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INTRODUCTION

ABSTRACT

Plants are part of biodiverse communities and frequently suffer from attack by multi-
ple herbivorous insects. Plant responses to these herbivores are specific for insect feed-
ing guilds: aphids and caterpillars induce different plant phenotypes. Moreover, plants
respond differentially to single or dual herbivory, which may cascade into a chain of
interactions in terms of resistance to other community members. Whether differential
responses to single or dual herbivory have consequences for plant resistance to yet a
third herbivore is unknown.

We assessed the effects of single or dual herbivory by Brevicoryne brassicae aphids and/
or Plutella xylostella caterpillars on resistance of plants from three natural populations
of wild cabbage to feeding by caterpillars of Mamestra brassicae. We measured plant
gene expression and phytohormone concentrations to illustrate mechanisms involved
in induced responses.

Performance of both B. brassicae and P. xylostella was reduced when feeding simulta-
neously with the other herbivore, compared to feeding alone. Gene expression and
phytohormone concentrations in plants exposed to dual herbivory were different from
those found in plants exposed to herbivory by either insect alone. Plants previously
induced by both P. xylostella and B. brassicae negatively affected growth of the subse-
quently arriving M. brassicae. Furthermore, induced responses varied between wild
cabbage populations.

Feeding by multiple herbivores differentially activates plant defences, which has plant-
mediated negative consequences for a subsequently arriving herbivore. Plant popula-
tion-specific responses suggest that plant populations adapt to the specific communi-
ties of insect herbivores. Our study contributes to the understanding of plant defence
plasticity in response to multiple insect attacks.

phytohormones: jasmonic acid (JA) and salicylic acid (SA)
(Pieterse et al. 2012). In general, JA-mediated signalling under-

Throughout the growing season, plants suffer from attack by
multiple herbivorous insects. To reduce insect attack, plants
protect themselves with constitutive defences like thick cell
walls, a waxy epidermal cuticle or toxins (Schoonhoven et al.
2005). Furthermore, plants show defence responses induced by
herbivores, for example by producing compounds that deter or
repel the attackers (Schoonhoven et al. 2005), which may also
affect subsequently feeding herbivores (Kessler & Halitschke
2007). Depending on the feeding guild of the attacking insect,
changes in phytohormone production, gene transcription and
protein production can occur, which lead to a different regula-
tion of plant defences (Heidel & Baldwin 2004; de Vos et al.
2005; Bidart-Bouzat & Kliebenstein 2011; Koo et al. 2013) and,
thus to expression of a herbivore species-specific induced plant
phenotype.

Phytohormonal signalling networks underlying herbivore-
induced defence responses involve, amongst others, two major

lies plant defence responses against chewing herbivores (Stam
etal. 2014). Lipoxygenases (LOXs) are important enzymes
involved in JA biosynthesis (Turner et al. 2002). In cabbage,
insect herbivory by Pieris rapae, Pieris brassicae or Mamestra
brassicae caterpillars induced high transcript levels of BoLOX
(Broekgaarden et al. 2007; Zheng et al. 2007). The importance
of JA in defence responses against insects was also shown in
other plant species, such as tomato (Solanum lycopersicum)
(Thaler et al. 2002), milkweed (Asclepsias syriaca) (Ali & Agra-
wal 2014) and tobacco (Nicotiana attenuata; reviewed in Kess-
ler & Baldwin 2004; Wang & Wu 2013). Phloem feeders induce
SA-regulated defences (de Vos et al. 2005). Regulation of SA-
mediated defences involves the expression of pathogenesis-
related (PR) genes. For example, Kusnierczyk et al. (2008)
investigated transcriptomic changes of Arabidopsis in response
to feeding by Brevicoryne brassicae aphids and found that the
expression of PR genes was significantly induced.
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Plants regulate induced defences against attacking herbivores
through crosstalk between JA and SA signalling pathways (Pie-
terse ef al. 2009). For example, in Nicotiana attenuata plants
crosstalk between the JA and SA signalling pathways resulted in
optimisation of defence responses (Rayapuram & Baldwin
2007). However, insect herbivores can also interfere with JA-
and SA-induced defences, which can affect the outcome of
interactions between plants and multiple attackers (Voelckel &
Baldwin 2004; Rodriguez-Saona et al. 2010; Mathur et al.
2013). Through these indirect plant-mediated interactions,
competition between attacking herbivores is commonly found
in nature, in which induced plant responses to a first herbivore
may affect the resistance of plants to subsequent herbivores
(Denno et al. 1995; Kaplan & Denno 2007). Asymmetric inter-
actions between herbivores seem to be the rule rather than the
exception (Kaplan & Denno 2007), which could lead to posi-
tive (i.e. facilitation) or negative (i.e. antagonism) effects on
the performance or preference of the competing herbivore spe-
cies (Kessler & Halitschke 2007; Viswanathan et al. 2007; Erb
et al. 2011; Soler et al. 2012; Ali & Agrawal 2014; Li et al. 2014).
For instance, monarch caterpillars developed faster on milk-
weed plants previously infested by oleander aphids, whereas
the aphids developed more slowly on milkweed plants previ-
ously infested by caterpillars, which might have been JA-
mediated (Ali & Agrawal 2014).

