Similarly,

increased emission of VOCs from herbivore-attacked

plants has caused upregulation of defence-related genes

in several other experimental systems (Kim & Felton

2013). Nicotiana attenuata plants exposed to VOCs from

© 2014 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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clipped sagebrush were shown to downregulate photo-

synthesis-related genes as well (Kessler et al. 2006). On

the other hand, the neighbouring PVYNTN-infected

plants responded to infestation by downregulation of

some defence pathway genes and upregulation of pho-

tosynthesis genes (Fig. 2B). The release of only two of

the VOCs was shown to be affected by PVYNTN infec-

tion; namely the release of b-barbatene was reduced,

and the release of benzyl alcohol was increased

(Table 2). This shows that long-distance priming can be

affected when potato plants are exposed to different

attackers simultaneously and that the combination of

different biotic stressors can have broader agro-ecologi-

cal implications and consequences. Additional work in

a full factorial set-up would be needed to disentangle

the effects of the treatment on the emitter plant from

the effects of the treatment on the receiver plant to ade-

quately explain the differences observed.

The present study contributes to our understanding

of plant responses in agro-ecosystems through an exam-

ination of the responses of potato plants exposed to two

biotic stressors. We showed that susceptible potato

plants activated the responses to viral infection that

counteracted their antiherbivore defences. Attenuated

responses through the ERF and ARF signalling hubs

occurred when PVYNTN-infected plants were exposed to

CPB larvae. In accordance, lower induction of antinutri-

tional compounds was observed (e.g. proteinase inhibi-

tors, sesquiterpenoids). PVYNTN infection therefore

rendered these plants more vulnerable to subsequent

CPB attack. Additionally, PVYNTN infection affected the

release of VOCs, which might contributed to the prim-

ing of the neighbouring plants.
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