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Upon local infection, plants activate a systemic immune response called systemic acquired resistance (SAR). During SAR,
systemic leaves become primed for the superinduction of defense genes upon reinfection. We used formaldehyde-assisted
isolation of regulatory DNA elements coupled to next-generation sequencing to identify SAR regulators. Our bioinformatic
analysis produced 10,129 priming-associated open chromatin sites in the 59 region of 3,025 genes in the systemic leaves of
Arabidopsis (Arabidopsis thaliana) plants locally infected with Pseudomonas syringae pv. maculicola. Whole transcriptome shotgun
sequencing analysis of the systemic leaves after challenge enabled the identification of genes with priming-linked open
chromatin before (contained in the formaldehyde-assisted isolation of regulatory DNA elements sequencing dataset) and
enhanced expression after (included in the whole transcriptome shotgun sequencing dataset) the systemic challenge. Among
them, Arabidopsis MILDEW RESISTANCE LOCUS O3 (MLO3) was identified as a previously unidentified positive regulator of
SAR. Further in silico analysis disclosed two yet unknown cis-regulatory DNA elements in the 59 region of genes. The P-box was
mainly associated with priming-responsive genes, whereas the C-box was mostly linked to challenge. We found that the P- or
W-box, the latter recruiting WRKY transcription factors, or combinations of these boxes, characterize the 59 region of most
primed genes. Therefore, this study provides a genome-wide record of genes with open and accessible chromatin during SAR
and identifies MLO3 and two previously unidentified DNA boxes as likely regulators of this immune response.

Living organisms are continuously exposed to path-
ogens. To minimize the chance of successive infections,
organisms have evolved the capacity to memorize

previous attack and mount a more robust defense re-
sponse upon reinfection (Dempsey et al., 2003; Spoel
and Dong, 2012; Netea et al., 2016). For example, after
localized foliar infection by a pathogen, plants develop
a broad-spectrum systemic immune response called
systemic acquired resistance (SAR; Spoel and Dong,
2012). During SAR, uninfected systemic leaves are
primed for the superinduction of defense responses
upon rechallenge (Kohler et al., 2002; Beckers et al.,
2009; Spoel and Dong, 2012; Conrath et al., 2015).
In Arabidopsis (Arabidopsis thaliana), defense priming
involves an elevated level of microbial pattern re-
ceptor kinases (Tateda et al., 2014), accumulation of
dormant signaling enzymes (e.g. mitogen-activated
protein kinases; Beckers et al., 2009), and covalent
modification to chromatin in the 59 regulatory regions
of defense-related genes, such as WRKY6, WRKY29,
WRKY53, and PR1 (Jaskiewicz et al., 2011; Luna et al.,
2012). Priming marker genes WRKY6, WRKY29, and
WRKY53 belong to a family of .70 loci encoding
transcription factors with a regulatory role in plant
immunity (Wang et al., 2006; Jaskiewicz et al., 2011;
Tsuda and Somssich, 2015), whereas PR1 encodes
a sterol-binding protein with antimicrobial activity
(Gamir et al., 2017).
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The priming-associated modification of chromatin in
the 59 leader region ofWRKY6,WRKY29,WRKY53, and
PR1 comprises the hypomethylation of DNA (Luna
et al., 2012; Furci et al., 2019) and the methylation and
acetylation of specific Lys residues in the amino ter-
minus of histones H3 and H4 (Jaskiewicz et al., 2011;
Luna et al., 2012). Histone Lys methylation usually
serves as a docking site for transcriptional regulatory
proteins containing plant homeodomains (Peña et al.,
2006). In contrast, histone Lys acetylation directly relaxes
the interaction of nucleosome neighbors, loosens the
ionic DNA-histone interaction, and provides docking
sites for regulatory proteins containing bromodomains,
such as transcription factor II D and the switch/Suc
nonfermentable chromatin remodeling complex
(Eberharter and Becker, 2002; Kanno et al., 2004). Re-
gardless of their specific role in transcriptional regula-
tion, the interaction of chromatin regulatory proteins
with DNA leads to localized nucleosome eviction
(Henikoff, 2008). Thus, nucleosome-free DNA or “open
chromatin” marks regulatory activity (Giresi and Lieb,
2009) and can be used as a molecular tag to identify
regulatory DNA and genes with an important role in
defense priming and SAR.

Formaldehyde-assisted isolation of regulatory DNA
elements (FAIRE) is a powerful technique for the iso-
lation of nucleosome-depleted, regulatory DNA from
various eukaryotes, including Arabidopsis (Giresi and
Lieb, 2009; Gaulton et al., 2010; Schillheim et al., 2018).
In FAIRE, chromatin is crosslinked with formaldehyde
in vivo, extracted, sheared by sonication, and phenol-
chloroform extracted. In contrast to nucleosome-rich
chromatin, the DNA in nucleosome-depleted regula-
tory regions is less efficiently crosslinked to protein.
Thus, during phenol-chloroform extraction, free regu-
latory DNA will accumulate in the aqueous phase,
whereas crosslinked DNA-protein complexes will en-
rich in the interface. The DNA in the aqueous phase is
then purified and quantitatively amplified with gene-
specific primers (FAIRE-quantitative PCR [qPCR]),
hybridized to a tiling DNAmicroarray (FAIRE-chip), or
subjected to next-generation sequencing (FAIRE-seq;
Giresi and Lieb, 2009).

To identify regulators of defense priming and SAR,
we used FAIRE-seq to profile the chromatin of
primed (uninfected) systemic leaves of Arabidopsis
plants with local Pseudomonas syringae pv. maculicola
(Psm) infection. Psm is a hemibiotroph pathogen that
causes bacterial leaf spot on cruciferous plants, in-
cluding Arabidopsis (Dong et al., 1991). Localized
foliar infection of Arabidopsis leaves with Psm elicits
the systemic accumulation of the defense signals
N-hydroxypipecolic acid and salicylic acid (SA) that
promote the establishment of defense priming and
SAR (Bernsdorff et al., 2016; Hartmann et al., 2018).
Our chromatin profiling discovered 10,129 priming-
associated sites of open chromatin in the promoter
and promoter-proximal region of 3,025 genes, revealed
previously unknown candidates for priming-linked cis-
regulatory DNA elements in the 59 regulatory regions

of those genes, and disclosed the ArabidopsisMILDEW
RESISTANCE LOCUS O3 (MLO3) as a positive regu-
lator of SAR in this plant.

RESULTS AND DISCUSSION

Open Chromatin Formation Accompanies Gene Priming
and SAR

As a first step toward the global isolation of regula-
tory DNA associated with defense priming and SAR,
we first determined a suitable time to perform the
analysis. To do so, we used a syringe without a needle
to infiltrate three leaves of a batch of 4- to 5-week-old
Arabidopsis plants with;33 108 colony-forming units
(cfu)/mL Psm in MgCl2 (this treatment is subsequently
referred to in this work as “Local Psm”; for the experi-
mental setup, see Fig. 1A). Three leaves of another batch
of plants were infiltrated with MgCl2 in the absence
of bacteria (this treatment is subsequently referred to
in this work as “Local mock”; Fig. 1A). Seven days af-
ter treatment, at the same time of day, we infiltrated
two systemic leaves of half of the Local mock and half
of the Local Psm plants with water (this treatment is
subsequently referred to in this work as “systemic
challenge”; Fig. 1A). Infiltration of water into leaves
provides a physical stress that is sufficient to activate
defense genes (Kohler et al., 2002; Beckers et al., 2009;
Jaskiewicz et al., 2011). At 2.5 h after the systemic
challenge we harvested the infiltrated systemic leaves
of the Local mock and Local Psm plants and analyzed
them for expression of priming marker genes WRKY6,
WRKY29, and WRKY53 by reverse transcription qPCR
(RT-qPCR; Fig. 1, B–D). The result of the experiment
showed that in Local Psm plants the systemic challenge-
activated expression ofWRKY6,WRKY29, andWRKY53
was significantly enhanced at days 3 and 4 day after the
localPsm infection (Fig. 1, B–D). The primed activation of
WRKY6 andWRKY53 expressionwas strongest at day 3
after local Psm infection and declined afterward (Fig. 1,
B and D), with another significant increase in WRKY6
expression at day 6 after local Psm inoculation. For
WRKY29, the enhanced expression was most pro-
nounced at days 4 and 6 after local Psm infection
(Fig. 1C). Together, these findings pointed to 3–4 d as a
suitable time for isolating priming/SAR-regulatory
DNA from systemic leaves of Local Psm plants.