Next to the effect of one feeding herbivore on induced
defences against a subsequently arriving herbivore, plant
responses to dual stresses can have further ecological conse-
quences for interactions with other community members
(Utsumi et al. 2010). However, this is not yet studied in
great detail. Recently, it has been shown that the specialist
caterpillar Plutella xylostella gained more weight when feed-
ing on plants previously attacked by both P. xylostella and
Spodoptera litura caterpillars compared with plants previ-
ously infested by only P. xylostella. In contrast, S. litura was
negatively affected when feeding on plants previously
attacked by both P. xylostella and S. litura, compared with
plants previously infested by only P. xylostella (Mathur et al.
2013). The effect of dual herbivory on a third herbivore
suggests that interspecific competition between multiple her-
bivores can have consequences for the composition of whole
arthropod communities assembling on the induced plant.
Consequently, interactions between plants and co-occurring
insects likely play important roles in natural ecosystems
(Van Zandt & Agrawal 2004; Ali & Agrawal 2014; Poelman
& Kessler 2016). Effects of early-season herbivores on
arthropod community development have indeed been shown
several times (Van Zandt & Agrawal 2004; Viswanathan
et al. 2007; Poelman et al. 2010).

Studies on temporal dynamics of plant defences in
response to herbivory indicate that plants may remain
induced by herbivory up to several days (Voelckel & Baldwin
2004; Underwood 2012; Mathur etal. 2013). However,
induced defences were investigated after short periods of her-
bivory, after which the herbivore had been removed. Under
natural conditions, insects likely arrive at different times on
a plant, and more research is needed to study underlying
molecular mechanisms in plants induced during different
durations of continuous feeding and consequences for subse-
quent herbivores. In addition, closely related plant species
differ in responses to herbivore attack, which may affect
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interactions between two or more insect species associated
with the plant (Johnson & Agrawal 2005; Agrawal et al.
2014). Even within plant species, populations may differ in
the amount of secondary metabolites they produce (Gols
et al. 2008), which has consequences for the insect communi-
ties on those populations (Newton efal 2009b; Poelman
et al. 2009; Li et al. 2014).

In the present study, we used wild Brassica oleracea plants
that occur in natural populations along the coast of Dorset,
UK. These plants show natural variation in the amount of con-
stitutive and inducible secondary metabolites that act as
defence compounds against herbivorous insects (Gols ef al.
2008; Newton et al. 2009a). Under natural conditions, these
plants are attacked by an array of herbivorous insects, amongst
others the specialist aphid Brevicoryne brassicae, the specialist
caterpillar P. xylostella and the generalist caterpillar Mamestra
brassicae (R. Gols, personal communication; Moyes ef al.
2000). Also in the Netherlands, these insects naturally occur
throughout the growing season on B. oleracea cultivars (Poel-
man et al. 2009) and wild B. oleracea plant populations (J.M.
Stam, unpublished data). The aphid B. brassicae and caterpil-
lars of P. xylostella commonly colonise B. oleracea plants early
in the season, while the caterpillars of M. brassicae arrive later
in the season. Thus, M. brassicae caterpillars may encounter
plants that have been previously attacked by P. xylostella,
B. brassicae or both of these herbivores. We investigated
whether herbivores from different feeding guilds, namely
aphids (B. brassicae) or caterpillars (P. xylostella) feeding alone
or simultaneously indeed affected performance of the compet-
ing herbivore, and whether this was reflected in expression
changes of marker genes involved in defence responses, i.e. PR-
I and LOX (regulated by the phytohormones SA and JA,
respectively). We quantified JA and SA concentrations in wild
cabbage plants to assess differences in phytohormone concen-
trations in response to dual versus single herbivory. By using
plants from different wild cabbage populations from the same
area, we studied whether plant defence responses are variable
across these plant populations. As a next step in the study of
multiple interacting herbivores, we studied whether changes in
plant resistance induced by the first two herbivores have conse-
quences for the performance of a subsequently arriving gener-
alist herbivore (M. brassicae). We discuss the ecological
consequences of plant defence to multi-herbivory.

MATERIAL AND METHODS
Plants and growth conditions

Seeds of wild cabbage Brassica oleracea L. (Brassicaceae),
from three populations in Dorset, i.e. Kimmeridge (50°36’ N,
2°07" W), Old Harry (50°38' N, 1°55' W) and Winspit
(50°35' N, 2°02" W) (Gols et al. 2008) were sown in potting
soil (Lentse potgrond, Lent, The Netherlands). One week
later, seedlings were transferred to individual pots (1.541)
containing similar soil. Plants were cultivated in a glasshouse
under a 16-h light:8-h dark cycle [500 pmol pho-
tonsm *-s~'] at 22 +3°C and 50-70% relative humidity.
Lighting from high-pressure mercury lamps was used in the
glasshouse to supplement periods of low natural light. Plants
were watered every other day. When plants were 4 weeks old,
they were used for experiments.
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Insects

The specialist diamondback moth Plutella xylostella L. (Lepi-
doptera: Yponomeutidae), the specialist cabbage aphid Brevico-
ryne brassicae L. (Hemiptera: Aphididae) and the generalist
cabbage moth Mamestra brassicae L. (Lepidoptera: Noctuidae)
were obtained from stock cultures maintained at the Labora-
tory of Entomology, Wageningen University. All insects were
reared on Brussels sprouts plants (Brassica oleracea var. gem-
mifera cv Cyrus) in a climate room (21 £ 1 °C, 50-70% rela-
tive humidity, 16-h light:8-h dark cycle).

Experimental set-up

The experiments were performed in three different rounds
(November 2012, January/February 2013 and March/April
2013) to obtain three biological replicates. At time points 3, 7 or
14 days after insect infestation, performance of the insects was
assessed, and plant tissue for molecular defence analyses was col-
lected. For each time point, a different set of plants was used to
exclude effects of sampling tissue for molecular analyses on
insect performance. Therefore, a total of 432 plants (four
plants x four treatments x three time points x three B. oleracea
populations x three rounds) were used over the entire study.

