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Arabidopsis thaliana
Pär Davidsson1†, Martin Broberg3†, Tarja Kariola1, Nina Sipari1, Minna Pirhonen2 and E. Tapio Palva1*

Abstract

Background: Oligogalacturonides (OGs) are important components of damage-associated molecular pattern
(DAMP) signaling and influence growth regulation in plants. Recent studies have focused on the impact of long
OGs (degree of polymerization (DP) from 10–15), demonstrating the induction of plant defense signaling resulting
in enhanced defenses to necrotrophic pathogens. To clarify the role of trimers (trimeric OGs, DP3) in DAMP
signaling and their impact on plant growth regulation, we performed a transcriptomic analysis through the RNA
sequencing of Arabidopsis thaliana exposed to trimers.
Results: The transcriptomic data from trimer-treated Arabidopsis seedlings indicate a clear activation of genes
involved in defense signaling, phytohormone signaling and a down-regulation of genes involved in processes
related to growth regulation and development. This is further accompanied with improved defenses against
necrotrophic pathogens triggered by the trimer treatment, indicating that short OGs have a clear impact on plant
responses, similar to those described for long OGs.
Conclusions: Our results demonstrate that trimers are indeed active elicitors of plant defenses. This is clearly
indicated by the up-regulation of genes associated with plant defense signaling, accompanied with improved
defenses against necrotrophic pathogens. Moreover, trimers simultaneously trigger a clear down-regulation of
genes and gene sets associated with growth and development, leading to stunted seedling growth in Arabidopsis.
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Background
Necrotrophic phytopathogens, which are ubiquitous in na-
ture, are represented among bacteria and fungi. Many agri-
culturally important diseases, such as soft rot and blackleg,
are caused by bacterial necrotrophs [1, 2], while necro-
trophic fungi are causative agents of devastating gray
molds and rusts, among others [3, 4]. Enterobacterial soft-
rot pathogens of the genus Pectobacterium include broad
host-range pathogens that cause disease in a variety of
plant species and economically important crops, such as
potato [1, 5, 6]. Similar to many other necrotrophic brute
force pathogens, resistance to broad host-range

Pectobacteria is complex and does not appear to involve
single resistance genes [7–9]. Instead, general plant innate
immunity systems, including salicylic acid (SA)- and
jasmonic acid/ethylene (JA/ET)-mediated defenses, are
triggered by conserved pathogen-associated molecular pat-
terns (PAMPs) [10–15]. In addition to bacterial necro-
trophs, also fungi cause severe pre- and post-harvest losses
to crops worldwide [16]. Of these, the wide broad
host-range gray mold pathogen Botrytis cinerea, capable
of infecting more than 200 plant species, is one of the
most comprehensively studied necrotrophic fungus. Simi-
lar to Pectobacteria, B. cinerea uses enzymes to break
down cell walls to access the host tissue. In Arabidopsis,
enhanced plant resistance to Botrytis seems to be inde-
pendent of the phytohormones SA and JA, but rather
dependent on ET, PAD3 and the accumulation of the
phytoalexin camalexin [17, 18].
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In addition to PAMPs, damage-associated molecular
patterns (DAMPs) play a vital role in defense activation
against bacterial and fungal necrotrophs (i.e. Pectobacteria
and Botrytis). Plants perceive DAMPs, such as plant cell
wall fragments released by the action of plant cell wall-
degrading enzymes (PCWDEs) secreted by these patho-
gens, as signals of damage or modified self [10, 19].
PCWDEs are among the central virulence determinants
employed by necrotrophic phytopathogens for the macer-
ation of host tissue and the release of nutrients [20]. Pec-
tin is a major component of the primary plant cell wall
matrix. It is a complex heteropolysaccharide composed of
galacturonan residues and a prominent target of PCWDEs
[21, 22]. Both Pectobacteria and Botrytis employ PCWDEs
for the degradation of pectin, central of which are; pectin
methylesterases (Pem) and pectin lyases (Pnl), which dir-
ectly operate on pectin polymers and polygalacturonases
(Peh) and pectate lyases (Pel), which operate on pectate
(de-esterified pectin) [20–24].

Major end products of the degradation of pectin by
PCWDEs are oligogalacturonides (OGs) with varying de-
grees of polymerization (DP). These OG fragments act
as potent DAMPs, capable of triggering plant defense
signaling [25–29]. In addition to plant responses to path-
ogens, OGs regulate plant growth and development [30].
Consequently, OGs play an important biological role as
signaling molecules, but the complexity of both OG
fragments and the responses generated has resulted in
OGs being difficult to study [29, 31]. Early studies on
plant response to OGs were often limited to specific mo-
lecular targets or processes, including; the production of
plant hormones, such as ET and JA, or the expression of
specific defense-related genes [26, 28, 32–34]. More re-
cent transcriptomics and functional genetic analyses
have enabled systems-level studies of plant responses to
OGs and the characterization of the OG-responsive tran-
scriptome in Arabidopsis [17, 30, 35]. These studies have
suggested that long OGs (DP > 10) are the most effective
in modulating signaling involved in plant defense re-
sponses, with short OGs having little or no effect [17, 30,
35, 36]. In part, recent studies have focused on long OGs
because the only identified receptor, WAK1, is reported to
bind to and be stimulated by long OGs [37, 38].

