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Arabidopsis thaliana HOOKLESS1 (HLS1) encodes a putative histone acetyltransferase with known functions in seedling growth.
Here, we show that HLS1 regulates plant responses to pathogens and abscisic acid (ABA) through histone acetylation at
chromatin of target loci. The hls1 mutants show impaired responses to bacterial and fungal infection, accelerated senescence,
and impaired responses to ABA. HLS1 modulates the expression of WRKY33 and ABA INSENSITIVE5 (ABI5), known regulators
of pathogen and ABA responses, respectively, through direct association with these loci. Histone 3 acetylation (H3Ac), a positive
mark of transcription, at WRKY33 and ABI5 requires HLS1 function. ABA treatment and pathogen infection enhance HLS1
recruitment and H3Ac at WRKY33. HLS1 associates with Mediator, a eukaryotic transcription coregulatory complex, through
direct interaction with mediator subunit 18 (MED18), with which it shares multiple functions. HLS1 recruits MED18 to the
WRKY33 promoter, boosting WKRY33 expression, suggesting the synergetic action of HLS1 and MED18. By contrast, MED18
recruitment to ABI5 and transcriptional activation are independent of HLS1. ABA-mediated priming of resistance to fungal
infection was abrogated in hls1 and wrky33 mutants but correlated with ABA-induced HLS1 accumulation. In sum, HLS1
provides a regulatory node in pathogen and hormone response pathways through interaction with the Mediator complex and
important transcription factors.

INTRODUCTION

Plants fend off infection by deployingmultiple immune responses
that correspond to the various pathogen virulence strategies.
Pathogen-associated molecular patterns (PAMPs), such as
components of fungal cell walls, chitin, or flagellin protein from
bacterial flagella by pattern recognition receptors, stimulate
PAMP-triggered immunity. A more specialized resistance, com-
monly known as effector-triggered immunity, is activated upon
recognition of effectors by intracellular resistance (R) proteins
(Jones and Dangl, 2006). Downstream of pathogen recognition,
a cascade of regulatory hierarchy activates an array of molecules
that counteract pathogens. Transcriptional regulations of genes
encodingdiversemoleculesarewidely recognized tobe important
in plant immune responses. Posttranslational modifications of
histone tails are prominent mechanisms that modulate gene ex-
pression in plant responses to pathogens aswell as regulate other
plant functions. Posttranslational modifications of histone tails
alter interactions between DNA and histones, resulting in chro-
matin structure that is permissive or repressive to transcription
and other DNA metabolic processes (Chen and Tian, 2007). The
open or permissive state of chromatin allows the recruitment of
transcriptional complexes and enzymes, including DNA binding

proteins, cofactors, and RNA polymerase II (RNAPII), to enhance
transcription.
The acetylation of lysine residues on histones is dynamically

regulated by histone acetyltransferases (HATs) and histone
deacetylase that ultimately alter gene expression patterns. HATs
are divided into four groups: GENERAL CONTROL OF NON-
DEREPRESSIBLE 5-RELATED N-ACETYLTRANSFERASE; CREB
binding protein (CBP)/p300 super families; members of MOZ-
YBF2-SAS2-TIP60 (MYST); and TBP-associated factor 1, all of
which have conserved catalytic domains (Pandey et al., 2002).
GCN5 in Arabidopsis thaliana is implicated in plant developmental
functions, such as floral meristem formation or root meristem dif-
ferentiation (Bertrandetal.,2003;KornetandScheres,2009),aswell
as responses tocold, light, or ironhomeostasis (Vlachonasiosetal.,
2003; Benhamed et al., 2006; Xing et al., 2015). Histone acetyl-
transferases also play vital roles in plant resistance to the
bacterial pathogenPseudomonas syringaepv tomatoDC3000 (Pst
DC3000) (Defraia et al., 2013;Wang et al., 2013; Singh et al., 2014).
Mediator is a conserved multisubunit protein complex that

functions as a cofactor between transcription factors and RNAPII
(Reeves and Hahn, 2003). Through interaction with histone acet-
ylation complexes, mediator also stimulates transcription (Liu
et al., 2008). Mediator activates or represses transcription through
interaction with transcription factors (An and Mou, 2013). Among
34 Mediator subunits identified in Arabidopsis, six are impli-
cated in plant immunity functions through jasmonic acid/ethylene
(JA/ET)- or salicylic acid (SA)-dependent defense pathways. For
example,by interactingwithMYC2,MEDIATOR25 (MED25) induces
JA signaling genes to enhance resistance to fungal pathogens
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(Chen et al., 2012). MED16 regulates both JA/ET and SA pathways
and contributes to resistance toBotrytis cinerea (Zhang et al., 2012).
Recent data show that MED21 interacts with the chromatin-
modifying enzyme, HISTONE MONOUBIQUITINATION1 (HUB1),
affecting plant resistance to fungal infection (Dhawan et al., 2009).
MED18 functions as a coactivator or repressor modulating ab-
scisic acid (ABA) responses, flowering time, and plant defense
through interactions with different transcription factors (Lai et al.,
2014). Interestingly, MED18 also modulates specific gene ex-
pression and histone methylation of genes that function in
pathogen and hormone responses (Lai et al., 2014). MED16 in-
teracts with MED25 or nonmediator proteins to form a complex
that regulates EIN3/EIL1-mediated pathway in iron homeostasis
(Yang et al., 2014). Together, mediator subunits form a complex
with RNAPII and different transcription factors or cofactors to
regulate gene expression in hormone or defense signaling.

Arabidopsis HOOKLESS1 (HLS1) was previously implicated in the
regulation of seedling growth responses to ethylene. However, de-
spite its high sequence similarity to histone acetyltransferases, its
molecular, biochemical, and physiological functions are still poorly
understood.Here,wedescribe the functionsofHLS1 inplantdefense
andtheunderlyingmolecularmechanisms.Thehls1mutantdisplayed
enhanced disease symptoms in response to fungal and bacterial
infections, accelerated senescence, and impaired responses to the
plant hormone ABA, suggesting the critical role of HLS1 in regulating
these processes. The hls1 mutant expressed enhanced bacterial
disease symptoms regardless of the Pst strain. By contrast, the hls1
mutant supported increased bacterial growth when inoculated with
Pst DC3000 (avrRpm1) with no increase in bacterial growth after
inoculation with virulent and nonpathogenic strains. Ectopic ex-
pression of HLS1 enhanced resistance to B. cinerea, which was
associated with B. cinerea- or ABA-induced accumulation of HLS1
protein. In the absence of HLS1, ABA promotes senescence
and enhanced susceptibility to B. cinerea. In addition, HLS1 and
MED18, which are both required for seedling apical hook formation,
responses to ABA, and resistance to B. cinerea, physically interact.
HLS1 recruits MED18 to the WRKY33 locus, which then enhances
transcriptional activation ofWRKY33. Interestingly, HLS1modulates
histone H3 acetylation at hormone and pathogen response regula-
tory loci ABI5 and WRKY33. ABA and B. cinerea enhance HLS1
transcriptional and posttranslational regulation and HLS1-mediated
histone H3 acetylation at target loci. Our results shed light on mo-
lecular mechanisms underlying the multiple biological functions of
HLS1 in plant hormone and defense responses.

RESULTS

Arabidopsis HLS1 Mediates Responses to Fungal and
Bacterial Pathogens

We recently described the Arabidopsis med18 mutant, which
displays enhanced susceptibility to the necrotrophic fungal plant
pathogen B. cinerea and hookless phenotype in seedlings (Lai
et al., 2014). The hookless phenotype in the med18 mutant in-
volves altered seedling apical hook formation in response to
ethylene and is associated with impaired defense responses in
adult plants. Due to the potential link between defense and the
hookless phenotype, the Arabidopsis hls1 mutant was tested for

altered defense responses. Two Arabidopsis T-DNA insertion
alleles of HLS1 (hls1-1, SALK-136528C; hls1-2, SLAK-009473)
that lackedanyHLS1 transcript (Supplemental Figure1) displayed
increased susceptibility to B. cinerea with larger disease lesions,
enhanced necrosis, and chlorosis compared with the wild-type
Col-0plants (Figures1A to1C).More fungalbiomassaccumulated
in the hls1mutant as measured by quantitative PCR amplification
of B. cinerea ActinA DNA, confirming the role of HLS1 in sup-
pressing fungal growth in infected plants (Figure 1D).
To test the role of HLS1 in bacterial resistance, hls1 mutant

plants were infiltrated with different Pst DC3000 strains. Re-
gardless of the strain, hls1 mutants displayed enhanced disease
symptoms, composed primarily of chlorotic lesions (Figure 1E).
Response of hls1 mutants to the nonpathogenic strain of Pst
DC3000 hrcC- was comparable to wild-type plants. The Pst
DC3000 hrcC- strain is defective in Type III secretion but retains
PAMP molecules through which it is able to activate PAMP-
triggered immunity. The hls1mutant supported a level of bacterial
growth comparable to that inwild-type plants after inoculationwith
the virulent bacterial strain Pst DC3000 (Figure 1F). By contrast,
inoculationwith the avirulent bacterial strainPstDC3000 (avrRpm1)
resulted in significantly more bacterial growth in the hls1 mutants
than the wild-type plants. Thus, HLS1 suppresses disease symp-
tomexpression regardlessof thebacterial strainbut also is required
to limit growth of Pst DC3000 (avrRpm1), suggesting that HLS1
modulates some specific effector-triggered immunity responses.

