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Abstract
Main conclusion Co-expression and regulatory networks yield important insights into the growth—defense tradeoffs
mechanism under jasmonic acid (JA) signals in Arabidopsis.

Abstract Elevated defense is commonly associated with growth inhibition. However, a comprehensive atlas of the genes
associated with the plant growth—defense tradeoffs under JA signaling is lacking. To gain an insight into the dynamic archi-
tecture of growth—defense tradeoffs, a coexpression network analysis was employed on publicly available high-resolution
transcriptomes of Arabidopsis treated with coronatine (COR), a mimic of jasmonoyl-l-isoleucine. The genes involved in
JA-mediated growth—defense tradeoffs were systematically revealed. Promoter enrichment analysis revealed the core regula-
tory module in which the genes underwent rapid activation, sustained upregulation after COR treatment, and mediated the
growth—defense tradeoffs. Several transcription factors (TFs), including RAP2.6L, MYB44, WRKY40, and WRKY18, were
identified as instantly activated components associated with pathogen and insect resistance. JA might rapidly activate RAV/
and KANI to repress brassinosteroid (BR) response genes, upregulate KANI, the C2H2 TF families ZF2, ZF3, ZAT6, and
STZ/ZATI0 to repress the biosynthesis, transport, and signaling of auxin to arrest growth. Independent datasets and preserved
analyses validated the reproducibility of the results. Our study provided a comprehensive snapshot of genes that respond to
JA signals and provided valuable resources for functional studies on the genetic modification of breeding population that
exhibit robust growth and defense simultaneously.
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Introduction

Plant pests and diseases affect crop production, food secu-
rity and sustainable agricultural development used to meet
the global food demands of a rapidly rising population
(Strange and Scott 2005). Pathogen-resistant crop breeding
is environmentally benign for pest management and crop
protection. However, resistance genes that are adopted
for resistance caused crop yield loss (Nelson et al. 2017).
More than half of the studies reported that the average
cost of disease resistance is less than 5% of biomass and
fecundity (Bergelson and Purrington 1996). For example,
the Arabidopsis R-gene RPM 1 costs 9% of the yield when
plants are not under attack from the pathogen to which this
gene confers resistance (Nelson et al. 2017). Plant defense
hormones such as jasmonate (JA), ethylene (ET), salicylic
acid (SA) and cytokinins play vital roles in precisely regu-
lating plant immune responses against various pathogens
(Huot et al. 2014; Naseem et al. 2015). The exogenous
application of these hormones or their functional analogs
to plants impairs plant normal growth (Huot et al. 2014;
Naseem et al. 2015; Dubois et al. 2018; Guo et al. 2018).
The molecular biology-based breeding aimed at increasing
crop yield for centuries has led to the loss of plant genetic
diversity and decreased plant disease resistance. It is now
urgent to equip plants with advanced weapons to protect
themselves against broad spectrum of pathogenic organ-
isms without penalty of cost (Huot et al. 2014). Under-
standing how to balance plant growth—defense tradeoffs
can provide the basis for breeding varieties that increase
plant resistance and crop yield to meet growing global
food demands (Huot et al. 2014). Recent studies have
shown that gene stacking by simultaneously derepressing
the inhibition of growth and defense or simultaneously
promoting growth and defense is a promising approach to
overcome the tradeoffs between defense and growth (Cam-
pos et al. 2016; Kudo et al. 2019).

A general explanation of the ‘dilemma of plants to
grow or defend’ is that increased expression of defense
traits consumes metabolic resources at the cost of growth,
while rapid growth shifts resources that could otherwise
be deployed in the defense arsenal (Campos et al. 2016).
In support of this, plants under light-restrictive condi-
tions prioritize growth and are more susceptible to Pseu-
domonas syringae and Botrytis cinerea attack (Huot et al.
2014). It is exceedingly difficult to measure the metabolic
costs of specific defense compounds; thus, a resource-
based tradeoffs model may oversimplify a highly convo-
luted system that is shaped by strategies aimed to balance
the expense of defense (Guo et al. 2018). The second gen-
eral hypothesis to explain these tradeoffs is that immune-
triggered growth inhibition is an adaptive response and
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regulated by hardwired interactions between growth and
immune signaling networks (Guo et al. 2018).