To confirm or refute this conclusion, we investigated
whether SAR to Psm was expressed from 3 to 7 d in
Local Psm plants. At each of these days we infiltrated
two systemic leaves of Local mock and Local Psm plants
with Psm (;3 3 108 cfu/mL; Fig. 1A). Immediately
after the systemic inoculation and after 72 h, we deter-
mined the titer of Psm in the inoculated systemic leaves.
As shown in Figure 1E, at days 3 and 4 after the ini-
tial treatment (infiltration of MgCl2 or Psm in MgCl2),
the bacterial titer was significantly lower in inoculated
systemic leaves of Local Psm plants as compared to
Local mock plants. The bacterial titer in Local Psm
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plants was also lower at the days 5 and 6 post sys-
temic infection, but this difference was not significant
(Fig. 1E). At 7 d after inoculation, a reduction of the
bacterial titer in systemic leaves of Local Psm plants was
not detected anymore (Fig. 1E). These findings con-
firmed 3–4 d as a suitable time for isolating priming/
SAR-regulatory DNA from systemic leaves of Local
Psm plants.
Next, we tested whether systemic defense priming

and SAR to Psm is associated with the formation of
open chromatin in the promoter/promoter-proximal
region of priming-responsive genes. To do so, we har-
vested all systemic leaves from Local mock and Local
Psm plants at various days after initial treatment (in-
filtration ofMgCl2 or Psm inMgCl2; Fig. 2A). Harvested
leaves were younger than the initially treated leaves
(Fig. 2A). We subjected the systemic leaves to a FAIRE-
qPCR protocol that we developed for mature Arabi-
dopsis leaves (see "Materials and Methods"). Figure 2,
B–D, shows that local Psm infection causes chromatin
to open in the 59 regulatory region of priming marker
genes WRKY6, WRKY29, and WRKY53 in systemic
leaves. Chromatin unpacking in the 59 regulatory re-
gion of WRKY6, WRKY29, and WRKY53 was signifi-
cantly higher in systemic leaves of Local Psm plants
3 and 4 d after the initial treatment, as was observed

with WRKY6, WRKY29, and WRKY53 expression after
challenge and SAR to Psm (Fig. 1, B–E). The presence of
open chromatin declined afterward with another sig-
nificant opening at day 6 after the local Psm infection
(Fig. 2, B–D). The observed formation of open chro-
matin in the promoter/promoter-proximal region and
near the transcriptional start site (TSS) of the priming
marker genes WRKY6, WRKY29, and WRKY53 is con-
sistent with a recent genome-wide study of the nucle-
osome coverage in SA-treated Arabidopsis plants
(Singh et al., 2015). The authors demonstrated depletion
of nucleosomes in the 59 regulatory region and near the
TSS of SA-induced genes and enhanced nucleosome
density in the 59 leader sequence and close to the TSS of
SA-repressed genes. By contrast, the 59 regulatory se-
quence of silent and constitutively expressed genes was
not subjected to major changes in nucleosome occu-
pancy (Singh et al., 2015).
The results in Figures 1 and 2 disclosed that in sys-

temic leaves of Local Psm plants, priming for enhanced
WRKY6, WRKY29, and WRKY53 expression, SAR to
Psm, and open chromatin formation were strong at day
3 and, to a seemingly lesser degree, day 4 after the local
Psm infection. Therefore, we decided to perform the
genome-wide isolation of regulatory DNA associated
with defense priming and SAR in systemic leaves of

Figure 1. Effect of local Psm infection
on systemic expression of WRKY6,
WRKY29, and WRKY53 and SAR. A,
Experimental setup for analyzing gene
expression (RT-qPCR and RNA-seq) and
SAR. B to D, Expression of WRKY6,
WRKY29, and WRKY53 in challenged
systemic leaves of Local mock (2 Local
Psm) and Local Psm (1) plants at 2.5 h
after the systemic challenge and at var-
ious days after the initial treatment (Lo-
cal mock or Local Psm). dpi, days post
initial treatment. Error bars represent the
SD (n5 6); ***P# 0.001; **P# 0.01. E,
Bacterial titer in systemic leaves of Local
mock (2 Local Psm) and Local Psm (1)
plants at 0 h (d0) and 72 h (d3) after in-
oculation and at various days after the
initial treatment (Local mock or Local
Psm). cfu, colony-forming units. Error
bars represent the SD (n 5 3); **P #

0.01.
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Figure 2. Local Psm infection in systemic leaves
opens chromatin in the 59 regulatory region of
WRKY6, WRKY29, and WRKY53. A, Experimental
setup for FAIRE-qPCR and FAIRE-seq. For the anal-
yses, we harvestedwhole rosettes of leaves that were
younger than the youngest Local mock or Local Psm
leaf. B to D, Detection of open chromatin in the
promoter and promoter-proximal region ofWRKY6,
WRKY29, and WRKY53 in unchallenged systemic
leaves of Local mock (2 Local Psm) and Local Psm
(1) plants at various days after the initial treatment
(Local mock or Local Psm). dpi, days post initial
treatment. Numbers in graphs denote the midpoint
of DNA amplicons relative to the TSS; error bars
represent the SD (n5 5); ***P# 0.001; **P# 0.01;
*P # 0.05.
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Local Psm plants at day 3 after the initial Psm
inoculation.

A Global Map of Open Chromatin during Defense
Priming and SAR

Using the experimental setup as described for FAIRE-
qPCR (Fig. 2A), we isolated nucleosome-free, nuclear
DNA from systemic leaves of an aliquot of Local mock
andLocalPsmplants 72 h after the initial treatment using
our newly developed FAIRE-seq protocol for mature
Arabidopsis leaves (see “Materials and Methods“).
Isolated DNA elements were sequenced using next-
generation sequencing (see “Materials and Methods“).
Briefly, isolated FAIRE-DNA was subjected to two
rounds of 50 bp single-end sequencing using an Illu-
mina HiSeq 2000 platform. They produced;95 million
reads totaling 4.76 billion bases in the first round, and
248 million reads totaling 12.66 billion bases in the
second round of sequencing. FAIRE-DNA of a later
repeat experiment was sequenced using 125 bp paired
ends and an Illumina HiSeq 2500 platform to allow for
the explicit detection of DNA fragment size. This se-
quencing run produced almost 548 million reads to-
taling 68.5 billion bases. In our bioinformatic analysis
(see “Materials and Methods“), we cross-compared the
data from untreated systemic leaves of the Local Psm
plants to those of untreated systemic leaves of Local
mock plants. Using a genome-wide sliding window
approach (see “Materials and Methods“), we detected
42,146 DNA sites that were specifically more open and
13,814 DNA sites that were specifically less open in the
chromatin of untreated systemic leaves of Local Psm
plantswhen compared to systemic leaves of Localmock
plants. Considering only loci centered within a region
of 500 bp upstream of the TSS, 7,739 of the more open
sites were aligned to 3,833 mRNA transcripts from
3,025 genes, producing a set of 10,129 transcript-specific
putative regulatory relationships. This is accounting
for cases in which a transcript-encoding sequence had
multiple open loci and/or in which a FAIRE-positive
DNA site was present in the 59 regulatory region of
multiple genes. Similarly, 1,528 of the less open loci
were aligned to 957 transcripts from 785 genes, pro-
ducing an additional set of 1,891 transcript-specific,
putative regulatory relationships. DNA sites near genes
(e.g. outside of, but within 500 bp of, the transcribed
region) showed a higher proportion of FAIRE signals
(5.8% for upstream and 5.2% for downstream) than
transcribed (3.2%) and intergenic (3.1%) regions
(Fig. 3A; Supplemental Table S1). Thus, according to
our analysis, priming of systemic leaves of Local Psm
plants seems to involve increased accessibility to reg-
ulatory chromatin of 3,025 genes and reduced accessi-
bility to regulatory regions of 785 genes. The reason for
the reduced chromatin accessibility in gene regulatory
regions during defense priming is unknown. It may
reflect the reported plant growth-to-defense transition
(Pajerowska-Mukhtar et al., 2012) by shutting off genes

with a role in Arabidopsis growth and development.
And in fact, genes associated with the functional
MapMan bins (Thimm et al., 2004; Usadel et al., 2009;
Bolger et al., 2018) “photosynthesis,” “tetrapyrrole bi-
osynthesis,” “carbohydrate metabolism,” and “sigma-
like transcription factors” made up the biggest part of
genes with reduced expression in challenged systemic
leaves of Local Psm plants (Fig. 3C). Sigma-like tran-
scription factors are nucleus-encoded regulators of
plastid-encoded RNA polymerases with a role in chlo-
roplast biogenesis (Börner et al., 2015).

