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The phytohormone network consisting of jasmonate, ethylene, PHYTOALEXIN-DEFICIENT4, and salicylic acid signaling is
required for the two modes of plant immunity, pattern-triggered immunity (PTI), and effector-triggered immunity (ETI). A
previous study showed that during PTI, the transcriptional responses of over 5000 genes qualitatively depend on complex
interactions between the network components. However, the role of the network in transcriptional reprogramming during
ETI and whether it differs between PTI and ETI remain elusive. Here, we generated time-series RNA-sequencing data of
Arabidopsis thaliana wild-type and combinatorial mutant plants deficient in components of the network upon challenge with
virulent or ETI-triggering avirulent strains of the foliar bacterial pathogen Pseudomonas syringae. Resistant plants such as
the wild type achieved high-amplitude transcriptional reprogramming 4 h after challenge with avirulent strains and sustained
this transcriptome response. Strikingly, susceptible plants including the quadruple network mutant showed almost identical
transcriptome responses to resistant plants but with several hours delay. Furthermore, gene coexpression network structure
was highly conserved between the wild type and quadruple mutant. Thus, in contrast to PTI, the phytohormone network is
required only for achieving high-amplitude transcriptional reprogramming within the early time window of ETI against this

bacterial pathogen.

INTRODUCTION

Plants are equipped with preformed barriers and an induc-
ible immune system to deal with the myriad microbial attacks
they experience during their lifetimes (Jones and Dangl, 2006).
Plant-inducible immunity is activated through recognition of
microbial molecules or actions by specific receptors. This resem-
bles animal innate immunity, although the nature of the receptors
differs between plants and animals, suggesting convergent
evolution (Ausubel, 2005; Maekawa et al., 2011). Plants recog-
nize conserved microbial molecules called microbe-associated
molecular patterns (MAMPs) via cell surface-localized pattern
recognition receptors, most of which are receptor-like kinases
or receptor-like proteins, thereby activating pattern-triggered
immunity (PTI) (Boller and Felix, 2009; Macho and Zipfel, 2014).
Virulent microbial pathogens overcome PTI by deploying vir-
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ulence effectors that interfere with PTI signaling components
(Jones and Dangl, 2006; Asai and Shirasu, 2015).

Plants have another mechanism recognizing virulence effec-
tors or their actions to trigger effector-triggered immunity (ETI)
(Jones and Dangl, 2006; Cui et al., 2015). Nucleotide binding
leucine-rich repeat proteins (NLRs) are typical receptors for ETI
and fall broadly into the two major classes TNL and CNL, which
possess an N-terminal Toll-Interleukin1 Receptor (TIR) and
coiled-coil domain, respectively. For instance, the Arabidop-
sis thaliana intracellular CNLs RESISTANT TO P. SYRINGAE2
(RPS2) and RESISTANCE TO P. SYRINGAE PV MACULICOLA1
(RPM1) recognize modifications of the PTI signaling compo-
nent RPM1 INTERACTING PROTEIN4 by the bacterial type llI
effectors AvrRpt2 and AvrRpm1, respectively, of a Gram-negative
bacterial pathogen, Pseudomonas syringae (Mackey et al., 2002,
2003; Axtell and Staskawicz, 2003). The Arabidopsis TNL pair
RPS4 and RESISTANT TO RALSTONIA SOLANACEARUMT initi-
ates ETl upon recognizing actions of multiple pathogen effectors
such as AvrRps4 of P. syringae and PopP2 of Ralstonia sola-
nacearum (Birker et al., 2009; Narusaka et al., 2009).

Activation of plant immune receptors triggers a diverse array
of immune responses such as reactive oxygen species gener-
ation, cellular Ca?* spikes, MAP kinase (MAPK) activation, and
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Background: To fight against pathogens, plants can detect enemies and transduce the signal to reprogram gene
expression in the cell as a defense mechanism. Plant resistance genes, typically encoding immune receptor proteins
for pathogen surveillance, have been practically used in breeding to deliver disease resistant plant cultivars to
agricultural fields. Understanding how plant resistance genes confer pathogen resistance would open up a new
avenue of plant protection. Phytohormones such as jasmonate (JA), ethylene (ET), and salicylic acid (SA) are
chemicals that are produced within plants upon pathogen attack and regulate cellular processes, including gene
expression, that mediate plant disease resistance.

— e ee———

Question: We previously showed that simultaneous removal of JA, ET, SA, and the signaling component PAD4
abolishes bacterial resistance conferred by the resistance gene RPS2 in Arabidopsis thaliana. This finding prompted
us to explore how these signaling components act together to mediate RPS2-mediated bacterial resistance at the
transcriptional level.

Findings: We employed RNA-sequencing technology to monitor genome-wide gene expression dynamics in
Arabidopsis leaves after challenge with a bacterial pathogen that activates RPS2. Resistant wild-type plants
reprogrammed expression of over 7000 genes within 4 to 6 h after pathogen challenge and maintained this gene
expression pattern later on. Surprisingly, susceptible plants, in which JA, ET, SA, and PAD4 were simultaneously
removed, showed almost identical gene expression pattern as resistant wild-type plants but with a several hour delay.
Thus, JA, ET, SA, and PAD4 together set up timely reprogramming of gene expression within the early time window,
which matters in RPS2-mediated bacterial resistance.

Next steps: Plant diseases caused by pathogens are serious threats to global food security. We seek to find out how
rapid reprogramming of gene expression is regulated and translated to effective defense, which would pave the way

for development of new plant protection strategies.

production of phytohormones including jasmonate (JA), eth-
ylene, and salicylic acid (SA), thereby activating genome-wide
massive transcriptional reprogramming (Boller and Felix, 2009;
Tsuda and Katagiri, 2010; Cui et al., 2015). These signaling path-
ways interact with each other to form immune signaling net-
works, which are extensively shared by PTl and ETI (Tsuda and
Katagiri, 2010; Cui et al., 2015). For instance, both PTI triggered
by the MAMP flg22 and ETI triggered by AvrRpt2 against P. syrin-
gae pv tomato DC3000 (Pto DC3000) are almost abolished in an
Arabidopsis quadruple mutant of delayed dehiscence?2 (dde2),
ethylene insensitive2 (ein2), phytoalexin4 (pad4), and salicylic
acid induction deficient2 (sid2), which is simultaneously deficient
in JA, ethylene, PAD4, and SA signaling (Tsuda et al., 2009).

The network defined by the four signaling sectors mostly ex-
plains flg22-triggered PTI and AvrRpt2-triggered ETI in terms of
bacterial resistance. However, genetic interactions among the
signaling sectors of the network are very different: Synergistic re-
lationships are evident in PTl, while compensatory relationships
dominate in ETI. This suggests that the mechanism by which
the network regulates immune responses such as transcriptional
reprogramming may fundamentally differ between PTI and ETI.
A previous study showed that regulation of over 5000 genes in
response to the MAMP flg22 is dependent on the JA/ethylene/
PAD4/SA signaling network and that the network-dependent
genes are regulated by the four signaling components in a com-
plex manner (Hillmer et al., 2017). However, the role of the net-
work in transcriptional reprogramming during ETl and whether it
differs between PTI and ETI remain unknown.

PTIl is often overcome by pathogens. Indeed, Pto DC3000
is highly virulent in Arabidopsis Col-0 because this pathogen
carries an arsenal of effectors that modulate PTl-associated
transcriptional reprogramming (Lewis et al., 2015). In contrast,
Pto DC3000 strains expressing a recognized effector are aviru-
lent due to activation of ETI, despite the presence of a battery

of virulence-conferring effectors (Cui et al., 2015). However, it
is unclear how robust resistance during ETI is achieved during
the dynamic interactions between plant immunity and pathogen
virulence.

Here, we generated time-series RNA-sequencing (RNA-seq)
data to compare temporal transcriptome dynamics of Arabidop-
sis Col-0 and combinatorial mutants of dde2, ein2, pad4, and
sid2 during infection with virulent Pto DC3000 or ETI-triggering
avirulent Pto DC3000 expressing AvrRpt2 or AvrRpm1 (348
samples in total). Our integrated analysis showed that the JA,
ethylene, PAD4, and SA signaling network is required only for
achieving high-amplitude transcriptional reprogramming within
the early stages of AvrRpt2-triggered ETI. This rapid establish-
ment of transcriptional reprogramming appears vital for robust
resistance during ETI against the bacterial pathogen.