HLS1 Regulates Expression of Defense-Related Genes in
Response to B. cinerea

Togain insight into themolecular functionofHLS1 inplantdefense
responses, the expressions of immune response marker genes
were studied. PLANT DEFENSIN1.2 (PDF1.2) is a well-known
defense-related gene induced by fungal infection in JA- and ET-
dependent pathways (Penninckx et al., 1998). The expression of
PDF1.2 significantly increased in the hls1mutant after B. cinerea
infection (Figure 2A), while that of PATHOGENESIS-RELATED
PROTEIN1 (PR1) increased after Pst DC3000 (avrRpm1) in-
filtration. The expression of PR1 correlates with activation of the
SA pathway thatmediates responses toPst (Delaney et al., 1994),
implying HLS1-mediated Pst resistance is unlikely to be due to
loss of the SA-mediated defense pathway but rather due to the
increase in SA levels in response to increased bacterial growth in the
hls1mutant (Figure 2A). The R genes P. syringae pvmaculicola 1
(RPM1) and RPM1-INTERACTING PROTEIN4 (RIN4) are positive
and negative regulators of resistance to Pst DC3000 (avrRpm1),
respectively. However, the expression of RPM1 was reduced
and RIN4 expression increased after Pst DC3000 (avrRpm1) in-
oculation in the hls1 mutant. Together, a distinct regulation of
RPM1 andRIN4 expression byHLS1 correlatedwith resistance to
Pst DC3000 (avrRpm1).
Based on genetic evidence, HLS1 is predicted to function at the

boundary between ethylene and auxin pathways (Li et al., 2004).
Therefore, we tested the expression of genes in auxin percep-
tion, signaling, and transport, which also affect plant immunity
(Kazan and Manners, 2009). The expression of CYP79B3, en-
coding an enzyme that catalyzes the conversion from trypto-
phan to indole-3-acetaldoxime, a precursor of camalexin and
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Figure 1. Arabidopsis HLS1 Mediates Responses to Fungal and Bacterial Pathogens.

(A)Schematic diagram showing T-DNA insertion alleles of theHLS1 gene.HLS1 gene andT-DNA insertions are shown in the hls1mutant alleles. Black and
white squares are exons and untranslated regions, respectively.
(B) B. cinerea disease symptoms showing susceptibility of hls1 mutant and
(C) Disease lesion size in the wild-type and hls1 mutants. The data represent mean values 6 SD from (n = 36).
(D)EnhancedB. cinereagrowth in hls1mutants asmeasuredby qPCR. Fungal growthwas determinedby qPCRamplification of theB. cinerea ActinA gene
relative to Arabidopsis ACTIN2 gene. The data represent mean values 6 SE (n = 3).
(E) Enhanced disease symptoms in hls1 mutant after inoculation with Pst strain. Inoculated leaves were detached for photographing at 3 days after
inoculation (dai). Plants were infiltrated with a bacterial suspension (OD600 = 0.0005, ;2.5 3 105 CFU/mL).
(F)Bacterial growth in thewild-typeandhls1mutants showingaltered responses tobacterial infection.Bacterial growth isexpressed incolony-formingunits
per mg fresh weight (cfu/mg FW). The data represent mean values 6 SD (n = 24).
In (C), (D), and (F), the mean values with statistically significant differences are indicated by asterisks (ANOVA test: **P < 0.01 and ***P < 0.001). The
experiment was repeated three times with similar results.
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indole-glucosinolates (IGs), was reduced in the hls1 mutant
(Figure 2B). IG also contributes to fungal resistance and SUR2
is required for conversion of indole-3-acetaldoxime to IG. The
expression of SUR2 displayed no difference between the wild
type and the hls1 mutant in response to B. cinerea (Figure 2B).
PHYTOALEXIN DEFICIENT3 (PAD3) is an enzyme required for
camalexin biosynthesis and widely known to contribute to fungal
resistance (Zhou et al., 1999). PAD3 expression was significantly
reduced in the hls1 mutant consistent with the susceptibility of
the hls1 mutant to fungal infection (Figure 2B) (Petersen et al.,
2008). The transcription factor WRKY33 regulates expression of
camalexin biosynthesis genes, including PAD3 and CYP79B3
(Zheng et al., 2006;Mao et al., 2011). Pathogen-inducedWRKY33
expression was attenuated in the hls1 mutant (Figure 2C). The
1-AMINOCYCLOPROPANE-1-CARBOXYLATE SYNTHASE (ACS2
and ACS6) genes, which function in the WRKY33-regulated
ethylene biosynthesis pathway, also showed reduced expression

in the hls1 mutant after B. cinerea inoculation (Figure 2C). The
results further confirm the effects of HLS1 onWRKY33-regulated
pathway. These gene expression data indicate that HLS1 regu-
latesWRKY33 to modulate the expression of downstream genes.

HLS1 Is a Nuclear Protein That Associates with WRKY33

HLS1 is a putative GCN5 acetyltransferase based on amino acid
sequence alignment to other known acetyltransferases but its
molecular function hasnot beendetermined (Lehmanet al., 1996).
Epitope-tagged HLS1 predominantly localized to the nucleus in
Arabidopsis protoplasts consistent with its potential function as
a histone acetyltransferase (Figure 3A). To determine whether
HLS1-dependent expression of target genes is through direct
association with target genes, the recruitment of HLS1 to spe-
cific genes was tested by chromatin immunoprecipitation-qPCR
(ChIP-qPCR) experiments with transgenic plants that express

Figure 2. HLS1 Regulates Expression of Genes in Different Defense Pathways.

(A) The expression of defense genes: PDF1.2 after inoculation withB. cinerea and PR1, andRPM1 and RIN4 after inoculation with PstDC3000 (avrRpm1).
(B) Phytoalexin and glucosinolate biosynthesis genes CYP79B3, PAD3, and SUR2 in B. cinerea-inoculated plants.
(C) Transcription factor WRKY33 and ethylene biosynthesis genes ACS2 and ACS6 in response to B. cinerea.
In (A) to (C), relative gene expression is normalized to Arabidopsis ACTIN2 (ACT2) gene. The data represent mean values 6 SE (n = 3) from at least two
independent experiments. The gene expression in thewild type at 0 h after inoculation is set to 1. Statistically significant differences aremarked by different
letters (least squares means post hoc test: P < 0.05).
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hemagglutinin (HA)-tagged HLS1 under the control of the CaMV
35S promoter (HLS1-HA). WRKY33 is a potential target of HLS1
due to the loss of basal and induced WRKY33 expression in the
hls1 mutant. HLS1 associated with the transcription start site
(TSS) and 39-coding sequence (CDS) regions of WRKY33 as re-
vealed by the precipitation of HLS1 and WRKY33 protein-DNA
complex (Figure 3B). Interestingly, the association between HLS1
andWRKY33was enriched afterB. cinerea inoculation consistent
with their functions in regulating responses to pathogens (Figure
3C). Thus, HLS1 directly regulates WRKY33 expression through
association with its regulatory regions. However, HLS1-HA failed
to associatewith theTSSorCDS regionof theRPM1genedespite
the reducedexpressionofRPM1 in thehls1mutant (Supplemental
Figure 2). Hence, the effects of HLS1 onRPM1 expression and its
role in Pst DC3000 (avrRpm1) resistance appear to be indirect.

HLS1 Mediates Histone Acetylation on WRKY33 Chromatin

Previously, Arabidopsis HLS1 was studied in connection with plant
growth, but its biochemical function was not determined. In light of
thepredictedHATfunctionsofHLS1,wetestedtheacetyltransferase
activity of recombinant HLS1 protein tagged with glutathione
S-transferase (GST-HLS1) purified from Escherichia coli. Auto-
radiographs labeled with tritium of the acetyl group revealed no
detectablehistoneacetyltransferaseactivity fromrecombinantHLS1
protein when core histones were supplied as substrates (Figure 4A).
The control reaction with the P300/CBP-associated factor (PCAF),
aproteinwithknownHATactivity, clearlyacetylatedhistones.Global
histoneH3andH4acetylationwasanalyzed inhls1mutants toclarify
the impact of HLS1on this process in vivo. Therewere no significant
differences in the levels of global histone acetylation in the hls1
mutant before or after inoculation with B. cinerea (Figure 4B).