A rising number of studies have shown that the JA path-
way is a hub for integrating growth- and defense-related cues
that comprehensively contribute to optimize plant fitness
under adverse environmental conditions (Guo et al. 2018).
JAs are a group of lipid-derived phytohormones that modu-
late the growth and development of plants and broad-spec-
trum resistance against necrotrophic pathogens and insect
herbivores. Jasmonoyl-l-isoleucine (JA-Ile), the major bioac-
tive form of the hormone, is rapidly synthesized when plants
are wounded or under pathogen attack, and induces the for-
mation of the COI1-JAZ coreceptor complex, which results
in proteolytic destruction of JAZ repressors by the ubiqui-
tin—proteasome system; this destruction derepresses several
specific TFs, such as MYCs, and initiates the expression of
JA-responsive genes (Huot et al. 2014). JAs also function in
growth inhibition through interactions with other hormones,
such as ET, auxin, BRs, and gibberellic acid (GA) (Huot
et al. 2014). JAs mediate leaf growth by arresting the cell
cycle in the G1 phase prior to the S transition and delaying
the switch from the mitotic cell cycle to the endore dupli-
cation cycle (Huot et al. 2014). The antagonistic crosstalk
between the JA and GA signaling pathways controls the
growth—defense tradeoffs mediated by JAs (Guo et al. 2018).
The unique combination of jazQ and phyB, which simultane-
ously activate MYC and PIF transcription factors, exhibits
better defense than the wild type without a fitness penalty
(Campos et al. 2016). The downregulation of the JA signal
repressor JAVI results in increased resistance to both insect
herbivores and necrotrophic fungi without growth penalty
(Hu et al. 2013). These studies on the molecular mechanisms
of JA-inducing defense-triggered growth inhibition inspired
that there might be specific focal points for untangling the
growth—defense tradeoffs.

With the development of high-throughput technologies
such as RNA sequencing (RNA-Seq), it is now possible to
assess the mode of action of phytohormones from a system-
atic perspective (Hickman et al. 2017). Coexpression net-
works and clustering algorithms can be used to construct
coexpression modules in which genes have very similar
expression patterns and are more likely to regulate the same
biological process or function in the same pathways accord-
ing to a ‘guilt-by-association’ paradigm (van Dam et al.
2018). Gene coexpression network approaches cannot be
used to deduce regulatory information by itself, however,
its combination with a promoter motif enrichment analy-
sis can be performed to infer the regulatory relationships
between co-expression modules and TF families (Windram
et al. 2012; Hickman et al. 2017).

However, previous high-resolution time course stud-
ies of the JA response mainly revealed the chronology and
regulation of the defense (Windram et al. 2012; Hickman
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et al. 2017). There has never been an integrated core net-
work that can mediate JA-induced growth arrest and defense
enhancement to accurately predict genotype-by-environment
interactions due to the complexity of these processes and
the resource intensity of the methods to explore. Here, we
performed coexpression network analysis followed by a pro-
moter enrichment analysis with the publicly available high-
resolution temporal transcriptome following JA signaling
mimics treatment. We revealed that the genes associated
with JA-induced defense enhancement and growth inhibi-
tion showed distinct expression patterns between mock and
COR treatment. We also found that growth—defense tradeoffs
mediated by JA might be regulated by different regulators
in co-expression module M45. Publicly available independ-
ent datasets and a preserved analysis of module structures
confirmed the robustness and reproducibility of our results.
Collectively, our studies provided clues for assisting in the
uncoupling of growth—defense tradeoffs and candidate genes
for genetic modification in plant breeding to produce robust
growth and defense simultaneously.

Materials and methods

RNA isolation and reverse-transcription
quantitative PCR (RT-qPCR)

A. thaliana Columbia (Col-0), provided by Prof. Jingao
Dong (Key Laboratory of Hebei Province for Plant Physi-
ology and Molecular Pathology, Hebei Agricultural Uni-
versity), was used as the wild-type plant. Three-week-old
A. thaliana plants were sprayed with 50 pM MeJA water
solution. Total RNA was isolated from leaves treated with
the control or MeJA, followed by cDNA synthesis using
RNase-free RQ1 DNases (Promega), with the Improm-II
reverse transcriptase kit (Promega) and the Oligo(dT). The
expression of 18S rRNA was used to normalize the data
for RT-qPCR. All primers used in this work are listed in
Table S1. Data were analyzed with the 27T method.