RESULTS

Generation of Time-Series Transcriptome Data by
RNA-Seq

We generated time-series transcriptome data of the Arabidop-
sis wild-type Col-0 and single and combinatorial mutants of
dde2, ein2, pad4, and sid2 upon infection with the virulent Pto
DC3000 or avirulent Pto DC3000 strains expressing AvrRpt2 or
AvrRpm1 (Pto AvrRpt2 or Pto AvrRpm1, respectively). We used
a low dose of inoculum (OD,,; = 0.001; 5 x 10° colony-forming
units/mL) to avoid triggering macroscopic tissue collapse at late
time points due to programmed cell death, called the hyper-
sensitive response, upon inoculation with these avirulent Pto
DC3000 strains (Ritter and Dangl, 1996). To ensure appropriate
comparisons, all genotypes and treatments including mock for
each time point were processed side by side at the same time.



In total, 348 samples were subjected to RNA-seq, resulting in
19.5 million 100-bp strand-specific single-end reads per sample
on average. Normalized and log,-transformed count data were
used for statistical analysis using a linear model. For further de-
tails, see Methods.

Temporal Dynamics of Transcriptome Responses to
Virulent and Avirulent Pto Strains in Col-0

To provide an overview of the temporal dynamics of transcrip-
tional reprogramming in Col-0, we plotted the number of differ-
entially regulated genes (DRGs; g-value < 0.01; 11,144 genes)
compared with mock-inoculated plants at each time point, as
a proxy for the magnitude of transcriptional reprogramming
(Figure 1A). Following challenge with avirulent Pto AvrRpt2 or
AvrRpm1, the number of DRGs rapidly increased at 4 and 6 h
postinfiltration (hpi) and remained large over time. In contrast,
only a small number of DRGs was observed at 9 hpi after chal-
lenge with virulent Pto DC3000. The number of DRGs increased
over time and, at 24 hpi, was even larger than following chal-
lenge with avirulent Pto AvrRpt2 or AvrRpm1. Therefore, the
transcriptome response is fast during infection with the avirulent
Pto strains but slow during infection with the virulent Pto strain.
We did not capture early transcriptional responses to virulent
Pto DC3000, as shown by the observation that we found almost
no DRGs between 1 and 6 hpi with Pto DC3000 infection. This
is most likely explained by the lower dose used in this study
as compared with the previous studies (Lewis et al., 2015). We
then assigned a gene as a DRG only at the earliest time point
when the gene is considered differentially expressed (e.g., if a
gene is differentially expressed at 4, 6, and 9 hpi, then this gene
is counted as a DRG only at 4 hpi) (Figure 1B). This refinement
showed that the majority of gene induction occurs as early as 4
or 6 hpi after challenge with avirulent Pto AvrRpt2 or AvrRpm1.

We performed Gene Ontology (GO) enrichment analysis with
these genes classified based on the timing of expression chang-
es and found that the genes induced at 4 hpi upon avirulent
Pto AvrRpt2 challenge, but not those induced only at later time
points, show enrichment for genes associated with various im-
munity-related GO terms (Supplemental Figure 1 and Supple-
mental Data Set 1). Similarly, the majority of suppressed genes
were found to be significant at 6 hpi. These suppressed genes
are enriched, for example, for the GO term “postembryonic
development” (Supplemental Data Set 1), which is consistent
with the trade-off between immunity and growth (Heil and Baldwin,
2002; Alcazar et al., 2011; Huot et al., 2014; Smakowska et al.,
2016). Moreover, GO enrichment analysis suggested that
time-dependent gene expression patterns are similar between
interactions with avirulent Pto AvrRpt2 and AvrRpm1 but differ-
ent between interactions with virulent Pto DC3000 and avirulent
Pto strains (Supplemental Figure 1 and Supplemental Data Sets
1 to 3). Taken together, these results suggest that the transcrip-
tional response within the time window of 4 to 6 hpi is sustained
at the later time points during ETI.

Next, to visualize similarities and differences in overall tran-
scriptional reprogramming during interactions with virulent Pto
DC3000 and ETI-triggering avirulent Pto AvrRpt2 or AvrRpmf1,
log, expression values for DRGs (g-values < 0.01; 11,144 genes
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without a fold-change cutoff) were used for principal compo-
nent analysis (Figure 1C; Supplemental Figure 2). Separation be-
tween virulent and avirulent strains was clearly observed at 4 hpi
with being more pronounced at 6 hpi. Avirulent strains remained
distinct from the mock samples at the later time points. Virulent
Pto DC3000 clustered together with the avirulent strains at 16
and 24 hpi. These results are consistent with the patterns ob-
served for the number of DRGs. To visualize temporal dynamics
at the level of single genes, log, expression changes of DRGs
compared with mock (g-values < 0.01 and fold changes > 2;
7251 genes) were used to perform hierarchical clustering and
create heat maps (Figure 1D). In line with the previous analyses,
fast and sustained transcriptional reprogramming from 4 hpi was
evident for avirulent strains, while a slow response was observed
for virulent Pto DC3000. However, the repertoires of induced
and suppressed genes were greatly overlapping. Overall, our
time-resolved transcriptome analysis revealed that virulent and
avirulent Pto strains trigger qualitatively similar but temporally
distinct transcriptional reprogramming: Transcriptional repro-
gramming is fast and sustained during interaction with ETI-triggering
avirulent Pto strains but slow during interaction with virulent Pto
DC3000. Thus, fast and/or sustained transcriptional reprogram-
ming may explain effective ETI against avirulent Pto strains and
slow transcriptional reprogramming is not sufficient to effectively
suppress growth of virulent Pto DC3000.

To test whether the observed transcriptional reprogramming
upon challenge with avirulent Pto AvrRpt2 or AvrRpm1 is medi-
ated by ETI activation, we analyzed transcriptome responses in
the rom1 rps2 mutant, which is deficient in the cognate recep-
tors for AvrRpm1 and AvrRpt2. Massive transcriptional changes
upon challenge with avirulent Pto AvrRpt2 or AvrRpm1 at 4 hpi
were dependent on RPS2 and RPM1 (Figure 2). This indicates
that the fast transcriptional reprogramming in the wild type upon
avirulent Pto AvrRpt2 or AvrRpm1 challenge is associated with
ETI activation.

Although the major difference between the transcriptome respons-
es to virulent and avirulent Pto strains resides in the temporal
dynamics, not in the repertoires of DRGs, we explored possible
genes specifically regulated in response to ETI-triggering aviru-
lent Pto strains and identified 65 such genes (Figure 3; Supple-
mental Data Set 4). Several genes showed strong induction at
early but not late time points (Figure 3). These genes might spe-
cifically support early ETI responses. The number of ETI-specific
genes (65 genes) was much smaller than the overall number of
DRGs (7251 genes), pointing to minor qualitative differences in
the transcriptome responses to virulent and avirulent Pto strains.

Delayed Transcriptional Reprogramming Is Linked to
Compromised Immunity in dde2 ein2 pad4 sid2 Plants
during AvrRpt2-Triggered ETI

To understand how the JA/ethylene/PAD4/SA signaling network
mediates gene regulation in plant immune responses, we inves-
tigated transcriptome responses of Col-0 and dde2 ein2 pad4
sid2 plants to virulent Pto DC3000 and avirulent Pto AvrRpt2, or
Pto AvrRpm1. Based on the temporal transcriptome dynamics
observed in Col-0 (Figure 1), we selected six time points (4, 6,
9, 12, 16, and 24 hpi) for RNA-seq analysis. Log, expression
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Figure 1. Transcriptome Dynamics in Col-0 Challenged with Virulent Pto DC3000 or Avirulent Pto AvrRpt2 or AvrRpm1.

(A) and (B) Genes that show significant induction (solid line) or suppression (dotted line) in Pto DC3000- (red line), Pto AvrRpt2- (blue line), or Pto Avr-
Rpm1-treated (green line) Col-0 compared with mock-treated samples were selected (DRGs; q < 0.01, 11,144 genes).

(A) The number of DRGs was plotted at each time point.

(B) DRGs were counted only at the earliest time point of statistically significant expression change.

(C) Principal component analysis of the time-series transcriptome data, based on expression levels of genes that show significant expression changes
during infection by Pto strains compared with mock (q < 0.01, 11,144 genes). Different treatments and time points are shown by different shapes and
colors, respectively.

(D) Heat maps showing expression patterns of the genes that show significant expression changes during infection by Pto strains compared with
mock (q < 0.01 and |log,FC| > 1, 7251 genes). The log, fold changes relative to mock were subjected to hierarchical clustering. Blue indicates negative

values, yellow indicates positive values, and black indicates zero. Pto DC3000, Pto AvrRpt2, and Pto AvrRpm1 are referred to as DC3000, AvrRpt2,
and AvrRpm1, respectively.
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Figure 2. ETI Activation Is Responsible for the Rapid Transcriptional Re-
programming.