The histone acetylation at chromatin of the WRKY33 locus was
tested in the hls1 mutant with antibodies that recognize acetylated
histones (AcH3andAcH4). Interestingly, thehistoneH3acetylationat
WRKY33 chromatin was reduced significantly in the hls1 mutant
relative to thewild type (Figure 4C). However, histone H4 acetylation
at theWRKY33promoter regionwasincreasedsignificantlyrelativeto
other regions that show no difference between the wild type and the
hls1 mutant. The results suggest that WRKY33 chromatin is mainly
acetylated by HLS1 on histone H3 (Figure 4D). To eliminate the
possibility that the reduction of histone H3 acetylation in the hls1
mutant results fromthe lossofhistoneH3occupancy,wenormalized
the histone H3 acetylation to total histone H3 on the WRKY33 TSS
region.Thesignificantly increasedhistoneH3acetylation inwild-type
plants correlated with WRKY33 induction triggered by B. cinerea
(Figures 2C and 4E). Interestingly, the increased histone H3 acety-
lation level in wild-type plantswas suppressed in the hls1mutant. By
contrast, histone H3 acetylation in the HLS1-overexpressing plants
was enriched significantly more than in wild-type plants (Figure 4E;
Supplemental Figure 3). These results suggest that the regulatory
impact of HLS1 on WRKY33 gene expression is mediated through
histone H3 acetylation. To determine the biological function of this
regulation, transgenicplantsoverexpressingWRKY33 inhls1mutant
background were tested for their responses to B. cinerea. WRKY33
rescued theB.cinereasusceptibilityofhls1mutant towild-type levels
(Figure4F), suggesting thatWRKY33 is adirect target ofHLS1during
plant responses to pathogens.

HLS1 Mediates Responses to ABA through Direct
Association and Histone Acetylation of ABI5

The med18 and hls1 mutants share similar phenotypes such as
disease susceptibility and hookless seedlings in response to
ethylene. To determine whether the functional overlap between
MED18andHLS1extends to other biological functions, the role of
HLS1 in response to ABA was tested in seedling germination and
growth assays. The role of MED18 in plant response to ABA has
been studied previously (Lai et al., 2014). In the presence of 0.5 or
1 mM ABA, the germination of wild-type seedlings was reduced,
but med18 and hls1 mutants were less affected, exhibiting in-
sensitivity to ABA similar to the abi5 mutant used as a positive
control (Figures 5A and 5B). By contrast, transgenic seedlings
expressing HLS1-HA were hypersensitive to ABA relative to the
wild-type plants. In addition, HLS1 expression was induced by
ABA treatment (Figure 5C), confirming that HLS1 is positively
regulated by ABA and contributes to ABA response.
To assess the impact of HLS1 on the ABA response pathway at

the molecular level, the expression of genes involved in the ABA
response pathway was examined. Expression of WRKY40,
RD29a, HY5, ABI3, and ABI5 genes that are involved in the ABA
signaling pathwaywere attenuated in the hls1mutant in response
toABA (Figure5D). Interestingly,HLS1directlyassociatedwith the
ABI5 gene, particularly with the TSS and CDS regions, but the
region for a transcription factorABI4 recruitment (ABI4bindingsite
[ABS]) remained at background level (Figure 5E). Thus, ABI5 ex-
pression is directly regulated by HLS1 similar to our previous
observation showing MED18 directly regulates ABI5 expression
(Supplemental Figure 4A) (Lai et al., 2014). However, the re-
cruitment of HLS1 to the ABI5 promoter was not enhanced by
B. cinerea (Supplemental Figure 4B), which suggests that HLS1
association with ABI5 is not directly related to plant defense
against B. cinerea. ChIP-qPCR experiments with AcH3 antibody
revealed that the hls1 mutant has significantly reduced AcH3
levels at the ABI5 TSS and CDS regions, whereas the H3 acet-
ylation level at Arabidopsis ACTIN2, used as a control, was
comparable between hls1 and wild-type plants (Figure 5F), sug-
gesting that HLS1 is required for histoneH3 acetylation. Therefore,
we concluded that HLS1-mediated ABI5 expression correlates
with the HLS1-dependent histone H3 acetylation.

Functional and Molecular Convergence of HLS1 and MED18
on Target Genes ABI5 and WRKY33

Due to the overlapping biological functions of HLS1 and MED18,
we tested their physical interactions by coimmunoprecipitation
(co-IP) assays. MED18-MYC precipitated with HLS1-HA in
Nicotiana benthamiana after transient coexpression, suggesting
their presence in the same complex (Figure 6A). MED18-MYC
immunoprecipitated with HLS1-HA but not with the empty vector
expressing MYC alone. The interaction was confirmed in trans-
genic Arabidopsis plants coexpressing MED18-MYC and HLS1-HA
(Figure 6B). Our current and previous data demonstrated that HLS1
andMED18are required for responses toABAand that bothproteins
associatewith theABI5gene (Figures 6A and 6B; Lai et al., 2014). To
confirm their functional interdependence, theHLS1-HAandMED18-
MYC plasmids were transfected together with a reporter construct,
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ABI5 promoter fused with GUS (pABI5:GUS) into protoplasts.
HLS1-HA or MED18-MYC induced ABI5-GUS expression in pro-
toplast transactivation assay (Figure 6C). Furthermore, ABI5-GUS
accumulation significantly increased when MED18-HA and HLS1-
MYCwere coexpressed, suggesting their synergistic action onABI5
expression. Similarly, the synergistic action of HLS1 and MED18 on
WRKY33 expression was determined in parallel protoplast trans-
activation experiments (Figure 6C). Transient HLS1 expression en-
hancedWRKY33-GUS accumulation, confirming the regulatory role
ofHLS1onWRKY33expression (Figure2C).However,MED18 failed
to activate WRKY33 gene expression when expressed alone. In-
terestingly, MED18 enhanced expression of WRKY33 when

coexpressed with HLS1 in protoplasts, suggesting it enhances the
functionofHLS1ontranscriptional regulationofWRKY33 (Figure6C).
RT-qPCR data indicated that the B. cinerea-induced WRKY33 ex-
pression is reduced in the hls1 mutant and in MED18-MYC; hls1
transgenic plants comparable to the hls1 mutant, implying that
MED18-mediated expression of WRKY33 induction requires HLS1
(Figure 6D). In addition, ChIP-qPCR assay further confirmed that
MED18-MYC was associated with the WRKY33 TSS and 39CDS
regionsafterB.cinerea inoculation,but thisassociationwas lost in the
absence of HLS1 (Figure 6E). However, disease assays on MED18-
MYC; hls1 transgenic plants revealed thatMED18-MYC rescued the
B. cinerea susceptibility of the hls1 mutant to wild-type levels,

Figure 3. Subcellular Localization of HLS1 and Its Association with Target Genes.

(A)HLS1 is predominantly localized to the nucleus. A plasmid expressing HLS1-GFP fusion under the control of the CaMV 35S promoter was transfected
into Arabidopsis protoplasts. The fluorescence signals were observed by epifluorescence microscopy. The red, green, and blue signals are auto-
fluorescence from chloroplasts, GFP, and DAPI, respectively. The merged image is an overlap of DAPI staining and autofluorescence channels.
(B)HLS1associateswith theWRKY33gene. Theupper panel showsaschematic diagramof thegenomic structureof theWRKY33gene. Theassociation of
HLS1 in the wild type withWRKY33 is set to 1 as a background control. Statistically significant differences are indicated by asterisks (Student’s t test: **P <
0.01).Black squares and+1 represent exonsand the transcription start site forWRKY33gene, respectively. The short blackbars represent qPCRamplicons
in different regions of the WRKY33 gene.
(C) HLS1 association with the WRKY33 is enhanced in B. cinerea-inoculated plants. The association of the wild type with the WRKY33 gene under mock
treatment is set to 1 as a background control. Statistically significant differences are marked by different letters (least squares means post hoc test: P < 0.05).
In the ChIP-qPCR assay ([B] and [C]), the chromatin and protein complexes were prepared fromArabidopsis wild-type andHLS1-HA-overexpressing plants.
Theanti-HAantibodywasusedfor immunoprecipitation,and IgGantibodywasusedasanegativecontrol for immunoprecipitation.TheACT2generepresented
an internal control for qPCR.Thedata representmeanvalues6 SE (n=3). Theexperimentwas repeated three timeswithsimilar results.HLS1-HA,HLS1-tagged
HA epitope driven by CaMV 35S promoter; Pro, promoter region; Mock, treated with 1% Sabouraud Maltose Broth; B.c., B. cinerea inoculation.
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Figure 4. HLS1 Modulates Histone H3 Acetylation on WRKY33 Chromatin.

