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Abstract
Background: Herbivorous insects can have a profound impact on plant growth performance. In some years,
canopy damage in poplar plantations exceeds 50% of the total leaf surface, thereby possibly compromising
carbon fixation and biomass yield. To assess the transcriptional response of elite poplar clones to insect feeding and
to test whether this response varies between different genotypes, we performed an RNA-sequencing experiment. We
deeply sequenced the transcriptomes of eight elite clones belonging to three poplar species (Populus trichocarpa, P.
nigra and P. maximowiczii), under Phratora vitellinae feeding and control conditions. This allowed us to precisely
quantify transcript levels of about 24,000 expressed genes.
Results: Our data reveal a striking overall up-regulation of gene expression under insect attack in all eight
poplar clones studied. The up-regulated genes were markedly enriched for the biological process ‘regulation of
transcription’ indicating a highly concerted restructuring of the transcriptome. A search for potential cis-regulatory
elements (CREs) that may be involved in this process identified the G-box (CACGTG) as the most significant motif in
the promoters of the induced genes. In line with the role of the G-box in jasmonate (JA)-mediated activation of
gene expression by MYC2, several genes involved in JA biosynthesis and signaling were up-regulated in our
dataset. A co-expression network analysis additionally highlighted WRKY transcription factors. Within the most
prominent expression module, WRKYs were strongly overrepresented and occupied several network hubs.
Finally, the insect-induced genes comprised several protein families known to be involved in plant defenses,
e.g. cytochrome P450s, chitinases and protease inhibitors.
Conclusions: Our data represent a comprehensive characterization of the transcriptional response of selected elite
poplar clones to insect herbivory. Our results suggest that the concerted up-regulation of gene expression is controlled
by JA signaling and WRKY transcription factors, and activates several defense mechanisms. Our data highlight potential
targets of selection and may thus contribute to breeding insect-resistant poplar clones.
Keywords: Populus, Insect herbivory, Co-expression network, WRKY transcription factors, Jasmonate (JA) signaling, G-box,
Phratora vitellinae

Background
Plants evolved highly sophisticated and strictly regulated
defense mechanisms to fight off diseases and pests, e.g.
herbivorous insects [1]. Defense responses include direct
(repellents) and indirect mechanisms (attracting of parasitoids and predators) [2]. For their direct defense, plants
are using a reservoir of more than 200,000 secondary
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metabolites [3, 4]. Several of these metabolites are constitutively expressed, thereby ensuring a constant level of
basic protection [1, 5]. Another part is activated only
when plants are being attacked, completing the plants’
armament against herbivores [6, 7]. This highly regulated response is crucial for minimizing the trade-offs
between growth and defense – the metabolic pathways
important for reducing damage caused by pests and diseases must be balanced with the biological processes
optimizing vegetative growth [8–10].
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A key compound for the regulation of the plant’s
defense against herbivorous insects is JA [11]. It has
been first connected to the defense response about 30
years ago [12] and has since then been investigated intensively [13–15]. The relevance of its proper diurnal
timing again points to the importance of precise transcriptional regulation to minimize trade-offs [16]. JA
leads to global reprogramming of gene expression, activating various toxic secondary metabolites and defensive
proteins [11]. Among the defensive proteins, protease inhibitors play a prominent role. They reduce the plants’
nutritional value by negatively influencing the digestion
capacity of the insects [17]. Other examples of plant defensive proteins, many of which are tightly regulated by
the JA signaling pathway, include lectins and chitinases
[11]. Plant chitinases directly antagonize insects by
destroying chitin, a major component of the insect’s
exoskeleton [18]. Finally, the induced release of plant
volatiles can mediate direct or indirect defense against
herbivorous insects [19, 20].
Plant-pathogen and plant-herbivore interactions are
characterized by reciprocal selection pressures that lead
to a continuous arms race [21, 22]. Trees have an inherent disadvantage in this evolutionary process due to
their often very long generation times that prevent rapid
adaptation. Tree species thus require defense mechanisms that remain effective throughout their long life
cycle. They basically need to be pre-adapted to evolving
pests and diseases, for example by possessing a high diversity of innate defense strategies. In fact, tree genomes
in general show an amplification of defense genes [23],
and also the poplar genome in particular is enriched for
genes associated with disease and insect resistance [24].
Poplars are economically important tree species in
Europe and North America because of their high growth
rate and their broad applicability ranging from wood
and paper to energy production [25]. Several poplar species are cross-compatible leading to a high number of
artificially and naturally produced interspecific hybrids
[26]. Since many of these crosses exhibit hybrid vigor,
they are commonly used in short rotation plantations
for biomass production. Additionally, the genus Populus
represents a model species for tree genetics and genomics, due to its small genome size, and huge genomic and
biotechnological resources. The genome of western
black cottonwood, P. trichocarpa, was the third plant
genome to be published, only after Arabidopsis and rice
[24]. Although previous analyses of poplar gene expression in response to insect feeding provided valuable
insights [27–29], an RNA-sequencing analysis across different Populus species has, to our knowledge, not been
performed. The relevance of the different defense mechanisms against herbivorous insects thus remains to be
determined in this important tree genus.
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In the present work, we aimed to identify the genes and
molecular pathways shaping the defense response of different poplar species against herbivorous insects. To this end,
we applied RNA-sequencing to precisely characterize the
transcriptomes of eight elite poplar clones belonging to
three different species under insect feeding and control
conditions. We used well-characterized clones from the
‘FastWOOD’ project [30, 31] in order to facilitate transferability of our results into ongoing breeding efforts aiming at
the development of less susceptible highly yielding poplar
clones.