RNA-seq data analysis

The raw reads of time course expression data PRINA245231
treated by 5 pM COR and the mock at 21 time points over a
day/night cycle (16 h/8 h 22 °C/18 °C day/night) were down-
loaded from NCBI GEO. More details of the experiment can
be found in the original report (Attaran et al. 2014).

Read processing and statistical methods were conducted
by following the criteria illustrated in Fig. S1. Generally,
Hisat2 v.2.0.4 (Kim et al. 2015) was used to align reads
to the TAIR10. After discarding reads mapping to multiple
positions in the reference, gene-level counts were computed
using featurecounts (Liao et al. 2014). The genes at below

detectable levels of RNAseq in less than 80% of all sam-
ples were removed and then remained the top 30% of most
variant genes. The normalized gene expression matrix was
calculated using the voom normalization method in limma
v.3.32.8 (Ritchie et al. 2015).

Network profiling of high-temporal resolution
transcription

A signed biweight midcorrelation adjacency matrix was
constructed with the power =12, type =“signed” and
corFnc =“bicor” using WGCNA v.1.66 (Langfelder and
Horvath 2008). Then, we transformed the adjacency into
a topological overlap matrix to calculate the correspond-
ing dissimilarity. The dynamic hybrid cut method was used
to cut the tree by average linkage hierarchical clustering of
flashClust and identified 45 coexpression modules with min-
ModuleSize =20, deepSplit=4, and cutHeight=0.99.

Construction of regulatory relationships
among modules

To explore the regulatory relationships between TFs and
modules, the putative regulatory network was constructed as
follows: (i) the Arabidopsis TF families and putative motifs
bound by the TF were obtained from PlantTFDB version 4.0
(Jin et al. 2016). (ii) The known transcription factor-binding
site enrichment analysis was performed by scanning 500 bp
upstream of the transcription start site for the genes of each
module using FIMO (Grant et al. 2011) with P value < 1074
(iii) After removing duplicated regulators of each module,
the putative regulators were subjected to a hypergeomet-
ric test against the genes in each module and TF family.
Significantly enriched TFs were summarized in a heatmap
using ggplot2 (adjP £0.05). (iv) Although the prediction of
TF-binding sites with significant motif enrichment was con-
sidered to be a highly reliable prediction, we summarized the
regulatory relationships of all module genes in PlantRegMap
(Jin et al. 2015) to evaluate the core regulatory network iden-
tified by the hypergeometric analysis.

In this work, the same hypergeometric analysis was
performed as in GOHyperGAll (Horan et al. 2008): phy-
per (x—1, m, n-m, k, lower.tail =FALSE). To construct the
regulatory relationships between TFs and modules, x rep-
resents the number of putative regulators for each module
contained in each TF family, m represents the number of
genes contained in each TF family, n represents the number
of all TFs, and k& represents the number of putative regulators
for all modules contained in all TF families. To construct the
regulatory relationships among modules, x represents the
number of putative regulators for each module contained in
each module, m represents the number of genes in each mod-
ule, n represents the number of genes in all modules, and k
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«Fig. 1 Transcriptional dynamics of the 45 modules in a day/night
cycle with the control and COR treatment. The black dashed lines
indicate the mean expression profile of all members in the modules
of the control, while the firebrick line indicates the mean expression
profile of all members in the modules of COR treatment. The number
of genes of each module is displayed above each panel. The gray bars
denote the timing of the night in each panel. The known circadian
genes are in the blue text. The y-axis indicates the mean normalized
log2 expression levels. The x-axis indicates time (h) after treatment
(Table S2)

represents the number of putative regulators in all modules.
The P value was adjusted by the Bonferroni method.

Validation experiments and preservation analyses

To test the consistency of the differential expression patterns
of genes in constructed modules stimulated by different JA
functional analogs, we used the publicly available transcrip-
tomic data with MeJA treatment (Yang et al. 2017; Hickman
et al. 2017) and coil mutant (Yang et al. 2017). The raw
fastq files were downloaded from GEO and served for the
RNAseq analysis mentioned above. We assessed differen-
tial gene expression by calculating the difference between
matched treatment or mutants and control samples.