(A) Histone acetyltransferase activity assay with recombinant GST-HLS1. The recombinant protein expressing full-length HLS1 tagged with GST (GST-
HLS1) was produced in E. coli and affinity purified. The recombinant acetyltransferase PCAF protein was used as a positive control in the HAT assay. The
chicken core histone used as substrate was obtained from Millipore. The recombinant GST-HLS1 protein run on 15% SDS-PAGE gel and stained with
Coomassie blue is shown as a loading control (left panel). The H3-labeled acetyl-CoA was detected on acetylated histones by autoradiography. The
autoradiograph shows that PCAF, but not HLS1, transferred acetyl groups labeled with H3 from acetyl-CoA to core histones.
(B) Global H3 and H4 acetylation is not altered in hls1 mutant plants. Histone proteins were extracted from plants inoculated with B. cinerea. The global
histone H3, acetyl-histone H3, histone H4, and acetyl-histone H4 accumulations were detected using specific antibodies as indicated. The signals on
immunoblots were quantified by ImageJ software and numbers are shown corresponding to each lane on the blot.
(C) and (D)ChIP-qPCR showing histone H3 (C) and H4 (D) acetylation atWRKY33 chromatin. ChIP-qPCRwas performed using antibodies that recognize
acetylated histone H3 or H4. The different regions of WRKY33 were amplified by qPCR. The enrichment of WRKY33 in wild-type plants was set to 1 as
a background control in ChIP-qPCR assay. The data represent mean values 6 SE (n = 3). Statistically significant differences are indicated by asterisks
(Student’s t test: *P < 0.05 and **P < 0.01).
(E)HistoneH3acetylation atWRKY33 chromatin is enhanced inB. cinerea-inoculated plants. The chromatin complexeswere collected fromwild-type, hls1
mutant, and HLS1-HA plants at 0 or 24 h after B. cinerea inoculation. The H3 acetylation status is normalized with histone H3 from each sample. The
enrichment of WRKY33 in the wild type at 0 h is set to 1 as a background control in the assay. The data represent mean values 6 SE (n = 3). Statistically
significant differences are marked by different letters (least squares means post hoc test: P < 0.05).
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suggesting that MED18-mediated plant immunity may be partially
independent of HLS1 (Figure 6F). The expression of LOCUS OF
INSENSITIVITY TO VICTORIN (LIV1, TRX-h5), a defense-associated
thioredoxinanddirect target for thevictorin toxin (Lorangetal., 2012),
was elevated in the med18 mutant, which contributes to its sus-
ceptibility (Lai et al., 2014). TRX-h5 expression is reduced in MED18
overexpressionplantswith a similar pattern of expression inMED18-
MYC; hls1 and MED18-MYC; HLS1 plants, demonstrating that
MED18-modulating plant defense may be HLS1 independent
(Supplemental Figure 5). In sum, our data suggest that HLS1 and
MED18 coregulateWRKY33 andABI5 genes. Interestingly, MED18-
mediatedplant resistanceappears tobepartiallydependentonHLS1
function.

ABA-Induced HLS1 Accumulation Enhances Resistance to
B. cinerea

To testwhether overexpressionofHLS1 is sufficient for resistance
to B. cinerea, we generated transgenic Arabidopsis plants. Two
independent HLS1-HA transgenic lines with increased HLS1
expression were selected (Figure 7A). The transgenic plants
showed enhanced resistance to B. cinerea as well as an exag-
gerated hook in seedlings germinated in the dark consistent with
previous reports (Lehman et al., 1996) (Figure 7B; Supplemental
Figure6A). The transgenicplants alsodisplayeddelayedflowering
(Supplemental Figure 6B). Interestingly, significantly more HLS1
protein accumulated at 3 d after inoculation (dai) with B. cinerea
relative to mock-inoculated plants (Figure 7C). The results
suggest that either HLS1 is induced by a posttranslational
mechanism involving the removal of a repressor or the rate of
HLS1 turnover is decreased in response to infection.

In addition, the transgenic HLS1-HA plants treated with ABA
accumulated significantly more HLS1 protein than the mock-
treated plants (Figure 7D), suggesting that ABA modulates HLS1
at the protein level. To establish a functional link between ABA-
induced accumulation of HLS1 and B. cinerea resistance, we
infiltrated ABA into Arabidopsis leaves 1 d prior to B. cinerea in-
oculation. In wild-type plants, ABA pretreatment enhanced re-
sistance to B. cinerea, resulting in significantly reduced disease
lesionsize (Figures7Eand7F). Theexpansionofdisease lesions in
the hls1mutant was comparable in treated and nontreated plants,
whereas the HLS1-HA plants exhibited further increase in re-
sistance to B. cinerea after ABA treatment. The B. cinerea re-
sponses of the hls1 mutant after ABA treatment confirm the hls1
insensitivity to ABA on seedling germination. The wrky33 mutant
also displayed a loss of ABA-induced resistance to B. cinerea
similar to hls1. The ABA biosynthetic mutants aba2 and aba3 and
the ABA insensitive mutant abi5, which is impaired in ABA re-
sponse, were selected to determine the role of ABA in induced
resistance toB. cinerea. TheABAbiosynthesismutants displayed

enhanced resistance to B. cinerea consistent with previous
studies (Adie et al., 2007), but abi5 was comparable to the wild
type (Figure 7F). ABA increased susceptibility to B. cinerea in
aba2 and aba3 relative to mock-treated plants. It has been
suggested that ABA pretreatment suppresses callose de-
position triggered by flagellin 22 through downregulation of
gene expression in ET signaling and indole glucosinolate bio-
synthesis pathways (Clay et al., 2009). Consistent with this ob-
servation, ABA suppressed plant defense gene expression and
increased susceptibility toPst (Supplemental Figure 7). In our case,
ABA-induced resistance to B. cinerea did not correlate with these
defense pathways. Overall, plant resistance to fungal infection is
enhanced through ABA-induced HLS1 protein accumulation,
suggestinga priming effect ofABA though the stabilizationofHLS1
protein.

HLS1-Regulated Plant Immunity Is Associated
with Senescence

The hls1 mutant plants displayed enhanced disease symptoms
independent of increased pathogen growth and flowered earlier
than the wild type regardless of the duration of light. To address
a potential link between senescence, early flowering, and plant
immunity, we tested dark-induced leaf senescence in hls1mutant
and wild-type plants. The hls1 mutants displayed early leaf se-
nescence marked by extensive chlorosis when detached leaves
were placed in the dark for 7 d (Figure 8A). The loss of chlorophyll
increased significantly in the hls1 mutant consistent with the
dark-induced senescence phenotype (Figure 8B). Interestingly,
senescence-like responses occurred in systemic (noninoculated)
leavesofhls1plantswhen lower leaveswere drop-inoculatedwith
B. cinerea (Figure 8C). Symptoms of leaf senescence were in-
creased inhls1mutants inoculatedwithB.cinereaasmeasuredby
total chlorophyll content (Figure 8D). Whether the early flowering
of hls1 mutants is due to the increased senescence and disease
susceptibility was also analyzed. Compared with hls1 mutants
grown in longday (12h:12h, light:darkcycle), plantsgrown inshort
day (8 h:16 h, light:dark cycle) exhibited increased leaf number
indicative of delayed flowering. However, plant susceptibility to
B. cinereawas unchanged under short day, implying that the hls1
susceptibility is likely not causedby its early flowering (Supplemental
Figure 8). ABA pretreatment increased leaf senescence in hls1 and
aba2mutants, which may explain the ABA-induced susceptibility to
B. cinerea (Figures 7F and 8E). Staining with 3,39-diaminobenzidine
revealed that hls1 and aba2mutants accumulated more H2O2, while
wild-type plants accumulated lower levels after ABA treatment,
suggesting H2O2 accumulation is associated with enhanced leaf
senescence (Figure 8F). Overall, HLS1-mediated plant resistance
maypartially be explainedby its function inmaintaining normal levels
of H2O2 and senescence.

Figure 4. (continued).