Results
The response of poplars to insect herbivory is
characterized by conserved up-regulation of gene
expression

To characterize the transcriptional response of poplars
to herbivorous insect attack and to identify possible differences between genotypes, we sequenced the RNA of
eight elite poplar clones under insect feeding and control
conditions. This yielded an average of about 60 million
mapped reads per clone and condition using the P. trichocarpa reference genome v3.0 [24] (Additional file 1:
Table S1). We first analyzed the overall variation of the
samples in our dataset with a principle component analysis (PCA). This PCA demonstrated that most of the
variation in the transcriptomes is caused by the treatment (insect feeding vs. control conditions) (Fig. 1 a).
Additional differences between samples are due to
genotype. Especially pure P. trichocarpa clones differed
from the hybrid clones (P. maximowiczii x P. trichocarpa
and P. nigra x P. maximowiczii) (Fig. 1 a). However,
there was no significant interaction between the response to herbivore attack and genotype (P > 0.01 for
~treatment*clone or ~treatment*species). We therefore
analyzed all samples together for assessing the effect of
herbivorous insect attack on the poplar transcriptome. It
must be noted, however, that the lack of replication
within each genotype limits the statistical power to identify clone-specific effects. The comparison between the
four pure P. trichocarpa clones and the four hybrid clones,
on the other hand, should be statistically robust, indicating
that there is no differential response due to taxonomy.
The joint differential expression analysis identified 977
genes that respond to insect feeding. Interestingly, the
large majority of these, i.e. Eight hundred eighty-five
genes, are up-regulated compared to only 92 down-regulated genes (Fig. 1 b and Additional file 1: Table S2). Although visualization of the top 50 up- and down-regulated
genes showed notable variability between genotypes (Additional file 2: Figure S1), the PCA and the differential expression analysis demonstrate that the response of poplars
to herbivorous insects is largely conserved across
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Fig. 1 Insect feeding causes conserved up-regulation of gene expression across eight elite poplar clones. a Principal component analysis (PCA)
shows clustering of RNA-seq samples by treatment and species. While PC1, explaining 38% of the total variance, separates treated samples from
control samples, PC2, explaining 23% of the total variance, differentiates pure P. trichocarpa clones (blue) from the hybrids P. maximowiczii x P.
trichocarpa (red) and P. nigra x P. maximowiczii (yellow). b Volcano plot showing the 23,907 expressed genes. Significantly differentially expressed
genes in response to insect feeding (adjusted P < 0.01 and absolute log2 fold change > 1.5) are depicted in red. While 885 genes are upregulated, only 92 genes exhibit down-regulation under herbivory. The size of the dots corresponds to the p-value. The dashed line indicates the
p-value significance threshold

genotypes and characterized by a pronounced up-regulation of gene expression (Fig. 1).
WRKY transcription factors and JA signaling are
important for concerting the transcriptional response

In order to better understand what kind of genes or
pathways are up-regulated in response to herbivore attack, we performed a gene ontology (GO) term enrichment analysis. This analysis identified several GO terms
that are overrepresented among the up-regulated genes
(Fig. 2). Among the enriched categories, one of the most
prominent biological processes was ‘regulation of transcription’ (Fig. 2). This highlights the importance of
transcription factors in reorganizing the transcriptome
of poplars attacked by insects and points to a highly concerted transcriptional response.
Although only 10% of the differentially expressed
genes were down-regulated by insect herbivory, enrichment of functional categories was found among those
genes as well (Additional file 2: Figure S2). However, the
biological relevance of the functional categories (‘proteolysis’ and ‘carotenoid biosynthetic process’) enriched
among the down-regulated genes was less obvious than
for the up-regulated genes.
In case of a concerted transcriptional response, as indicated by the enrichment of transcription factors
among the up-regulated genes, differentially expressed
genes may share common cis-regulatory elements
(CREs) [32]. To test whether the promoters of the herbivore-induced genes comprise any specific 6–10 bp

sequence motifs compared to randomly sampled nondifferentially expressed genes, we performed a differential motif enrichment analysis using the MEME tool
[33]. Employing different reference sets of randomly
sampled genes, we consistently identified the G-box
(CACGTG) as the most significantly enriched motif
(Additional file 2: Figure S3). The G-box is known to be
bound by bHLH and bZIP transcription factors [34].
One such bHLH transcription factor is MYC2, also
known as JASMONATE-INSENSITIVE 1 [35]. MYC2,
which is significantly up-regulated by insect feeding in
our dataset (log2FC = 1.7; Additional file 1: Table S2,
Potri.003G092200), is a master regulator of JA induced
gene activation [36, 37]. JA signaling in turn has a firmly
established role in the induced defense against insect
herbivores [11, 15]. Remarkably, a closer examination of
the enriched functional categories of the herbivore-induced genes in our data revealed several groups involved
in JA signaling and biosynthesis. Namely, the jasmonate
ZIM domain-containing (JAZ) proteins, which are early
targets of JA-induced gene expression [15], represent the
most significantly enriched KEGG orthology (KO) term
(Table 1). Additionally, the KOs ‘lipoxygenase’ and ‘allene
oxide cyclase’, which both comprise important genes of
the JA biosynthesis pathway (e.g. LOX and AOC genes),
were among the top 5 enriched terms. Finally, further
genes involved in JA biosynthesis, i.e. OPR3
(Potri.018G065600) and ACX1 (Potri.001G155500) [15],
were significantly up-regulated as well (log2FC = 6.0 and
2.4, respectively; Additional file 1: Table S2). Together
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Fig. 2 Up-regulated genes are especially enriched for regulators of DNA-dependent transcription. GO term analysis particularly highlighted the
biological processes ‘regulation of transcription’, ‘chitin catabolic process’, ‘oxidation-reduction process’, ‘protein ubiquitination’ and ‘cytokinin
metabolic process’, indicated by bold font. The color of the circles shows the significance level of each GO term (from yellow = P < 0.05 to red =
P < 10–7), their size indicates the number of comprised differentially expressed genes