AGlobal Map of Gene Expression during Defense Priming
and SAR

Using the experimental setup in Figure 1A, we sub-
jected systemic leaves of the Local mock and Local Psm
plants to systemic challenge (water infiltration into
leaves). After 2.5 h, we harvested systemic leaves of the
four groups of plants (Local mock and Local Psm, both
with and without systemic challenge; Fig. 3B) and
subjected them to whole transcriptome shotgun se-
quencing (RNA-seq) analysis (see "Materials and
Methods"). Briefly, we prepared a complementary
DNA (cDNA) library from total RNA that we had
extracted from systemic leaves of each of the four plant
groups. The cDNA was sequenced using an Illumina
HiSeq 2000 platformusing 50 bp single-end reads,which
produced ;64.9 million reads totaling 32.48 billion ba-
ses. We aligned the acquired RNA-seq data to the Ara-
bidopsis genome (Supplemental Dataset S1), assigned
the genes to top-level MapMan bins (Supplemental
Dataset S2), and did a transcript-based assessment of
the FAIRE-seq data (for details, see "Materials and
Methods"; Fig. 3D). Genes in theMapMan bins “stress,”
“biotic stress signaling,” “WRKY transcription,” and
“receptor kinases” were significantly induced in chal-
lenged systemic leaves of Local Psm plants (Fig. 3C),
indicating a successful priming experiment. Further in-
depth analysis of the data revealed complex patterns of
open chromatin and altered gene expression, both of
which depended on the physiological state of the plant
(Fig. 3, B and D; Supplemental Fig. S1; Supplemental
Dataset S1). Our data analysis also disclosed that most
of the loci with open chromatin in the 59 regulatory
region (as detected by comparative FAIRE-seq analysis)
and enhanced expression upon systemic challenge (as
determined by comparative RNA-seq analysis) belonged
to the “micro RNA,” “stress,” and “signaling” groups of
Arabidopsis genes (Supplemental Fig. S2; Supplemental
Dataset S2). Together, by cross-comparison of the
FAIRE-seq data from untreated systemic leaves of Local
Psm plants with the RNA-seq data from infiltrated sys-
temic leaves of Local Psm plants, we found a coincidence
of the presence of open chromatin near the TSSs of genes
with their enhanced expression after systemic challenge
(Fig. 3D; Supplemental Dataset S1).
Among the 25 genes with the highest FAIRE-seq

signals before and RNA-seq signals after systemic
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challenge were those encoding Cys-rich receptor-like
protein kinases 36 and 38, a putative Ser/Thr receptor
kinase, Glu receptors 2.5 and 2.8, and a gene encoding
a disease resistance protein in the toll-interleukin-
receptor nucleotide binding site-Leu-rich repeat family
(Supplemental Dataset S1). While the receptor kinases

could contribute to the enhanced capacity of primed
cells to perceive and respond to microbial patterns
(Tateda et al., 2014), the Glu receptors probably play
their reported role in systemic plant defense signaling
(Toyota et al., 2018). The toll-interleukin-receptor nu-
cleotide binding site-Leu-rich repeat family protein

Figure 3. Identification of regulators of defense priming. A, In systemic leaves of Local Psm plants, priming is associated with
formation of more open (red columns) and less open (blue columns) chromatin sites in different regions of the Arabidopsis ge-
nome. The diagram gives the proportion numbers given in Supplemental Table S1. The numerator is the number of regions with a
given classification (upstream, downstream, transcribed, or intergenic), which aremore open or less open. The denominator is the
number of regions with the same classification in the entire genome. B, Changes in gene expression upon the indicated treat-
ments. ↑, number of induced genes; ↓ number of repressed genes. C, Shown are top-level MapMan bins that were significantly
enriched (red) or depleted (blue) in the pC/cP comparison and selected leaf bins that showed at least 2-fold enrichment in the
categories “stress", “RNA”, and “signaling". *P# 0.05. D, Relationship between chromatin state (more open, unchanged, or less
open) and transcriptional response of genes. The chromatin state (determined by FAIRE-seq) in unchallenged systemic leaves of
Local Psm plants was compared to that of unchallenged systemic leaves of Local mock plants. Chromatin state is indicated by
color. The transcriptional response of genes (determined by RNA-seq) in challenged systemic leaves of Local Psm plants at 2.5 h
after the systemic challenge was compared to that of challenged systemic leaves of Local mock plants (on the y axis) and to that of
unchallenged systemic leaves of Local Psm plants (on the x axis). We used the response of all 24,447 genes, whichwe detected in
any RNA-seq experiment, to compose this chart.MLO3, mildew resistance locus O3; FMO1, flavin monooxygenase 1; pC, effect
of systemic challenge on priming; cP, effect of priming on systemic challenge.
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most likely has a role in gene-for-gene disease resistance
that often causes intense defense priming and a very
robust SAR response. Regardless of their role, these
genes seem to be reliable, previously unknown marker
genes for defense priming and SAR in Arabidopsis.
Other, but less striking, genes with open chromatin

in the 59 regulatory region and enhanced transcrip-
tion upon systemic challenge were the known prim-
ing marker genes WRKY6 (AT1G62300), WRKY29
(AT4G23550), and WRKY53 (AT4G23810; Fig. 3D;
Supplemental Dataset S1; Jaskiewicz et al., 2011).
Because chromatin in the 59 regulatory region of
WRKY6, WRKY29, and WRKY53 did not open, or did
not open much, in systemic leaves of Local mock
plants (Supplemental Fig. S3), the observed formation
of open chromatin in the 59 leader region of a gene is
an unlikely response to the physical stress during the
inoculation procedure. It rather seems to be a conse-
quence of the local Psm infection.
The expression level and accessibility of chromatin

in the coding region or 59 leader sequence did not sig-
nificantly change for the housekeeping gene ACTIN2
and the plant defensive gene PDF1.2, respectively
(Supplemental Fig. S4). PDF1.2 is epigenetically si-
lenced by Psm-induced SA signaling (Luna et al.,
2012) and has a role in the immune response of Ara-
bidopsis to necrotrophic pathogens (Penninckx et al.,
1996). Consistent with the constitutive expression of
ACTIN2, FAIRE peaks did not differ much in the 59
upstream and 39 downstream region of ACTIN2 in
untreated systemic leaves of Local mock and Local
Psm plants (Supplemental Fig. S5A). In addition,
FAIRE peaks were generally low in the 59 regulatory
region of PDF1.2 in untreated systemic leaves of both
Local mock and Local Psm plants (Supplemental Fig.
S5B). Thus, we conclude that formation of open chro-
matin in systemic leaves of Local Psm plants and en-
hanced gene expression upon systemic challenge of
those leaves is a specific response of genes that are as-
sociated with defense priming and SAR.
Two priming/SAR-related genes with open chro-

matin near the TSS before systemic challenge and
primed expression after the challenge wereFLAVIN-
CONTAININGMONOOXYGENASE1 (FMO1;AT1G19250)
andMLO3 (AT3G45290; Fig. 3D; Supplemental Dataset
S1). The flavin monooxygenase that is encoded by
FMO1 catalyzes the hydroxylation of pipecolic acid to
N-hydroxypipecolic acid, which is essential for de-
fense priming and SAR (Hartmann et al., 2018). Con-
sistently, the Arabidopsis fmo1mutant is SAR deficient
(Mishina and Zeier, 2006).