(F)Overexpression ofWRKY33 restored the disease susceptibility of the hls1mutant to wild-type levels. The data represent mean disease lesion size6 SE

(n = 12). The statistical significance of the differences in the mean values is indicated by different letters (least squares means post hoc test: P < 0.05). The
experiment was repeated at least two times with similar results.
Pro, promoter region; WRKY33; hls1, overexpressing WRKY33 in the hls1 mutant background.
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Figure 5. HLS1 Associates with ABI5 through Histone Acetylation Regulating Responses to ABA.

(A)HLS1 is required for ABA responses asmeasured by seed germination assays on ABA-containingmedia. The data representmean values6 SD (n = 30),
and the statistically significant difference is indicated by an asterisk (ANOVA test: *P < 0.05).
(B) Seed germination and seedling growth on media supplemented with ABA.
(C) Expression of HLS1 is induced by ABA. The data represent mean values6 SE (n = 3) from three independent biological replicates, and the statistically
significant differences are indicated by asterisks (ANOVA test: **P < 0.01 and ***P < 0.001).
(D)HLS1 is required for ABA-induced expression of ABA response and regulatory genes. The expression of ABA response genes in thewild type aftermock
inoculation is set to1.Thedata representsmeanvalues6 SE (n=3) fromthree independentexperiments, andstatistically significantdifferencesare indicated
by different letters (least squares means post hoc test: P < 0.05).
(E) Schematic diagram showing the genomic structure of ABI5. HLS1 associates with TSS and CDS regions on the ABI5 gene. The association of the wild
type with ABI5 gene is set to 1 as a background control.
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ABA-Induced WRKY33 Expression Is Dependent on HLS1
Association and Chromatin Acetylation

We investigated genetic and molecular interactions between
HLS1 andWRKY33 in ABA responses. Overexpressing WRKY33
in the hls1 mutant background restored the ABA-insensitive
phenotype in the hls1mutant to wild-type levels, suggesting that
WRKY33 is a downstream target of HLS1 during ABA responses
(Figures 9A and 9B). In response to ABA, the expression of
WRKY33 was significantly reduced in the hls1 mutant, sug-
gesting that ABA-induced expression of WRKY33 is also de-
pendent on HLS1 (Figure 9C). Consistent with this, the association
of HLS1 protein withWRKY33 TSS and CDS regions is enriched
by ABA treatment, indicating that HLS1-dependent WRKY33
induction is also modulated by ABA (Figure 9D). Interestingly,
ABA significantly enhanced the H3 acetylation at the WRKY33
locus in wild-type plants, whereas the hls1 mutant remained at
the nontreated level even after ABA treatment (Figure 9E). This
result suggested that HLS1-mediated WRKY33 expression
responds to ABA through histone acetylation. Together, ABA-
induced plant resistance to B. cinerea may go through HLS1-
mediated WRKY33 activation. In sum, HLS1 association with
WRKY33 is enhanced after B. cinerea inoculation, and both
HLS1 and WRKY33 contribute to ABA-mediated priming of plant
defense responses.

DISCUSSION

Wedescribe the functionsofArabidopsisHLS1and its role inplant
immunity and responses to ABA primarily through its function in
histone acetylation and interaction with the transcription cor-
egulatory protein complex Mediator. We show that (1) HLS1 and
the MED18 subunit of the Mediator complex share significant
biological function and interact physically. (2) HLS1 is required for
histone acetylation at the ABI5 and WRKY33 loci, critical regu-
lators of ABA and pathogen responses, respectively. (3) Ectopic
expression of HLS1 is sufficient for increased resistance to
B. cinerea. Enhanced HLS1 protein accumulation in response to
ABA and B. cinerea results in increased fungal resistance. ABA
primes resistance to B. cinerea, likely through pathogen- and
ABA-induced accumulation of HLS1 protein and upregulation of
WRKY33 expression. (4) HLS1 and MED18 coregulate ABI5 and
WRKY33 target genes through direct association in response to
ABA and B. cinerea. This observation is further supported by
synergistic actions of MED18 and HLS1 on ABI5 and WRKY33
gene expression. HLS1 is required for MED18 association with
WRKY33 but not with ABI5 upstream regulatory regions, sug-
gesting a complex relationship with these partners. (5) The hls1
mutant plants show enhanced senescence with particularly
striking symptomsof senescence in systemic leaves in response
to B. cinerea. (6) HLS1 is required for H3 acetylation atWRKY33

and ABI5 chromatin. The histone H3 acetylation at WRKY33
chromatin increased in response to pathogen infection and ABA
treatment consistent with positive regulation of theWRKY33 and
ABI5 by HLS1. In sum, HLS1 is a major regulator in priming plant
immune responses through transcriptional and posttranslational
mechanisms.

HLS1 Is a Critical Transcriptional and Posttranscriptional
Regulator of ABA-Mediated Priming of Plant Defense

The function of HLS1 in ABA responses is supported by genetic
and molecular data. HLS1 is induced by ABA, and expression of
ABA-responsive genes, including ABI5, a direct target of HLS1
and a known ABA response regulator. Germination and seedling
growth of the hls1 mutant are insensitivity to ABA, whereas the
overexpression line is hypersensitive to ABA. Interestingly, ABA
primes resistance to fungal infection in wild-type plants, whereas
in hls1, ABA failed to prime resistance, consistent with the loss of
ABA sensitivity. In addition, the HLS1-interacting protein MED18
and the common target gene WRKY33 were implicated in ABA
responses. The overexpression of WRKY33 confers ABA hyper-
sensitivity in Arabidopsis, similar to the overexpression of HLS1,
whereas med18 and hls1 mutants are insensitive to ABA (Jiang
and Deyholos, 2009). All three partners, HLS1, MED18, and
WRKY33, are involved in pathogen and ABA response pathways.
In particular, the critical role of HLS1 as a transcriptional activator
of defense is underlined by its relationship with WRKY33, a major
immune response regulator that operates through multiple
mechanisms, including the regulationofphytoalexinbiosynthesis,
autophagy, and interaction with the MAPK pathway (Lai et al.,
2011; Mao et al., 2011). WRKY33 also modulates ABA responses
and biosynthesis (Liu et al., 2015) and its expression is mediated
through ABA-induced HLS1 recruitment and histone acetylation.
WRKY33, similar to ABI5, is regulated by direct association with
HLS1 and potentially functions through ABA-dependent and
ABA-independent pathways, consistent with itsmultifunctionality
(Liu et al., 2015; Mao et al., 2011).
Multiple lines of genetic evidence suggest a link between ABA

and pathogen responses. However, the role of ABA in plant de-
fense responses is complex andvariesdependingon thenature of
pathogens, the types of tissues, and the infection stages (Ton
et al., 2009). Previous observations suggest that ABA promotes
plant susceptibility to disease. For example, genes in the ABA
biosynthesis pathway promote plant susceptibility to pathogens.
The ABA-deficient tomato mutant sitins is resistant to B. cinerea
and displayed increased basal and induced JA/ET-dependent
defense gene expression and enhanced cuticle permeability
(Asselbergh et al., 2007; Curvers et al., 2010). ABA-deficient
mutants, such as aba1 and aba2, modulate JA/ET-responsive
genes toenhanceplant resistance tonecrotrophs (Andersonetal.,

Figure 5. (continued).

(F) Histone H3 acetylation at ABI5 chromatin is reduced in the hls1mutant. The histone H3 acetylation levels in the wild type are set to 1 as a background
control.
In (E) and (F), the data representmean values6 SE (n = 3) from three independent biological replicates. The statistically significant difference is indicated by
asterisks (Student’s t test: *P < 0.05 and **P < 0.01). HLS1-HA, HLS1-tagged HA epitope driven by CaMV 35S promoter; ABS, ABI4 binding region.
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Figure 6. Molecular Interaction between MED18 and HLS1 and Their Synergistic Action on Target Gene Expression.