Preservation analyses were performed with the gene
expression data with MeJA treatment (Hickman et al. 2017).
To assess the preservation of COR modules, the moduleP-
reservation function in the WGCNA package was used
(Langfelder et al. 2011).

Gene ontology (GO) analysis

GO functional enrichment analysis was performed using
GOHyperGAll with Bonferroni-corrected P value (Horan
et al. 2008) for all modules using the Arabidopsis GO anno-
tations downloaded from the GO site (3/31/2017 release;
https://geneontology.org). For each module, the terms with
P value less than 0.05 were kept.

Results and discussion

Overview of the dynamic architecture of the gene
coexpression network under JA signaling in a day/
night cycle

A weighted gene coexpression network was constructed with
a publicly available dataset treated by COR at 21 time points
over a day/night cycle (Attaran et al. 2014). For this, the top
30% of most variable transcripts were selected from the fil-
tered and normalized expression matrix, and then were used
in a hierarchical clustering procedure to identify groups of
coexpressed genes, termed “modules”. The high-resolution

temporal transcriptomics data captured a diverse set of
dynamic responses to COR stimulation and control (Fig. 1,
Fig. S2 and Table S2). Most expression changes in a day/
night cycle followed two clear impulse patterns: diurnal
oscillation and multioscillation (Fig. 1). Here, the genes in
33 modules that mainly peaked at one or two specific points
of the day were defined as diurnal genes (Fig. 1). The ampli-
tudes of diurnal genes were either damped or enhanced, and
the global differences between the control and COR treat-
ment were weak during the time course (e.g., M3, M18).
Multioscillation genes showed more than three peaks and
troughs during the time course (e.g., M34 and M40 in mock
treatment). In contrast to diurnal genes, the expression of
multioscillation genes, especially in M34, M36, M37, M38,
and M40, not only exhibited damped or enhanced ampli-
tude but also showed phase shifts that was significant in
the night—day transition and caused dysregulation over time
after COR treatment (Fig. 1). To investigate the biological
significance of the distinct dynamic expression patterns, the
genes in each module were tested for overrepresented func-
tional categories using GO enrichment analysis (Fig. S3a,
Table S3). The unique GO term of each module accounted
for 67% of all significantly GO biological processes, and
the specific GO term of each pair of modules accounted for
21% (Fig. S3b); therefore, each module might play special
roles in the biological process. To detail the distribution of
GO functional terms related to circadian, growth, defense,
reactive oxygen species (ROS), and ion homeostasis in each
module, we classified the GO terms into these four catego-
ries according to their description in web site https://geneo
ntology.org (Fig. S3a, Table S3). As expected, the GO terms
related to circadian or diurnal events were overrepresented
in diurnal modules. The more specific functional categories
were linked to distinct modules. For example, M3 was spe-
cifically enriched for the annotation term “response to light
stimulus”, M4 for “response to temperature stimulus”, M15
for “photosynthesis”, and M16 for “response to tempera-
ture stimulus”. The known clock genes such as LHY, CCAI,
PRR5/7, TOCI, PCLI/LUX, ELF4 were also presented in
diurnal modules and showed similar diurnal expression
patterns as previous description (Nusinow et al. 2011; Hsu
and Harmer 2014; Meyer et al. 2017) (Fig. 1 and Table S2),
indicating that the dynamic expression profiles we captured
using coexpression network were reproducible and robust.
The GO terms associated with ROS and “ion homeostasis”
were mainly presented in multioscillation modules (Fig.
S3a). For example, M35 was specifically enriched for the
annotation term “reactive oxygen species metabolic process”
and “iron ion homeostasis”, M40 for “ion homeostasis’ and
“oxidation—reduction process’, M41 for “cellular response to
metal ion”, and M43 for “zinc II ion transport” and “hydro-
gen peroxide catabolic process” (Table S3). Remarkably,
after mapping all genes to corresponding chromosome
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locations, we found 19 chloroplast chromosome genes in
M37, which was composed of 22 genes (Fig. S2). psaA,
psaB, and psbA, the critical components of photosystem I
and photosystem II (Schult et al. 2007; Krech et al. 2012),
were also in this module. Therefore, the modules we con-
structed provided a general picture of the relevant biological
processes and might assist future functional characterization
experiments of genes of unknown functions related to circa-
dian rhythm, photosynthesis, and multioscillation.