Plutella xylostella and Brevicoryne brassicae performance

At each round, 48 plants per B. oleracea population were
infested with three second-instar (L2) P. xylostella caterpillars,
or with five adult B. brassicae aphids, or simultaneously
infested with three L2 P. xylostella caterpillars plus five adult
B. brassicae aphids. Each insect was carefully placed with a
small brush on the third fully expanded leaf. Clean uninfested
plants were used as control. Immediately after placing the
insects on a leaf, they were caged for 24 h using clip cages;
upon removal of the clip cages the insects were allowed to
move and feed freely on the plant. Empty clip cages were used
for 24 h on leaves of control plants. Individual (infested and
control) plants were covered with a gauze net supported by
four wooden sticks to prevent insects from escaping.

For insect performance, individual plants were considered as
the unit of biological replication. At time points 3, 7 or 14 days
after infestation P. xylostella caterpillars or pupae were col-
lected per plant and individually weighed (analytical balance:
Mettler Toledo ML54/01, accuracy = 0.1 mg), and number of
B. brassicae aphids per plant was recorded.

Molecular plant defence analyses

For gene expression and phytohormone analysis, one biological
replicate consisted of eight leaf discs punched with a cork borer
(diameter = 2.1 cm) and pooled from four different plants.

Plant responses to multiple herbivory

Plant material was collected after 3, 7 or 14 days from the leaf
on which the clip cage had been fixed during the first 24 h.
Because after the first 24 h the insects could freely move
around on the plant, the transcript levels of genes measured
were affected by both initial local induction as well as subse-
quent systemic feeding by the herbivores. Leaf discs were flash-
frozen in liquid nitrogen and stored at —80 °C prior to analy-
sis.

Quantitative real-time PCR

Total RNA was isolated from finely ground and homogenised
leaf material with the RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany). RNA was treated with DNasel (Invitrogen, Carls-
bad, CA, USA) following the manufacturer’s instructions. Sub-
sequently cDNA was synthesised from RNA (adjusted to
1 ug-ul™") using iScript cDNA synthesis Kit (Bio-Rad, Her-
cules, CA, USA). Quantitative RT-PCR analysis was performed
in a CFX96 Touch™ Real-Time PCR Detection System (Bio-
Rad). Each reaction was performed in a total volume of 25 ul
containing 12.5 pl SYBR Green Supermix (Bio-Rad), 5 pl
¢DNA and 1 pl of 10 pum forward and reverse gene specific pri-
mer pair. For each reaction, two technical replicates were per-
formed and average values were used in the analyses. The
following PCR programme including a melting curve analysis
was used for all PCR reactions: 3 min 95 °C, followed by 40
cycles of 15 s at 95 °C and 45 s at 59 °C. Relative expression of
a pathogenesis-related protein (BoPR-1) and lipoxygenase
(BoLOX) were calculated using the 27AAC method (Livak &
Schmittgen 2001) with the housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (Broekgaarden et al.
2008) as internal standard.

Primer sequences (Table 1) were based on genes of Brassica
oleracea var. gemmifera, namely BoLOX (GenBank accession
EF123056), BoPR-1 (GenBank accession EF423806) and the
reference gene BOGAPDH (GenBank accession EF123055).

Phytohormone quantification

The JA and SA phytohormone concentrations were quantified
with gas chromatography—mass spectrometry as described in
Schulze etal. (2006). Plant material (250 mg) was finely
ground and frozen in liquid nitrogen. For quantification,
[9,10-H,]-9,10-dihydro-JA (250 ng) and [3,4,5,6-2H,]-SA
(500 ng) were added as internal standards. JA concentrations
were quantified by analysing samples on a Finnigan ITQ 900
(Thermo Scientific, Dreiech, Germany) device equipped with
an Rtx-200MS column (30 m, 0.25 mm, 0.25 mm; Resteck,
Bad Homburg, Germany). Helium (1.5 ml-min~') served as
the carrier gas. Mass spectral analysis was carried out in chemi-
cal ionisation negative (NCI) mode using methane as reagent

Table 1. Specific primer sequences used for quantita-

tive RT-PCR analyses. gene name forward primer reverse primer
BoGAPDH AGAGCCGCTTCCTTCAACATCATT TGGGCACACGGAAGGACATACC
BoLOX AAGGCATCGAGCTTCCCAA TTGCTTTTCAACGGCCACTC
BoPR-1 GTCAACGAGAAGGCTAACTATAACTACG  TTACACCTTGCTTTGCCACATCC
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gas (2.0 ml-min~"). Products were eluted under programmed
conditions: 100 °C, increase (10 °C-min ") to 210 °C, increase
(1 °C-min~") to 227 °C, hold 1 min, increase (40 °C-min~") to
290 °C, hold 2 min. The GC injector (split ratio 1:10), transfer
line and ion source were set at 280, 300 and 200 °C,
respectively.

The SA concentrations were quantified by analysing samples
on a Finnigan Trace MS quadrupole mass spectrometer (Thermo
electron, Waltham, MA, USA) according to Schulze et al. (2006).

Mamestra brassicae performance

At time points 4, 8 and 15 days after infestation, all 48 plants
per population were sampled to investigate the effects of dual
herbivory on a subsequently arriving herbivore, i.e. M. brassicae
caterpillars. From each plant three leaves were excised: the leaf
on which the clip cage had been fixed for the first 24 h and
sampled for gene expression and phytohormone analyses, as
well as two additional leaves which were fully unfolded and
also damaged by insect feeding.