these data establish a distinctive role of JA signaling in
response to insect feeding in poplar and indicate an involvement of the G-box, potentially by guiding the binding
of MYC2.
Concerted reorganization of the transcriptome is not only
expected to involve shared regulatory sequence motifs, but
also co-expressed gene networks. Network hubs should
highlight important regulators of the transcriptional
response [38]. To explore this possibility and to assess
which genes may be crucial for herbivore-induced gene

expression, we performed a co-expression network analysis.
From the 885 herbivore-induced genes, about 30% exhibited co-expression across several hundred microarrays [39]
(Additional file 2: Figure S4 and Additional file 1:
Table S3). This network formed two separate expression modules (Fig. 3). Notably, the more prominent of
those two modules was significantly enriched for WRKY
transcription factors (Additional file 1: Table S4, P = 2.92E08) and several of those WRKYs represented network hubs
(Fig. 3). In addition to JA signaling, WRKY transcription

Table 1 Top 5 most significantly enriched KEGG orthology (KO) annotations among the herbivore-induced genes
KO

P-value

Contingency table

K13464

2.16E-06

5/150

Description
6/5582

jasmonate ZIM domain-containing protein

K00454

1.20E-05

6/150

14/55821

lipoxygenase

K08235

3.69E-04

6/150

25/5582

xyloglucan:xyloglucosyl transferase

K13993

3.98E-04

4/150

9/5582

HSP20 family protein

K10525

2.87E-03

2/150

2/5582

allene oxide cyclase
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Fig. 3 Co-expression network highlights WRKY transcription factors. From the 885 up-regulated genes, about 30% (258) formed a two-clustered
co-expression module. Co-expressed genes are connected by lines, whose widths correspond to the strength of the interaction. Transcription
factors (depicted in yellow) and particularly WRKYs (shown in red) are significantly overrepresented (adjusted P = 2.92E 08, Additional file 1:
Table S4)

factors thus appear to play an important role in regulating
the restructuring of the transcriptome in response to herbivore attack in poplars.
Cytochrome P450s, chitinases and protease inhibitors are
induced by insect herbivory

To further explore which genes or processes may be
activated by MYC2, WRKYs and additional transcription
factors, we performed a final close examination of the
herbivore-induced genes. Besides the established importance of transcriptional regulation (namely by AP2
domain and WRKY domain containing transcription factors) and JA signaling (represented by the tify domain
containing JAZ proteins), we found many cytochrome

P450 proteins (Table 2). In plants, cytochrome P450s are
involved in diverse biosynthetic processes including the
biosynthesis of defense compounds that can be involved
in the induced direct defense against herbivores [40, 41].
Another highly enriched group of genes comprises the
plant-specific class I chitinases (Table 2). They likely
represent a direct defense against the insects as they can
destroy their chitin-containing exoskeleton. Finally, trypsin and protease inhibitors are markedly enriched among
the herbivore-induced genes (Table 2). These proteins
are known to have an anti-nutritional effect by hindering
digestion, and thus likely also serve as a direct defense
against the insects by compromising the nutritional
value of the attacked poplar leaves. In conclusion,
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Table 2 Most significantly enriched PFAM categories among
herbivore-induced genes
PFAM/KO P-value

Contingency table

Description

PF06200

4.39E-10 10/788 | 17/29014

tify domain

PF00067

5.49E-09 39/788 | 421/29014 Cytochrome P450

PF00847

7.87E-09 27/788 | 209/29014 AP2 domain

PF00182

1.38E-06 8/788 | 21/29014

Chitinase class I

PF00197

2.67E-06 9/788 | 32/29014

Trypsin and protease inhibitor

PF03106

2.86E-06 15/788 | 102/29014 WRKY DNA -binding domain

among the herbivore-induced genes we find several
enriched protein families that appear to be concerting
and carrying out the defense against the attacking
insects.