We externally validated the robustness of our findings
by determining whether the modules detected in the COR
dataset were preserved in publicly available MeJA datasets
(Hickman et al. 2017). The results suggested that most mod-
ules showed evidence for moderate preservation between
COR and MeJA treatments (Fig. S4; Zsummary > 2).

Gradually activated genes associated with defense
enhancement mediated by JA

Here, we found that the genes in module M1 exhibited two
distinct expression patterns following the control and COR
treatment (Fig. 1, Fig. S2). The genes in M1 showed the
diurnal expression pattern during the day/night cycle follow-
ing mock treatment, while these genes were rapidly upregu-
lated in the first 4 h and maintained the status of consecutive
activation at least throughout the time course after treatment
with COR (Fig. 1, Fig. S2). This module was enriched for
functional terms associated with JA defense responses (Fig.
S3a), and most of the genes annotated with “response to
wounding” and “responding to jasmonic acid”” were included
in this module (Fig. S2). Interestingly, the defense module
not only contained JA biosynthesis genes and known patho-
gen- and herbivory-responsive marker genes, such as AOS,
AOC2,LOX2, OPR3, PDF1.2A, VSP2 and ORA47, but also
contained JA negative feedback genes and JA signal repres-
sors, such as JAZ proteins (JAZ1/2/3/4/5/6/7/8/9/10/12/13)
and jasmonate-induced oxygenases (JOX1/2/3/4), which
hydroxylated JA to form inactive 12-OH-JA (Caarls et al.
2017). DELLA proteins RGL3 and RGL2 and circadian
genes LUX were also presented in this module (Fig. 3).
Convincingly, the expression patterns of JAZs after MeJA
treatment were consistent with the previous report (Thines
et al. 2007).

COR is a structural mimic of JA-Ile and acts directly as
an antagonist of the COI1-JAZ co-receptor, thereby spe-
cifically activating the JA signaling pathway (Attaran et al.
2014). To validate that the genes in M1 had similar differ-
ential expression patterns during COR or MeJA stimulation,
the differential gene expression profiles stimulated by COR
were compared to those of two independent MeJA-treated
RNA-Seq datasets (Yang et al. 2017; Hickman et al. 2017).
As expected, the differential gene expression patterns in M1
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stimulated by COR were fairly similar to those under MeJA
treatment (Fig. 2).

The F-box protein COI1 is identified as a major compo-
nent of the JA pathway, as loss of COI! function resulted in
compromised resistance to necrotrophic fungi and herbivo-
rous insects; coil mutants did not respond to JA treatment
and impaired the expression of most JA- and insect-induci-
ble genes (Goossens et al. 2016). Here, the RNA-Seq dataset
of the coil-16 mutants (Yang et al. 2017) was used to test
whether the genes activated by JA signaling were dependent
on COIl. Many genes in M1, including JA-responsive genes
LOX3, LOX4, AOS, AOCI, OPR3, PDF1.2A, VSP1, and
JAZs (Fig. 2), were repressed in coil mutants. Collectively,
these results indicated that the genes in M1 were associated
with the defense mediated by JAs and provided clues for
discovering many defense molecular mechanisms related to
COI1 under JA signaling.