We used excised leaves to exclude that M. brassicae itself
would induce systemic plant responses in addition to the
induced plant phenotypes derived from single or dual her-
bivory. We thus aimed to arrest the plant phenotype as induced
by treatment with B. brassicae and/or P. xylostella and used
M. brassicae performance as a marker for plant quality. Future
studies should explore how the more natural situation, in
which also feeding by the third herbivore M. brassicae induces
plant responses, would affect plant physiological responses and
herbivore performance. We selected the leaf on which initial
herbivores had been inoculated to link the measurements of
gene expression and phytohormones directly to M. brassicae
performance and added two leaves on which the initial herbi-
vores had been feeding to provide ad libitum food to the
M. brassicae caterpillars. These leaves, together representing
one biological replicate, were placed in a small vial with tapwa-
ter and sealed with a cotton plug. All insects were removed
when the leaves were excised. Vials containing the leaves were
placed in a plastic container (12 x 18 x 7cm, L x W x H)
covered with a transparent lid with 12 small holes. In each con-
tainer ten neonate (L1) M. brassicae caterpillars were carefully
placed on the leaves with a small brush and allowed to feed for
6 days. Although after 6 days the leaves still looked healthy and
remained turgid, any degradation in leaf quality was across all
treatments and could not be excluded in this experimental
design. Containers were placed in a glasshouse (22 £ 3 °C, 50—
70% relative humidity, 16-h light:8-h dark cycle). After 6 days
of feeding, caterpillars were individually weighed on an analyti-
cal balance (Mettler Toledo ML54/01, accuracy = 0.1 mg).
Mortality was calculated as the initial number of larvae placed
on the leaves minus the number of larvae that were still alive at
the moment of weighing.

Statistical analysis

The effects of herbivore treatments, time points, experimental
rounds and plant populations on:

1 B. brassicae numbers, gene expression and phytohormone
concentrations were analysed using a generalised linear
model (GLM; forward accumulated analysis of deviance)
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with Poisson distribution and log link function. Time point
was included as covariate, while treatment, plant population
and round were included as fixed factors. An estimated dis-
persion parameter was included to account for residual
variance. When interactions between factors were not sig-
nificant, only main treatment effects are presented.

2 P. xylostella and M. brassicae caterpillar and pupal weights
were analysed using a generalised linear mixed model
(GLMM; sequentially adding terms to fixed model) with
normal distribution and identity link function. The model
included a random effect of individual plant identity and an
estimated dispersion parameter to account for residual vari-
ance. When terms were not significant they were subse-
quently removed from the statistical model. In cases where
P. xylostella caterpillar weight was lower than the accuracy
of the balance (n = 31), they were entered with the lowest
measurable weight (0.1 mg) in the analysis. Interaction
terms between treatments, time points, experimental
rounds and plant populations could not be computed for
M. brassicae data because of an insufficient number of
degrees of freedom.

3 M. brassicae mortality and the fraction of P. xylostella pupae
relative to the total of all P. xylostella life stages that were
found per plant at each of the time points, were analysed
using a GLM (forward accumulated analysis of deviance)
with binomial distribution and logit link function. Binomial
totals were always 10 M. brassicae larvae or were the totals
of all P. xylostella life stages found per plant. An estimated
dispersion parameter was included to account for residual
variance.

Post-hoc tests for differences between levels of the fixed fac-
tors were analysed with a #-test for pair-wise differences of the
means for B. brassicae numbers and M. brassicae mortality.
Post-hoc comparisons for P. xylostella and M. brassicae weights,
gene expression and phytohormone concentrations were anal-
ysed with an LSD test. All statistical analyses were conducted in
GenStat software version 16.2 (VSN International, Hemel
Hempstead, UK).

A correlation analysis was used to test for a relationship
between JA and SA concentration, JA concentration and LOX
expression, SA concentration and PR-1 expression, and LOX
and PR-1 expression in plants from each population and treat-
ment. Excluded from analysis were all samples (n = 38 plants
over the entire study) that had unintended B. brassicae
infestation.

RESULTS

Performance of B. brassicae aphids and P. xylostella
caterpillars

The number of B. brassicae that accumulated per plant was
42% lower when B. brassicae aphids were feeding simultane-
ously with P. xylostella on the same plant, compared to B. bras-
sicae aphids feeding alone on Kimmeridge plants (Table 2a,
Fig. 1). Aphid numbers were not affected by plant population,
and increased significantly with time. The experimental rounds
significantly influenced B. brassicae numbers (Table 2a).
Simultaneous feeding by B. brassicae affected P. xylostella
caterpillars negatively, depending on the time point and plant
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Table 2. Statistical tests on performance variables of insects feeding on plants from three wild Brassica oleracea plant populations, which were either undam-
aged or induced by Plutella xylostella caterpillars, Brevicoryne brassicae aphids, or both. (a) GLM deviance table for B. brassicae numbers, fraction of P. xy-
lostella pupae and Mamestra brassicae caterpillar mortality. (b) GLMM Wald table for P. xylostella caterpillar weights, P. xylostella pupal weights, M. brassicae
caterpillar weights and M. brassicae caterpillar weights on control plants only. Bold numbers indicate significant effects of the factor on insect performance

(00=10.05).