(A)and (B) InteractionbetweenMED18andHLS1 inco-IPassay inN.benthamiana (A)and transgenicArabidopsis (B)plants. In (A),HLS1-HAwas transiently
coexpressed with MED18-MYC by agroinfiltration in N. benthamiana leaves. The empty vector expressing MYC was used as a negative control. In (B),
transgenic Arabidopsis plants stably expressing HLS1-HA and MED18-MYC were used in the co-IP assays. Anti-HA beads were used to precipitate
HLS1-HAprotein. Anti-HA (a-HA) and anti-MYC (a-MYC) antibodieswere used to detect protein accumulation in input or immunoprecipitated (IP) samples.
(C) Synergistic action of HLS1 and MED18 in the regulation of ABI5 or WRKY33 expression. The schematic diagram shows plasmid constructs used in
transcriptional activation assay. TheCaMV35Spromoter driving the luciferase reporter gene (35S:LUC) and theWRKY33orABI5promoter fusedwithGUS
reporter gene (pWRKY33/pABI5:GUS) are used as an internal control and a reporter, respectively. 35Spromoter driving expression ofHLS1 taggedwithHA
(HLS1-HA) isusedasaneffector. Thebargraphsshowthemean relativeGUSactivity fromexpressionof thevariousplasmidsdepicted in theschematic.The
mean values from protoplasts transfected with empty vector, pWRKY33/pABI5:GUS, and 35S:LUCwere set to 1 as an internal control. The GUS signal is
normalized with the LUC signal. The data represent mean values 6 SE (n = 3) from two independent biological replicates, and statistically significant
differences are indicated by different letters (least squares means post hoc test: P < 0.05).
(D) MED18-mediated WRKY33 expression is dependent on HLS1. Relative gene expression is normalized to ACT2. The relative expression in wild-type
plants at 0 h is set to 1.
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2004). WRKY33 suppresses downstream target genes NCED3
and NCED5, thus abrogating ABA biosynthesis and increasing
disease resistance (Liu et al., 2015).

In contrast to the above data, pathogens hijack ABA, either by
manipulating its biosynthesis or antagonizing the SA-mediated
resistancepathway toattenuateplant immunity (Xuet al., 2013; de
Torres-Zabala et al., 2007; Jiang et al., 2010). ABA signaling
mutants abi1-1 and abi2-1 increase susceptibility to Ralstonia
solanacearum (Hernández-Blanco et al., 2007). Arabidopsis
mutants, such as med25 and med18, with enhanced disease
susceptibility phenotypes also displayed altered responses to
ABA (Chen et al., 2012; Lai et al., 2014), but how the ABA function
relates to thepathogen response functionsof thegenes isunclear.
The non-protein amino acid b-amino-butyric acid (BABA) primes
resistance to necrotrophic pathogens (Ton et al., 2005) based on
primed callose accumulation, controlled by an ABA-dependent
defense pathway. BABA-induced resistance was blocked in the
ABA-deficient mutant aba1-5 and the ABA-insensitive mutant
abi4-1 (TonandMauch-Mani, 2004).ApplicationofABAmimicked
theeffectsofBABAoncalloseaccumulationand resistance.Thus,
ABA is required for BABA-induced resistance to pathogens by
enhancing callose deposition. The phenotypes of ABA pre-
treatment and plant susceptibility in ABA biosynthetic mutants
are similar to those in hls1 mutants. This suggests that the plant
resistance to pathogens is a consequence of ABA pretreatment.
ABA suppressed expression of defense genes inwild-type plants,
consistent with previous reports (Supplemental Figure 7; Clay
et al., 2009). However, ABA-inducedplant resistance toB. cinerea
showed no correlation with ABA induced expression of defense
genes. Instead, plant susceptibility in hls1 was associated with
ABA-induced senescence and accumulation of H2O2.

ABA is a well-known regulator in abiotic and biotic stress
responses. Many studies implicate exogenous ABA treatment in
increased plant tolerance to abiotic stresses such as chilling and
osmotic stress (Jiang and Zhang, 2002; Guo et al., 2012; Ozfidan
et al., 2012), but ABA is often implicated as a suppressor of plant
resistance (Curvers et al., 2010). The mechanism underlying this
disparity between plant responses to biotic and abiotic stress
responses is unclear. ABA increases reactive oxygen species
(ROS) production, which then activates an antioxidative defense
response in maize (Zea mays) seedlings (Jiang and Zhang, 2001).
hls1 and ABA biosynthesis mutants accumulate increased ROS
and display enhanced leaf senescence, likely without the con-
comitant increase in the appropriate antioxidant systems. This
contention is consistent with the role of WRKY33 on ROS
detoxification and scavenging, suggesting that WRKY33 may

modulate ROS turnover in response to ABA (Jiang and Deyholos,
2009; Golldack et al., 2014). HLS1 may share the function of
MED18 in the control of ROS homeostasis.
Application of ABA at the time of pathogen inoculation en-

hanced susceptibility (Liu et al., 2015); thus, the timing of ABA
treatment may be important to determine defense functions in
plants. Many genes in the ABA and defense pathways displayed
altered expression in the hls1 mutant. PR1 expression is highly
activated in the hls1 mutant, consistent with previous reports that
ABA signaling antagonizes SA-dependent responses (Yasuda
et al., 2008; Pieterse et al., 2012; Liu et al., 2015). The induction
of PR1 in the hls1 mutant does not correlate with resistance
but implies that some pathways leading to PR1 expression
are affected. Alternatively, due to the susceptibility of the hls1
mutant and increased fungal growth, some genes displayed
increased gene expression. ABA antagonizes the ETHYLENE
RESPONSE FACTOR (ERF) branch of the JA pathway and
regulates defense marker gene PDF1.2 (Anderson et al., 2004).
However, the hls1 mutant displayed increased expression of
PDF1.2, which is linked to fungal resistance (Penninckx et al.,
1996), but themutant remained susceptible toB. cinerea. HLS1-
mediated gene expression is not a function of the antagonism
between JA- and SA-regulated pathways, since markers of
both pathways are also upregulated in the mutant. Together,
the HLS1-mediated plant immunity works through the ABA
signaling pathway but is independent of the ET/JA- and SA-
regulated pathways as well as independent of their antagonistic
interactions.
The presented data and discussions in the preceding sections

imply loss of HLS1-regulated senescence, which may account
for the enhanced susceptibility of the mutant. Senescence-like
responses are triggered by dark or ABA treatment in the hls1
mutant. In particular, the senescence phenotype observed in
secondary (noninoculated) leaves in mutant plants implies that
HLS1 is important for restricting senescence-like symptoms that
include extensive chlorosis and death of tissue away from the
infection site. The increased susceptibility toB. cinereamay stem
from impaired cell death control, including senescence.

HLS1-Mediated Histone Acetylation of Target Genes ABI5
and WRKY33

HLS1 is required forH3 acetylation atABI5 andWRK33 chromatin
based on changes in acetylation status in hls1 and HLS1-HA
plants. However, acetyltransferase activity, measured through
a standard HAT assay using recombinant protein, revealed no

Figure 6. (continued).

(E) MED18 recruitment to transcription start site and 39-coding regions of WRKY33 is enhanced by inoculation with B. cinerea in an HLS1-dependent
manner. The enrichment of the WRKY33 gene in the wild type at 0 h is set to 1 as a background control in the ChIP-qPCR assay.
(F) Ectopic expression ofMED18 rescues disease phenotype of hls1mutant. The disease lesion size was determined after drop inoculation withB. cinerea.
The data representmean values6 SE (n=20). Statistically significant differences are indicated by asterisks comparedwithwild-type plants (Student’s t test:
*P < 0.05 and ***P < 0.001).
In (D)and (E), thedata representmeanvalues6 SE (n=3), and thestatistically significantdifferencesaremarkedbydifferent letters (least squaresmeanspost
hoc test: P < 0.05).pABI5:GUS andpWRKY33:GUS, reporterGUS fusedwithABI5orWRKY33 promoter region, respectively; HLS1, HLS1 taggedwithHA;
MED18, MED18 tagged withMYC.MED18;WT, overexpressingMED18 in wild-type background.MED18; hls1, overexpressingMED18 in the hls1mutant
background.
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HAT activity, possibly due to either the GST tag in the GST-HLS1
fusion affecting the structure of the protein and its acetyl-
transferase activity, or the requirement for HLS1 to recruit other

cofactors for activity. Histone acetylation alters the structure of
defense and non-defense genes that underlie plant responses
to the environment. Histone H4 deacetylase, HDT701, reduces

Figure 7. Resistance to B. cinerea Is Enhanced through ABA-Induced HLS1 Protein Accumulation.