Discussion
In this paper, we describe a deep RNA sequencing
dataset of eight elite poplar clones belonging to three
different species. Overall, we found marked differences
between samples due to condition (insect feeding vs.
control) and genotype. Especially the pure P. trichocarpa
clones differed from the hybrid clones, i.e. P. nigra x P.
maximowiczii and P. maximowiczii x P. trichocarpa.
Interestingly though, there was no significant interaction
between the response to herbivorous insects and taxonomy. Although the detection of particular differences
of single clones is limited due to lack of replication, the
results indicate a largely conserved transcriptional response. This response is characterized by a pronounced
up-regulation of gene expression. Only a small minority
of the differentially expressed genes are down-regulated
(92 vs. 885). Nevertheless, this down-regulation may be
biologically relevant. For example, genes involved in
carotenoid biosynthesis are enriched among the downregulated genes in our dataset. Most animals, including
crysomelid beetles, rely on their diet for obtaining carotenoids. Interestingly, some aphids can endogenously
synthesize carotenoids, which likely contribute to a
healthy immune system, interactions with natural enemies and even sunlight-harvesting [42–44]. The downregulation of carotenoid biosynthesis in poplars may
reduce the availability of these essential nutrients and
thus compromise herbivore performance.
Whether genes are up- or down-regulated in response
to a stress factor can depend on the tissue, the genotype,
the time-point and the treatment. Simulated feeding experiments using Malacosoma disstria oral secret, for
example, led to a higher amount of up- than down-regulated genes in fully developed leaves of P. trichocarpa x
P. deltoides [28, 29]. This is in concordance with our
study, which also used fully developed leaves for the
feeding experiments. The temporal pattern of the transcriptional response revealed more pronounced effects
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at 2 h and 6 h after the treatment, compared to 24 h
[29]. In contrast, we still found a large number of upregulated genes after 21 h of insect feeding. It would be
interesting to perform an RNA-seq time-course including very early time-points, to more precisely define the
early transcriptional dynamics in response to insect herbivory. This may also allow disentangling primary from
secondary responses, which could help to select targets
of selection for poplar breeders.
In line with the pronounced up-regulation of gene expression, we identified many transcription factors among
the herbivory-induced genes and ‘regulation of transcription’ as one of the most prominently enriched GO terms.
Especially WRKY transcription factors appeared to play
an important role in orchestrating the transcriptional
response, as they occupied important positions in a coexpression network of the induced genes. The involvement of WRKYs in the response to abiotic (salt stress)
as well as biotic factors (pathogenic fungi and even
herbivorous insects) has been previously shown in poplars [45–47]. Our data add additional emphasis on the
role of WRKY transcription factors for regulating the
highly conserved transcriptional response to insect
feeding. Especially the herbivory-induced WRKYs
representing hub genes in our co-expression network
(i.e. Potri.001G044500: WRKY40, Potri.003G138600:
WRKY53, Potri.003G182200: WRKY40, Potri.010G147700:
WRKY48, Potri.011G007800: WRKY42, Potri.016G128300:
WRKY33 and Potri.018G008500: WRKY11) may serve as
master regulators. Further functional analyses of these specific genes in poplar, for example via overexpression or
CRISPR/Cas-mediated knockout, could yield interesting insights into their individual contributions to the induced
defense against insect pests.
Another crucial pathway for the restructuring of the
transcriptome in response to herbivorous insects is the
JA pathway. It is rapidly induced but also tightly regulated. A negative feedback loop, represented by the JASMONATE ZIM-domain (JAZ) transcriptional repressors,
is simultaneously up-regulated [48]. Accordingly, besides
genes involved in JA biosynthesis and signaling, we
found many JAZ genes among the insect-induced genes.
The canonical JA signaling pathway thus appears to be
activated in poplars challenged by insect feeding. Interestingly, the G-box, which is a cis-regulatory element
(CRE) recognized by the master regulator of JA signaling
MYC2, is the most significantly enriched DNA motif in
the promoters of the insect-induced genes. It may contribute to the regulation of transcription factors and enzymes around the JA pathway.
The binding of MYC transcription factors to the Gbox has also been shown for two very distinct tree
species, Taxus sp. and Hevea brasiliensis [49, 50]. The
more general role of the G-box, however, remains to be
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characterized in trees. In Arabidopsis, on the other hand,
the G-box has been intensively investigated. Even though
the prediction of regulatory relationships is difficult, because many bHLH and bZIP transcription factors bind
to the G-box, a gene expression network revealed likely
bHLH and bZIP regulatory targets [34]. This network
accurately reconstructed known subnetworks and was
able to predict transcriptional patterns [34]. A similar
analysis of the G-box-associated transcription factors
and their potential downstream targets in poplars may
yield interesting insights into the regulation of important
biological processes in a tree species.
Defensive proteins induced by JA signaling include plant
chitinases. Genes encoding plant chitinases were among
the first genes identified to respond to insect feeding in
poplars [51]. They represent an effective direct defense as
they destroy the exoskeleton of insects. Thus, it is not
surprising that chitinase genes were highly enriched in our
dataset. Our data highlight 8 of the 21 genes with the
PFAM annotation ‘chitinase class I’. Among those, and also
among the most strongly differentially expressed genes in
general (Additional file 1: Table S5), are three poplar homologs of the Arabidopsis PATHOGENESIS-RELATED 3
(PR3) gene (Potri.004G182100, Potri.009G141800 and
Potri.009G142000; log2FC = 9.7, 8.3 and 7.5, respectively),
one of which has been demonstrated to confer insect resistance across species [52]. These poplar genes thus represent
prominent targets for resistance breeding.
An ever increasing demand for silvicultural production
is putting high pressure on modern forestry. Changing
environmental conditions and newly introduced pests and
diseases, including insects, pose additional challenges.
Since biotechnological solutions involving genetic engineering do not find consumers’ acceptance in Europe, alternative ways are needed to enhance forest tree production
in a relatively short timeframe. Tree breeding can be accelerated by integrating knowledge of the genes and gene
networks underlying target traits. Although the effects of
mycorrhizal fungi or rhizosphere microbes can outweigh
host plant genetics in reducing insect herbivory [53, 54],
natural genetic variation still provides a great potential.
The comprehensive characterization of the poplar transcriptome in response to insect herbivory, described here,
may serve as a starting point for identifying natural gene
variants, which may match the success of conferring
enhanced resistance by transgenic approaches [55].
Although functional genomics datasets don’t provide simple directions for breeding programs, they do generate a
wealth of information that can be integrated with other
data, or inform the design of follow-up experiments, to
support trait improvement. QTL or GWA studies, for example, can greatly benefit from integrating RNA-seq data
for the identification of the causal gene variants [56, 57],
which can then be used for marker-assisted selection.
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Furthermore, reverse genetics experiments can be designed based on the results of transcriptomics studies.
Artificial deregulation of promising candidate genes can
give crucial insights into their individual contribution to
the trait of interest. As trade-offs between growth and
defense play an important role, pleiotropic effects need to
be given special attention. Along these lines, genes encoding specific defensive proteins may be worth further exploring. On the other hand, changing the activity of a
single transcription factor can potentially amplify the desired effect, albeit with a higher risk of pleiotropy. For
poplar breeding we believe that several routes should be
pursued in parallel. Genetic mapping studies can highlight
genomic regions important for naturally occurring enhanced resistance. Functional analysis of specific candidate
genes may additionally highlight ways of improving insect
resistance that are not commonly used by nature. In any
case, the variety of available resources and methods offers
exciting possibilities for the future.