However, previous studies by us and others have sug-
gested that also short OGs (DP < 10) impact plant defense
[28, 39] and development [40]. For example, short OGs of
DP2-5 induced a strong expression of a gene involved in
JA biosynthesis in Arabidopsis [28]. Furthermore, short
OGs (DP4-6, DP2 and DP1-7, respectively) induced genes
involved in pathogen response and defense in potato and
tomato and the synthesis of phytohormones in tobacco
and tomato [28, 39, 41–43]. Moloshok et al. [44] demon-
strated the induction of a proteinase inhibitor in response
to dimeric OGs in tomato seedlings.

To clarify the impact of short OGs on plant signaling as-
sociated with defense and development, we performed an
RNA sequencing assay using trimers (trimeric OGs, DP3)
as models for short OGs. Trimers were chosen as model
as during the natural growth phases of Arabidopsis tri-
mers are present during senescence as well as after cell
wall digestion by pectinases [45]. Furthermore, in plant
pathogen interactions it has been demonstrated that tri-
mers are produced in tomato fruit after infection with B.
cinerea [46]. For bacterial pathogens it has been observed
that the pectolytic enzymes from various species generate
trimers from pectin [47–51], and we have previously
shown that commercially available trimers have a similar
effect when applied exogenously to plant tissue, as does
culture filtrate from P. carotovorum and polygalacturonic
acid degraded with pectolytic enzymes.

We further compared the sequencing results to those
of previous studies detailing the global transcriptomic ef-
fects of long OGs (DP > 10) on Arabidopsis [17, 30, 35].
The transcriptomic data obtained by RNA sequencing
suggests that trimers clearly induce the expression of a
number of genes involved in plant defense, while genes
involved in growth, biosynthetic pathways and develop-
ment are down-regulated. The up-regulation of defense-
associated and OG-responsive genes identified in this
study was comparable to previous studies in which in
vitro-grown Arabidopsis seedlings have been treated
with long OGs [17, 35]. However, the modulation of
gene expression induced by trimers was generally not as
strong as that induced by long OGs. To confirm the
transcriptomic data, we performed quantitative RT-PCR
(qRT-PCR) analyses of genes previously associated with
OG signaling [17, 35]. In addition, we conducted pheno-
typic analyses for the trimer-induced enhancement of
pathogen resistance and the inhibition of plant growth.
Importantly, pre-treatment with trimers or long OGs in-
duced enhanced resistance to the necrotrophic patho-
gens Pectobacterium carotovorum at a similar degree,
and retarded seedling growth in Arabidopsis. Further,
both long OGs and trimers were able to induce phos-
phorylation of MPK3 and MPK6, indicating activation of
signaling pathways involved in recognition of elicitors.
These results suggest that trimers are potent elicitors of
plant defenses, putatively leading to the re-allocation of
plant resources from growth and development towards
the induction of defense.

Results
Short OGs have a significant impact on the arabidopsis
transcriptome
Previous studies have characterized the responses trig-
gered in Arabidopsis to exogenously applied oligogalactur-
onides with DP > 10 at the transcriptome level during the
early stages of signaling [30, 35]. In contrast, with the
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exception of the expression of a few specific genes, the po-
tential of trimers to trigger plant defense signaling has not
been characterized at the transcriptome level. In some
studies, trimers have failed to elicit specific defense gene
expression, whereas in other studies, the up-regulation of
specific defense-related genes has been observed [28, 52].
To address this apparent controversy, we characterized
the Arabidopsis transcriptome by RNA sequencing in re-
sponse to trimers. The RNA sequencing data obtained in
this study revealed significant differences in the gene ex-
pression of plants treated with trimers (183 genes down-
regulated and 517 genes up-regulated) compared to plants
subjected to mock treatment (Additional file 1: Table S2).

Comparative meta-data analysis of transcriptomes in
response to trimers and long OGs
To elucidate differences and overlaps in plant responses
to OGs with different DPs, we compared the transcrip-
tome data obtained by RNA sequencing from trimer-
treated samples with the corresponding published tran-
scriptome data from microarray analyses of long OG
(DP > 10)-treated samples [17, 30, 35]. We combined
RNA-sequencing data from the 3 h trimer treatment
with transcriptomic studies of the 1 h and 3 h treat-
ments using long OGs and in vitro Arabidopsis seedlings
as described by Denoux et al. [35] and Ferrari et al. [17].
Intriguingly, there was a significant degree of overlap
between the studies (Fig. 1).