Genes that show significant expression changes in Col-0 or rom1 rps2
challenged with Pto AvrRpt2 or Pto AvrRpm1 compared with mock at
4 hpi were selected (DRGs; q < 0.01, 2932 genes).
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changes compared with mock were subjected to hierarchical
clustering for heat map visualization (Figure 4A). Transcriptome
responses of Col-0 and dde2 ein2 pad4 sid2 to virulent Pto
DC3000 were similarly slower than those to avirulent Pto Avr-
Rpt2 and Pto AvrRpm1. However, dde2 ein2 pad4 sid2 plants
showed different patterns or magnitudes of gene regulation
compared with Col-0, which likely explain the enhanced sus-
ceptibility of dde2 ein2 pad4 sid2 to Pto DC3000 (Tsuda et al.,
2009). Thus, the JA/ethylene/PAD4/SA signaling network is re-
quired for qualitative gene regulation important for immune re-
sponse to Pto DC3000.

We previously showed that AvrRpt2-triggered ETI against
Pto DC3000 is highly compromised, while AvrRpm1-triggered
ETI is largely retained in dde2 ein2 pad4 sid2 plants (Tsuda
et al., 2009). Interestingly, at 4 hpi, we observed compromised
transcriptional responses in dde2 ein2 pad4 sid2 plants after
challenge with Pto AvrRpt2 compared with Col-0 but not after
challenge with Pto AvrRpm1 (Figure 4A). This is in accordance
with our finding of very few DRGs at this time point in dde2 ein2
pad4 sid2 challenged with Pto AvrRpt2 compared with Col and
comparable numbers of DRGs between dde2 ein2 pad4 sid2
and Col-0 challenged with Pto AvrRpm1 (Figure 4B). However,
from 6 to 24 hpi, overall expression patterns and the numbers of
DRGs were similar in dde2 ein2 pad4 sid2 between Pto AvrRpt2
and AvrRpm1 challenges (Figure 4). In comparison to Col-0, the
dde2 ein2 pad4 sid2 plants showed overall similarity in expres-
sion patterns of DRGs and displayed even greater magnitudes
of expression changes for some genes from 9 hpi during Pto
AvrRpt2 infection. Thus, the JA/ethylene/PAD4/SA network reg-
ulates only timing for rapid transcriptional reprogramming during
ETI triggered by avirulent Pto AvrRpt2. This is clearly different
from the network-dependent qualitative gene regulation during
transcriptome responses to virulent Pto DC3000 or the MAMP
flg22 (Figure 4) (Hillmer et al., 2017). Moreover, our data revealed
a clear association between effective bacterial resistance and
accurately timed, rapid transcriptional reprogramming during
AvrRpt2-triggered ETI.

Coexpression Network Analysis Reveals Potential
Regulatory Mechanisms Driving Transcriptional Dynamics
during ETI

To gain insights into the gene regulatory networks controlling
transcriptional reprogramming during ETI, we performed coex-
pression network analysis using the R package WGCNA, which
performs unsupervised and unbiased clustering of coexpressed
genes into modules and calculates module eigengenes (MEs)
that summarize expression levels of the modules (Langfelder
and Horvath, 2008). WGCNA was applied to the gene expres-
sion data from Col-0 treated with mock or ETI-triggering avir-
ulent Pto AvrRpt2, resulting in 22 coexpression modules with
distinct temporal expression patterns, as illustrated by the re-
spective MEs (Supplemental Figure 3 and Supplemental Data

(A) The numbers of DRGs are plotted.
(B) Expression changes of DRGs are visualized in the heat map as de-
scribed in the legend of Figure 1D.
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The genes that show significant expression changes in Col-0 challenged with avirulent Pto AvrRpt2 or Pto AvrRpm1 compared with mock at least at
one time point were selected (g < 0.01 and |log,FC| > 1). Of the selected genes, the genes whose absolute expression changes in Col-0 challenged
with virulent Pto DC3000 to mock were less than log, 0.4 were selected (38 induced and 27 suppressed genes) and the log, expression changes were
visualized by heat maps. Blue indicates negative values, yellow indicates positive values, and black indicates zero.

Set 5). MEs 1 to 4, 6, 7, 9, 10, 13 to 15, and 20 show statisti-
cally significant transcriptional changes compared with mock
samples at least at one time point (Figure 5; two-tailed t tests,
P < 0.01). Modules 3, 4, 7, 9, and 14 are enriched for genes
associated with immunity-related GO terms, such as defense
response and response to SA (Supplemental Data Set 6) and
genes induced in response to avirulent Pto AvrRpt2 challenge
(Figure 5A).

We analyzed motif enrichment in the promoters of genes in
each differentially expressed module compared with the set of
genes in the nondifferentially expressed modules. We found that
different transcriptional dynamics can be characterized by dif-
ferent sets of transcription factor binding motifs (Figure 5). For
instance, modules 3, 4, 7, and 14 with strong transcriptional in-
duction at early hours show enrichment for genes with binding
motifs of WRKY transcription factors in their promoters, whereas
module 9 has peaks of transcriptional induction at late hours and
is enriched for genes with binding motifs for NAC and MYC tran-
scription factors. Binding motifs for WRKY and AHL transcrip-
tion factors are overrepresented only in the upregulated modules
3, 4,7,9, and 14, which are associated with immunity-related
GO terms (Supplemental Data Set 6), suggesting central roles
of WRKY and AHL transcription factors in immunity-associated
transcriptional induction.

The findings that biding motifs for WRKY and AHL transcrip-
tion factors are overrepresented in immunity-related coexpres-
sion modules prompted us to further investigate connections
between these transcription factors and immune activation
during ETI. To this end, we took advantage of the WGCNA
measure of eigengene-based gene connectivity, kKME, which

calculates correlations between expression patterns of individu-
al genes and those of MEs. Genes with high positive KME values
are referred to as intramodular hub genes and are centrally locat-
ed in their respective modules; these genes may thus be critical
components within the modules and/or the entire network. Im-
portantly, a gene can have high positive or negative kME values
with multiple MEs. These genes can be considered intermodular
hub genes connecting the modules. We selected differentially
expressed MEs, WRKY, and AHL transcription factors and con-
structed their coexpression networks (kME| > 0.8 or > 0.7 for
WRKY or AHL transcription factors, respectively) (Figure 6).

The WRKY family of transcription factors is comprised of more
than 70 members in Arabidopsis and is characterized by the
WRKY domain that binds to the C/TTGAC/T motif (Tsuda and
Somssich, 2015). Numerous WRKY transcription factors have
been implicated in regulation of plant immune response (Tsuda
and Somssich, 2015). Expression of the WRKY transcription fac-
tors in the constructed network were all induced (Figure 6A). The
upregulated modules showing overrepresentation of the WRKY
binding motif, represented by ME3, ME4, ME7, and ME14, are
positively correlated to a large repertoire of WRKY transcription
factors (Figure 6A), suggesting that increased expression of mul-
tiple WRKY transcription factors contribute to upregulation of
genes in these modules.

AHL transcription factors are evolutionarily conserved in
plants and are characterized by two structural units, the AT-hook
motif and the Plant and Prokaryote Conserved (PPC) domain
(Zhao et al., 2013). The AT-hook motif enables binding to AT-
rich DNA sequence and the PPC domain is required for homo-
or hetero-oligomerization as well as for interaction with other
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Figure 4. Comparative Analysis of Transcriptome Dynamics in Col-0 and dde2 ein2 pad4 sid2 in Response to Virulent Pto DC3000, and Avirulent Pto

AvrRpt2 or AvrRpm1.

(A) Heat maps showing expression patterns of the genes that show significant expression changes in Col-0 (Col) or dde2 ein2 pad4 sid2 (deps) plants
challenged with virulent Pto DC3000, or avirulent Pto AvrRpt2 or Pto AvrRpm1 compared with mock (q < 0.01 and |log,FC| > 1, 9759 genes). See also

the legend of Figure 1D.