(A) HLS1 expression in wild-type, hls1, and 35S:HLS1-HA plants.
(B) Increased disease resistance evaluated by disease symptoms in B. cinerea drop-inoculated plants.
(C) and (D)B. cinerea- (C) and ABA- (D) induced accumulation of HLS1 protein.HLS1-HA plants were inoculated withB. cinerea (top panel) or infiltrated with
100 mMABA (bottom panel). Mock-treated plants were infiltrated with 0.5%methanol. Total protein was extracted from HLS1-HA plants at 0 or 72 h after
B. cinerea inoculation or 24 h after treatment with ABA. HLS1 protein level was detected on immunoblot with anti-HA antibody. Equal loading is shown by
Ponceau S staining of total protein.
(E) Disease symptoms (left panel) and disease lesion size (right panel) in ABA-treated plants. Plants were pretreated by infiltration with ABA 1 d prior to
B. cinerea inoculation. Disease symptoms and lesion size were recorded at 3 d after B. cinerea inoculation. The data represent mean values6 SE (n = 20).
Statistically significant differences are marked by asterisks (Student’s t test: **P < 0.01 and ***P < 0.001; n.s., not significant) and by different letters (least
squares means post hoc test: P < 0.05).
(F) EnhancedB. cinerea disease lesions in hls1, aba2, and aba3mutants in response to ABA pretreatment. The disease lesions weremeasured at 2 dai. The aba2
and aba3 mutant plants displayed enhanced resistance to B. cinerea, while abi5 was comparable to wild-type plants. The data represent mean values 6 SE

(n = 24). Statistically significant differences are marked by asterisks (Student’s t test: *P < 0.05, **P < 0.01, and ***P < 0.001) and by different letters (least
squares means post hoc test: P < 0.05).
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global histone H4 acetylation and modulates defense-related
genes in rice resistance toMagnaporthe oryzae andXanthomonas
oryzaepvoryzae (Dingetal., 2012). Theelongator complexsubunit
2 (ELP2) andELP3 regulate resistance toP. syringaepvmaculicola
(Psm) ES4326 through theirHATactivityondefense-relatedgenes
(Defraia et al., 2013; Wang et al., 2013). As shown in this study,

HLS1 modulates H3 acetylation on specific loci required for plant
immunity and ABA responses.
Plant defense genes are poised to counteract attempted

pathogen infection through priming, which has been linked to
posttranslational modification of histone tails. The promoter
regions of defense-related transcription factor genes WRKY6,

Figure 8. Accelerated Dark- or Pathogen-Induced Leaf Senescence in the hls1 Mutant.

(A) and (B) Enhanced dark-induced leaf senescence (A) and reduced chlorophyll content (B) in hls1mutant. The photo was taken at 7 d after plants were
incubated in thedark. Leaves fromsimilar positionsweredetached fromplants, andsenescencewascompared throughanalysis ofchlorophyll content. The
data represent mean values 6 SD from (n = 5). The experiment was repeated two times with similar results.
(C)Enhancedsystemic leaf senescenceandextensivechlorosisare inducedbyB.cinerea in thehls1mutant. Leaf senescence isobservedonnoninoculated
systemic leaves of the hls1 mutant after inoculation of lower leaves with B. cinerea. The photo was taken 10 d after inoculation.
(D) Chlorophyll contents in plants showing senescence-like symptoms at 4 d after inoculation with B. cinerea. The data represent mean values6 SD from
(n = 5). The experiment was repeated two times with similar results. Statistically significant differences aremarkedwith an asterisk (ANOVA test: *P < 0.05).
(E)ABA-induced leaf senescence in aba2 and hls1mutants. Leaf senescence in the abi5mutant was comparable to wild-type plants. The photo was taken
24 h after ABA infiltration.
(F) Increased accumulation of H2O2 in aba2 and hls1 mutants in response to ABA. Plants were stained 24 h after ABA treatment. The leaves from similar
positions were infiltrated with ABA and H2O2 was detected by 3,39-diaminobenzidine staining.
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WRKY26, or WRKY53 were either acetylated or methylated in
primed plants treated with the SA analog, benzothiadiazole
(Jaskiewicz et al., 2011). Arabidopsis HAT1mediates activation of
PTI-related genes WRKY53, FRK1, or NHL10 primed by envi-
ronmental stresses (Singh et al., 2014). BABA-triggered chro-
matin modification activates defense-related gene transcription
(Po-Wen et al., 2013). HLS1 mediates WRKY33 expression
through histone acetylation in response to ABA and pathogens,
supporting the dynamic chromatin modification in response to

stimuli. The results are consistent with previous studies demon-
strating that histone modification enzymes stand by on specific
target loci and modulate gene expression following attempted
infection (Jaskiewicz et al., 2011).
Histone deacetylases reverse acetylation status on histones to

remove acetyl group from substrates, resulting in repression of
gene expression. Arabidopsis HDA6 encodes histone deacety-
lase and the hda6 mutation results in hypersensitivity to ABA,
delayed senescence, and flowering (Wu et al., 2008). HDA6

Figure 9. ABA-Mediated WRKY33 Expression Is Modulated by HLS1.

(A) Ectopic expression of WRKY33 restores the ABA insensitivity of the hls1 mutant to the wild-type level. Seeds germinated on 1/2 MS medium sup-
plemented with 0.005% methanol (mock) or 1 mM of ABA. The photos were taken at 5 d.
(B)Seedgermination andseedling growthonmedia supplementedwithABA. Thedata representmeanvalues6 SD (n=30) and the statistical significanceof
the difference in mock or ABA treatment is indicated by different letters (least squares means post hoc test: P < 0.05).
(C) ABA-induced expression of WRKY33 is attenuated in hls1 mutant. The expression of WRKY33 in wild-type plants at 0 h is set to 1.
(D) ABA mediates the recruitment of HLS1 to the WRKY33 transcription start and coding regions. The association of HLS1 with WRKY33 under mock
treatment is set to 1 as a background control.
(E) ABA-enhanced H3 acetylation at the WRKY33 locus is HLS1 dependent.
In (C) to (E), the data representsmean values6 SE (n = 3), and statistically significant differences are indicated by different letters (least squaresmeans post
hoc test: P < 0.05). HLS1, HLS1 tagged with HA; WRKY33; hls1, overexpressing WRKY33 in the hls1 mutant background; Pro, promoter region.
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recruits a JA-Zim domain (JAZ) protein to repress EIN3/EIL1-
dependent transcription (Zhu et al., 2011b). Arabidopsis histone
deacetylaseHDA19 is another histone-modifying enzyme and the
hda19 mutant results in early senescence, hypersensitivity to
ABA, and susceptibility to Alternaria brassicicola (Wu et al., 2000;
Tian et al., 2005; Zhou et al., 2005). HDA6 and HDA19 share
contrasting biological functions with HLS1, consistent with their
distinct roles in histonemodifications. Whether HLS1, HDA6, and
HDA19 target the same set of genes for reversible modification of
histone acetylation is unclear.

Functional Interaction between Histone Acetylation
and Mediator

Current and previous data show that HLS1 and MED18 are
positive regulators of ABA signaling and resistance toB. cinerea
(Lai et al., 2014). HLS1 and MED18 interact and are associated
with WRKY33 and ABI5 regulatory regions. This association
increases in response to ABA and B. cinerea as determined
through ChIP-qPCR and transcription activation assays. Many
studies in yeast andmammalian cells have shown that mediator
complexes modulate histone modification. The Spt-Ada Gcn5-
acetyltransferase (SAGA) complexes require a mediator com-
plex to be recruited to the GCN4-regulated promoters of ARG1,
ARG4, or SNZ1 (Yoon et al., 2003; Qiu et al., 2005). In mam-
maliancells,MED25affectsmethylationor acetylation atH3K27
at CYP2C9 promoter region by dissociation from Polycomb
repressive complex 2 and activates CYP2C9 expression
(Englert et al., 2015). The Arabidopsis E3 ligase HUB1 is re-
quired for resistance to fungal pathogens and regulates ABA
responses and biosynthesis (Peeters et al., 2002; Liu et al.,
2007; Dhawan et al., 2009). HUB1 interacts with MED21 and
activates gene transcription through H2B ubiquitination, im-
plying it functions as a component of transcriptional activation
complexes. In another report, mediator localization is de-
termined by the interactionbetweenmediator andhistone tails.
The interaction is relieved by the acetylation of H4K16 (Zhu
et al., 2011a). MED18 is also associated withWRKY33 TSS and
CDS regions, similar to the genomic localization of HLS1. In-
terestingly, MED18 is unable to associate with WRKY33 in the
absence of HLS1, suggesting that HLS1 is required for MED18
recruitment to specific loci.