A Novel Positive Regulator of Defense Priming and SAR

MLO3 belongs to a small family of genes (15 in
Arabidopsis; Acevedo-Garcia et al., 2014) in which
some members have a presumed suppressing role in
plant immunity (Büschges et al., 1997; Acevedo-Garcia
et al., 2014). In contrast to WRKY6, WRKY29, and

WRKY5, and FMO1, MLO3 has not been associated
with defense priming and SAR to date. A critical role in
these phenomena was recently assigned to MLO2
(AT1G11310; Gruner et al., 2018), which also has more
open chromatin near the TSS during Psm-induced
priming and which shows enhanced expression upon
systemic challenge (Supplemental Dataset S1). Because
of the presumed suppressing role of mostMLO genes in
plant immunity (Büschges et al., 1997; Acevedo-Garcia
et al., 2014), the presence of MLO3 in our FAIRE-seq/
RNA-seq dataset (Supplemental Dataset S1) was sur-
prising. Further analysis revealed that FAIRE peaks
were generally high in the 59 leader sequence and in
some introns and low in coding regions of WRKY6,
WRKY29, and WRKY53, FMO1, and MLO3 (Fig. 4;
Supplemental Table S2). The expression level and ac-
cessibility of chromatin in the coding region or 59 leader
sequence did not significantly change for the house-
keeping gene ACTIN2 or the plant defensive gene
PDF1.2, respectively (Supplemental Fig. S4). PDF1.2
is epigenetically silenced by Psm-induced SA signal-
ing (Luna et al., 2012) and has a role in the immune
response of Arabidopsis to necrotrophic pathogens
(Penninckx et al., 1996). Consistent with the constitutive
expression of ACTIN2, FAIRE peaks did not differ
much in the 59 upstream and 39 downstream regions of
ACTIN2 in untreated systemic leaves of Local mock and
Local Psm plants (Supplemental Fig. S5A). In addition,
FAIRE peaks were generally low in the 59 regulatory
region of PDF1.2 in untreated systemic leaves of both
Local mock and Local Psm plants (Supplemental Fig.
S5B). Thus, we conclude that formation of open chro-
matin in systemic leaves of Local Psm plants and en-
hanced gene expression upon systemic challenge of
those leaves is a specific response of genes that are as-
sociated with defense priming and SAR.

Locus-Specific Validation of Open Chromatin, Enhanced
Expression, and Role in SAR

Wevalidated priming-associated histoneH3 reduction
(Fig. 5, A–E) and open chromatin formation (Fig. 5, F–J)
in the 59 leader sequence ofWRKY6,WRKY29,WRKY53,
FMO1, and MLO3 by chromatin immunoprecipita-
tion (ChIP; Jaskiewicz et al., 2011) and FAIRE-qPCR
(Schillheim et al., 2018), respectively. We could not vali-
date the reduction of histone H3 in the 59 regulatory re-
gion of FMO1, which did not differ significantly between
systemic leaves of Local mock and Local Psm plants
(Fig. 5D). This indicates lower resolution of the ChIP
technique when compared to FAIRE-qPCR (Fig. 5, A–J).
We also confirmed stronger expression of MLO3,

FMO1,WRKY6,WRKY29, andWRKY53 upon systemic
challenge of Local Psm plants (Fig. 5, K–O). Consistent
with a presumed contribution of open chromatin for-
mation and primed defense gene expression to SAR,
this systemic immune response was absent in the Ara-
bidopsis fmo1, nonexpressor of pathogenesis-related 1 (npr1),
and mlo3mutants (Fig. 6, A and D). fmo1 and npr1 were

Plant Physiol. Vol. 181, 2019 823

Open Chromatin Identifies Systemic Acquired Resistance Regulators

http://www.plantphysiol.org/cgi/content/full/pp.19.00673/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00673/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00673/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00673/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00673/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00673/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00673/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00673/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00673/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00673/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00673/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00673/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00673/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00673/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00673/DC1


Figure 4. Number of FAIRE reads in defense-related genes WRKY6 (A), WRKY29 (B), WRKY53 (C), FMO1 (D), and MLO3 (E) in
unchallenged systemic leaves of Local mock and Local Psm plants. The variation in the height of the shading region indicates the se-
quence coverage levels in three independent biological replicates. Read depth was normalized based on total coverage assigned to the
nuclear genome. The brokenvertical line indicates the TSS. Thenumbers on the y axis give the distance from theTSS (in bp).2, upstream
of the TSS;1, downstreamof theTSS. The experimentwas performedwith six replicates of each sample (three for single-end and another
three for paired-end sequencing). SE, single-end reads; PE, paired-end reads; Psm, Local Psm plants; mock, Local mock plants.
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Figure 5. Reduction of histone H3, formation of open chromatin, and enhanced responsiveness of defense genes in systemic
leaves of Local Psm plants. A to E, Reduction of H3 in the 59 leader sequence and near the TSS of defense genes in untreated
systemic leaves of Local mock and Local Psm plants. Error bars represent the SD (n5 6). F to J, Formation of more open chromatin
in the same region and in similarly treated plants. Error bars represent the SD (n $ 3). K to O, Gene expression upon systemic
challenge (1) of Local mock (2 Local Psm) and Local Psm (1 Local Psm) plants. Error bars represent the SD (n$ 4). ***P# 0.001;
**P # 0.01; *P # 0.05.
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SAR defective in all the experiments, while the mlo3
mutant was SAR defective in seven of the nine experi-
ments. These results support a positive role of MLO3 in
the SAR response of Arabidopsis (Fig. 6D). However, a
recent study reported the presence of SAR inmlo3 plants
with local Psm infection (Kusch et al., 2019). The reason
for the contradictory result is currently unclear. It may
result from a different experimental setup. However, the
finding that upon local Psm infection, systemic SA levels
rise in the wild type and the npr1mutant, but not inmlo3
(Supplemental Fig. S6), supports a critical role of MLO3
in SA-mediated defense responses in Arabidopsis.

The positive role of MLO3 (Fig. 6D) and MLO2
(Gruner et al., 2018) in SAR is particularly interesting.
In Arabidopsis, loss-of-function mutation of MLO2 or
MLO2, MLO6, and MLO12 results in partial or full
immunity to powdery mildew disease (Büschges et al.,
1997; Acevedo-Garcia et al., 2014), thus raising the
question of the biological meaning of MLO evolution.
For MLO2 and MLO3, the answer to this question may
be their positive roles in SAR.

In Arabidopsis, loss of function ofMLO4 (At1G11000)
or MLO11 (At5G53760) causes aberrant root thigmo-
morphogenesis (Chen et al., 2009; Bidzinski et al., 2014),

Figure 6. Attenuated SAR in fmo1, npr1, andmlo3 and absence of open chromatin and primed FMO1 andMLO3 expression in
npr1. A and D, SAR bioassay in wild type (wt) and the fmo1, npr1, andmlo3mutants. Error bars represent the SD (n5 5). B and E,
Reduced promoter opening in systemic leaves of the npr1mutant upon local mock or local Psm infection. Error bars represent the
SD (n 5 3). C and F, Absence of primed FMO1 and MLO3 expression in systemic leaves of locally Psm-inoculated npr1 plants.
Error bars represent the SD (n 5 4). Cfu, colony-forming units; d0, bacterial titer immediately after Psm inoculation (day 0); d3,
bacterial titer at 3 d post Psm inoculation; ***P # 0.001; **P # 0.01; *P # 0.05.

826 Plant Physiol. Vol. 181, 2019

Baum et al.

http://www.plantphysiol.org/cgi/content/full/pp.19.00673/DC1


which is the growth and developmental response of
plants to mechanical stimulation. What is more, loss of
MLO7 (At2G17430) function leads to pollen tube over-
growth in this plant (Kessler et al., 2010). Consistently, in
systemic leaves of Local Psm plants, FAIRE signals were
absent for MLO4 and MLO11 and were low for MLO7
(Supplemental Dataset S1). Thus, the discoveries that
MLO3 (Figs. 3D, 5O, and 6F) and MLO2 (Gruner et al.,
2018) are priming-responsive defense genes and positive
regulators of SAR (Fig. 6D; Gruner et al., 2018) are con-
sistent with the different roles of MLO family members
in plant biology.
NPR1 is an essential key regulator of defense

priming and SAR (Cao et al., 1997; Kohler et al., 2002)
and a likely determinant of nucleosome density in the
promoter and promoter-proximal region of NPR1-
dependent target genes of SA (Singh et al., 2015).
Interestingly, the opening of chromatin in the 59 reg-
ulatory regions of FMO1, MLO3, WRKY6, WRKY29,
and WRKY53 was impaired in systemic leaves of the
Psm-infected SAR-negative npr1 mutant (Fig. 6, B and
E; Supplemental Fig. S7). This further suggests a crit-
ical epigenetic role of NPR1 in the regulation of those
priming-associated genes (Jaskiewicz et al., 2011).
Consistently, the expression of FMO1,MLO3,WRKY6,
WRKY29, and WRKY53 was not significantly en-
hanced upon systemic challenge of the npr1 mutant
when this genotype had been inoculated before with
Psm (Fig. 6, C and F; Supplemental Fig. S7, D–F).