(B) The number of genes that show significant induction (q < 0.01, yellow) or suppression (q < 0.01, blue) compared with mock at each time point.

transcription factors (Zhao et al., 2013). In contrast to the WRKY
transcription factors, expression of the AHL transcription fac-
tors in the constructed network were all suppressed (Figure 6B).
ME4 and ME9, which represent the upregulated modules show-
ing overrepresentation of AHL-binding motifs, were negatively
correlated with AHL5, 8, 9, and 12 (Figure 6B). In Arabidopsis,
some of the 29 AHL transcription factors were shown to inhib-
it MAMP-induced gene expression (Lu et al., 2010). This may
suggest that repressing expression of these AHL transcription
factors is a mechanism that mediates increased expression of
genes in modules 4 and 9.

Gene Coexpression Relationships Are Highly Preserved
between Col-0 and dde2 ein2 pad4 sid2 Plants during
AvrRpt2-Triggered ETI

We examined how well the gene coexpression relationships are
preserved between the resistant wild type and the susceptible
quadruple mutant challenged with ETI-triggering Pto AvrRpt2.
Upregulated and downregulated modules were selected for the
analysis and visualized by MEs (Figure 7). Importantly, the max-
imum or minimum expression levels of MEs were not compa-
rable between the wild type and the quadruple mutant in most
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Figure 5. Expression Patterns of Coexpression Modules.

Gene expression data in Col-0 challenged with avirulent Pto AvrRpt2 and mock were subjected to WGCNA and grouped into modules containing
genes with similar expression patterns. Expression levels of MEs that summarize gene expression levels in the modules are plotted over time for up-
regulated (A) and downregulated (B) modules. The 1000 bp upstream of the transcription start sites of the genes in the individual modules was tested
for enrichment of known cis elements as described in Methods. Names of transcription factors and sequence logos of their binding sites are shown.
To avoid redundant representation, only one sequence logo per transcription factor family is shown. N.D., not detected.
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Figure 6. Coexpression Relationships between MEs and WRKY or AHL Transcription Factors in Col-0 Challenged with Avirulent Pto AvrRpt2.

Large and small nodes indicate MEs and transcription factors, respectively. Gene upregulation and downregulation are indicated by orange and blue
nodes, respectively. Diamond nodes are MEs that represent the modules showing overrepresentation of WRKY- (A) or AHL-binding motifs (B). Red
edges indicate positive correlation (kME > 0.8 for [A] and > 0.7 for [B]) and green negative correlation (kME < -0.8 for [A] and < -0.7 for [B]).

of the coexpression modules, although the expression levels of
MEs became similar at late time points (Figure 7). This suggests
that the JA/ethylene/PAD4/SA signaling network contributes
to the amplitude of early transcriptional reprogramming during
AvrRpt2-triggered ETI.

We evaluated preservation of Col-0 upregulated and down-
regulated modules in the quadruple mutant by employing
the WGCNA measure of module preservation, Zsummary
(Langfelder et al., 2011). This statistic summarizes similarity of
the gene connection strengths and connectivity patterns of a
given module in different data sets (Langfelder et al., 2011). We
found strong evidence for high preservation of all modules be-
tween the two genotypes (Figure 8A; Zsummary >10), suggesting
that gene coexpression network structures within the modules
are very similar between the two genotypes. We then extended
preservation analysis to coexpression relationships between the
modules (Langfelder and Horvath, 2007), which may represent
coordinated actions of biological pathways/functions associated
with the modules, by comparing correlations between MEs in
Col-0 and quadruple mutant data during AvrRpt2-triggered ETI.
In Figure 8B, bars indicate the scaled connectivity, which is close
to 1 if the correlations of each ME with the others are preserved

between the two networks (the wild type and quadruple mutant),
and D stands for the density, which is close to 1 if correlations
between all pairs of MEs are preserved between the two net-
works. We found evidence for high preservation of relationships
of each ME to the others: The scaled connectivity ranges from
0.76 to 0.92 (Figure 8B). Consistent with this, the overall pres-
ervation is high as reflected by D = 0.88 (Figure 8B). Thus, our
analyses indicate that the quadruple mutant achieved wild-type-
like gene coexpression patterns with delay in the transcriptome
response during AvrRpt2-triggered ETI.

We also compared gene coexpression relationships between
interactions with virulent Pto DC3000 and ETI-triggering aviru-
lent Pto AvrRpt2. We first plotted the time-course expression of
MEs of the 22 modules calculated using gene expression data
in Col-0 and the quadruple mutant challenged with virulent Pto
DC3000 or mock (Supplemental Figure 4). In the quadruple mu-
tant, most MEs showed compromised or opposite expression
changes and did not reach the wild-type-like expression levels
over the time course, further supporting that the JA/ethylene/
PAD4/SA signaling network is required for qualitative gene reg-
ulation during interaction with virulent Pto DC3000.
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Figure 7. Expression Patterns of the MEs in Col-0 and dde2 ein2 pad4 sid2 Challenged with Avirulent Pto AvrRpt2 or Mock.

The expression levels of MEs of the upregulated and downregulated modules identified in Figure 5 were recalculated using gene expression data in
Col-0 (Col) and dde2 ein2 pad4 sid2 (deps) challenged with avirulent Pto AvrRpt2 or mock, and are plotted over time. Upregulated modules (A) and

downregulated modules (B).

We then analyzed preservation of the modules that are up-
regulated or downregulated in Col-0 challenged with avirulent
Pto AvrRpt2. Weak to moderate preservation was observed for
modules 13, 14, and 15 (Figure 8C). Moreover, defense-related
modules 3 and 14 showed altered coexpression relationships
with other modules (Figure 8D; Supplemental Data Set 6). These
results indicate that coexpression network structure is more pre-
served between Col-0 and quadruple mutant challenged with
Pto AvrRpt2 than between Col-0 challenged with Pto DC3000
or Pto AvrRpt2.

Dynamic and Differential Contributions of PAD4 and SID2
and Their Interactions with Transcriptional Reprogramming
in Response to flg22 and Virulent or Avirulent Pto Strains

PAD4 and SID2 show genetic redundancy for bacterial resis-
tance during ETI against avirulent Pto AvrRpt2 (Tsuda et al.,
2009). However, how they redundantly contribute to bacterial re-
sistance remains unknown. We investigated Pto AvrRpt2-triggered
transcriptome changes in Col-0, pad4, sid2, and pad4 sid2 at
4,6,9, 12,16, and 24 hpi. In comparison to Col-0, transcription-
al responses at 4 and 6 hpi were highly compromised in pad4
sid2 but largely unaffected in pad4 and sid2 (Figure 9A; Supple-
mental Figure 5A). From 9 hpi, pad4 sid2 plants showed similar
patterns of transcriptome responses and displayed comparable
or even greater magnitudes of expression changes compared
with Col-0. Thus, the genetic redundancy between PAD4 and
SID2 observed for bacterial resistance during AvrRpt2-triggered
ETl is associated with their redundant contributions to rapid es-
tablishment of transcriptional reprogramming. A similar analysis
of transcriptome responses to virulent Pto DC3000 challenge

reveals a relationship between the compromised or altered late
transcriptional responses of pad4, sid2, and pad4 sid2 mutants
and the similarly compromised bacterial resistance of these mu-
tants against Pto DC3000 (Tsuda et al., 2009) (Figure 9B; Sup-
plemental Figure 5B).

PAD4 and SID2 suppress bacterial growth in a synergistic
manner during PTI, but act in a redundant manner during ETI
(Tsuda et al., 2009). However, whether individual and cooper-
ative activities of PAD4 and SID2 on expression of individual
genes differ between PTl and ETI remains elusive. One approach
to understand the genetic relationship between the two genes
PAD4 and SID2 is to analyze the four genotypes (the wild type,
pad4, sid2, and pad4 sid2) by network reconstruction, which we
call signaling allocation analysis (Tsuda et al., 2009). Signaling
allocation analysis has been successfully utilized to understand
the relationship between two genes in control of gene expression
(Tsuda et al., 2009, 2013; Mateos et al., 2015). In the signaling al-
location analysis, the difference in expression of a gene between
the wild type and pad4 sid2 is explained by the sum of the indi-
vidual effects of PAD4 and SID2 and the PAD4:SID2 interaction.
Figure 10A shows three hypothetical scenarios for genes whose
expression levels are higher in the wild type than in pad4 sid2.
In the case of a complete synergistic interaction, meaning that
both genes are required, the expression levels in all three mu-
tants are equally lower compared with Col-0. In this scenario, the
signaling allocation becomes PAD4 = 0 (black), SID2 = 0 (black),
and PAD4:SID2 = 2 (magenta). Thus, a positive value for the in-
teraction indicates that the two genes synergistically contribute
to the gene expression level in Col-0. If PAD4 and SID2 contrib-
ute to gene expression additively and independently (no inter-
action), the signaling allocation is PAD4 = 1 (magenta), SID2 = 1
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Figure 8. Gene Coexpression Relationships Observed in Col-0 Challenged with Avirulent Pto AvrRpt2 Are Highly Preserved in dde2 ein2 pad4 sid2
Plants Challenged with the Same Strain but Altered in Col-0 Challenged with Virulent Pto DC3000.

