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Abstract

Background: Under the threat of global climatic change and food shortages, it is essential to take the initiative to obtain a
comprehensive understanding of common and specific defence mechanisms existing in plant systems for protection
against different types of biotic invaders. We have implemented an integrated approach to analyse the overall
transcriptomic reprogramming and systems-level defence responses in the model plant species Arabidopsis thaliana (A.
thaliana henceforth) during insect Brevicoryne brassicae (B. brassicae henceforth) and bacterial Pseudomonas syringae pv.
tomato strain DC3000 (P. syringae henceforth) attacks. The main aim of this study was to identify the attacker-specific and
general defence response signatures in A. thaliana when attacked by phloem-feeding aphids or pathogenic bacteria.

Results: The obtained annotated networks of differentially expressed transcripts indicated that members of transcription
factor families, such as WRKY, MYB, ERF, BHLH and bZIP, could be crucial for stress-specific defence regulation in Arabidopsis
during aphid and P. syringae attack. The defence response pathways, signalling pathways and metabolic processes
associated with aphid attack and P. syringae infection partially overlapped. Components of several important biosynthesis
and signalling pathways, such as salicylic acid (SA), jasmonic acid (JA), ethylene (ET) and glucosinolates, were differentially
affected during the two the treatments. Several stress-regulated transcription factors were known to be associated with
stress-inducible microRNAs. The differentially regulated gene sets included many signature transcription factors, and our co-
expression analysis showed that they were also strongly co-expressed during 69 other biotic stress experiments.

Conclusions: Defence responses and functional networks that were unique and specific to aphid or P. syringae stresses were
identified. Furthermore, our analysis revealed a probable link between biotic stress and microRNAs in Arabidopsis and, thus
gives indicates a new direction for conducting large-scale targeted experiments to explore the detailed regulatory links
between them. The presented results provide a comparative understanding of Arabidopsis — B. brassicae and Arabidopsis — P.

syringae interactions at the transcriptomic level.
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Introduction

Plants are sessile organisms that are unable to escape biotic and
abiotic stresses. As a result, they have evolved flexibility in their
responses to changing environmental conditions, such as light,
drought, temperature, the available nutritional supply and biotic
invasion. Different types of biotic invasions, such as insect,
bacterial, fungal and viral invasions, represent a severe threat to
agricultural production worldwide [1]. Some responses of host
plants to different stress conditions are very general and provide
protection from a variety of invading organisms, whereas others
are more specific and target particular types of attackers. Highly
complex and often connected signalling pathways, regulating
numerous metabolic networks, coordinate plant responses to
different stress conditions. Over the last decade or so, clear
advances have been made in understanding how defence
responses are orchestrated in higher plants. The development of
microarray technology has allowed monitoring of expressional
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changes in thousands of genes simultaneously, and this technology
has now become a major tool for examining plant stress biology.
Most of these studies have adopted A. thaliana as a model plant
organism because of the vast amount of genomic information
made available for this species with the completion of the A.
thaliana genome sequence and advanced annotation of A. thaliana
genes [2]. Analysing the regulation of gene expression under
various stress conditions has revealed that the early defence
responses of a plant to different stress factors often overlap and
engage the same sets of genes [3]. It has also become evident that
different types of plant invaders may induce substantially different
changes in the host plant transcriptome. Furthermore, studies on
plants subjected to various treatments indicate that the induced
defences can be both general — being commonly manifested
regardless of the type of applied treatment; and specific

providing protection from a certain type of stress [4,5]. In many
cases, however, the multidimensional level of network crosstalk
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makes it challenging to recognise which of the observed responses
are general and which are more stress specific [6,7].

Aphids are one of the world’s major insect pests, causing serious
economic damage to a range of temperate and tropical crops [8].
Aphids use their mouthparts, formed into a stylet-like structure, to
plerce plant tissue in the search for sieve elements (SEs) containing
their primary food source: phloem sap [9,10]. Feeding by an aphid
causes minimal wounding, as its stylet proceeds mostly inter-
cellulary and is inserted only into selected cells on its way to the
phloem tissue [11]. However, the disruption of cell walls and
membranes of the pierced cells is likely to be the first factor
triggering a plant response. In addition, the salivary secretions
lubricating the stylet throughout its pathway through plants tissues
and injected into SEs during feeding contain molecular signatures
that activate plant defences. Therefore, despite their stealthy
feeding, aphids are strong inducers of plant defences against them.
Recently Kusnierczyk et al. reported the timing and dynamics of
early Arabidopsis defence responses [12] to an aphid attack.