In Silico Identification of Consensus DNA Boxes

To investigate the governing basis of gene priming,
we searched in silico for consensus DNAmotifs in the 59
regulatory genome region of genes that were induced in

the various gene sets: ncP (induced during priming in
the absence of challenge), npC (induced by systemic
challenge in the absence of priming), pC (induced by
systemic challenge in primed condition), and cP (in-
duced because of priming in systemic challenge con-
dition; Fig. 3B; Supplemental Dataset S1). In addition to
the ncP, npC, pC, and cP data, we included the FAIRE-
seq gene set, the priming-associated gene set, PF (ncP-
up, cP-up, and FAIRE-up), and the challenge-related
gene set, C (npC-up and pC-up) in the analysis
(Fig. 7A). The PF set contains mainly those genes with
open chromatin in systemic leaves of Local Psm plants
(as deduced from the FAIRE-seq dataset) and enhanced
expression upon systemic challenge (as deduced from
the RNA-seq dataset). The challenge-related gene set,
C, contained the genes with expression upon challenge
or enhanced expression upon systemic challenge (as
deduced from the RNA-seq dataset), independent of
priming. We found that three distinct DNA sequence
motifs are enriched to different extents in the 59 regu-
latory region of genes in these datasets (Fig. 7). One
of the sequence motifs is the known W-box (Fig. 7B),
a regulatory DNA element that recruits WRKY tran-
scription factors to target genes (Tsuda and Somssich,
2015), including NPR1 (AT1G64280; Yu et al., 2001).
W-box was most enriched in the PF and FAIRE sets of
genes (Fig. 7A). This finding is consistent with the en-
richment of W-box in nucleosome-depleted regions in
the 59 regulatory region of SA-induced Arabidopsis
genes (Singh et al., 2015).
The two other consensus sequences, which are novel,

seem to be more specific. One of them, which we call
P-box (Fig. 7B), was particularly enriched in the 59
regulatory region of the PF (ncP-up, cP-up, and FAIRE-
up) set of priming-associated genes and least present
in the npC, pC, and C gene sets (Fig. 7A). The second,

Figure 7. Consensus DNA sequence
motifs. A, Enrichment ratio of DNA
boxes in the 59 regulatory region of
genes that respond in various immuno-
logical conditions (Fig. 3B). FAIRE, in-
crease in FAIRE coverage with priming;
PF, genes with open chromatin and en-
hanced expression upon systemic chal-
lenge (ncP-up, cP-up, and FAIRE-up); C,
genes with (enhanced) expression upon
(systemic) challenge (npC-up and pC-
up). The PF dataset contains 439 and the
C dataset 4,332 genes. B, C-, P-, and
W-box consensus DNA sequences.
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which we named C-box (Fig. 7B), was most enriched
in the promoter of the priming-specific ncP gene set
(Fig. 7A). C-boxwas also enriched in the npC and C sets
of genes and, consistently, least present in the FAIRE-
seq gene set (Fig. 7A). Comparative analysis of the
RNA-seq and FAIRE-seq datasets suggested that
the effect of the P-box on transcription, as reflected
in the RNA-seq dataset, might be a consequence of
the chromatin opening, as reflected in the FAIRE-
seq dataset. The C-box is consistently enriched in all
challenge/systemic challenge (RNA-seq) gene sets, but
rarely present in the priming (FAIRE-seq) dataset
(Fig. 7A). This suggests that P-box governs priming,
whereas C-box influences transcription.

Occurrence of C-, P-, and W-Boxes

To complement our bioinformatic analysis, we
modeled the change in transcript level and FAIRE
peaks for each individual Arabidopsis gene using the
copy numbers of C-, P- and W-boxes as explanatory
variables (Supplemental Fig. S8). In this analysis, too,
the W-box was associated with both gene priming (as
seen in the FAIRE dataset) and enhanced transcription
(as seen in all RNA-seq datasets, that is, ncP, cP, npC,
and pC), whereas C- and P-boxes showed more spe-
cialization. Presence of the C-box was associated with a
major change in gene expression after systemic chal-
lenge of Local mock or Local Psm plants (npC and pC
datasets), whereas P-box was particularly associated
with priming and enhanced expression after systemic
challenge (ncP and cP datasets). Nonetheless, consid-
erable complexity was observed, with presence of the
C-box and multiple copies of the P-box being substan-
tially enhanced in all sets of genes that respond in the
physiological conditions assayed in this work.

Next, we further investigated the relationship be-
tween the presence of the above-mentioned DNA
boxes in the 59 leader regions of genes and (enhanced)
transcription upon challenge. To do so, we selected
eight representative priming/SAR-associated genes
(that is, geneswith open chromatin in systemic leaves of
Local Psm plants, enhanced expression upon systemic
challenge, and a known or presumed role in SAR) for
motif analysis in their 59 regulatory region. The pro-
moter of these genes contained up to two P- orW-boxes
or mixes of these boxes (Table 1), further suggesting
that these discrete DNA-sequence motifs or combina-
tions of these motifs, in the 59 leader sequence could
determine whether expression of a given gene will be
unprimed or primed. Notably, DNA-binding protein
HsfB1, which is required for defense priming and SAR
(Pajerowska-Mukhtar et al., 2012; Pick et al., 2012)
and which specifically binds to cis-element translocon
1 (TL1; GAAGAAGAA; Pajerowska-Mukhtar et al.,
2012), has a P-box in its 59 regulatory region (Table 1).
Similarly, the promoter of the Arabidopsis ascorbate
peroxidase (APX) 2 gene, which has two P-boxes in its
59 regulatory region, confers transcriptional memory to

a heterologous luciferase reporter gene (Liu et al., 2018).
Moreover, primingmarker genesWRKY6,WRKY29, and
WRKY53, whose protein products bind to W-box in the
promoter of target genes (Tsuda and Somssich, 2015),
have two copies of the P-box, two copies of the W-box,
and two copies of the P- andW-box, respectively, in their
59 regulatory regions (Table 1). Furthermore, the pro-
moter of MLO3, which has been identified as a positive
regulator of SAR in thiswork (Fig. 6D), harbors both a P-
and a W-box (Table 1). Together, these findings point to
P- and W-boxes as putative cis-regulatory DNA motifs
with a role in defense priming. Consistently, the Arabi-
dopsisNPR1 gene has three copies of the W-box in its 59
regulatory region that are recognized by SA-induced
WRKY transcription factors (Yu et al., 2001). Mutations
in these W-boxes abolished their recognition by WRKY
transcription factors, rendered the promoter unable to
activate a downstream b-glucuronidase reporter gene,
and compromised the ability ofNPR1 to complement the
npr1 mutant for SA-induced defense gene expression
and SAR (Yu et al., 2001). The detected enrichment of
W-box in the 59 leader sequence of genes in the priming
(PF) and systemic challenge (C) datasets illustrates the
power of our study to identify putative regulatory DNA
motifs in the regulatory region of genes with a role in
priming and SAR.

Our genome-wide in silico analysis disclosed a cor-
relation between the copy number of P-box in the 59
regulatory region of a gene and priming (Supplemental
Fig. S8). However, whether the presence of P-box, either
alone or in combination with W-box, indeed confers
gene priming, how it does so, and whether other DNA
sequences in gene-regulatory regions may influence
its activity, remains to be seen. Regulation by addi-
tional, so far unknown, DNA sequence features is
likely, because FMO1, which in the primed state has
open chromatin in the 59 regulatory region (Figs. 3D,
4D, and 5I), enhanced expression upon systemic chal-
lenge (Fig. 5N), and an important role in defense
priming and SAR (Mishina and Zeier, 2006; Hartmann
et al., 2018), contains a W-box, but no P-box, in its
59 leader sequence (Table 1). Intriguingly, when we
performed a genome-wide analysis for the presence of

Table 1. Occurrence of DNA boxes in the 59 regulatory region of
selected Arabidopsis genes associated with the biotic and abiotic stress
responses

AGI, Arabidopsis Genome Initiative; NIMIN1, noninducible immu-
nity 1-interacting 1 gene; PR1, pathogenesis-related 1 gene; HSFB1,
heat shock transcription factor HsfB1 gene.