A subsequent comparative analysis of data from all
three treatments (trimers at 3 h and long OGs at 1 h
and 3 h) identified 140 genes that exhibited significant
expression changes in response to treatment with long
OGs and trimers (Additional file 2: Table S3, Fig. 2). Of
the 140 genes with altered expression across all of the
OG treatments, 24 genes were down-regulated and 108
genes were up-regulated. A total of 8 genes differed in
up/down-regulation in at least one experiment. We fur-
ther performed hierarchical clustering (complete ag-
glomeration) based on the expression values of genes
triggered by both long and short OGs. Gene expression

triggered by the 3 h treatment with trimers and long
OGs at 3 h was the most similar across all 3 treatments.
These data provide further support for a considerable
overlap in the effect of the trimers and long OGs on
gene expression.

Moscatiello et al. [30] studied the effects of long OGs
(DP > 10) on Arabidopsis in cell culture. When the tran-
scriptomic data from this study were included in our
comparative analysis, only the expression of ten genes
was significantly altered across all four experiments
(Table 1). The ten genes with altered expression in-
cluded defense-associated genes, such as peroxidases.
Although all of the ten common OG-associated genes
were down-regulated in the study by Moscatiello et al.
[30], they were up-regulated in the other studies.

In conclusion, a comparative gene expression analysis
of studies using short and long OGs suggests that sev-
eral defense-associated genes are up-regulated by both
types of OGs in similar experiments. Furthermore, the
expression of genes altered both in this study and those
published by Ferrari et al. [17] and Denoux et al. [35] at
the 3 h time point was generally similar to data from the
1 h time point. In addition to time point-dependent
changes, the impact of OGs depends on the type of ex-
periment, as suggested by the gene expression analysis
by Moscatiello et al. [30], which was performed using
Arabidopsis cells in a suspension culture. In our study,
the results from the global transcriptomic analysis re-
semble the previously characterized effects of long OGs,
suggesting that trimers have a significant impact on the
expression of hundreds of plant genes, many similar to
those affected by long OGs.

Gene sets associated with pathogen response and
hormone signaling are up-regulated while those associated
with metabolic and developmental pathways are down-
regulated across studies of OG treatment
A gene set enrichment analysis (GSEA) was performed
using transcriptome data from our RNA sequencing and
from previous microarray studies characterizing plant

Fig. 1 Global gene expression data from trimer-treated seedlings exhibit similarities and differences with those from long-OG-treated seedlings at
different time points. Venn diagram comparison of the up- and down-regulated genes based on the RNA sequencing data between trimer (trimers in
the figure) pretreatment and treatment with long OGs at 1 h a and long OGs at 3 h b compared to mock treatment
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Fig. 2 Trimers and long OGs alter the expression of common genes. Circular map of the expression fold changes of 140 genes significantly
altered in expression following treatment with trimers and long OGs across two different studies. The fold change map is in the form of a
histogram. C1–5 in the figure indicate chromosomes 1–5 of A. thaliana

Table 1 Genes with altered expression across different studies that examined the response to trimers and long OGs
Id Description Trimers Long OGs 1 h Long OGs 3 h Long OGs 2 h

AT2G30870 Glutathione S-transferase PHI 10/ERD13 1.43 2.11 2.19 � 2.32

AT1G33590 Leucine-rich repeat (LRR) family protein 1.43 3.70 2.20 � 5.01

AT4G08770 Peroxidase superfamily protein 1.50 3.56 4.59 � 5.25

AT4G38540 FAD/NAD(P)-binding oxidoreductase family protein 1.54 2.10 1.94 � 2.91

AT3G49120 Peroxidase CB 1.60 2.27 1.84 � 4.66

AT5G40170 Receptor like protein 54 1.61 3.91 1.37 � 2.21

AT3G05360 Receptor like protein 30 1.70 8.04 6.51 � 2.15

AT4G08780 Peroxidase superfamily protein 1.77 1.92 2.48 � 5.96

AT3G13790 Glycosyl hydrolases family 32 protein 1.81 3.70 4.88 � 6.31

AT2G34930 Disease resistance family protein/LRR family protein 4.09 5.95 3.59 � 4.57

Genes significantly affected by trimers and long OGs across three different A. thaliana transcriptome studies are presented: this study, long OGs at 1 h and 3 h
and long OGs at 2 h in a cell-culture [17, 30, 35]. Numeric values indicate the fold change compared to a mock treatment
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