P. syringae is a bacterial leaf pathogen that causes extensive
chlorosis and necrotic spots [13]. Many strains of P. syringae are
pathogenic in the model plant A. thaliana, and P. syringae is
therefore widely used to study plant — pathogen interactions under
laboratory conditions. P. syringae enters host tissues through
wounds or natural openings such as stomata, and in susceptible
plants, it multiplies to high concentrations in intercellular spaces
[14]. The ability of P. syringae to multiply endophytically is
dependent on its type III secretion pathway enabling the secretion
of proteins into the apoplast. These proteins interact with the cell
wall and plasma membrane and are directly translocated into the
cytoplasm of host cells [15]. Several strains of P. syringae produce
coronatine, a molecule that mimics endogenous plant jasmonyl-L-
isoleucine and an activator of the jasmonic acid signalling pathway
[16]. By doing so, the bacteria manipulate host responses,
suppressing salicylic acid defences through the activation of
Jjasmonic acid signalling [17,18].

A great number of experiments conducted to assess plant
responses to different stresses have made substantial contributions
to our understanding of the induced defences of plants. However,
the comparison of independent experiments and extraction of
meaningful information from such comparisons is complicated
and difficult in most cases, mainly due to the lack of common
standards regarding how to grow plants, conduct expression
profile experiments, and finally, how to evaluate the resulting gene
expression data [19]. In recent years, integrated approaches, such
as systems biology methods, have been evolving, providing
promising tools for studying plant stress responses [20,21].
Scientists intend to go beyond simple functional enrichment
analyses to understand the molecular basis of genome-scale
microarray experiments. Methods inspired by systems biology
utilise lists of differentially expressed genes ranked by biological
criteria to search for the distribution of blocks of functionally
related genes without imposing any artificial threshold. Such
ranked lists of genes can be arranged into functional classes,
pathways and biological processes. Co-expression or co-regulation
of particular genes can indicate their involvement in similar
biological processes, meaning that individual modules of genes can
be attributed to specific biological processes. Using this basic
concept, modular network topology-based analysis has been
proven to be useful in identifying functional modules of genes
[22]. In a recent co-expression study, Weston and co-workers
showed how a co-expression network-based analysis can be used
for understanding population-level adaptive physiological respons-
es of plants to abiotic stress [23].
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MicroRNAs (microRNAs) are small, non-coding RNAs that
play critical roles in post-transcriptional gene regulation and stress-
inducible transcriptional regulation in Arabidopsis [24]. In plants,
mature microRNAs pair with complementary sites on mRNAs,
subsequently leading to the cleavage and degradation of the
mRNAs. Many microRNAs target mRNAs that encode transcrip-
tion factors and, thus, influence the expression of many genes
whose regulation is controlled by these transcription factors [25].
The identification, detection, regulation and functional analysis of
microRNAs associated with biotic stress remains a great challenge.
In contrast, information about plant stress-responsive genes and
their transcription factor binding sites is available to some extent in
several databases [26,27,28,29,30]. Integration of such publicly
available knowledge bases with experimental approaches would
provide useful insights in understanding the plant defence
responses to different biotic stresses.

In this manuscript, we present such an integrated approach to
explore the common (general) and attacker-specific defence
responses of A. thaliana subjected to two different types of biotic
invaders: phloem-feeding aphids (B. brassicae) and pathogenic
bacteria (P. syringae). To allow comparison between the obtained
gene expression profiles and the observed regulation of gene
pathways involved in defence against the aphid and the bacterium,
the same growth and experimental conditions were used in the two
simultaneous experimental setups. Transcriptional changes result-
ing either from infestation with B. brassicae or infection with P.
syringae were assessed with the use of full-genome Arabidopsis
microarrays (the data have been deposited in GEO with accession
numbers GSE39245 and GSE39246).

Two sets of differentially expressed genes, corresponding to the
plant responses to either aphid or bacterial treatment, were
created as the outcome of the microarray data analysis. In an
attempt to integrate the resulting data with publicly available
knowledge extracted from several different databases as well as
from published results of other experiments, these two differen-
tially regulated gene sets were subsequently analysed through a set
of computational approaches. The following analyses were
incorporated into the presented work: an analysis of enriched
functional categories or processes; exploration of potential
connections between microRINAs and biotic stress-inducible
transcriptional regulation during insect and bacterial attack;
cross-validation of the aphid- and Pseudomonas-regulated genes
using a co-expression network constructed from a compendium of
69 other biotic stress microarray datasets complied in the
CORNET tool [31] (https://cornet.psb.ugent.be/).