Conclusions
In conclusion, we present a comprehensive characterization
of the poplar transcriptome in response to insect herbivory.
We identify herbivory-induced genes and signaling pathways widely conserved across different plant species, e.g.
the JA signaling pathway, including MYC2, WRKY transcription factors and plant chitinases. Additionally, our data
specifically highlight poplar genes potentially representing
important regulators of the induced defense against insect
herbivores. Further work on those genes may yield valuable
insights into their functional relevance and natural variability, and may thereby contribute to poplar breeding.
Methods
Plant material and growth conditions

Eight poplar clones were chosen for RNA sequencing
out of 20 clones used in the FastWOOD project [31].
Six clones are well established and already used for decades in short rotation plantations, two are newly bred
by the “Nord-Westdeutsche Forstliche Versuchsanstalt”
(NW-FVA, Hann. Münden, Germany) within the FastWOOD project (Table 3) [31].
In April and May 2015, branches from the eight clones
were harvested at different experimental sites and
brought into tissue culture to synchronize their development. In January 2016, 55 to 60 head cuttings of each
clone were rooted and transferred from tissue culture
into soil. After 2 weeks in controlled environmental
chambers, the plants were transferred to the greenhouse.
In the following weeks, all plants were transferred to larger pots two times. In May 2016, all plants were cut to a
length of 35 cm, covered with gauze to prevent insect attack, and transferred into an open but slightly shaded
hall for toughening of the plants. All plants were
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Table 3 Poplar clones used in this study

RNA-seq data analysis

Clone name

Species

Status

Rochester

P. nigra x P. maximowiczii

Established

Max1

P. nigra x P. maximowiczii

Established

Androscoggin

P. maximowiczii x P. trichocarpa

Established

NW7_197S

P. maximowiczii x P. trichocarpa

Newly bred [31]

Weser4

P. trichocarpa

Established

Weser6

P. trichocarpa

Established

Muhle-Larsen

P. trichocarpa

Established

NW7_17C

P. trichocarpa

Newly bred [31]

exposed to the same experimental and environmental
conditions. Fertilizer was applied once in spring 2016.

Feeding experiment

In June 2016, 20 healthy plants of nearly the same size
of each clone were chosen for the feeding experiment.
Five individuals of the brassy willow beetles (Phratora
vitellinae) were placed on each of 10 plants of each
clone. Next to the plants with insects the same number
of control plants without insects were placed also covered with gauze. Thus, in total for each clone 20 ramets
were used. After 21 h, the insects were removed from
the plants, three leaves from every damaged and control
plant were harvested and immediately transferred into liquid nitrogen for later RNA extraction. Thus, we had 10
biological replicates per clone and treatment and three
technical replicates per ramet.

RNA-extraction and sequencing

Total RNA from all 480 samples from the feeding experiment was extracted individually by applying the
innuPREP Plant RNA Kit (Analytik Jena AG, Jena,
Germany). To avoid DNA contamination, the Invitrogen
TM Ambion Turbo DNA free Kit (Fisher Scientific
GmbH, Schwerte, Germany) was used following the
manufacturer’s instructions.
Quantity of the RNA was determined with a Nanodrop
1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, USA). The quality was measured with the
Bioanalyzer Agilent 2100 (Agilent Technologies, Waldbronn, Germany). For each clone, the five samples from
five different plants (biological replicates) with the best
quality values were pooled. For each of the 16 pools,
strand-specific cDNA libraries were created from 1 μg of
RNA (GATC Biotech AG, Konstanz, Germany). All
libraries were sequenced by GATC Biotech AG (Konstanz, Germany) on an Illumina HiSeq 2500 platform to
create 125 bp paired-end reads (on average 70 million
reads per sample, Additional file 1: Table S1).

Fastq files were trimmed and filtered using Trimmomatic
v0.35 [58] with the following parameters: ILLUMINACLIP: <fastaWithAdapters>:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20 MINLEN:50. Specific
adapter sequences are given in Additional file 1: Table S6.
We mapped and quantified the trimmed and filtered reads
according to the Populus trichocarpa v3.0 reference genome [24] using the STAR aligner [59] with the following
parameters: --outSAMtype BAM SortedByCoordinate
--quantMode GeneCounts --outReadsUnmapped Fastx
--alignIntronMax 11,000. For read quantification per transcript we converted the gff3 file to gtf using the gffread
utility included with the Cufflinks package [60]. For subsequent analyses, we only considered genes with rpkm
(reads per kilo base per million mapped reads) values > 1
for at least 50% of all samples. Twenty-three thousand
nine hundred seven genes passed this filtering step. Finally, we employed the R bioconductor’s package DESeq2
[61] to normalize the read counts using the rlog function
and to determine differentially expressed genes (design =
~ Treatment+Clone). Differentially expressed genes were
defined as having an adjusted p-value < 0.01 and an absolute log2 fold change > 1.5.

Cis-regulatory element analysis

The putative promoters of differentially regulated genes,
i.e. One kb upstream sequence of the transcriptional
start site, were analyzed for enrichment of potential cisregulatory elements (CREs) using the MEME tool within
the online MEME Suite 5.0.2. (meme-suite.org/tools/
meme) [33, 62]. To compare the promoter sequences of
the 885 up-regulated genes with 885 randomly sampled
non-differentially expressed genes, we used the differential enrichment mode. We searched for motifs between
6 and 10 bp with any number of repetitions, employing
three different sets of randomly sampled genes. Only
motifs found in all three comparisons were considered
significant.