(A) and (C) The modules identified in the transcriptome responses of Col-0 to avirulent Pto AvrRpt2 were tested for their preservation in dde2 ein2
pad4 sid2 challenged with the same strain (A) and in Col-0 challenged with virulent Pto DC3000 (C). Module size and preservation scores are shown
in the x and y axes, respectively. Module numbers are shown next to the circles. Modules with Zsummary scores > 10 (above the red dotted line) are
considered highly preserved, Zsummary scores between 2 and 10 (between the blue and red dotted lines) are weak to moderately preserved, and

Zsummary scores < 2 (below the blue dotted line) are not preserved.

(B) and (D) Eigengene coexpression relationships in the transcriptome responses of Col-0 to avirulent Pto AvrRpt2 were compared with those in the
transcriptome responses of dde2 ein2 pad4 sid2 to the same strain (B) and to those in the transcriptome responses of Col-0 to virulent Pto DC3000

(D). The overall network preservation measure D is shown above the plot.

(magenta), and PAD4:SID2 = 0 (black). If PAD4 and SID2 redun-
dantly contribute to gene expression, the signaling allocation is
PAD4 = 2 (magenta), SID2 = 2 (magenta), and PAD4:SID2 = -2
(green). Thus, a negative interaction value indicates a redundant
relationship between PAD4 and SID2. The opposite signaling
allocation patterns are expected for genes whose expression
levels are lower in the wild type than in pad4 sid2.

We integrated our data set and a published one (Hillmer
et al., 2017) for signaling allocation analysis of the genetic rela-
tionships between PAD4 and SID2 in transcriptome responses
to the MAMP flg22 (flg22-PTI), Pto DC3000, and Pto AvrRpt2.
During flg22-PTlI, no interaction between PAD4 and SID2 was
detected but individual signaling contributed to expression of
different sets of genes with SID2 being dominant (Figure 10B;
Supplemental Figure 6A). Thus, the synergism between PAD4
and S/ID2 on bacterial resistance during flg22-PTl is unlikely
to be mediated by their synergistic gene regulation. In Pto
DC3000- and Pto AvrRpt2-challenged plants, PAD4 contributed

to expression of larger sets of genes and most of these genes
are also controlled by SID2 (Figure 10B; Supplemental Figure 6B
and 6C), suggesting that living bacteria activate PAD4 in a way
that is different from a pure MAMP and allows PAD4 to regulate
common sets of genes with SA.

Notably, redundant relationships between PAD4 and SID2
were observed after avirulent Pto AvrRpt2 challenge at 4 hpi, the
time point associated with massive transcriptional reprogram-
ming (Figure 10B; Supplemental Figure 6C and Supplemental
Data Set 7). This subset of genes is enriched for genes associ-
ated with immunity-related GO terms (Supplemental Data Set
8), and their promoter sequences show overrepresentation of
binding motifs for defense-related transcription factors such as
ERF, WRKY, and MYC transcription factors (Supplemental Fig-
ure 7). Thus, in contrast to flg22-PTI, the redundant contributions
of PAD4 and SA to active gene regulation likely explain their
compensatory interaction for bacterial resistance in ETI against
avirulent Pto AvrRpt2 (Tsuda et al., 2009).
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Figure 9. Comparative Analysis of Transcriptome Dynamics Col-0, pad4, sid2, and pad4 sid2 Challenged with Avirulent Pto AvrRpt2 or Virulent Pto

DC3000.

Genes that show significant expression changes in Pto AvrRpt2- or Pto DC3000-treated Col-0, pad4, sid2, and pad4 sid2 compared with mock-treated

samples were selected (q < 0.01 and |log,FC| > 1, 10,599 genes). Heat maps show expression patterns of the selected genes. Pto AvrRpt2-responsive
genes (A) and Pto DC3000-responsive genes (B). See also the legend of Figure 1D.

Transcriptional Reprogramming during ETI Independent of
JA, Ethylene, PAD4, and SA Signaling Sectors

The dde2 ein2 pad4 sid2 mutant largely retains AvrRpm1-
triggered ETI but shows weak, largely compromised AvrRpt2-
triggered ETI (Tsuda et al., 2009), indicating that a signaling
sector(s) independent of JA, ethylene, PAD4, and SA also con-
tributes to ETI. We found that some genes are similarly induced
at 4 hpi in Col-0 and dde2 ein2 pad4 sid2 upon challenge with
ETI-triggering avirulent Pto AvrRpt2 and AvrRpm1 (Figure 11A;
Supplemental Data Set 9). These genes are enriched for immu-
nity-related GO terms (Supplemental Data Set 10), suggest-
ing their active contribution to immunity. Out of these genes,

26 encode transcription factors including the four ERF tran-
scription factors ERF5, ERF6, ERF104, and ERF105 (Figure
11B; Supplemental Data Set 11). These ERF transcription fac-
tors belong to the same subfamily and seem to play redundant
and ethylene-independent roles in multiple stress responses
and development (Nakano et al., 2006; Son et al., 2012; Dubois
et al., 2013; Meng et al., 2013; Xu et al., 2016).

Regarding plant immunity, it was shown that expression of
a dominant negative ERF6 fused to the transcriptional repres-
sor motif EAR (ERF6-EAR) compromises resistance against
the fungal pathogen Botrytis cinerea (Meng et al., 2013) and
that expression of ERF5-EAR increases susceptibility to viru-
lent Pto DC3000 (Son et al., 2012). We found that the binding
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Figure 10. Dynamic and Differential Contributions of PAD4 and SID2 and Their Interactions in Response to flg22, Virulent Pto DC3000, and Avirulent
Pto AvrRpt2.

(A) Scheme of three hypothetical scenarios in signaling allocation analysis of genes whose expression levels are higher in Col-0 than in pad4 sid2.
If the functions of PAD4 and SID2 depend completely on each other (synergistic), the signaling allocation is PAD4 = 0 (black), SID2 = 0 (black), and
PAD4:SID2 = 2 (magenta). If PAD4 and SID2 act additively and independently (no interaction), the signaling allocation is PAD4 = 1 (magenta), SID2 =
1 (magenta), and PAD4:SID2 = 0 (black). If PAD4 and SID2 fully compensate the loss of the other (redundant), the signaling allocation is PAD4 = 2
(magenta), SID2 = 2 (magenta), and PAD4:SID2 = -2 (green). Thus, positive and negative interaction values are indicative of synergistic and redundant
relationships between PAD4 and SID2, respectively. Genes whose expression levels are lower in the wild type than in pad4 sid2 are expected to show
the opposite signaling allocation patterns.
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Figure 11. Rapid Transcriptional Regulation Is Retained for Some Genes in dde2 ein2 pad4 sid2 Challenged with Avirulent Pto AvrRpt2.

Genes that show significant expression changes in dde2 ein2 pad4 sid2 (deps) at 4 hpi with avirulent Pto AvrPpt2 compared with mock were selected

(g < 0.01, 205 genes). See also the legend of Figure 1D.

(A) The log, fold changes of the selected genes in Col-0 (Col), dde2 ein2 pad4 sid2, and rom1 rps2 at 4 hpi are visualized by heat maps.
(B) Among the selected genes, genes encoding transcription factors were extracted and their log, fold changes in Col-0, dde2 ein2 pad4 sid2, and

rom1 rps2 over time are visualized by heat maps.

motif for ERF transcription factors, the GCC-box (GCCGCCQ), is
overrepresented within the promoters of the genes induced in-
dependently of JA/ethylene/PAD4/SA signaling network during
ETI (Supplemental Figure 8). Of the GCC box-containing genes
(Supplemental Data Set 12), WRKY33, MPK3, and three TNL
genes At1972920, At1972940, and At3g44400 were select-
ed and tested as potential targets of these ERF transcription
factors. We focused on ERF6 for functional characterization
because ERF6 is likely activated through phosphorylation by
MPK3 and MPK6 during ETI and because these MAP kinases
are active upon ETI activation (Meng et al., 2013; Tsuda et al.,
2013). Chromatin immunoprecipitation (ChIP) experiments using
a transgenic line expressing constitutively active ERF6 (ERF6-

4D), which mimics the phosphorylated and active form of ERF6
(Meng et al., 2013), showed that ERF6 binds to the promoters
of WRKY33, MPK3, At19g72920, and At1972940 but not that of
At3944400 (Figures 12A to 12E). Overexpression of ERF6-EAR
reduced the expression levels of At1g72920 and At1972940,
WRKY33 and MPK3, but not that of At3g44400 (Figures 12F to
12J). These results suggest that ERF6 and possibly its homo-
logs ERF5, ERF104, and ERF105 contribute to the expression
of genes in a manner independent of the JA/ethylene/PAD4/
SA network during ETI. Consistent with this, we found that
WRKY33 shows positive coexpression relationships with ME3
and ME14 (Figure 6A). Module 14 contains ERF6 that binds to
the WRKY33 promoter and controls its expression (Figures 12D

Figure 10. (continued).