Results and Discussion

Overall Changes in the Arabidopsis Transcriptome in
Response to Insect and Bacterial Attack

To explore the complexity of the transcriptional changes
induced by the different examined A. thaliana attackers, we
compared the overlap between the obtained gene sets. From the
results, it 1s evident that the transcriptional responses of A. thaliana
to these very different attackers are massive. Aphid infestation and
P. syringae infection resulted in significant differential regulation of
4,979 (2,803 up-regulated, 2,176 down-regulated) and 3,199
(1,634 up, 1,565 down) genes, respectively (Table 1 and Tables
S4, S5). Although aphids and bacteria exhibit very different
modes of action and trigger a highly dissimilar signal signature, a
large number of Arabidopsis genes were expressed in response to
both attackers. There were 1,597 common genes affected after
both aphid infestation and P. syringae treatment. A total of 3,382
genes (1,963 up, 1,419 down) showed aphid-specific expression,
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while 1602 genes (842 up, 760 down) showed P. syringae-specific
expression (Table S6). In the common set of genes, there were a
total of 186 genes that showed opposite expression patterns in the
two experiments. Of these genes, 117 were up-regulated under
aphid and down-regulated under P. syringae attack, while 69 genes
were down-regulated under aphid and up-regulated under P.
syringae attack. Out of the 117 genes that were up-regulated in the
aphid and down-regulated in the P. syringae experiment, 17 have
been reported to be transcription factors. Six of these transcription
factors are members of the FRF/AP2 transcription factor family.
Among them ERFI04, which is regulated by MPEK6, is a key
controller of innate immunity and dehydration stress [32].

In total, 303 transcription factors were found to be affected by
the aphid treatment, while 191 transcription factors showed
altered expression under P. syringae infection. The common
category (differentially expressed during both aphid infestation
and P. synngae treatment) included 87 known Arabidopsis
transcription factors. The analysis also identified 216 transcription
factors that were differentially regulated only during the aphid
treatment and 104 transcription factors that were differentially
regulated only during P. syringae infection. The annotated network
of these transcripts showed that some of the differentially expressed
transcription factors could be crucial for stress-specific defence
responses in A. thaliana plants.

Analysis of overrepresented gene ontologies (GO) in A. thaliana
indicates rigorous reprogramming of several biological processes.
As seen from the Table 1, a large number of genes were
differentially regulated in A. thaliana during both the aphid and P.
syringae experiments, which indicated that intense transcriptional
reprogramming took place. A network-based analysis of the
corresponding GO terms under the Biological Process classification
using ClueGO (correction method = Bonferroni, kappa score
=0.3) in the common aphid-specific and P. syringae-specific
transcript dataset was performed.

When this analysis was applied to the list of 1,597 common
genes whose expression was affected during both of the
experiments, 17 significantly overrepresented categories were
identified (some of these categories are shown in Figure 1.) Most
of the cellular and metabolic processes were clustered in distinctly
separate modules, and there were few highly interconnecting
overrepresented processes. More than half of the genes from the
common list were involved in central metabolic and cellular
processes, such as electron transport and energy pathways located
in the plastid. Some of the most significant categories were indole-
containing compound metabolic processes, host localised cell
death, cellular responses to starvation, downregulation of photo-
synthesis, responses to jasmonic acid, sulphur compound biosyn-
thetic processes, and negative regulation of cellular processes.

syringae (bacteria) infection.

Plant Signatures to Insect and Bacterial Attack

Analysis of the modules showed that the majority of the jasmonic
acid responsive genes were up-regulated by both treatments, but
the number of genes and their degree of induction were markedly
higher in the P. syringae-treated plants, which may be due to the
effects of coronatine (file S11). It has been previously reported
that P. syringae uses the virulence factor coronatine (COR) as a
mimic of jasmonyl-l-isoleucine (74-Ile) [16,33]. The coronatin-
regulated A. thaliana genes reported in Thilmony R. et al., 2006
[34] show strong overlap with our P. syringae data. More than 450
genes reported as coronatin-regulated by Thilmony R. et al. show
highly similar expression patterns in the two datasets (data not
shown).