Gradually downregulated genes associated
with growth arrest under JA signaling

It has long been recognized that triggering JA signaling
by applying JA to the growth medium results in growth
repression (Huot et al. 2014). Leaf growth is rapidly inhib-
ited after COR treatment (Attaran et al. 2014). Here, we
found that the genes in M2 were gradually downregulated
in the first 12 h and were repressed over time after treatment
with COR (Fig. 1, Fig. S2). However, the control exhibited
only a slight fluctuation in basal expression during the day/
night cycle (Fig. 1). These genes showed similar differen-
tial expression patterns when stimulated by MeJA or COR
(Fig. 2). As expected, this module was enriched for func-
tional terms associated with growth, such as “response to
auxin” (Fig. S3a). There were many genes involved in the
biosynthesis, transport, and signaling of auxin presented in
this module. For example, PLT7 modulated local auxin bio-
synthesis in the center of the meristem (Pinon et al. 2013);
SAURS50/64/66, 1AA19/34, and ATI1G48660 belonged to
the three families of early auxin-responsive genes—small
auxin-up RNA (SAUR), Aux/IAA, and GH3, respectively.
These three families could be specifically induced by auxin
within minutes (Paponov et al. 2008). ARF11/18 were auxin
response factors (ARF), which might modulate the expres-
sion of genes by binding to the promoter regions of auxin-
responsive genes and amplify the auxin signal. PIN5 was a
functional auxin transporter and regulated intracellular auxin
homeostasis and metabolism (Mravec et al. 2009). Addi-
tional inspections revealed that there were other growth-
related genes shown in this module, such as the GA-related
genes: GASA6, PRES, and HBII; the BR marker gene:
EXPS; the cell expansion genes: EXPAII, EXPAS, and
EXPAI; and the genes involved in cell differentiation: PRK4,
TCLI, and ETC2 (Fig. 2).
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In addition to its well-documented importance for biotic
stress responses, COII also mediates signal transduction
in light-driven developmental processes. The growth of
Arabidopsis coil mutants and COIlI-silenced rice plants is
enhanced when compared to the respective wild-type plants
(Goossens et al. 2016). Under conditions of competition
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with neighbors, at a low ratio between red and far-red light,
hypocotyls of coil mutants elongate more than those of
wild-type plants (Goossens et al. 2016). The coil-30 mutants
invalidate the impact of COR treatment on growth (Atta-
ran et al. 2014). To test whether the genes repressed by JA
signaling were upregulated in coi/ mutants, we explored
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the differential expression levels of these genes in coil-16.
As shown in Fig. 2, many genes related to growth, such as
AT1G48660, SAUR50 and HAT3, were upregulated in coil
mutants and repressed by MeJA or COR. Therefore, these
findings might help elucidate the molecular mechanisms of
JA-induced growth arrest.

Discovery of the core for regulating growth-defense
tradeoffs under JA signaling

TFs regulate gene expression by binding to specific
sequences in the promoter regions of their target genes
(Chang et al. 2006), and the information of the regulatory
DNA motifs that are associated with genes in each module
could aid in the understanding of the regulatory relation-
ship among modules. We performed a promoter enrichment
analysis on the genes of each module using FIMO, which
searches a set of sequences for occurrences of known motifs
(Grant et al. 2011), on the basis of DNA-binding specificities
from PlantTFDB 4.0 (Jin et al. 2016). Then, the hypergeo-
metric test was utilized to assess the putative regulators over-
represented against all TFs categories, motifs corresponding
to DNA-binding sites of ERF, NAC and WRKY TFs were
found to be enriched in almost all modules (Fig. 3a). Hyper-
geometric test was utilized to assess the putative regulators
overrepresented against genes in each module, only motifs
corresponding to the DNA-binding sites of TFs in M45 were
markedly enriched in all modules except for those in M25.
We mapped genes in all modules to PlantRegMap, com-
posed of genome-wide regulatory interactions curated from
the literature and inferred by combining TF-binding motifs
and regulatory elements (Jin et al. 2015). 18 TFs in M45 had
24, 111 regulatory relationships with other genes in Plant-
RegMap (Fig. 3b and Table S4) and accounted for 80% of
the regulatory relationships in all co-expression modules.
Theses suggested that the regulators in M45 regulated all
modules except for M25. In addition, M45 was composed
of 137 genes, including 26 TFs, 7 IncRNAs, 1 snoRNA and
37 putative uncharacterized proteins or unannotated genes
(Table S2).

M45 was overrepresented for functional terms associated
with defense, ROS, growth, and development (Fig. S3a, Fig.
S2). The genes in this module were rapidly activated within
15 min and then maintained consecutive activation after
COR or MeJA treatment (Figs. 1, 2). Considering the differ-
ential expression patterns of the gradually activated defense
(M1), the gradually repressed growth (M2) (Figs. 1, 2) and
the results of a promoter enrichment analysis mentioned
above, we suggested that this module mediated the antago-
nistic interaction between growth and defense mediated by
JA signaling. To validate this hypothesis, we investigated
the regulatory relationships between this module and M1
(defense) or M2 (growth) in PlantRegMap (Fig. 4a). 172