GLM deviance table — factors

treatment plant population time point round total model
(a) df deviance P df  deviance df deviance P df deviance P df deviance
B. brassicae number 1 388.54 <0.001 S 17811.26 <0.001 2 1012.50 <0.001 204 23749.81
P. xylostella pupal fraction ns 6 40.96 <0.001 ns 120 217.37
M. brassicae caterpillar mortality ns 8 157.48 <0.001 ns 391 959.05
GLMM Wald table — factors
treatment plant population time point round
(b) df F P df F P df F P df F P
P. xylostella caterpillar weight 1 893 0.003 2 5.72 0.004 1 54596 <0.001 2 5.59 0.004
P. xylostella pupal weight 1 029 0593 2 0.71 0.494 1 2.93 0.091 2 2.92 0.060
M. brassicae caterpillar weight 3 372 0.012 2 69.07 <0.001 1 18.48 <0.001 2 5443  <0.001
M. brassicae caterpillar weight control only 2 13.54 <0.001 2 3.10 0.050 2 24.07  <0.001
“ns: indicates a non-significant factor that was not included in the model.
[ ] B. brassicae
- B. brassicae + P. xylostella
400 - Kimmeridge . } Winspit Old Harry

2 n.s.

g

w

8 200 | | ns.
Fig. 1. Brevicoryne brassicae performance. Mean num- -E‘:_
ber of B. brassicae (+SE) on plants of three wild cabbage % b
populations (Kimmeridge, Winspit and Old Harry) at 3, 7 § 200 4
or 14 days after single B. brassicae or simultaneous Plu- '§
tella xylostella and B. brassicae infestation. Three rounds z
(n = 3) were conducted and n = 144 individual plants 100 4 i 3. 1 L
were considered as the unit of biological replication per o f. .3, E.
round. Bars marked with different letters are significantly
different (GLM, P < 0.05); ns indicates no significant dif- 3 T 14 3 7 14 3 7 14

ference between groups.

population (Table 2b). Thus, both B. brassicae and P. xylostella
performance were negatively affected by simultaneous feeding
by the reciprocal herbivore, and influenced by time of infesta-
tion. At 3 days after induction, there was no difference in cater-
pillar weights between the treatments, whereas at 7 days after
induction, caterpillar weight was 16% lower when P. xylostella
caterpillars were feeding simultaneously with B. brassicae
aphids on the same plant, compared to P. xylostella caterpillars
feeding alone (Fig. 2). Plant population affected P. xylostella
caterpillar weights, with the highest weight at 7 days after
induction reached on Old Harry plants, and lowest weight was
reached on Winspit plants (Fig.2). Experimental rounds
affected P. xylostella caterpillar weight. Pupal weights were nei-
ther affected by the presence or absence of B. brassicae on the
plant (Table 2a) nor by plant population, experimental round
or time point. At 14 days, the majority of the P. xylostella

Time after induction (days)

caterpillars had pupated and a small fraction of the pupae had
eclosed.

Likewise, P. xylostella development time until pupation,
measured as the fraction of pupation per time point, was not
affected by simultaneous feeding by B. brassicae on the same
plant (Table 2a). Neither differences between plant populations
nor between experimental rounds were significant; the fraction
of pupation increased over time.

Transcriptional analyses

Expression of the SA-responsive marker gene PR-1 was signifi-
cantly affected by treatment, plant population and time point
(Table 3a), as well as their interaction (Table 3b). Treatment,
time point, plant population and round also had a significant
effect on the expression of the JA-responsive marker gene LOX
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|:| P. xylostella

B - xylostella + B. brassicae
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Fig. 2. Plutella xylostella performance. Mean weight

5 71 Kimmeridge 1 Winspit OldHarry  a (mgq) of P. xylostella caterpillars (SE) on plants of three
E, &l %5 ) ] wild cabbage populations (Kimmeridge, Winspit and Old
= b Harry) at 3 or 7 days after single P. xylostella or simulta-
g 5 4 1 a k neous P. xylostella and Brevicoryne brassicae infestation.
g ad b i i Data for 14 days after induction are not shown here

g b because only a few P. xylostella in the caterpillar stage
§ 34 : 1 remained at that time point, the rest pupated. Three

% 2] . ] his: 1 B rounds (n = 3) were conducted and n = 144 individual

2 plants were considered as the unit of biological replica-
14 rx_- 1 F—- 7 ’—x—- tion per round. Bars marked with different letters are

R significantly different (GLMM, P < 0.05); ns indicates no

3 7 3 7 3
Time after induction (days)

7 significant difference between groups within a time
point.

Table 3. Statistical tests on gene expression and hormone concentrations in plants from three wild B Brassica oleracea populations, which were either undam-
aged or induced by Plutella xylostella caterpillars, Brevicoryne brassicae aphids, or both. GLM deviance table for effect of Time point, Treatment, Round and
Population (a) and their interaction term (b). Non- significant interaction terms were not included in the model. Bold numbers indicate significant effects

(e=0.05).
GLM deviance table — factors
treatment (1) plant population (2) time point (3) round (4)
df =3 df =2 df =1 df =2
(a) deviance P deviance P deviance P deviance P
PR-1 gene 139.755 <0.001 198.65 <0.001 168.699 <0.001 10.684 0.144
LOX gene 82.38 <0.001 45.01 <0.001 64.98 <0.001 72.97 <0.001
SA concentration 259.82 0.025 14.47 0.736 105.78 0.044 13.18 0.756
JA concentration 92.02 0.163 24.89 0.481 101.75 0.020 401.66 <0.001
GLM deviance table — interactions
1x2 1x3 1x4 2x3 3x4 1Tx2x3 1x3x4
df =2 df=3 df=6 df =2 df =2 df =6 df=6
(b) deviance P deviance P deviance P deviance P deviance P deviance P deviance P
PR-1 gene 133.71 <0.001 46.902 0.012
LOX gene 21.677 0.005 30.345 <0.001 15.316 0.001 14.912 0.027
SA 395.60 0.031 373.12 0.040
concentration
JA 355.50 0.011 173.03 0.013

concentration

(Table 3a); however, there was no significant interaction
between the factors treatment, plant population and time point
(Table 3b).