Enrichment and co-expression network analyses

GO term, KEGG orthology (KO) and PFAM enrichment
analyses as well as co-expression network calculations
were performed online using the web-tools available on
popgenie.org [39]. For the enrichment analyses we only
considered significant terms (P < 0.05) with at least 2
genes. For the co-expression network analysis we used
the ‘All Affymetrics’ dataset, comprising expression data
from 462 Affymetrix microarray samples, and the CLR
(context likelihood of relatedness) correlation with default parameters. All other data analyses and
visualization were performed using R [63].
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Additional files
Additional file 1: Table S1. Number of RNA-seq reads and percentage
of uniquely mapped reads. Table S2. Differential expression results from
DESeq2. Table S3. Genes forming the co-expression module shown in
Fig. 3. Table S4. PFAM enrichment analysis of the genes forming the coexpression module shown in Fig. 3. Table S5. Most strongly induced
genes, defined as having top 10% adjusted p-values and log2 foldchanges. Data for the genes were extracted via the GeneList utility on
popgenie.org. Table S6. Illumina adapter sequences for each RNA-seq
sample. (XLSX 2557 kb)
Additional file 2: Figure S1. Heatmaps presenting scaled rpkm-values
of the top 50 up- and down-regulated genes. Plots were produced with
the heatmap() fuction in R with default settings. Pure P. trichocarpa
samples are indicated by blue font. Figure S2. GO term analysis of
down-regulated genes highlighted the biological processes ‘proteolysis’
and ‘carotenoid biosynthetic process’. Figure S3. Differential motif
enrichment analysis by MEME consistently identified the G-box (CACGTG)
as the most significant motif. Promoters (1 kb sequence upstream from
the transcriptional start site) of the 885 herbivore-induced genes were
compared to those of three randomly sampled sets (A to C) of noninduced genes. Figure S4. Co-expression network analysis revealed a
network comprising 258 out of the 885 herbivore-induced genes. The
network forms two expression modules. Co-expressed genes are
connected by lines, whose widths correspond to the strength of the
interaction. Transcription factors are depicted in yellow. (PDF 3830 kb)

Abbreviations
CLR: Context likelihood of relatedness; CRE: Cis-regulatory element; GO: Gene
ontology; JA: Jasmonate; JAZ: Jasmonate ZIM domain; KO: KEGG orthology;
PCA: Principle component analysis; PR3: PATHOGENESIS-RELATED 3
Acknowledgments
We would like to thank S. Palczewski for technical assistance and G.
Wiemann for taking care of the plants in the greenhouse. We specially thank
M. Mader for technical assistance with the computer cluster.
Authors’ contributions
B.K., M.F. and H.S. conceived the research and designed the experiments. H.S.
performed the experiments. N.A.M. and B.K. analyzed the data. N.A.M. and
H.S. wrote the manuscript with input from all authors. All authors have read
and approved the final manuscript.
Funding
This project was part of the FastWOOD project funded by the Federal
Ministry of Food and Agriculture (BMEL) via the Fachagentur
Nachwachsende Rohstoffe e.V. (FNR) (Förderkennzeichen 22000514).
Additional funding was provided by the Thünen Institute. The funding
bodies defined the general research field based on their funding policies
and priorities. They played no further role in the design of the study or
collection, analysis and interpretation of data or in writing the manuscript.
Availability of data and materials
All RNA-seq data have been deposited at SRA (NCBI) with the accession
codes PRJNA514029 for the clones ‘Muhle Larsen’, ‘NW7_17C’, ‘Weser4’ and
‘Weser6’ [64] and PRJNA523796 for the clones ‘Max1’, ‘Androscoggin’, ‘Rochester’ and ‘NW7_197S’.
Ethics approval and consent to participate
Not applicable
Consent for publication
Not applicable
Competing interests
The authors declare that they have no competing interests.