AGI code Name C-Box P-Box W-Box

AT1G62300 WRKY6 0 2 0
AT4G23550 WRKY29 0 0 2
AT4G23810 WRKY53 0 2 2
AT1G19250 FMO1 0 0 1
AT3G45290 MLO3 0 1 1
AT1G02450 NIMIN1 1 2 1
AT1G14610 PR1 0 1 0
AT4G36990 HSFB1 0 1 0
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C-, P-, and W-boxes in the 59 promoter region of genes
in 62 species of diverse plant families, we found that the
three DNA-boxes were mainly present in the Brassica-
ceae family of plants (Supplemental Fig. S9). They were
less abundant in other families of eudicot or in mono-
cotyledonous plants and seem to be absent frommosses
and algae (Supplemental Fig. S9). This suggests either
specific evolution of the C-, P-, and W-boxes in the
Brassicaceae or loss of these DNAmotifs in essentially all
species except those in the Brassicaceae family.

CONCLUSIONS

We used FAIRE-seq to provide a genome-wide map
of regulatory DNA elements in defense priming and
SAR in Arabidopsis. We identified 10,129 priming/
SAR-associated sites of open chromatin in the 59 leader
region of 3,025 genes. Many of them included at least
one P- or C-box, which we identified in silico as puta-
tive regulatory DNA sequences of priming and SAR.
P-box was mainly, although not exclusively, associated
with priming, whereas C-box was preferably, but not
solely, linked to (systemic) challenge. The presence of
P- or W-box, or combinations of these boxes, seems to
be associated with gene priming. A scan of our list of
genes with priming-specific open chromatin in the 59
upstream and 39 downstream regulatory regions and
enhanced expression upon challenge disclosed MLO3
as a novel positive regulator of defense priming and
SAR. We expect that our datasets will enable the iden-
tification of additional novel loci important to priming
and systemic immunity and help to further elucidate
the biology of these processes.

MATERIALS AND METHODS

Growth of Arabidopsis Plants

Arabidopsis (Arabidopsis thaliana) wild-type accession Columbia-0 and the
npr1-1 (At1g64280), fmo1-1 (SALK_026163), mlo3-4 (SALK_027770), and mlo3-5
(SALK_116848) mutants (all in Columbia-0 genetic background) were grown
on soil in short-day conditions (8 h light, 100 mmol m22 s21) at 20°C.

Cultivation of Bacteria

Psm strain ES4326was grown onKing‘s Bmedium (20 g/L tryptone, 10mL/L
glycerol, 1.5 g/L K2HPO4, and 1.5 g/LMgSO4; King et al., 1954) supplemented
with 100mg/mL streptomycin and 10 g/L agar. After incubation for 2 d at 28°C,
four to five colonies were transferred to a 250-mL flask containing 50 mL King’s
B medium supplemented with 100 mg/mL streptomycin. The flask was incu-
bated overnight at 28°C at 220 rpm on a rotary shaker. The next day, the bac-
terial culture was transferred to a 50-mL plastic tube and centrifuged at 1,800g
and 16°C for 8 min. The supernatant was discarded and the pellet suspended in
50 mL of 10 mM MgCl2. After centrifugation at 1,800g and 16°C for 8 min, the
pellet was suspended in 50mL of 10mMMgCl2. OnemL of bacterial suspension
was diluted with 10 mM MgCl2 to an OD600 of 0.0002, resulting in ;3 3 108

colony-forming units (cfu)/mL.

Plant Treatment

Usinga syringewithout aneedle, three leavesof 4- to 5-week-oldArabidopsis
plantswere infiltratedwith 10mMMgCl2 (Localmock) or;33 108 cfu/mL Psm

in 10 mM MgCl2 (Local Psm; for the experimental setups, see Figs. 1A and 2A).
For open chromatin analysis, we harvested the whole rosette of leaves that were
younger than the youngest Local mock or Local Psm leaf at the indicated times
and subjected them to FAIRE-seq or FAIRE-qPCR as described below. For gene
expression analysis, two systemic leaves per plant and treatment were left
untreated (no systemic challenge) or challenged by infiltration of tap water at
the indicated times after the initial treatment (systemic challenge). Systemic
leaves were harvested at 2.5 h after the systemic challenge and subjected to
RNA-seq or RT-qPCR analysis as described below.

SAR Assay

Usinga syringewithout aneedle, three leaves of 4- to5-week-oldArabidopsis
plants were infiltrated with ;3 3 108 cfu/mL Psm in 10 mM MgCl2 or with
10 mM MgCl2 only (control). After 72 h, two distal leaves of each plant were
infiltrated with Psm (;3 3 108 cfu/mL) in 10 mM MgCl2 (systemic challenge).
After another 72 h, leaf discs (0.5 cm diameter) were punched out of inoculated
systemic leaves and homogenized in 10 mM MgCl2. A serial dilution of the
homogenate was plated on King’s B agar (see “Cultivation of Bacteria”) and
developing colonies counted after incubation for 48 h at 28°C. For determining
the duration of SAR (Fig. 1E), the challenge infection of distal leaves was done
3–7 d after the initial inoculation, because it takes 1–2 d for Psm-induced SAR to
develop (Gruner et al., 2018). Bacterial titer in systemic leaves was determined
by plating serial dilutions as described above (see “Cultivation of Bacteria”).

ChIP

ChIP was performed as described (Jaskiewicz et al., 2011). For immuno-
precipitation of histone H3, 1 mg of a histone H3-specific antibody (ab1791,
Abcam) was used per sample. Relative DNA enrichment was quantified by
qPCR using gene-specific primers (Supplemental Dataset S3), related to input,
and normalized to the level of the coding sequence of the ACTIN2 gene.

Analysis of Gene-Specific mRNA Transcript Abundance
by RT-qPCR

RNA was isolated from frozen leaves using the TRIZOL method
(Chomczynski, 1993). Two mL of RNAwere subjected to DNase (Thermo Fisher
Scientific) digestion followed by cDNA synthesis using RevertAid reverse
transcriptase (Thermo Fisher Scientific). mRNA transcript abundance was de-
termined by RT-qPCR on anABI Prism 2300 sequence detector system (Applied
Biosystems) in a 96-well format or on a Light Cycler 480 (Roche) with a 384-well
format using gene-specific primers (Supplemental Dataset S3) and SYBR Green
fluorescence (Platinum SYBR Green qPCR Mix, Thermo Fisher Scientific). Data
were normalized to the mRNA transcript level of ACTIN2.

RNA-Seq Analysis

Arabidopsis plants (4 to 5 weeks old) were subjected to Local mock or Local
Psm treatment (see “Plant Treatment” and Fig. 1A). After 72 h, distal leaves
were left untreated or were challenged by infiltration of tap water. After 2.5 h,
the remote leaves were collected and analyzed for transcript abundance. In
total, we processed 12 samples (four treatments [Local mock and Local Psm,
each with and without systemic challenge], with three replicates; each se-
quenced replicate represented nine leaves [three leaves per plant of three
plants]). RNA was extracted as described (see “Analysis of Gene-Specific
mRNA Transcript Abundance”) followed by concentration of the RNA using
the RNA Clean & Concentrator Kit (Zymo Research). The concentration step
included an on-column DNase digestion according to the manufacturer’s in-
structions (Zymo Research). cDNA library preparation and sequencing were
performed at the Genomics Core Facility of the European Molecular Biology
Laboratory using the standard Illumina sequencing library kit (TruSeq RNA v1
kit) according to the manufacturer’s instructions (Illumina). Samples were se-
quenced on an Illumina HiSeq 2000 platform using 50 bp single-end reads,
resulting in;64.9 million reads totaling 32.48 billion bases. For the read counts
and alignment statistics of the next-generation sequencing datasets, see
Supplemental Dataset S4.
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Analysis of RNA-Seq Data

The 12 RNA-seq samples (see “RNA-Seq Analysis”) were preprocessed
using Trimmomatic (v0.32; Bolger et al., 2014) with the recommended settings
for single-end data, but replacing the sliding window trimmer with the maxi-
mum information trimmer (MAXINFO:40:0.4). The resulting files were aligned
using the Burrows-Wheeler Alignment tool (v0.5.9-r16; Li and Durbin, 2009)
against the representative nuclear gene models of the Arabidopsis genome
(TAIR10; Berardini et al., 2015). Resulting counts were extracted using Samtools
(v0.0.18; Li et al., 2009) and a custom script. The count table was analyzed using
EdgeR (Robinson et al., 2010), comparing adjacent conditions, as well as the
control versus combined-treatment condition, to determine significantly acti-
vated or repressed genes at a false discovery rate threshold of 0.05.