(B) Genes that commonly show significant transcriptional responses to flg22, Pto DC3000, and Pto AvrRpt2 in Col-0 (g < 0.01 and |log,FC| > 1) and
show significantly higher or lower expression in Col-0 than in pad4 sid2 (q < 0.01 and |log,FC| > 1) were selected. The selected 193 genes were subject-
ed to signaling allocation analysis and the statistically significant effects (q < 0.01) were visualized by heat maps (magenta-green). The gene induction
and suppression levels in Col-0 are also shown (yellow-blue).
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Figure 12. ERF6 Regulates Expression of TIR-NB-LRRs, WRKY33, and MPK3 and Binds to GCC Box in the Promoters.
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(A) to (E) ChIP-gPCR was performed using the ERF6-4D line. The input and ChIP DNA was analyzed by qPCR using primers spanning the GCCGCC
sequence in the promoters of At1972920 (A), At1g72940 (B), At3g44400 (C), WRKY33 (D), and MPK3 (E). See also Supplemental Data Set 12. Bars
represent means and standard errors of the percentage of input values of the ChIP DNA, calculated from three independent experiments. Asterisks
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Figure 13. Expression of a Dominant-Negative ERF6-EAR Compromises ETI.

(A) Leaves of Col and ERF6-EAR plants were infiltrated with Pto AvrRpt2, Pto AvrRpm1, or Pto AvrRps4 (OD,, = 0.001). The bacterial titers at O or 2
dpi were measured. Bars represent means and standard errors of two independent experiments with at least 4 or 12 biological replicates for 0 or 2 dpi
in each experiment, respectively. Asterisks indicate statistically significant differences compared with Col-0 (Col) (P < 0.05, two-tailed t tests).

(B) The Hpa isolate Emwal was spray-inoculated onto leaves of Col-0 (Col) and ERF6-EAR plants. The abundance of Hpa DNA (5.8S rDNA) relative
to plant DNA (ACTIN2) was determined by qPCR at 7 dpi. Bars represent means and standard errors of two independent experiments with seven to
nine biological replicates in each experiment. Asterisks indicate statistically significant differences compared with Col-0 (P < 0.05, two-tailed t tests).

and 12I). Literature-curated WRKY33 target genes are highly
overrepresented in module 3 (P < 3 x 107", hypergeometric test)
(Birkenbihl et al., 2017). Thus, a likely scenario is that ERF6-driven
WRKY33 expression mediates regulation of gene expression in
module 3.

Interestingly, CNL-dependent AvrRpt2- and AvrRpm1-triggered
ETI and TNL-dependent AvrRps4-triggered ETI were compro-
mised in ERF6-EAR plants (Figure 13A). Furthermore, ERF6-EAR
was more susceptible than Col-0 to the oomycete pathogen
Hyaloperonospora arabidopsidis isolate Emwal (Figure 13B),
which triggers ETI via the TNL RPP4 in Col-0 (van der Biezen
et al., 2002). Thus, the ERF6-mediated transcriptional cascade is
critical for multiple cases of ETI against bacterial and eukaryotic
pathogens.

DISCUSSION

In this study, we have shown that the JA/ethylene/PAD4/SA sig-
naling network is required for rapid establishment of transcrip-
tional reprogramming but not qualitative gene regulation during
ETI against avirulent Pto AvrRpt2. Moreover, our coexpression
network analyses demonstrated that despite the remarkable dif-
ference in temporal transcriptome responses, gene coexpres-
sion relationships are highly conserved between the wild type
and the quadruple mutant during AvrRpt2-triggered ETI. In sharp
contrast, a previous study showed that during PTI triggered by

the MAMP flg22, over 5000 genes are regulated dependently on
the JA/ethylene/PAD4/SA network and that components within
the network regulate those genes in a complex manner (Hillmer
et al., 2017). Thus, the role of the network in transcriptional re-
programming is fundamentally different between flg22-triggered
PTI and Pto AvrRpt2-triggered ETI despite that the degree of
contribution of the network to bacterial resistance is similar
(Tsuda et al., 2009).

Our time-resolved and comparative analysis clearly linked
the establishment of transcriptional reprogramming within the
early time window to effective bacterial resistance during ETI:
Resistant genotypes showed early establishment of transcrip-
tional reprogramming while susceptible genotypes did not.
Pto DC3000 is highly virulent owing to an arsenal of virulence
effectors that modulate PTl-associated transcriptional repro-
gramming (Lewis et al., 2015). In contrast, Pto DC3000 strains
expressing a recognized effector are avirulent due to activation
of ETI despite the presence of a battery of virulence-conferring
effectors. Thus, when plants establish ETI early enough, bacte-
rial pathogens cannot overcome plant immunity anymore. Nota-
bly, it is common for both plant and animal bacterial pathogens
to develop biofilms in infected hosts, which provide resistance
against host immunity (Danhorn and Fuqua, 2007; Roilides et al.,
2015). Although it is currently unknown if Pto DC3000 develops
biofilms in infected plants, the presence of genes responsible
for biofilm formation implies this possibility (Buell et al., 2003). It

Figure 12. (continued).

indicate statistically significant differences compared with Col-0 (Col) (P < 0.05, two-tailed t tests).
(F) to (J) Leaves of Col-0 (Col) and ERF6-EAR plants were infiltrated with mock or Pto AvrRpt2 (OD,, = 0.001) and were harvested at 4, 6, and 9 hpi.

The expression levels of At1972920 (F), At1g72940 (G), At3g44400 (H), WRKY33 (l), and MPK3 (J) were measured by RT-qPCR. Bars represent means
and standard errors of two independent experiments. The Benjamini-Hochberg method was used to adjust P values to correct for multiple hypothesis
testing. Statistically significant differences are indicated by different letters at each time point (adjusted P < 0.05).



will be of key importance to investigate how bacterial pathogens
behave during infection and how plant immunity influences bac-
terial behaviors on a global scale and with temporal resolution.

It will be an important future challenge to define the
mechanism by which the JA/ethylene/PAD4/SA network
ensures the rapid establishment of transcriptional repro-
gramming within the early time window. Recently, it was
shown that a signaling sector, designated ETI-mediating
and PTI-inhibited signaling (EMPIS) (Hatsugai et al., 2017),
is activated during ETI but, at the same time, is inhibit-
ed by PTI that is inevitably activated by pathogen chal-
lenge (Hatsugai et al., 2017). During AvrRpt2-triggered
ETI, the JA/ethylene/PAD4/SA signaling network might
control the timing of EMPIS activation by releasing EMP-
IS from inhibition by PTI. If EMPIS can control the over-
all pattern of transcriptional reprogramming during ETI,
the JA/ethylene/PAD4/SA signaling network could mediate
the rapid transcriptional reprogramming during AvrRpt2-
triggered ETI through EMPIS. Upon Pto AvrRpm1 chal-
lenge, EMPIS activation is assumed to be sufficiently fast
to override its inhibition by PTI even in the quadruple mu-
tant (Hatsugai et al., 2017). Consistently, the quadruple
mutant achieves the rapid transcriptional reprogramming
and exhibits the largely retained bacterial resistance during
AvrRpm1-triggered ETI. Nevertheless, it is also possible
that the JA/ethylene/PAD4/SA signaling network contrib-
utes to the rapid transcriptional reprogramming during Avr-
Rpt2-triggered ETI without involving EMPIS.