Tryptophan-derived indolic compounds, such as indolic gluco-
sinolates (GS) and indolic-derived phytoalexins, are an important
component elicitor-induced responses in Arabidopsis plants
[35,36]. The biosynthesis of tryptophan-derived indolic com-
pounds was up-regulated under both treatments but was stronger
induced by aphid infestation (file 84 and 85). Two of the affected
modules, cellular responses to starvation and sugar-mediated
signalling pathways, further indicated that both treatments
resulted in cells experiencing a nutrient deficiency. Although we
did not analyse cellular nutrient deficiency in the plants during our
experiments, the profiles observed here are in agreement with
existing information in annotation databases such as TAIR
(release 10) and Gene Ontology, which are derived from the
published literature.

Localised host programmed cell death is a crucial mechanism
through which plants respond to pathogen and insect attack. This
phenomenon regulates multiple physiological processes, including
terminal differentiation, senescence, and disease resistance [37].
Several of the genes involved in the localised host programmed cell
death categories were up-regulated during both treatments. These
genes are also known to be induced by senescence and salicylic
acid treatment, including the PR genes (PATHOGENESIS-
RELATED GENE) PRI, PR2, PR4 and PR5.

Visualisation of the networks of GO terms based on the aphid-
specific responses (Figure 2) and P. syringae-specific responses
(Figure 3) demonstrated the massive transcriptional responses
evoked in A. thaliana. Most of the significant processes were related
to responses to stimuli, biosynthesis of secondary metabolites, and
transcriptional and posttranscriptional regulation. Superposition of
the two GO term networks generated from the aphid-specific gene
list and P. syringae-specific gene-list showed significant differences in
the overrepresented GO terms. The superimposed network
diagram has not been included in this manuscript, but all three
networks (.cys file) have been provided as additional files (files S1,
$2, and 83). The interested reader can locally open these files in
Cytoscape and conduct interactive exploration. (For local visual-

Table 1. Overall summary of the differentially regulated genes in A. thaliana during Brevicoryne brassicae (aphid) attack or P.

Category No. of Genes Up- regulated Down- regulated No. of TF
Differentially expressed during Aphid exp. 4979 2803 2176 303
Differentially expressed during P. syringae exp. 3199 1634 1565 191
*Common to both exp. 1597 723 688 87

Only Aphid 3382 1963 1419 216

Only Pseudomonas 1602 842 760 104

doi:10.1371/journal.pone.0058987.t001
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*In the common set of genes, 186 genes showed opposite expression patterns during the two experiments. Among these genes, 117 were up-regulated under aphid
and down-regulated under P. syringae attack, while 69 genes were down-regulated under aphid and up-regulated under P. syringae attack.
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Figure 1. Over-represented GO-categories in the common gene list. Network representations of enriched GO categories among the genes
that were differentially regulated during both experiments. Figure generated from the functionally grouped networks of enriched GO categories
among genes whose expression is induced by both the aphid and pathogenic bacterium treatments. GO terms are represented as nodes based on
their kappa score (=0.3); only networks with at least three nodes are represented. The node size indicates the significance of the term’s enrichment.
The edges are related to the relationships between the selected terms, which are defined based on the genes that are shared in a similar way. The
label of the most significant term is used as the leading group term. Visualisation was conducted using Cytoscape 2.7.0.

doi:10.1371/journal.pone.0058987.g001

isation, download cytoscape software from http://www.cytoscape.
org/, and load the.cys files on the software. Please note that the
view of the annotated network presented in this manuscript has
been manually simplified for representation purposes.).

Mapping the Insect- and Bacterial-specific Responses on
Pathways and Processes

To structure the genes present on the A. thaliana whole-genome
microarray, they were assigned to functional categories using the
pathway analysis program MapMan (http://gabi.rzpd.de/
projects/MapMan, version 3.5.0). MapMan is a user-driven tool
that displays large datasets such as gene expression data from
Arabidopsis microarrays in diagrams of metabolic pathways or
other processes. After the normalisation of expression values,
differential fold-change values were calculated with statistical tests,
as described in the Materials and Methods section. The ratios in
the 4 biological replicates were averaged and converted to a log 2
scale, then imported into MapMan as “xls’ files (files S4, S5).
MapMan converts the values to a false colour scale and displays
them in diagrams. Transcripts that increase, decrease or change
less than a given threshold are shown in blue, red and white,
respectively. Some of the important categories (or functional BINs
as per MapMan definition) identified via MapMan analysis are
explained below.