Page 9 of 10

Received: 21 February 2019 Accepted: 20 August 2019

References
1. War AR, Paulraj MG, Ahmad T, Buhroo AA, Hussain B, Ignacimuthu S,
Sharma HC. Mechanisms of plant defense against insect herbivores. Plant
Signal Behav. 2012;7(10):1306–20.
2. Dicke M, Baldwin IT. The evolutionary context for herbivore-induced plant
volatiles: beyond the 'cry for help'. Trends Plant Sci. 2010;15(3):167–75.
3. Dixon RA. Natural products and plant disease resistance. Nature. 2001;
411(6839):843–7.
4. Saito K, Matsuda F. Metabolomics for functional genomics, systems biology,
and biotechnology. Annu Rev Plant Biol. 2010;61:463–89.
5. Kersten B, Ghirardo A, Schnitzler JP, Kanawati B, Schmitt-Kopplin P, Fladung
M, Schroeder H. Integrated transcriptomics and metabolomics decipher
differences in the resistance of pedunculate oak to the herbivore Tortrix
viridana L. BMC Genomics. 2013;14:737.
6. Carmona D, Lajeunesse MJ, Johnson MTJ. Plant traits that predict resistance
to herbivores. Funct Ecol. 2011;25(2):358–67.
7. Kaplan I, Halitschke R, Kessler A, Sardanelli S, Denno RF. Constitutive and
induced defenses to herbivory in above- and belowground plant tissues.
Ecology. 2008;89(2):392–406.
8. Walling LL. The myriad plant responses to herbivores. J Plant Growth Regul.
2000;19(2):195–216.
9. Todesco M, Balasubramanian S, Hu TT, Traw MB, Horton M, Epple P, Kuhns
C, Sureshkumar S, Schwartz C, Lanz C, et al. Natural allelic variation
underlying a major fitness trade-off in Arabidopsis thaliana. Nature. 2010;
465(7298):632–6.
10. Zhou M, Wang W, Karapetyan S, Mwimba M, Marques J, Buchler NE, Dong
X. Redox rhythm reinforces the circadian clock to gate immune response.
Nature. 2015;523(7561):472–6.
11. Howe GA, Jander G. Plant immunity to insect herbivores. Annu Rev Plant
Biol. 2008;59:41–66.
12. Farmer EE, Ryan CA. Interplant communication: airborne methyl jasmonate
induces synthesis of proteinase inhibitors in plant leaves. Proc Natl Acad Sci
U S A. 1990;87(19):7713–6.
13. Ballare CL. Jasmonate-induced defenses: a tale of intelligence, collaborators
and rascals. Trends Plant Sci. 2011;16(5):249–57.
14. Schuman MC, Meldau S, Gaquerel E, Diezel C, McGale E, Greenfield S,
Baldwin IT. The active jasmonate JA-Ile regulates a specific subset of plant
jasmonate-mediated resistance to herbivores in nature. Front Plant Sci.
2018;9:787.
15. Wasternack C, Hause B. Jasmonates: biosynthesis, perception, signal
transduction and action in plant stress response, growth and
development. An update to the 2007 Review in annals of botany. Ann
Bot. 2013;111(6):1021–58.
16. Goodspeed D, Chehab EW, Min-Venditti A, Braam J, Covington MF.
Arabidopsis synchronizes jasmonate-mediated defense with insect circadian
behavior. Proc Natl Acad Sci U S A. 2012;109(12):4674–7.
17. Zhu-Salzman K, Zeng R. Insect response to plant defensive protease
inhibitors. Annu Rev Entomol. 2015;60:233–52.
18. Leimu R, Kloss L, Fischer M. Inbreeding alters activities of the stress-related
enzymes chitinases and beta-1,3-glucanases. PLoS One. 2012;7(8):e42326.
19. De Moraes CM, Mescher MC, Tumlinson JH. Caterpillar-induced nocturnal
plant volatiles repel conspecific females. Nature. 2001;410(6828):577–80.
20. Kessler A, Baldwin IT. Defensive function of herbivore-induced plant volatile
emissions in nature. Science. 2001;291(5511):2141–4.
21. Han G-Z. Origin and evolution of the plant immune system. New Phytol.
2019;222(1):70–83.
22. Stahl E, Hilfiker O, Reymond P. Plant–arthropod interactions: who is the
winner? Plant J. 2018;93(4):703–28.
23. Plomion C, Aury J-M, Amselem J, Leroy T, Murat F, Duplessis S, Faye S,
Francillonne N, Labadie K, Le Provost G, et al. Oak genome reveals facets of
long lifespan. Nature Plants. 2018;4(7):440–52.
24. Tuskan GA, DiFazio S, Jansson S, Bohlmann J, Grigoriev I, Hellsten U, Putnam
N, Ralph S, Rombauts S, Salamov A, et al. The genome of black cottonwood,
Populus trichocarpa (Torr. & gray). Science. 2006;313(5793):1596–604.
25. Dickmann DI, Stuart KW. The culture of poplars in eastern North America.
East Lansing: Michigan State University; 1983. 168 pp
26. Eckenwalder JE. Systematics and evolution of Populus. In: Stettler R,
Bradshaw T, Heilman P, Hinckley T, editors. Biology of Populus and its

Müller et al. BMC Genomics

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.
38.
39.

40.
41.

42.
43.

44.
45.

46.

47.
48.

49.

(2019) 20:673

implications for management and conservation. Ottawa: NRC Research
Press; 1996. p. 7–32.
Major IT, Constabel CP. Molecular analysis of poplar defense against
herbivory: comparison of wound- and insect elicitor-induced gene
expression. New Phytol. 2006;172(4):617–35.
Ralph S, Oddy C, Cooper D, Yueh H, Jancsik S, Kolosova N, Philippe RN,
Aeschliman D, White R, Huber D, et al. Genomics of hybrid poplar (Populus
trichocarpa x deltoides) interacting with forest tent caterpillars (Malacosoma
disstria): normalized and full-length cDNA libraries, expressed sequence tags,
and a cDNA microarray for the study of insect-induced defences in poplar.
Mol Ecol. 2006;15(5):1275–97.
Philippe RN, Ralph SG, Mansfield SD, Bohlmann J. Transcriptome profiles of
hybrid poplar (Populus trichocarpa x deltoides) reveal rapid changes in
undamaged, systemic sink leaves after simulated feeding by forest tent
caterpillar (Malacosoma disstria). New Phytol. 2010;188(3):787–802.
Schröder H, Fladung M. Poplar clones differ in their resistance against
insects feeding. Landbauforschung = Applied agricultural and forestry
research : journal of applied research in agriculture and forestry. 2018;68(1–
2):19–26.
Liesebach M, editor. FastWOOD II: Züchtung schnellwachsender Baumarten
für die Produktion nachwachsender Rohstoffe im Kurzumtrieb Erkenntnisse aus 6 Jahren FastWOOD. Thünen-Report 26. Braunschweig:
Johann Heinrich von Thünen-Institut; 2015.
Lu Z, Ricci WA, Schmitz RJ, Zhang X. Identification of cis-regulatory
elements by chromatin structure. Curr Opin Plant Biol. 2018;42:90–4.
Bailey TL, Elkan C. Fitting a mixture model by expectation maximization
to discover motifs in biopolymers. Proc Int Conf Intell Syst Mol Biol.
1994;2:28–36.
Ezer D, Shepherd SJK, Brestovitsky A, Dickinson P, Cortijo S, Charoensawan
V, Box MS, Biswas S, Jaeger KE, Wigge PA. The G-Box transcriptional
regulatory code in Arabidopsis. Plant Physiol. 2017;175(2):628–40.
Lorenzo O, Chico JM, Sanchez-Serrano JJ, Solano R. JASMONATEINSENSITIVE1 encodes a MYC transcription factor essential to discriminate
between different jasmonate-regulated defense responses in Arabidopsis.
Plant Cell. 2004;16(7):1938–50.
Boter M, Ruiz-Rivero O, Abdeen A, Prat S. Conserved MYC transcription
factors play a key role in jasmonate signaling both in tomato and
Arabidopsis. Genes Dev. 2004;18(13):1577–91.
Kazan K, Manners JM. MYC2: the master in action. Mol Plant. 2013;6(3):686–703.
Serin EA, Nijveen H, Hilhorst HW, Ligterink W. Learning from co-expression
networks: possibilities and challenges. Front Plant Sci. 2016;7:444.
Sundell D, Mannapperuma C, Netotea S, Delhomme N, Lin YC, Sjodin A, Van
de Peer Y, Jansson S, Hvidsten TR, Street NR. The plant genome integrative
explorer resource: PlantGenIE.org. New Phytol. 2015;208(4):1149–56.
Schuler MA, Werck-Reichhart D. Functional genomics of P450s. Annu Rev
Plant Biol. 2003;54:629–67.
Irmisch S, Clavijo McCormick A, Gunther J, Schmidt A, Boeckler GA,
Gershenzon J, Unsicker SB, Köllner TG. Herbivore-induced poplar
cytochrome P450 enzymes of the CYP71 family convert aldoximes to nitriles
which repel a generalist caterpillar. Plant J. 2014;80(6):1095–107.
Moran NA, Jarvik T. Lateral transfer of genes from fungi underlies carotenoid
production in aphids. Science. 2010;328(5978):624–7.
Valmalette JC, Dombrovsky A, Brat P, Mertz C, Capovilla M, Robichon A.
Light- induced electron transfer and ATP synthesis in a carotene
synthesizing insect. Sci Rep. 2012;2:579.
Losey JE, Harmon J, Ballantyne F, Brown C. A polymorphism maintained by
opposite patterns of parasitism and predation. Nature. 1997;388(6639):269–72.
Zhao H, Wang S, Chen S, Jiang J, Liu G. Phylogenetic and stress-responsive
expression analysis of 20 WRKY genes in Populus simonii x Populus nigra.
Gene. 2015;565(1):130–9.
Zhao H, Jiang J, Li K, Liu G. Populus simonii × Populus nigra WRKY70 is
involved in salt stress and leaf blight disease responses. Tree Physiol. 2017;
37(6):827–44.
Philippe RN, Bohlmann J. Poplar defense against insect herbivores. Can J
Bot. 2007;85(12):1111–26.
Chung HS, Koo AJ, Gao X, Jayanty S, Thines B, Jones AD, Howe GA.
Regulation and function of Arabidopsis JASMONATE ZIM-domain genes in
response to wounding and herbivory. Plant Physiol. 2008;146(3):952–64.
Yanfang Y, Kaikai Z, Liying Y, Xing L, Ying W, Hongwei L, Qiang L, Duanfen
C, Deyou Q. Identification and characterization of MYC transcription factors
in Taxus sp. Gene. 2018;675:1–8.