Caterpillars feeding on Kimmeridge plants and simultaneous
feeding by caterpillars and aphids on Old Harry plants up-
regulated a significantly higher proportion of PR-1 expression
14 days after infestation (>20%; Fig. 3). At this time point most
of the P. xylostella caterpillars had pupated.

Significantly higher expression levels of LOX were found
in all three cabbage populations upon aphid feeding alone
and simultaneous aphid and caterpillar feeding compared to
control plants and plants induced with caterpillars only
(Fig. 3).

In conclusion, after prolonged herbivory SA-mediated sig-
nalling is still up-regulated and dual herbivory differentially
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affected JA-dependent LOX expression compared with plants
infested by only P. xylostella caterpillars or control plants.

Phytohormone analyses

To further investigate the effect of dual herbivore attack on plant
defences, the concentrations of the phytohormones JA and SA
were assessed. The concentration of JA was significantly affected
by time point and experimental round (Table 3a). However, JA
concentrations were similar among treatments for all time
points and cabbage populations (Fig. 4). There was a significant
interaction between the effects of treatment, time point and
plant population on SA concentration (Table 3b; GLM).

A significantly higher proportion of SA (43%) was induced
in Kimmeridge plants by aphids only or by caterpillars only

Plant Biology 18 (2016) 981-991 © 2016 German Botanical Society and The Royal Botanical Society of the Netherlands
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Fig. 3. Gene expression in response to single or dual insect attack. PR-7 and LOX expression in leaves of plants from wild cabbage populations (Kimmeridge,
Winspit and Old Harry) at 3, 7 or 14 days after single Plutella xylostella, single Brevicoryne brassicae, simultaneous P. xylostella and B. brassicae infestation or
without feeding (Control). Symbols represent means =+ SE. Three rounds (n = 3) were conducted and eight leaf discs were pooled from four different plants
(n = 4) per round. Symbols marked with different letters are significantly different within a time point (GLM, P < 0.05); ns indicates no significant difference
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Fig. 4. Phytohormone production in response to single or dual insect attack. Salicylic acid (SA) and jasmonic acid (JA) concentrations expressed as ng per g FW
in wild cabbage populations (Kimmeridge, Winspit and Old Harry) at 3, 7 or 14 days after single Plutella xylostella, single Brevicoryne brassicae, simultaneous
P. xylostella and B. brassicae infestation or without feeding (Control). Symbols represent means + SE. Three rounds (n = 3) were conducted and eight leaf discs
were pooled from four different plants (n = 4) per round. Symbols marked with different letters are significantly different within a time point (GLM, P < 0.05);

ns indicates no significant difference between groups within a time point.

compared to plants simultaneously induced by both insects at
3 days (Fig. 4). This indicates that in Kimmeridge plants aphids
and caterpillars alone induce a different SA-mediated defence
response compared to both insects feeding simultaneously.
Among the three plant populations, SA concentrations dif-
fered upon insect infestation. Aphid feeding induced a signifi-
cantly higher proportion of SA (83%) in Winspit plants after
14 days compared to caterpillar-infested plants (Fig. 4). In
Kimmeridge plants, 14 days after caterpillar feeding, the SA
concentration was significantly induced to a higher proportion
than in plants simultaneously induced by both insects and in
aphid-infested plants (64% and 69%, respectively; Fig. 4). This

Plant Biology 18 (2016) 981-991 © 2016 German Botanical Society and The Royal Botanical Society of the Netherlands

is a similar activation of the SA pathway (higher PR-1 expres-
sion) as we had also seen in Kimmeridge plants (Fig. 3). For
aphid-infested Old Harry plants, the proportion of SA was sig-
nificantly lower compared to control and caterpillar-infested
(69% and 82%, respectively) Old Harry plants 3 days after
insect feeding (Fig. 4).

Performance of third subsequent herbivore M. brassicae

Plant resistance was altered by single or simultaneous feeding
by the two herbivores P. xylostella and B. brassicae, which nega-
tively affected the third herbivore, M. brassicae that was fed
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with leaf tissue of the induced plants. M. brassicae performance
was 19% lower on plants previously induced by both P. xy-
lostella and B. brassicae compared to control plants without
previous insect feeding (overall treatment effect; Table 2b,
Fig. 5). The performance of M. brassicae on leaf tissue of
undamaged plants or plants previously induced by either
aphids or caterpillars did not differ from each other, indicating
that only induction by the two herbivores together negatively
affected the performance of M. brassicae. M. brassicae perfor-
mance was affected by the length of time previous herbivores
had spent feeding, as weight of M. brassicae caterpillars differed
between the time points, mostly between 4 and 15 days, and 8
and 15 days after the start of previous herbivory. The three
plant populations affected M. brassicae caterpillar weight dif-
ferently, with lowest weight obtained on Winspit plants and
highest weight on Kimmeridge plants. Also experimental round
affected M. brassicae weight (Table 2b).

To verify whether the observed differences in M. brassicae
weight were caused only by previous feeding by the inducing her-
bivores, or could also have been affected by differences in plant
quality between the time points or plant populations, weight of
M. brassicae caterpillars feeding on the control plants was analysed
separately. M. brassicae caterpillar weight was 20% lower after
feeding on leaf tissue of control plants 15 days after onset of the
experiment compared to M. brassicae weight feeding on control
plants 4 and 8 days after onset of the experiment (Table 2b). On
leaves of Winspit control plants M. brassicae caterpillar weight
was 47% lower compared to leaves of control plants of the two
other plant populations. Weight of M. brassicae was also affected
by the experimental round when feeding on control plants.