Metabolism Overview Map

An overview of the transcriptional responses affecting genes
coupled to metabolic processes showed that many genes connected
to photosynthesis and energy metabolism were down-regulated
after P. syringae and aphid attack (Figure 4). P. syringae infection
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resulted in leaf senescence and leaf yellowing, which had a major
effect on chloroplast function and processes connected to the
chloroplast, such as fatty acid biosynthesis, carotenoid production,
chlorophyll biosynthesis, carbon fixation and others. Genes related
to these processes showed clear down-regulation following P.
syringae treatment. Secondary metabolism was strongly affected
during both treatments, particularly regarding the phenylpropa-
noid and glucosinolate pathways. The results of P. syringae
treatment also showed that genes connected to the terpenoid
and alkaloid pathways were up-regulated, including DXPSI,
TPS10, GES/TPS04, $S2, SOE6 and LASI. In general, the stress
associated with the activation and continuation of defence
responses is metabolically expensive, and the plant must reallocate
a significant amount of the resources that would normally be used
in plant growth and reproduction to the production of defence-
related compounds [38,39]. However, in a recent work, Foyer et
al. [40] explained that the decreases in growth and photosynthesis
in response to stress are more likely the result of programmed
down-regulation. Our experimental results showed that exposure
to two biotic stresses resulted in the down-regulation of genes
linked to auxin, gibberelin and cytokinin responses as well as genes
coupled to cell wall modifications and cell division. The infected
plants might also compensate for the depletion of sugars and
amino acids, resulting in increased carbon assimilation and
mobilisation of carbon, mannitol and nitrogen reserves. The
plants may have degraded proteins/amino acids to generate
energy (glycolysis) and re-assimilate nitrogen, through the gluta-
mate dehydrogenase GDHZ or lysine-ketoglutarate reductase
(At4g33150). There were also genes connected to starch degrada-
tion/sugar responses induced, indicating that the plants might be
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degrading starches, e.g., BAMS5 and GPT2, used in glycolysis.
Starch biosynthesis genes were generally down-regulated. The
degradation of starch and maltose may also generate an osmotic
force that balances water losses. During an aphid infestation,
plants suffer from osmotic stress as the insect sucks large quantities
of liquids from them. To counteract this situation, the transcrip-
tion of genes involved in the regulation of water balance was
observed to be induced, such as the WRKY40, CYP70743 (ABA-
biosynthesis), {AT10 and JAT7.

Comparative Overview of the Response to Biotic Stress
during the Aphid and P. syringae Treatments

A plant’s reaction to biotic stress involves several steps: after the
initial signal input from the pathogen, which is recognised by the
corresponding receptors (putative R genes), transcription of the
cascade associated with the plant defence mechanism is triggered,
including changes related to oxidative stress. Inside the cell, signals
are transmitted and lead to the production of defence molecules
(PR proteins, heat shock proteins and secondary metabolites). A
large number of signalling genes were activated during both the
aphid and P. syringae treatments (Figure 5). Most of these genes
encode receptor kinases, leucine-rich receptor kinases, MAP
kinases, calcium-binding proteins and proteins regulating oxidative
stress, such as peroxidases (details in file 86). The number of
signalling proteins that were differentially expressed during the
aphid experiment was more than four times higher compared to
the P. syringae treatment. There were 278 aphid-specific signalling
genes, but only 62 P. syringae-specific signalling genes. Thirty-one
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heat shock proteins were differentially expressed only during the
aphid treatment (file 87), the majority of which were of the Dnaj/
Hsp40 type chaperones and were induced. Large numbers of
proteolytic enzymes were differentially expressed during both the
aphid (220) and P. syringae (89) treatments. The majority of these
enzymes were ubiquitin proteases, F-box proteins, cysteine
proteases, serine proteases, C3HC4-type RING fingers, and metallo-
proteases (file S8). Several of the down-regulated proteolytic
enzymes were chloroplast localised or predicted to be located in
the plastid/chloroplast, while most of the C3HC4-type RING finger
proteins were induced. Secondary metabolites play a crucial role
during plant defences. Sixty-three genes related to secondary
metabolic processes were differentially regulated during the aphid
and P. syringae treatments. Some of these secondary processes
include the biosynthesis of isoprenoids, phenylpropanoids, gluco-
sinolates and flavonoids. A detailed analysis of the differentially
regulated secondary metabolic processes can be found in file S9
and in a later section of this article. There were 76 differentially
regulated genes connected to cell wall-related processes identified
during the aphid treatment, but only 36 in the P. syringae
experiment. These genes included components involved in cell
wall precursor synthesis, cellulose synthases, cell wall structural
proteins such as AGPs (arabinogalactan protein), LRR (leucine-rich
repeat) extensin-like proteins, and HRGPs (hydroxyproline-rich
glycoproteins) (details in file S10). In general, aphid attack
appeared to affect cell wall-related processes to a greater extent
than P. syringae infection. In particular, a large number of APGs and
xyloglucan:xyloglucosyl transferases were observed to be down-
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regulated. Xyloglucan endotransglucosylases are known to play an
important role during cell elongation and cell wall modifications
during shade avoidance [41,42]. The effects observed on genes
encoding pathogenesis-related proteins (PR proteins) showed a
clear bias between the treatments: while only 11 P. syringae-specific
PR proteins were affected, 56 genes encoding aphid-specific PR
proteins showed differential expression. The PR proteins include a
wide variety of protein types, such as -1,3-glucanases, chitinases,
thaumatin-like protein, proteinase inhibitors, plant defensins and
others. The PRI protein, which is often used as a marker for
salicylic acid responses, was more than ten-fold higher induced by
the aphid attack than by P. syringae infection. Another class of
proteins that was induced and significantly overrepresented after
aphid attack corresponded to a large number of disease resistance
proteins belonging to the TIR-NBS-LRR (Toll/Interleukinl
receptor—nucleotide binding site-leucine-rich repeat) proteins.
Among the biotic stress-related transcription factors, some
WRRKY and bZIP proteins were expressed differentially only during
the aphid experiment, while some MYB proteins were expressed
differentially only during P. syringae infection. Other differentially
regulated classes of transcription factors included ERF/AP2, NAC,
bHLH and DOF. Details regarding the differentially regulated
transcription factors are provided in a separate section of this
article. The plant defence responses associated with P. syringae and
aphid attack induced and repressed various hormonal signalling
pathways. The most affected of these pathways during our
experiments were the JA, SA, ABA, ethylene and auxin pathways.
Among the hormonal signalling pathways, some components of