Phytohormones such as JA and SA have been proposed to
mediate systemic acquired resistance (SAR), which is associ-
ated with priming of defense gene expression (Fu and Dong,
2013). Priming in SAR is analogous to the rapid transcriptional
reprogramming mediated by the JA/ethylene/PAD4/SA net-
work in Pto AvrRpt2-triggered ETI. Interestingly, like SAR, which
is effective against a broad spectrum of pathogens (Fu and
Dong, 2013), ETI confers resistance against bacterial, fungal,
oomycete, viral, nematode, and herbivorous insect pathogens
(Kandoth and Mitchum, 2013; Jaouannet et al., 2014; Cui et al.,
2015; Gouveia et al., 2017). Thus, rapid transcriptional response
may be a common key factor for broad spectrum resistance
against pathogens. Elucidating whether or not rapid transcrip-
tional reprogramming in ETl and SAR operates via a similar
mechanism will be of great interest.

We identified a group of genes that are regulated independently
of JA/ethylene/PAD4/SA network upon ETI activation. We
showed that one of these genes, ERF6, contributes to ETI acti-
vated by the CNLs RPS2 and RPM1 as well as by the TNLs RPS4
and RPP4, suggesting that ERF6 is a common component of
TNL- and CNL-activated ETI against the biotrophic bacterial and
oomycete pathogens. We showed that ERF6 binds to the pro-
moters of and controls expression of two TNL genes (At1972920
and At1972940), MPK3 and WRKY33, which are all well-known
immune regulators (Meng and Zhang, 2013; Buscaill and Rivas,
2014; Cui et al., 2015). Accumulating evidence suggests that
increased expression of NLRs can lead to immune activation
without effector recognition (Tao et al., 2000; Stokes et al., 2002;
Wirthmueller et al., 2007). Thus, ERF6-mediated TNL expression
may boost ETI.
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In summary, our results suggest that the JA/ethylene/
PAD4/SA signaling network, which only controls the amplitude
of early transcriptional reprogramming, and the ERF6 transcrip-
tional cascade, which functions independently of JA, ethylene,
PAD4, and SA signaling, are both important determinants for
effective establishment of ETI.

METHODS
Plant Materials and Growth Conditions

The Arabidopsis thaliana accession Col-0 was the background of all Ara-
bidopsis mutants used in this study. The Arabidopsis mutant rom7-3
rps2-101C (Mackey et al., 2003) and combinatorial mutants (Tsuda et al.,
2009) of the Arabidopsis mutants dde2-2 (von Malek et al., 2002), ein2-1
(Alonso et al., 1999), pad4-1 (Jirage et al., 1999), and sid2-2 (Wildermuth
et al., 2001) were described previously. The ERF6-4D and ERF6-EAR
plants (Meng et al., 2013) were obtained from Shuqun Zhang (University
of Missouri). Plants were grown in a chamber at 22°C with a 10-h-light
(white fluorescence lamps) period and 60% relative humidity for 3 weeks
and then in another chamber at 22°C with a 12-h-light period and 60%
relative humidity. Thirty- to thirty-three-day-old plants were used for
experiments.

RNA-Seq and Data Analysis

Leaves of the wild type and all the single, double, triple, and quadruple
mutant plants were syringe-infiltrated with mock (water) or suspensions
of Pseudomonas syringae pv tomato DC3000 (Pto DC3000) carrying an
empty vector (pLAFR), Pto DC3000 carrying AvrRpt2, or Pto DC3000
carrying AvrRpm1 at the OD,, of 0.001. Similarly, leaves of the rom1-3
rps2-101C mutant plants were inoculated with mock, Pto DC3000 car-
rying AvrRpt2, or Pto DC3000 carrying AvrRpm1. Three fully expanded
leaves (leaves 7-9) from three different plants were harvested as a single
biological replicate at 1, 2, 3, 4, 6, 9, 12, 16, 20, 24, 36, and 48 hpi and
stored at —80°C until use. To generate three biological replicates, three
independent experimental trials were performed, in which plant positions
within pots and growth chambers were randomized in order to avoid un-
desirable systematic effects. In total, 2556 samples (17 genotypes x 12
time points x 4 treatments x 3 biological replicates for the combinatorial
mutants + 12 time points x 3 treatments x 3 biological replicates for rom1
rps2) were collected.

Of the 2556 samples, 348 were subjected to RNA-seq (Col-0 x
mock, Pto, Pto AvrRpt2, Pto AvrRpm1 x 1, 3, 4, 6, 9, 12, 16, 24 hpi x
3 biological replicates [96 samples]; dde2 ein2 pad4 sid2 x mock, Pto,
Pto AvrRpt2, Pto AvrRpm1 x 4, 6, 9, 12, 16, 24 hpi x 3 biological repli-
cates [72 samples]; pad4, sid2, pad4 sid2 x mock, Pto, Pto AvrRpt2 x 4,
6,9, 12, 16, 24 hpi x 3 biological replicates [162 samples]; rom1 rps2 x
mock, Pto AvrRpt2, Pto AvrRpm1 x 1, 4 hpi x 3 biological replicates [18
samples]). RNA libraries were prepared from 1 pg of total RNA isolat-
ed using TRIzol reagent (Invitrogen) and treated with DNase | (Roche).
Poly(A) enrichment and library preparation were performed with NEB-
Next Ultra Directional RNA Library Prep Kit for lllumina (New England
Biolabs). Libraries were quantified by fluorometry, immobilized, and
processed onto a flow cell with a cBot (lllumina), followed by sequenc-
ing-by-synthesis with HiSeq v3 chemistry on a HiSeq 2500 (lllumina)
system. Library construction and RNA sequencing were performed by
the Max Planck-Genome-Centre Cologne (http://mpgc.mpipz.mpg.de/
home/). Reads were mapped to the Arabidopsis genome (TAIR10) using
the splice-aware read aligner TopHat and transformed into a count per
gene per library by using HTSeq (Anders et al., 2015). The RNA-seq data
used in this study are deposited in the National Center for Biotechnology
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Information Gene Expression Omnibus database (accession number
GSE88798).

The statistical analysis of the RNA-seq data was performed in the R
environment (version 3.2.2). Genes with fewer than 10 reads per library on
average were excluded. Since poly(A) enrichment was performed during
library preparation, mitochondrial and chloroplast genes were also ex-
cluded. The count data of the remaining nuclear genome-encoded genes
(18,419) was normalized with normalization factors calculated by the
function calcNormFactors in the package edgeR and log-transformed
by the function voom in the package limma to yield log, counts per mil-
lion. To each gene, a linear model was fit using the function ImFit in the
limma package with the following terms: Sgytr = GYTgyt + egytr, where
S, log, expression value, GYT, genotype:treatment:time interaction, and
¢, residual. The eBayes function in the limma package was used for vari-
ance shrinkage in calculation of the P values, which was then used to
calculate the Storey’s g-values using the qvalue function in the qvalue
package. To extract genes with significant expression changes, the cutoff
of g-value < 0.01 was applied. The prcomp function was used for prin-
cipal component analysis. GO enrichment was performed using agriGO
with default settings (Du et al., 2010). For motif enrichment analysis, the
1000 bp upstream of the transcription start sites of the selected genes
were tested for enrichment of the known cis-elements using AME (Mc-
Leay and Bailey, 2010; Franco-Zorrilla et al., 2014). The heat maps were
generated with CLUSTER (Eisen et al., 1998) using uncentered Pearson
correlation and average linkage and visualized by TREEVIEW (Eisen et al.,
1998). For signaling allocation analysis, effects of PAD4, SID2, and their
interaction were calculated for each gene by specifying contrasts using
the makeContrast function in the limma package as follows: The effect
of PAD4 or SA was calculated by subtracting the expression value of a
gene in pad4 sid2 from that in sid2 or pad4, respectively. The effect of
the PAD4:SID2 interaction was calculated by subtracting the sum of the
PAD4 and SA effects from the difference in expression values between
Col-0 and pad4 sid2.

Coexpression network analysis was performed using the R pack-
age WGCNA (Langfelder and Horvath, 2008). Normalized and log,-
transformed read counts of wild-type samples at 4, 6, 9, 12, 16, and 24 h
after treatment with mock or Pto AvrRpt2 were used for constructing a
singed hybrid network. After excluding genes with little expression vari-
ances (<0.2) across the samples, a matrix of Pearson correlation between
all pairs of 13,080 genes was calculated. The adjacency matrix was then
constructed by raising the correlation matrix to the power of 18, which
assures scale-free topology of the constructed network. The topological
overlap, which is a robust and biologically meaningful measure of net-
work connectivity, was calculated from the adjacency matrix. Average
linkage hierarchical clustering was applied to the topological overlap for
grouping genes with highly similar coexpression relationships. The Dy-
namic Hybrid Tree Cut algorithm was used to cut the hierarchal clustering
tree, and modules were defined as branches from the tree cutting. The
expression profile of each module was summarized by module eigen-
gene defined as its first principal component. Modules whose eigen-
genes were highly correlated (correlation >0.8) were merged, resulting in
22 modules. Expression levels of the eigengenes were recalculated using
the gene expression data in the mock- or Pto AvrRpt2-treated wild type
and the quadruple mutant. For motif enrichment analysis using AME, the
1000 bp upstream of the transcription start sites of the members of the
upregulated or downregulated modules were tested for enrichment of
the known cis-elements with the set of genes from the nondifferentially
expressed modules as the control. Eigengene-based gene connectivi-
ty, kME, was calculated using the signedKME function in the WGCNA
package and was used to visualize relationships between transcription
factors and expression patterns of module eigengenes using Cytoscape
(Shannon et al., 2003).