FAIRE-Seq Analysis

Arabidopsis wild-type (accession Columbia-0) plants, 4 to 5 weeks old, were
subjected to Local mock or Local Psm treatments (see “Plant Treatment” and
Fig. 2A). At 72 h post-treatment, the whole rosettes of remote leaves of 20 ormore
plants per treatmentwere collected in a 120-mLplastic tube. The tubewasfilled to
80 mL with crosslinking buffer (10 mM HEPES, pH7.8, 400 mM Suc, 5 mM

b-mercaptoethanol, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), and 3% [v/v]
formaldehyde) and subjected to successive vacuum infiltration for 1, 1.5, and
1min. Excessive formaldehydewas quenchedby addition of freshly preparedGly
to a final concentration of 125 mM followed by vacuum infiltration for 1, 1.5, and
1 min. Leaves were transferred to a beaker and thoroughly washed with tap
water. After drying between paper towels on the bench, leaves were quick frozen
in liquid nitrogen. Frozen leaveswere ground to afinepowder using amortar and
pestle. The powder was split into 10-mL aliquots in 50-mL plastic tubes, and
35 mL nuclei extraction buffer (10 mM HEPES, pH 7.8, 10 mM KCl, 10 mM MgCl2,
250mM Suc, 5mMb-mercaptoethanol, and 0.2mMPMSF)was added to each tube,
followed by incubation at 4°C for 20 min on a rotary plate. The mixture was
subsequently filtered through four and eight layers of miracloth. After centrifu-
gation for 15min at 4°C and 2,880g, the supernatant was discarded and the pellet
was suspended in 500–700 mL nuclei extraction buffer. Adequate samples were
merged in a fresh 2-mL test tube. After centrifugation for 10 min at 4°C and
12,000g, the supernatant was discarded. The pellet was suspended in 900 mL of
nuclei extraction buffer and centrifuged for 10 min at 4°C and 1,500g. This
washing step was repeated three times. The pellet was then suspended in 700 mL
Suc buffer (1.7 M Suc, 10 mM HEPES, pH 7.8, 0.15% [v/v] Triton X-100, 2 mM

MgCl2, 5 mM b-mercaptoethanol, and 0.1 mM PMSF). One mL Suc buffer was
transferred to a fresh 2-mL test tube and overlaidwith the suspended pellet. After
centrifugation for 1 h at 4°C and 16,000g, the supernatant was discarded and the
pellet washed and suspended in washing buffer (10 mM HEPES, pH7.8, 10 mM

KCl, 10mM MgCl2, 250mM Suc, 1% [v/v] Triton X-100, 5 mM b-mercaptoethanol,
and 0.2 mM PMSF). The sample was transferred to a fresh 1.5-mL microfuge tube
and centrifuged and the pellet was washed three times for 10 min at 4°C and
1,500g. The supernatant was removed and the pellet dissolved in 850 mL of ex-
traction buffer (100mMTris-HCl, pH8.0, 100mMNaCl, and 50mMEDTA, pH8.0).
The suspensionwas transferred to a fresh 1.5-mL test tube and sonicated 10 times
using high-voltage pulses (30 s on, 30 s off). Cell debris was removed by cen-
trifugation for 5 min at room temperature and 16,100g. Then, 700 mL of the su-
pernatantwas transferred to a fresh 1.5-mL tube and 80mL of the supernatantwas
mixedwith 540mL of extraction buffer and incubated at 65°C overnight to reverse
formaldehyde crosslinks (input control). The remaining supernatant was kept
frozen at220°C overnight. The next day, both samples were centrifuged at room
temperature for 5 min at 16,100g. Then, 550 ml mL of the supernatant was sup-
plemented with the same volume of phenol-chloroform, mixed, and centrifuged
for 15min at 4°C and 20,800g, and 350mL of the aqueous phasewas transferred to
a fresh tube. After addition of one volume chloroform, samples were mixed and
centrifuged as before. DNA in 200 mL of the supernatant was precipitated by
addition of two volumes ice-cold 96% (v/v) ethanol and incubation at220°C for
30 min. DNA was collected by centrifugation for 20 min at 4°C and 20,800g. The
pellet was washed with 70% (v/v) ethanol and dried on the bench for 1 h. The
DNA pellet was suspended in 200 mL of deionized water and incubated at 70°C
for 15 min. For sequencing, samples were successively treated with RNase
(10 mg/mL; Qiagen) for 45 min at 25°C and with proteinase (20 mg/mL; Life
Technologies) for 60 min at 55°C. After overnight incubation at 65°C, DNA was
purified with a DNA & Concentrator Kit (Zymo Research).

The first group of six FAIRE samples (three replicates of systemic leaves each
of 20 ormore Localmock andLocalPsmplants; experiment #1)was sequenced at
the Genomics Core Facility of the EMBL. Sequencing was done in two rounds,

using 50 bp single-end reads on an Illumina HiSeq 2000 platform, from a single
library preparation using NEBNext ChIP-Seq Library Prep Master Mix Set
(New England Biolabs) for each sample. The initial sequencing run produced
;95 million reads totaling 4.76 billion bases. It is referred to as dataset FAIRE-
1A. The subsequent run produced 248 million reads totaling 12.66 billion bases.
It is referred to as dataset FAIRE-1B.

TheDNA libraries of the second group of six FAIRE samples (three replicates
of systemic leaves each of 26 or more Local mock and Local Psm plants; ex-
periment #2) were prepared with the TruSeq ChIP Sample Preparation kit and
sequenced at FASTERIS SA. Sequencing was performed using 125 bp paired-
end sequencing on an Illumina HiSeq 2500 to enable explicit detection of the
DNA fragment size. This sequencing run produced;548million reads, totaling
68.5 billion bases. It has been referred to as dataset FAIRE-2. For the read counts
and alignment statistics of the next-generation sequencing datasets, see
Supplemental Dataset S4.

Analysis of FAIRE-Seq Data

The FAIRE-1A dataset was preprocessed using Trimmomatic as described
above (see “Analysis of RNA-Seq Data”), and then aligned to the Arabidopsis
genome (TAIR10; Berardini et al., 2015) using the Burrows-Wheeler Alignment
tool (v0.5.9-r16; Li and Durbin, 2009). The resulting alignments were in silico
extended to 200 bp, and coverage was calculated for the promoter region of
each protein-coding gene, covering from 250 bp upstream to the TSS, using
custom scripts. This coverage was then normalized by dividing by the total
coverage genome wide, to allow for a differing overall dataset size of each
sample.

When this process was repeated for the FAIRE-1B dataset, it became ap-
parent that the resulting coverage patterns differed substantially from the
earlier FAIRE-1A dataset for these samples. Since the prepared libraries had
been stored for several months between the sequencing runs, it was suspected
that there might have been some degradation, which reduced the relative
content of longer fragments. To minimize artifacts from this issue, the in-silico
extension of the FAIRE-1B dataset was reduced to 100 bp, which resulted in a
coverage pattern that was more similar to that of the FAIRE-1A dataset. The
data of corresponding samples in the FAIRE-1A and FAIRE-1B datasets were
then combined.

The FAIRE-2 datasetwas processed in a similarmanner to the FAIRE-1A/1B
datasets, with the following changes: Paired-end settings were used for pre-
processing and alignment, and the in silico read extension was done by
extending each read as far as its corresponding mate, resulting in a more ac-
curate estimate of each fragment.

Transcript-Based Assessment of FAIRE-Seq Data

Based on results of pilot FAIRE-qPCR analyses, the region from 400 bp
upstream to 200 bp downstream of the TSS was determined to be most indic-
ative of defense priming. Therefore, the total normalized coverage of this region
was determined for each mRNA transcript in each FAIRE sample. Inspection of
these coverage values indicated that while their distribution was not perfectly
Gaussian, fitting them to a Gaussian distribution gave a residual sum of squares
value of 0.9965. This value, and an additional manual inspection of both the
distribution histogram and quantile-quantile plot against a normal distribution
indicated that a parametric test could safely be used. To determine whether the
treatment had a significant effect, the samples were grouped according to
treatment versus control and FAIRE-seq experiment #1 versus FAIRE-seq ex-
periment no. 2. They were then analyzed using two-way ANOVA, modeling
the observed coverage using treatment versus control and experiment as ex-
planatory variables. Those transcripts that had an F-statistic for the control
treatment versus treatment factor with P , 0.05 were considered significant,
with the sign of the coefficient indicating the direction of change (more open
versus less open). A gene model was considered significant if any transcript
isoform was significant. To enable comparison of the FAIRE-seq and RNA-seq
data, only those genes with detected expression in at least one RNA sample
were retained.