PLOS ONE | www.plosone.org

the ethylene, JA, SA, ABA, auxin and brassinosteroid pathways
appeared to specifically be regulated during the aphid and P.
syringae treatments. There were relatively few ethylene responses
observed in general, but such effects were clearly stronger after the
aphid than the Pseudomonas treatment. Examples of ethylene
responses included ACS6, ERFII, which may modulate ABA-
regulated ethylene biosynthesis, ORA59, which integrates JA and
ethylene signals during plant defence, EFE (ethylene forming
enzyme) and ATARD3 (methionine recycling during ethylene
synthesis). Some proteins involved in the biosynthesis of ethylene
were also affected. JA was more strongly induced by P. syringae, but
the SA response was stronger following aphid attack. The details of
the differentially regulated genes involved in hormone-mediated
signalling pathways are provided in a separate section of this
article.

Regulatory Overview Map

The categories that included most of the induced regulatory
genes were TFs, receptor kinases, protein degradation and protein
modification. In addition, several genes involved in overrepre-
sented induced biological processes, such as the auxin signalling
pathway and autophagy, were included in the regulatory
categories (Figure 6). A comparative list of the differentially
expressed genes (both aphid-specific and P. syringae-specific genes)
involved in hormonal pathways and their corresponding log2-
transformed expression values are provided in file S11. The
ethylene pathway was up-regulated after the aphid treatment, and
genes such as ACS6, ATARD3, ERSI and a number of ethylene
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Figure 4. Metabolic overview map. Metabolic pathways associated with the transcriptional changes affecting A. thaliana during aphid and P.
syringae attack. Overview of the expression changes related to metabolic pathways observed in A. thaliana plants during the (A) aphid and (B) P.
syringae treatments using MapMan software. The represented spots are only for genes showing a significant (P =0.01) change in expression between
the treatment and the untreated control that were attributed to the respective bins by MapMan. Genes whose expression levels were increased are
indicated with an increasingly blue colour, while decreasing expression is indicated in red. The graduation can be seen on the scale presented in the
top right corner of each subfigure. A change in expression of log2=2.0 scale was selected as giving full saturation.