Preservation analyses were performed with the gene expression data
in the Pto AvrRpt2-treated wild type and quadruple mutant. To assess

the preservation of wild-type modules in the quadruple mutant, the mod-
ulePreservation function in the WGCNA package was used (Langfelder
et al., 2011). The resulting statistic, Zsummary, is indicative of module
preservation based on similarity of the network properties, density, and
connectivity, between different networks. In general, modules with Zsum-
mary scores >10 are considered highly preserved, Zsummary scores be-
tween 2 and 10 are weak to moderately preserved, and Zsummary scores
<2 are not preserved. To examine the preservation of coexpression rela-
tionships between modules in the wild type and the quadruple mutant,
the plotEigengeneNetworks function in the WGCNA package was used
(Langfelder and Horvath, 2007).

Biological Replicates and Statistical Analysis

In the bacterial growth assays, one leaf disc collected from one bacteria-
infiltrated leaf was considered as one biological replicate. In the Hyal-
operonospora arabidopsidis (Hpa) infection assay, a pool of two plants
grown on the same pot was harvested as one biological replicate. In
the RNA-seq experiments and gene expression analysis, a pool of nine
leaves collected from three different bacteria-infiltrated plants grown on
the same pot (three leaves per plant) were considered one biological
replicate. In the gPCR-based quantification, typically three technical
replicates were measured and averaged. The averaged values were con-
sidered as one biological replicate. In all experiments, independent trials
were made at least two times and all measured values were used for
presentation.

Statistical analysis was performed using the mixed linear model func-
tion, Imer, implemented in the package Ime4 in the R environment. When
appropriate, raw data were log transformed to meet the assumptions of
the mixed linear model. For the t tests, the standard errors were calcu-
lated using the variance and covariance values obtained from the mod-
el fitting. The Benjamini-Hochberg methods were applied to correct for
multiple hypothesis testing when all pairwise comparisons of the mean
estimates were made in a figure.

Bacterial Growth Assay

Bacterial growth assays were performed essentially as described previ-
ously (Tsuda et al., 2009). Briefly, two leaves out of leaf position 7-9 in the
wild-type and the ERF6-EAR plants were syringe-inoculated with sus-
pensions of Pto DC3000 carrying AvrRpt2 (pLAFR), AvrRpm1 (pLAFR),
or AvrRps4 (pVSP61) using a needleless syringe. A leaf disc collected
from the infiltrated leaf was considered a biological replicate. In each
experiment, six different plants were infiltrated. Log, -transformed colo-
ny-forming units (cfu) per cm? leaf surface area were calculated and the
following model was fit to the data using the Imer function in the Ime4
package in the R environment; cfugyr = Gng +R, + €y where GY, gen-
otype:treatment interaction, and random factors; R, biological replicate;
e, residual. The mean estimates of the fixed effects were compared by
two-tailed t tests.

Hpa Infection Assay

Three-week-old wild-type and ERF6-EAR plants were spray-inoculated
with Hpa Emwa1 at 4 x 10* spores/mL (Stuttmann et al., 2011). One week
after inoculation, two plants were pooled as a single biological replicate.
In each experiment, seven to nine biological replicates were obtained
per genotype. DNA extraction was performed as described (Ruhe et al.,
2016). The amounts of Hpa DNA and plant DNA were determined by
quantitative PCR on the CFX Connect Real-Time PCR Detection System
(Bio-Rad) using EvaGreen (Biotium). Primers used are listed in Supple-
mental Table 1. The following model was fit to the Ct value of Hpa DNA
relative to Arabidopsis DNA: Ctgr = Gg +R + €, where G, genotype, and
random factors; R, biological replicate; e, residual. The mean estimates
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of the fixed effects were used as the modeled relative Ct values, visual-
ized as the relative log, Hpa biomass, and compared by two-tailed t tests
as described above.

Chromatin Immunoprecipitation

Tissue fixation and chromatin immunoprecipitation were performed as
described (Yamaguchi et al., 2014) with some modifications. Briefly,
2-week-old seedlings of the ERF6-4D line grown in liquid half-strength
MS medium supplemented with 1% sucrose were fixed in 1% formal-
dehyde solution. Fixed tissues were frozen in liquid nitrogen and stored
at —80°C. Frozen tissues (~1 g) were ground in liquid nitrogen using a
mortar and pestle and suspended in 3 mL of lysis buffer (50 mM Tris-
HCI, pH 8.0, 2 mM EDTA, 150 mM NaCl, 1% Triton X-100, 50 uM MG132
(Sigma-Aldrich), and complete protease inhibitor cocktails [Roche]). The
suspension was sonicated twice on the Bioruptor Next Gen UCD-300
sonication system (Diagenode) for 10 min at 4°C, followed by centrifu-
gation at 20,000g for 10 min at 4°C. The supernatant was used as the
starting material for chromatin immunoprecipitation using anti-Myc-Tag
antibody (71D10; Cell Signaling Technology). Aliquots of the supernatant
were kept as input samples. The samples were analyzed by quantitative
PCR using EvaGreen on the CFX Connect Real-Time PCR Detection Sys-
tem. Primers used are listed in Supplemental Table 1. The percentage of
input values of the ChIP DNA was calculated. For statistical analysis, the
following model was fit to log,-transformed values of the percentage of
input values of the ChIP DNA; Ctgyr = Gg +R + €4y where G, genotype and
random factors; R, biological replicate; e, residual. The mean estimates of
the fixed effects were compared by two-tailed t tests as described above.

Gene Expression Analysis

Total RNA was isolated using TriFast (peqglab) from leaves of the wild-
type and ERF6-EAR plants treated with mock, Pto DC3000, Pto Avr-
Rpt2, or Pto AvrRpm1 (OD,, = 0.001), followed by cDNA synthesis using
Superscript Il (Life Technologies). Real-time PCR was performed using
EvaGreen on the CFX Connect real-time PCR detection system. Primers
used are listed in Supplemental Table 1. The following model was fit
to the relative Ct value data compared with ACTIN2: Ct, = GYT_ +
R, + e,,, where GYT, genotype:treatment:time interaction, and random
factors; R, biological replicate; e, residual. The mean estimates of the
fixed effects were used as the modeled relative Ct values, visualized as
the relative log, expression values, and compared by two-tailed t tests
as described above. For correcting the multiple hypothesis testing, the
Benjamini-Hochberg method was used to adjust P values.

Accession Numbers

The accession numbers for the genes discussed in this article are as
follows: ACTIN2 (At3g18780), DDE2 (AT5G42650), EIN2 (AT5G03280),
PAD4 (AT3G52430), SID2 (At1g74710), ERF6 (AT4G17490), MPK3
(AT3G45640), and WRKY33 (AT2G38470). Sequence data from this arti-
cle can be found in the Arabidopsis Genome Initiative or GenBank/EMBL
databases under accession number GSE88798.

Supplemental Data
Supplemental Figure 1. GO enrichment analysis of differentially reg-
ulated genes classified based on the timing of expression changes.

Supplemental Figure 2. Principal component analysis of the time-
series transcriptome data in Col-0.

Supplemental Figure 3. Expression patterns of coexpression mod-
ules in Col-0 challenged with avirulent Pto AvrRpt2 or mock.
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Supplemental Figure 4. Expression patterns of coexpression mod-
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DC3000 or mock.
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namics in Col-0, pad4, sid2, and pad4 sid2 challenged with avirulent
Pto AvrRpt2 or virulent Pto.
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are redundantly regulated by PAD4 and SID2 at 4 h after infiltration
with Pto AvrRpt2.
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whose rapid transcriptional regulation is retained in dde2 ein2 pad4
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show significant expression changes in Pto AvrRpt2-treated dde2 ein2
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Supplemental Data Set 11. Description of the genes encoding tran-
scription factors that show significant expression changes in Pto Avr-
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