Whole-Genome Assessment of FAIRE-Seq Data

To determine the positional relationship between FAIRE-seq signals and the
coding regions of the genome, a genome-wide assessment of the FAIRE-seq
data was also performed. A sliding window approach was used, with 600-bp
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window size, with the window moving by 100 bp for each assessment. Each
window was classified, based on its center position, as within a transcript,
within 500 bp upstream of a transcript, or within 500 bp downstream of a
transcript. Windows that fell within the transcribed, upstream, or downstream
regions of multiple transcripts were assigned accordingly to each transcript.
Regions not falling into any of these three categories were considered inter-
genic. The significance of a region was assessed as before, using two-way
ANOVA and an F-statistic cutoff of P , 0.05.

FAIRE-qPCR

FAIRE-qPCR data are from three biological replicates. Each replicate con-
sisted of two leaf samples that were untreated, systemic leaves of Local Psm or
Local mock plants. Three aliquots were used per leaf sample and processed
simultaneously. For each aliquot, two spatula tips of frozen, ground leaf ma-
terial (;80 mg) were suspended in 850 mL of DNA extraction buffer (100 mM

Tris-HCl, pH 8.0, 100 mM NaCl, and 50 mM EDTA, pH 8.0). Samples were
shaken at 25°C for 3 min, followed by sonication as described (see “FAIRE-Seq
Analysis”). After centrifugation for 5 min at 16,100g and at room temperature,
supernatants of the three aliquots of a same sample were pooled in a 50-mL
plastic tube. Three 700-mL aliquots of pooled supernatant were transferred to a
fresh 1.5-mL tube, and 80 mL of the supernatant was mixed with 540 mL of
extraction buffer and incubated at 65°C overnight to reverse formaldehyde
crosslinks (input control). The remaining supernatant was kept frozen at220°C
overnight. DNAwas extracted as described for FAIRE-seq. Relative abundance
of DNA fragments was determined by qPCR using site-specific primers (see
Supplemental Material) relative to input and normalized to the level of a coding
sequence of ACTIN2.

Promoter Motif Analysis

Promoter motif analysis was performed on the significantly activated genes
from the four RNA-seq comparisons, plus the genes showing significant
opening in the FAIRE-seq analysis, to determine whether these sets were
enriched for specific DNA sequence motifs. To increase the reliability, two
additional sets, focusing on the shared priming-responsive genes (intersection
between the two “priming effect” RNA-seq activated sets and the FAIRE
“opening” sets) and the shared challenge-responsive genes (intersection be-
tween the two “challenge effect” RNA-seq activated sets) were created. The
complete set of genes that showed expression in any RNA-seq dataset was used
as background.

For each gene, the region from 500 bp upstream of the TSS until the TSS was
extracted and the canonical 6-mer and 8-mer contentwasdetermined. Each gene
set was then analyzed to determine the degree of enrichment for each 6-mer for
that set versus the background gene set. In both the priming-responsive and
challenge-responsive sets, multiple 6-mers corresponding to the well-known
W-box (WRKY-binding motif) were found within the top 10 most enriched
motifs. It was, however, possible to find an additional hypothetical motif for
each 6-mer list, which could explain the top four entries. These motifs, referred
to as the P-box and C-box, were then checked to determine whether their
presence in a promoter sequence could be associated with a stronger response
in the individual RNA and FAIRE comparisons. For the W-box and P-box tests,
the number of copies in each promoter region was considered as a four-way
factor, corresponding to 0 copies, one copy, two copies, and three or more
copies. Since the C-box motif is relatively rare, it was tested using a two-way
factor, corresponding to 0 copies and 1 or more copies. A Wilcoxon rank-sum
test was used to determine whether the distribution of estimated change in
expression (for RNA-seq) or coverage (for FAIRE) differed between genes
containing no copies of the motif and those genes containing either any number
of copies (for challenge) or specifically one, two, or three or more copies (for
priming/WKRY).

MapMan Over-Representation Analysis

The sets of genes induced or repressed in each differential expression
comparison (ncP, npC, cP, and pC) and those assessed as more open in the
FAIRE-seq analysis (FAIRE) were tested for over-representation within top-
level MapMan bins (Thimm et al., 2004; Usadel et al., 2009; Bolger et al.,
2018) using Fisher’s exact test (Supplemental Dataset S2). The resulting
P-values were corrected for multiple testing using the so-called Benjamini-
Hochberg procedure (Benjamini and Hochberg, 1995).

Analysis of C-, P-, and W-Box Presence in the 59 Leader
Region of Genes in Different Plant Species

The genomes and GFF3 structural annotations of 62 unrestricted plant ge-
nomes were downloaded from Phytozome v12.1.5 (http://www.phytozome.
net). Reciprocal best BLAST, with an e-value cutoff of 1e-20, was used to de-
termine the most likely 1:1 putative ortholog between Arabidopsis and genes in
each other plant species. Each putatively orthologous gene pair was assessed to
determine whether the absence or presence of the promoter motif of interest (P-,
C-, or W-box, or all their possible 6-mers) in a 500-bp window upstream of the
TSS was conserved between the species pairs. The total conservation of each
promoter motif per species pair was then calculated using Fisher’s exact test.

Statistical Analysis

All experiments were repeated at least three times. Normal distribution was
assumed for all statistical analyses. The unpaired Student�s t test (two-sided)was
applied using Sigma Stat (Systat Software) to determine whether the observed
differences were statistically significant. If the unpaired Student’s t test was
inappropriate, the Wilcoxon rank-sum test was used to confirm the statistical
analysis. Changes were considered statistically significant when P # 0.05.

Accession Numbers

TheArabidopsisGenome Initiative accessionnumbers for thegenes andgene
products mentioned in this article are as follows: At1G62300 (WRKY6),
At4G23550 (WRKY29), At4G23810 (WRKY53), At1G19250 (FMO1), At1G11310
(MLO2), At3G45290 (MLO3), At1G11000 (MLO4), At1G61560 (MLO6),
At2G17430 (MLO7), At5G53760 (MLO11), At2G39200 (MLO12), At1G64280
(NPR1), At5G44420 (PDF1.2), At3G09640 (APX2), and At3G18780 (ACTIN2).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Number of genes in the four RNA-seq datasets
and the FAIRE dataset.

Supplemental Figure S2. Assignment to top-level MapMan bins of genes
in the four RNA-seq datasets and the FAIRE dataset.

Supplemental Figure S3. Local mock inoculation does not enhance, or
only slightly enhances, chromatin opening or WRKY6, WRKY29,
WRKY53 responsiveness in systemic leaves.

Supplemental Figure S4. In systemic leaves of Local mock or Local Psm
plants, the expression level and chromatin state in the coding region or
59 leader sequence did not differ for ACTIN2 or PDF1.2, respectively.

Supplemental Figure S5. Number of FAIRE reads in unchallenged sys-
temic leaves of Local mock and Local Psm plants.

Supplemental Figure S6. SA level in wild type, npr1, and mlo3 plants.

Supplemental Figure S7. Formation of open chromatin in the 59 regulatory
region and priming for enhanced expression of WRKY6, WRKY29,
WRKY53 are absent in npr1.

Supplemental Figure S8. Relationship between occurrences of DNA boxes
in the 59 regulatory region of gene and the transcriptional and FAIRE
response to treatment.

Supplemental Figure S9. Presence or absence of P-, C-, and W-Boxes in
putatively orthologous genes of 62 plant species compared to
Arabidopsis.

Supplemental Table S1. Sites of more open and less open chromatin in
systemic leaves of Local Psm plants as categorized by genomic region.

Supplemental Table S2. FAIRE signals in the coding region of primed
(WRKY6, WRKY29, and WRKY53) and an unprimed (PDF1.2)
defense gene.

Supplemental Dataset S1. FAIRE-seq and RNA-seq datasets.

Supplemental Dataset S2. Assignment of Arabidopsis genes responding in
different immunological conditions to top-level MapMan bins.
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Supplemental Dataset S3. Primers used in this study.

Supplemental Dataset S4. Read counts and alignment statistics of the
next-generation sequencing datasets.
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