Mortality of M. brassicae caterpillars was not affected by pre-
vious induction by aphids or caterpillars (Table 2a), nor was it
affected by plant population or by experimental round; only at
the 14-day time point was mortality higher than at either of the
two other time points.

DISCUSSION

In nature, plants are frequently under attack by multiple insect
herbivores. Insects feeding on plants interact indirectly through

plant-mediated effects, in which initial insect attackers affect
plant responses that influence subsequently feeding herbivores
(Denno et al. 1995; Kaplan & Denno 2007). In addition, it is
known that induction of plant defence responses differs
between dual and single herbivore attack (Voelckel & Baldwin
2004). Importantly, the majority of herbivores will find them-
selves feeding on plants previously attacked by multiple insects,
but little is known about the effect of multi-herbivore-induced
plant phenotypes on resistance to subsequent attackers. We
found that simultaneous feeding by P. xylostella and B. brassi-
cae resulted in different plant defence-related gene expression
and differences in plant hormone concentrations compared to
single herbivory, and this had a negative effect on subsequently
arriving M. brassicae caterpillars, depending on plant popula-
tion and time point.

Here, the performance of both P. xylostella caterpillars and
B. brassicae aphids was negatively affected by simultaneous
feeding by the reciprocal herbivore. In contrast, in previous
studies, positive reciprocal interactions between insects have
been observed (Rieske & Raffa 1998; Poelman et al. 2008; Soler
et al. 2012; Mathur et al. 2013; Agrawal et al. 2014; Li ef al.
2014). Most of those studies concerned sequential insect infes-
tation (i.e. one herbivore after the other). Here, we introduced
the two initial herbivore species simultaneously, which might
explain the negative reciprocal effects on their performance
that we recorded in this study. Sequential insect infestation
causes a time lag between the induction by the first and a sec-
ond attacker. Because plant defence signalling pathways are
known to interact, a time lag could affect the interaction
between defence signalling in a different way from when both
attackers arrive at the same time (Erb efal 2011; Karban
2011).

Not only the simultaneously attacking insects but also the
subsequently arriving M. brassicae caterpillars were negatively
affected by dual herbivore-induced plant resistance. These find-
ings suggest that plant responses to herbivores attacking alone
affect a herbivore arriving later in a different way to simultane-
ously attacking herbivore species (see also Kaplan & Denno
2007). Such trait-mediated interaction networks (Utsumi et al.
2010) imply that herbivores can have far-reaching
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consequences for not only the plant they feed on, but also for
all later arriving insects. It has been previously reported that
the generalist herbivore, Spodoptera exigua, performed worse
when feeding from plants previously attacked by both potato
aphids and S. exigua or aphids only, compared to plants with
previous S. exigua attack alone. This coincided with a suppres-
sion of genes that were originally up-regulated by the reciprocal
herbivore and with different regulation of plant biochemistry
during dual compared to single insect infestation (Rodriguez-
Saona et al. 2010). Furthermore, Mathur et al. (2013) showed
that the specialist caterpillar Plutella xylostella gained more
weight when feeding on plants previously attacked by both
P. xylostella and Spodoptera litura caterpillars than when feed-
ing on plants previously attacked by only P. xylostella. How-
ever, these studies concerned only two species in conspecific or
heterospecific interactions, whereas here we present the effects
of two herbivores on responses to a newly arriving third insect
species. In addition, the outcome of interactions between spe-
cies can be herbivore species-specific (Agrawal 2000; Van Zandt
& Agrawal 2004; Uesugi et al. 2013) and density-dependent
(Kroes et al. 2015). For example, plant induced responses to
P. rapae feeding differed in the magnitude of their negative
effect on performance of the generalist herbivore M. brassicae
and the specialist P. xylostella and oviposition preference for
the P. rapae-induced plant. Induced plants were preferred over
undamaged plants by P. xylostella, whereas M. brassicae pre-
ferred undamaged plants for oviposition (Poelman et al. 2008).
It remains to be identified whether the level of specificity in
pair-wise herbivore interactions is further modulated in
response to multi-herbivore attack or whether specific herbi-
vore species have a prominent effect on the plant phenotype
regardless of the presence of other herbivore species (Poelman
& Kessler 2016).

Our data provide further insight in how plants physiologi-
cally respond to single and dual herbivore attack by analysing
the expression of defence genes and concentrations of the plant
hormones SA and JA. Here, we demonstrate that plant resis-
tance differs when induced by multiple insect attack compared
to single attack, which subsequently affects the performance of
successively arriving herbivores. In Kimmeridge plants, 3 days
after herbivory by either aphids or caterpillars, SA was induced
to significantly higher concentrations compared to plants
simultaneously induced by both caterpillars and aphids.
Through antagonistic or synergistic crosstalk between JA and
SA, plants are able to fine-tune their defences (Pieterse et al.
2009; Thaler et al. 2012). Although a negative correlation was
found between JA and SA in milkweed plants after herbivory of
both monarch caterpillars and oleander aphids (Ali & Agrawal
2014), we did not find evidence for overall suppression of JA
by SA or vice versa (data not shown). However, simultaneous
feeding by aphids and caterpillars resulted in a significant
increase of JA-dependent LOX expression compared with
plants infested by only P. xylostella caterpillars or control
plants. Therefore, differential induction of JA-regulated tran-
scriptional responses to dual insect attack could have mediated
a decrease in M. brassicae performance because resistance to
caterpillars (including M. brassicae — Van Dam & Oomen
2008) is generally induced by the JA signalling pathway (de
Vos etal. 2005; Stam et al. 2014). The induction of plant
defence signalling affected both P. xylostella and B. brassicae
performance. Therefore, JA-mediated responses not only affect