genes of M2 regulated by 15 TFs were annotated as non-
growth inhibitors in M45, and were enriched for GO term
“cell wall organization” under the corrected P value of 0.05
(Fig. 4). On the other hand, the remaining 394 genes in M2
were enriched for growth-related GO terms such as “auxin-
activated signaling pathway” (Fig. 4b). Genes in the M1
were regulated by M45’s defense regulators and those that
remained in M1 were enriched by defense-related GO terms
(Fig. 4b). There were no significantly enriched GO terms in
M2 or M1 under the regulation of M45’s growth inhibitors,
because these growth inhibitors had few regulatory relation-
ships in PlantRegMap. These suggested that growth—defense
tradeoffs mediated by JA might be regulated by different
regulators in M45, rather than just mediated by molecular
switch like JAZ-DELLA.

Among the TFs in M45, KANI, RAVI, STZ/ZATI0,
ZAT6, and ERF11 physically interact in yeast with the
TOPLESS corepressor protein (Causier et al. 2011). Thus,
KANI, RAVI, STZ/ZATI10 and ZAT6 might cause repression
by interacting with TOPLESS, thereby recruiting chromatin-
repressive enzymes. KAN1 is a transcriptional repressor that
regulate auxin biosynthesis, transport, and signaling (Huang
et al. 2014; Xie et al. 2015). In M2, the activator HBII posi-
tively regulates BR biosynthesis of two expansion genes,
EXPAI and EXPAS, that encode cell wall-loosening enzymes
(Fan et al. 2014); and the auxin-signaling genes HAT2 and
AT5G12050 are putative KAN] targets supported by the
ChIP-seq and tiling array approaches (Merelo et al. 2013).
Overexpressing RAVI provokes retardation of lateral root
and rosette leaf development in Arabidopsis (Hu et al. 2004).
RAV1 is also a representative gene for BR upregulation (Hu
et al. 2004). AZF2, AZF3, ZAT6, STZ/ZATI10, and ZATI2
belong to the C1-2i subclass family of C2H2 zinc finger
TFs in Arabidopsis and are highly induced by cold, osmotic,
salt, drought, UV-B, and wounding in shoot tissue (Yin et al.
2017). It was well shown that the C2H2 zinc finger families
play essential roles in the growth inhibition response to vari-
ous a/biotic stresses (Ciftci-Yilmaz et al. 2007; Kodaira et al.
2011; Yin et al. 2017). AZF2 negatively regulated auxin-
inducible genes under abiotic stress conditions (Kodaira
et al. 2011). The double mutant azflazf2 tended to show
delayed chlorosis or enhanced root growth and increased lev-
els of small auxin-up RNA gene expression when compared
with wild-type plants under high-salt conditions (Kodaira
et al. 2011). Overexpression of ZAT6 showed pleiotropic
phenotypes with curly leaves and small-sized plants at the
vegetative stage, reduced floral organ and silique sizes at the
reproductive stage, and improved resistance to biotic and
abiotic stresses (Shi et al. 2014). The consecutive expression
of STZ/ZATI10 was found to result in growth retardation and
improved adaptation of plants to a/biotic stresses (Shi et al.
2014). AZF3 and ZATI12 were also identified as transcrip-
tion repressors (Sakamoto et al. 2004; Li et al. 2018). The
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knockout of ZAT12 had a positive effect on growth under
heat stress (Davletova et al. 2005). Real-time RT-qPCR
analysis showed the strong activation of KANI, RAVI, and
the C2H2 TFs AZF1, AZF2, AZF3, ZAT6, STZ/ZAT10, and
ZATI2 when treated with MeJA (Fig. 5). ERF11 overex-
pression induced GA2-0X6, encoding a GA degradation
enzyme, in leaves and hence inhibited leaf growth (Dubois
et al. 2018). Based on the above observations, a working
model was proposed in Fig. 6 to describe the mechanism of
immune-triggered growth inhibition mediated by JA signals
on leaves. In addition to the well-documented crosstalk of
GA and JA to balance plant—defense tradeoffs, we found that
JA might rapidly activate RAVI and KANI to repress BR
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response genes, upregulate KANI, the C2H2 TF families
ZF2,7ZF3,ZAT6, and STZ/ZATI0 to repress the biosynthesis,
transport, and signaling of auxin to arrest growth. These
results might shed light on the molecular mechanism under-
lying the crosstalk between JA signaling and growth.