doi:10.1371/journal.pone.0058987.g004

responsive element binding factors (ZRFs) were induced. Genes
belonging to the ERF/AP2 family are induced by many biotic and
abiotic factors, among which ethylene ERFs not only control a
subset of ET-mediated responses but might also integrate E'T with
other signalling pathways. Increased ethylene production is a
common defence response after herbivore attack and has been
reported in several plant species [43]. Both ABA and JA responses
were up-regulated by the P. syringae treatment, but few known SA-
responsive genes were induced. Two categories, receptor kinases
and calcium regulation (in Figure 6), appeared to be quite highly
represented according to the MapMan annotation during the
aphid experiment. Nevertheless, two other categories, light
signalling and redox control, included fewer transcripts and gene
families, respectively. These were some key differences between
the aphid and P. syringae treatment. Genes encoding receptor
kinases and proteins coupled to calcium signalling were overrep-
resented following the aphid treatment. These genes include a
large number of cysteine-rich receptor-like protein kinases, such
as, CRK7, CRR37, CRE36, CRR23, CRK14, CRK11, CRK15, CREK®,
CRE28 and calmodulin-like proteins (CML40, CML47, CMLI11,
TCH3, TCH2/CML24, CML44, CML45, CML30, CML37, CML38
and others) as well as several calmodulin-binding IQ-domain
proteins. Together with the MAP kinases (MPR11, MRRY,
ATMPE3, MEKEK3, MEK], MERK1, MKR2, MKK4, MPK4 and
others), they constitute a large network that activates various plant
defence responses, resulting in the activation of key transcription
factors.

Differences Observed in the Jasmonic Acid (JA)
Biosynthesis Pathway during the Aphid and P. syringae
Treatments

The jasmonic acid signalling pathway is a highly conserved,
powerful regulator of plant defence signalling that is activated
during infection by various pathogenic microorganisms as well as
upon insect attack [44]. Kusnierczyk et al. reported that more than
200 genes are dependent on the plant’s jasmonate status,
irrespective of external stimuli, and that the aphid-induced
response of more than 800 transcripts is regulated by jasmonate
signalling [45]. The release of linolenic acid from membrane lipids
Initiates a series of enzymatic reactions known as the octadecanoid
pathway, leading to accumulation of JA and related compounds.
Additionally, 12-oxophytodieonic acid (OPDA) is a biosynthetic
precursor of JA signalling molecules, which activate the expression
of related-related genes. The selection of transcripts induced by JA
and OPDA varies to some extent. This difference can be attributed
to the electrophilic activities of the cyclopentanone ring of JA [46].
A number of enzymes coupled to oxylipin/JA biosynthesis, such as
AOC3, OPR3, OPCLI, LOX?2 and LOX3, were up-regulated by both
treatments, while A0S, A0C1, AOC2, AOC4, ACXI, ACX5 and
LOXI were mainly induced by Pseudomonas. Two OPR-related
genes, Atlg18020 and Atlgl17990, as well as the lipoxygenases
LOX4, LOX5 and LOX6 were only induced by aphid attack.
Almost none of the genes encoding proteins potentially linked to
oxylipin biosynthesis were down-regulated, with the exception of
OPRI, which was down-regulated by P. syringae infection.

PLOS ONE | www.plosone.org

SA Regulates the Expression of Aphid-specific Defence
Proteins, and Methyl Salicylate Activates P. syringae-
specific Defence Proteins

Salicylic acid is another stimulator of plant defence responses
and is an important trigger of systemic acquired resistance (SAR),
resulting in increased defence against a variety of pathogens.
Methyl salicylate (MeSA) has been identified as one of the mobile
signals required for SAR. MeSA is translocated from the site of
infection through the vascular system to distal (systemic) tissues,
where it activates specific defence responses. The SAR response
results in a complex chain of events and is regulated by various
transcription factors. In higher plants, SA can be synthesised from
phenylalanine via cinamic acid or from isochorismate. During
pathogen attack, SA signalling leads to accumulation of various
pathogenesis-related proteins (PR proteins), which can possess
antimicrobial and anti-insect activities. Interestingly, MeSA
released by the attacked plants can be detected by insects and
changes their plant preferences [47]. In our analysis, expression of
a methyltransferase gene (At3g21950) related to salicylate O-
methyltransferases was down-regulated during aphid treatment.
At3g21950 encodes a S-adenosyl-L-methionine:salicylic acid
carboxyl methyltransferase related to BSMT1 that may convert
SA to MeSA. In contrast, other methyltransferase genes BSMT1
(At3g11480), which converts SA to MeSA, and UGT74E2
(At1g05680) were up-regulated during P. syringae treatment (file
S11). UGT74E2 is hydrogen peroxide responsive and may be
involved in water stress responses. There were relatively few
known genes coupled to the biosynthesis of SA found in both
datasets. However, BSMT1 might be a key enzyme.