Page 10 of 10

50. Zhai J, Hao H, Xiao H, Cao Y, Lin X, Huang X. Identification of JAZinteracting MYC transcription factors involved in latex drainage in Hevea
brasiliensis. Sci Rep. 2018;8(1):909.
51. Davis JM, Clarke HR, Bradshaw HD Jr, Gordon MP. Populus chitinase genes:
structure, organization, and similarity of translated sequences to herbaceous
plant chitinases. Plant Mol Biol. 1991;17(4):631–9.
52. Lawrence SD, Novak NG. Expression of poplar chitinase in tomato leads to
inhibition of development in Colorado potato beetle. Biotechnol Lett. 2006;
28(8):593–9.
53. Kaling M, Schmidt A, Moritz F, Rosenkranz M, Witting M, Kasper K, Janz D,
Schmitt-Kopplin P, Schnitzler JP, Polle A. Mycorrhiza-triggered transcriptomic
and metabolomic networks impinge on herbivore fitness. Plant Physiol.
2018;176(4):2639–56.
54. Hubbard CJ, Li B, McMinn R, Brock MT, Maignien L, Ewers BE, Kliebenstein D,
Weinig C. The effect of rhizosphere microbes outweighs host plant genetics
in reducing insect herbivory. Mol Ecol. 2019;28:1801–11.
55. Wang G, Dong Y, Liu X, Yao G, Yu X, Yang M. The current status and
development of insect-resistant genetically engineered poplar in China.
Front Plant Sci. 2018;9:1408.
56. Wen Z, Tan R, Zhang S, Collins PJ, Yuan J, Du W, Gu C, Ou S, Song Q, An
YC, et al. Integrating GWAS and gene expression data for functional
characterization of resistance to white mould in soya bean. Plant Biotechnol
J. 2018;16(11):1825–35.
57. Muchero W, Sondreli KL, Chen JG, Urbanowicz BR, Zhang J, Singan V, Yang
Y, Brueggeman RS, Franco-Coronado J, Abraham N, et al. Association
mapping, transcriptomics, and transient expression identify candidate genes
mediating plant-pathogen interactions in a tree. Proc Natl Acad Sci U S A.
2018;115(45):11573–8.
58. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics. 2014;30(15):2114–20.
59. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P,
Chaisson M, Gingeras TR. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics. 2013;29(1):15–21.
60. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ,
Salzberg SL, Wold BJ, Pachter L. Transcript assembly and quantification by
RNA-Seq reveals unannotated transcripts and isoform switching during cell
differentiation. Nat Biotechnol. 2010;28(5):511–5.
61. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.
62. Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, Ren J, Li WW,
Noble WS. MEME SUITE: tools for motif discovery and searching. Nucleic
Acids Res. 2009;37(Web Server issue):W202–8.
63. R Core Team: R: A language and environment for statistical computing. 2017.
64. Brenner WG, Mader M, Müller NA, Hoenicka H, Schroeder H, Zorn I, Fladung
M, Kersten B. High Level of Conservation of Mitochondrial RNA Editing Sites
Among Four Populus Species. G3 (Bethesda). 2019;9(3):709–17.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