On the other hand, ERF1B (in M45) could directly upreg-
ulate ASAI (in M1) by binding to its promoter, leading to
auxin accumulation and ET-induced root growth inhibition
(Mao et al. 2016). WRKY57 mediated the antagonism of
JA- and auxin-mediated signaling in leaf senescence pro-
cess (Jiang et al. 2014) and has a dual role in a/biotic stress
(Jiang et al. 2014; Jiang and Yu 2016). The C2H2 TFs (ZF2,
ZF3,ZAT6, STZ/ZAT10, ZATI12, and ZAT18), the ERF TFs
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Fig.5 RT-qPCR transcript profiles for eight TFs verifying the transcriptional data

(ERFIB, ERF2, and ERF113/RAP2.6L), the WRKY TFs
(WRKY40, and WRKY18), and the NAC TF NACO056 played
positive central roles in a/biotic stresses (Sakamoto et al.
2000; He et al. 2005; McGrath et al. 2005; Pandey et al.
2010; Krishnaswamy et al. 2011; Xie et al. 2012; Liu et al.
2013; Cheng et al. 2013; Yin et al. 2017). These genes were
repressed in the coi/ mutant (Fig. 2). Thus, JA signals might
rapidly and consecutively activate these C2H2 TFs as well
as KANI and RAVI to arrest growth, and activate ERFIB,
ERF2, ERF113/RAP2.6L, WRKY18, WRKY40, WRKY57,
and ZAT18 to enhance defense through COI1.

Gene coexpression networks organized genes with similar
expression patterns. A specific family of TFs might regu-
late the genes within a coexpression module. Thus, it was
possible to identify the regulatory relationships between the
coexpression modules and TFs by studying a specific motif’s
distribution across the network (Vandepoele et al. 2009).
Coupling TF DNA-binding motif enrichment data with the
chronological JA network model predicted putative causal

regulatory relationships between TFs and JA-regulated
modules (Hickman et al. 2017). By integrating cumulative
hypergeometric distribution test with promoter motif enrich-
ment data of genes in each constructed module, the TFs in
M45 were predicted for playing vital roles in regulating the
antagonism between growth and defense (Fig. 3). Indeed,
the regulatory relationships among genes in PlantRegMap
also confirmed that the TFs in M45 were important in the
transcriptional regulatory network (Figs. 3 and 4). Therefore,
we performed a robust approach that was useful for inferring
regulatory relationships among co-expression modules.

Conclusions

Understanding the mechanisms of growth—defense trade-
offs is critical for breeding resistant plants for higher
yields. Using a coexpression network analysis following
hierarchical clustering on a high-resolution RNA-seq time
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WAG1/2, YUC2/5/8,
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Fig.6 Model depicting the mechanism of growth inhibition under
JA signals. JA could rapidly induce the expression of growth inhibi-
tors (RAVI, KANI, ZF2/3, ZAT6/10/12, ERFI1) and arrest growth
through crosstalk with BRs, auxin and GA. Light-activated phyB
binds to and degrades PIF4/5

series treated by COR and validating with independent
data, we provided an unprecedentedly detailed insight into
the architecture and dynamics of gene expression in a day/
night cycle with the control and JA signal treatment, and
systematically revealed the genes associated with antago-
nism between growth and defense mediated by JA signal-
ing. The genes in the core regulatory module, inferred by
a promoter enrichment analysis, would be candidates for
unlinking growth—defense tradeoffs. Our results were only
based on publicly available transcriptomes of Arabidopsis
treated with JA analogs. Biotic stress such as the attack
from herbivory insects and necrotrophic pathogens (such
as Botrytis cinerea) might trigger different transcriptomic
responses. Hence, interpretation of these results might
need to consider other factors affecting transcription.
Future research will be focused on biological validation
of candidate genes with putative regulatory roles in medi-
ating JA-triggered growth—defense tradeoffs. Knowledge
on how plants optimize plant fitness under adverse envi-
ronmental conditions will aid in breeding disease-resistant
crops without growth penalty.

Availability of data and materials
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included in this published article [and its Additional files].
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