Plant responses to multiple herbivory

caterpillars but also decrease aphid population growth. We
showed that B. brassicae aphids induced both JA- and SA-
mediated resistance, which may affect aphid performance,
depending on whether they are feeding alone or simultaneously
with caterpillars (Moran et al. 2002). We found a strong corre-
spondence between PR-1 expression and SA concentration
(positive correlation, ry=0.74, P=0.018) only in Old Harry
plants simultaneously infested by aphids and caterpillars. This
indicates that expression of PR-1 can account for changes in
SA concentration and, therefore, PR-1 expression can be used
as a predictor for SA-mediated induced defences. However,
direct correlation of gene expression or hormone concentra-
tions with herbivore performance is difficult because of the dif-
ferent time scales at which these processes occur (Stam et al.
2014).

Nevertheless, relatively little is known about long-term
effects of herbivory on the kinetics of defence-related gene
expression or hormone concentrations upon multiple her-
bivory (de Vos et al. 2005; Kliebenstein 2014). Underwood
(2012) showed that plant resistance responses might last for at
least 15 days after herbivory, and had not yet decayed by the
time a second herbivore arrived on the plant. However, peaks
in defence-related gene expression might decay much earlier
(Vos et al. 2013). We observed that 14 days after herbivory a
significant up-regulation of PR-I expression occurred after
feeding by P. xylostella caterpillars only in Kimmeridge plants,
or after simultaneous feeding of both caterpillars and aphids in
Old Harry plants. Similar to our results, it has previously been
found that P. xylostella feeding activates SA signalling in Ara-
bidopsis and Chinese cabbage plants (Ehlting et al. 2008; Koo
et al. 2013; Kroes et al. 2015). Interestingly, after 14 days the
majority of the caterpillars had pupated and, thus caterpillar
feeding had stopped. Elevated expression of the SA-regulated
marker gene PR-1 in Kimmeridge plants 14 days after feeding
by caterpillars could indicate priming for enhanced defence or
a lag in defence response time to caterpillar attack (see Vos
et al. 2013). Another possibility could be that an antagonistic
effect of JA on SA-mediated PR-1 expression fell from the
moment the caterpillars stopped feeding upon pupation. Fur-
thermore, the time herbivores spent feeding may differentially
affect defence responses induced by later-arriving insects. Spo-
doptera litura was negatively affected by previous dual P. xy-
lostella and S. litura feeding that started 14 days earlier, but not
at earlier or later time points (Mathur et al. 2013). Similar to
the finding of Mathur ef al. (2013) that the subsequent herbi-
vore was negatively affected by previous insect feeding depend-
ing on the duration of herbivory, we found that M. brassicae
caterpillars performed worst on plants induced by both P. xy-
lostella and B. brassicae after 15 days of feeding. This indicates
that the length of time first inducers spent on feeding before a
subsequent herbivore arrives has an effect on the latter. How-
ever, declining plant quality over time cannot be completely
excluded.

Plant species vary in their responses to herbivores, even
though plant hormones and their cross-regulation are generally
regarded as conserved among most of the angiosperms (Thaler
et al. 2012). We observed an interaction effect between plant
population and insect treatment, indicating that regulation of
responses to insect feeding varies significantly within the same
plant species. Differences in responses to herbivory between
plant populations (Li et al. 2014) or closely related plant
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species (Johnson & Agrawal 2005; Ali & Agrawal 2014) have
been observed before. The fact that M. brassicae caterpillars are
differentially affected by plant populations confirms previous
work (Gols et al. 2008). Performance of M. brassicae caterpil-
lars was most negatively affected by Winspit populations,
which contain the highest total level of glucosinolates com-
pared to Kimmeridge and Old Harry plants (Gols et al. 2008).
This suggests that performance of M. brassicae caterpillars
could also have been negatively affected by differences in nutri-
tional quality between the plant populations, such as glucosi-
nolates or other secondary or primary metabolites. The
variation that we observed among experimental rounds could
be explained by seasonally varying climate conditions that
affect Brassica phenotypes, even under greenhouse conditions
(Gols et al. 2007).

In conclusion, by combining ecological and molecular
approaches to plant—insect interactions we show links between
transcriptomic changes and insect responses. We found that
changes in gene expression and phytohormone concentrations
caused by dual herbivory affected a subsequently arriving third
herbivore, as an example of trait-mediated interaction net-
works that are common in insect communities. Plant-mediated
effects of responses to single herbivores are well known to affect
community composition season-wide (Kessler & Baldwin 2004;
Van Zandt & Agrawal 2004; Viswanathan et al. 2007; Poelman
et al. 2010). Our study predicts that each subsequently arriving
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herbivore on a plant may modulate the plant phenotype and
thereby affect the assembly of insects colonising the individual
plant. Moreover, the order of arrival of the first colonisers may
thereby have profound effects on the course of the dynamics of
the insect community. Therefore, to understand how plant-in-
sect communities are structured, we need to identify how net-
works of herbivore inducers and responders integrate over
time (Utsumi et al. 2010; Kliebenstein 2014) and in more natu-
ral situations on intact plants with a diversity of inducing and
responding insects. Such understanding will help to refine the
increasingly complex plant—insect interaction models in which
factors such as time course, ecological and molecular changes,
multiple interacting insect attackers and plant genotype are
important. Identification of these interaction networks will
allow for better understanding of how plants have adapted to
multi-herbivore attack in natural ecosystems (Poelman 2015;
Poelman & Kessler 2016).
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