Although relatively few genes connected to the biosynthesis of
SA and MeSA were found in the obtained datasets, several genes
induced by SA were identified. Additionally, isochorismate
synthase 1 (/CSI) and one of its transcriptional regulators,
WRKY46, were induced by aphid infestation. Another gene
induced after aphid treatment that may be under the regulation
of WRKY46 is PBS3. PBS3 most likely encodes an enzyme
producing SA-glucoside, a putative storage form of SA, and pbs3
mutant plants exhibit impaired activation of defence genes such as
PRI.The PRI gene, a common marker for SA-induced genes, was
strongly up-regulated by the aphid treatment (log2=15.5) and
slightly less induced by P. syringae treatment (log2 =1.7). The
WRKY53 gene, which is known to be up-regulated by SA [48], was
only induced in the aphid treatment. A number of genes, such as
ALDI and BAPI, coupled to systemic defence responses were
uniquely induced by aphids.

Overview of Differences in Secondary Metabolism

Plants have evolved many secondary metabolites involved in
plant defence, which are collectively known as antiherbivory
compounds and can be classified into three sub-groups: nitrogen
compounds (including alkaloids, cyanogenic glycosides and
glucosinolates), terpenoids, and phenolics [49]. In addition to the
three larger groups of substances mentioned above, fatty acid
derivatives, amino acids and even peptides are used in defence.
The terpene synthase genes GES (geranyllinalool synthase,
Atlg61120), LAS! (Lanosterol synthase, At3g45130), and TPSI0
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Figure 5. Biotic stress response overview map. This figure shows the changes in the expression of biotic stress-responsive genes in A. thaliana
plants during the response to the aphid and P. syringae treatments. Genes that have been experimentally indicated to be involved in biotic stress are
collected in the main panel (coloured with dark grey), while genes and pathways that are putatively involved in biotic stress pathways are shown on
the left and right sides (coloured in light grey). (A) Aphid infestation. (B) P. syringae infection. In both cases, the signal after infection is expressed as a
ratio relative to the signal in uninfected controls, which was converted to a log2 scale and displayed. The scale is shown in the figures. Only the genes

showing a significant (P =0.01) change in expression between the treatment

and the untreated control that were attributed to the respective bins by

MapMan are shown. Genes whose expression was increased are indicated with increasingly intense blue and red colours. The gradation can be seen

in the scale presented in the top right corner of each subfigure.
doi:10.1371/journal.pone.0058987.9005

(Terpene Synthase 10, At2g24210) were highly up-regulated
during P. syringae treatment. The elicitor-activated gene CAD-B2
(At4g37990), belonging to the phenylpropanoid metabolism
category, was strongly up-regulated in a P. syringae-specific manner.
In the alkaloid-like compound biosynthesis category, strictosidine
synthase genes (Atlg74010, Atlg74020) were highly up-regulated
in the P. syringae experiment. In the flavonoids category, two genes
SRGI(Senescence-Related Gene 1; Atlgl7020) and 2-oxoacid-
dependent oxidas (At3g50210), were also up-regulated in a P.
syringae-specific manner. Significant differences were observed in
genes coupled to glucosinolate biosynthesis and hydrolysis.
Glucosinolates (GS) are secondary metabolites typical of the order

Brassicales [50]. Most of the aphid-specifically expressed aliphatic
GS genes were repressed, whereas most of the Pseudomonas-
specifically expressed genes were positively regulated. The lists of
these genes are provided in Tables 2 and 3. Following P. syringae
treatment, two myrosinase-associated proteins (At1g52040,
Atlg54020) and a nitrile-specific protein ANSPS (At5g48180)
were highly up-regulated. It was reported by Kissen et al., that the
nitrile specifier proteins involved in glucosinolate hydrolysis in
Arabidopsis thaliana and products generated after hydrolysis, such as
isothiocyanates, play multiple roles in growth regulation and
defence [51].
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Figure 6. Regulatory overview map. MapMan regulatory overview map showing differences in transcript levels between aphid-specific and P.
syringae-specific genes. Aphid-specific and P. syringae-specific bins are marked as ‘A’, and P. syringae-specific bins are marked as ‘P’. In the colour
scale, blue represents higher gene expression, and red represents lower gene expression. IAA, Indole-3-acetic acid; ABA, abscisic acid; BA,

brassinosteroid; SA, salicylic acid; MAP, mitogen-activated protein.
doi:10.1371/journal.pone.0058987.9006
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Table 2. Genes involved in glucosinolate metabolism Table 3. Genes involved in glucosinolate metabolism
affected by aphid infestation. affected by P. syringae infection, with log2 fold-change values.
Gene ID Log2 Description Gene ID Log2 Description
At1g52