Proposed Model of HLS1 Function

Collectively, we demonstrate that HLS1 associates with MED18
at the ABI5 and WRKY33 loci and modulates their expression
through acetylation of chromatin at these loci. Although many
genes are regulated by HLS1 in response to ABA or pathogens,
some of these are affected only indirectly. HLS1 associates with
the WRKY33 gene and activates its expression through histone
acetylation after B. cinerea inoculation or ABA treatment. HLS1
recruits MED18 to the WRKY33 locus where MED18 enhances
the role of HLS1 in transcriptional activation ofWRKY33 (Figure
9). MED18 also enhances the HLS1-regulated expression of
ABI5, but its recruitment to the ABI5 locus is independent of
HLS1. Interestingly, HLS1 is required and sufficient for the
histone acetylation at WRKY33 chromatin, consistent with the

high sequence similarity of HLS1 to the GCN5 histone acetyl
transferase. Other components that potentially associate with
the two proteins are not known, but transcription factors, co-
activators, or other chromatin remodeling components may be
involved to form a preinitiation complex. Other non-histone
proteins may be recruited with HLS1 and MED18 for initiation of
gene expression. Identifying additional proteins that interact
with HLS1 will help us understand the acetylation mechanism
that modulates responses to biotic and abiotic stresses. In re-
sponse to ABA or B. cinerea, the complex enhances histone
acetylation to remodel chromatin structure, favoring increased
gene expression. The consequences of these will be enhanced
transcriptional activation of genes that requires the recruitment of
HLS1,which then recruitsMED18 to target sites.Biologically,HLS1
participates in different response pathways (light, sugar, and
pathogen) and is regulated by hormone crosstalk (JA, gibberellin,
ET, andABA). Therefore, itwill be important to investigate theglobal
targets of HLS1 through ChIP-seq analysis to identify additional
targets bound by HLS1 to decipher its regulatory impact and to
determine histone acetylation mechanisms dynamically respond-
ing to environmental challenges.

METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana plants used in this study are in the Col-0 ecotype
background. Plants were grown in a growth chamber at 24°C, 70%
relative humidity, 110 to 130 mE m22 s21 light intensity by fluores-
cence tubes (model F32T8/TL741) with a 12-h-light/12-h-dark cycle
unless stated otherwise. T-DNA insertion Arabidopsis mutants hls1-1
(SALK_136528C) and hls1-2 (SALK_009473) in the Col-0 background
were obtained from theABRCandconfirmedbyPCR to verify their T-DNA
insertion.HLS1 expression inhls1mutantplantswas confirmed in3-d-old
seedlings compared with wild-type or transgenic plants by qPCR.
Transgenic plants overexpressingHLS1 taggedwith HA under the CaMV
35S promoter were generated by Agrobacterium tumefaciens-mediated
transformation. Plants were screened on half-strength Murashige and
Skoog (1/2 MS) medium supplemented with hygromycin or the herbicide
basta. Protein or mRNA levels of HLS1 were verified by immunoblotting
analysis with anti-HA-specific antibody or qPCR assays, respectively.
Transgenic plants coexpressing HLS1 and MED18 were generated
by Agrobacterium-mediated transformation and HLS1 and MED18
expression was detected by immunoblotting. Transgenic plants over-
expressing MED18-MYC or WRKY33-MYC in the hls1 mutant back-
ground were generated by Agrobacterium-mediated transformation and
MED18 or WRKY33 transgenic plants were screened on 1/2 MS me-
dium supplemented with basta and protein expression was detected by
immunoblotting.

Seed Germination, Dark-Induced Senescence, ABA Treatment, and
Disease Assay

For seed germination assays, Arabidopsis mutant or transgenic seedlings
were germinated on 1/2 MS medium supplemented with different con-
centrations of ABA and grown in a room at 22°C, 110 to 130 mE m22 s21

light intensity with a 16-h-light/8-h-dark cycle. For dark-induced senes-
cence, comparable leaves from 4-week-old plants were detached and
placed in water-saturated plates and incubated in the dark. The total
chlorophyll content was measured by absorbance at 647 and 665 nm on
a NanoDrop 2000c spectrophotometer (Thermo Scientific).
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Fungal and bacterial disease assays were conducted as previously
described (Laluk et al., 2011). In brief, for the Botrytis cinerea disease
assay, 4-week-old plants were spray or drop inoculated with a conidial
suspension (2.5 3 105 spores/mL) of B. cinerea strain B05.10 in 1%
Sabouraud Maltose Broth and maintained under a transparent cover at
high humidity. For the Pseudomonas syringae disease assay, plants
were infiltrated with the bacterial strains and bacteria were extracted
from inoculated leaves. The colony growth was determined and ex-
pressed in colony forming units on King’s Bmedium supplementedwith
the antibiotics rifampicin and kanamycin. For ABA treatment, 4-week-
old plantswere infiltratedwith 100mMABA. The accumulation of H2O2 in
leaves was detected by 3,39-diaminobenzidine staining (Daudi and
O’Brien, 2012).

RNA Extraction and RT-qPCR Assay

Total RNA was extracted from leaves or seedlings with Trizol reagent
according to the manufacturer’s instructions (Sigma-Aldrich). The pro-
cedures for RNase-free DNase I treatment (Promega) and cDNA synthesis
(New England Biolabs) from total RNA were conducted following the
manufacturer’s instructions. qPCR was performed with SYBR green su-
permix reagents (Bio-Rad) using gene-specific primers (Supplemental
Table 1) and the Arabidopsis ACTIN2 gene as an internal reference for
normalization.

co-IP Assay

The co-IP was conducted following the previously described procedure
(Lai et al., 2014; Zhuet al., 2014).Briefly, theplasmids containing full-length
HLS1-HA and MED18-MYC driven by the CaMV 35S promoter were
generated and transformed into Agrobacterium. The Agrobacterium
strains were then infiltrated into Nicotiana benthamiana. After 36 h, total
protein was extracted from infiltrated leaves with extraction buffer (50 mM
HEPES, pH 7.5, 100 mM NaCl, 5 mM EDTA, 50 mM EGTA, 25 mM NaF,
1mMNaVO3,50mMb-glycerophosphate, 20%[v/v]glycerol, 1mMPMSF,
0.1% [v/v] Triton X-100, 1 mM DTT, and 13 protease inhibitor cocktail
[Sigma-Aldrich]). After removing debris by centrifugation at 12,000g for
10 min, 1 mL of supernatant mixed with anti-HA antibody-conjugated
agarose beads (Sigma-Aldrich) and rotated overnight at 4°C. Then, beads
with immunoprecipitates were washed four times with extraction buffer.
Immunoprecipitates were detected by immunoblotting with anti-HA-
specific (Covance) or anti-MYC-specific (Abcam) antibodies. A similar co-
IP procedure was employed in Arabidopsis plants expressing HLS1-HA
and MED18-MYC.

ChIP-qPCR Assay

ChIP assay was conducted as described previously with minor mod-
ifications (Saleh et al., 2008). Briefly, chromatin complexes with proteins
werecross-linkedand isolated from4-week-oldArabidopsisplants.After
sonication, protein complexes were precipitated with anti-HA (Abcam),
anti-H3, anti-acetyl-H3, or anti-acetyl-H4 (Millipore) antibody at 4°C
overnight and then captured with salmon sperm DNA/Protein A agarose
(Millipore). Beads were washed and reverse cross-linked, and proteins
were digested prior to DNA purification. The immunoprecipitated DNA
was amplified with specific primers listed in Supplemental Table 1. ChIP
enrichment was normalized with input from a non-precipitated sample
and promoter region of ACTIN2 as an internal control. Wild-type plants
treated with the same procedure were used as a background control and
IgG was used for the immunoprecipitation control. Primers at tran-
scription start site and C-terminal sequences of Arabidopsis ACTIN7
genewere used as a background control in ChIP-qPCR assay for histone
H3 acetylation.

In Vitro HAT Assay

The HAT assay was conducted as described (Qian et al., 2012). The full-
lengthHLS1 fusedwithGSTwasgeneratedandpurified inEscherichia coli.
The GST-HLS1 recombinant proteins (5 mg), purified by glutathione Se-
pharose 4B beads (GE Healthcare Life Science), were mixed with 10 mg of
chicken core histones (Millipore) and 1mCi of H3-acetyl-CoA (Perkin-Elmer
LifeScience) inHATbuffer containing50mMTris-Cl, pH8.0, 100mMNaCl,
5 mM MgCl2, 1 mM DTT, 10% glycerol, 10 mM butyric acid, and 1 mM
PMSF, and incubatedat 30°C for 2h.After incubation, sampleswere runon
15%SDS-PAGE gel and the gel was fixedwith 40%methanol-10%acetic
acid. The gelwas treatedwith an autoradiographic enhancer (Perkin-Elmer
LifeScience) andvacuumdried. The signalsweredetected after 2weeksof
exposure at 280°C. The same amount of PCAF (Abcam) with a known
acetyltransferase activity was used as a positive control in parallel with
GST-HLS1 in the reaction.

Transcriptional Activation Assays

The ABI5 or WRKY33 promoter region was fused with the GUS reporter
gene to generate a transcriptional fusion. Two effector plasmids,HLS1-HA
and MED18-MYC, were generated and each cotransfected with the re-
porter construct into ;2 3 104 protoplasts isolated from 4-week-old
Arabidopsis plants as described (Yoo et al., 2007). Protoplasts were lysed
in lysis buffer containing50mMphosphatebuffer, pH7.0, 1mMDTT, 2mM
trans-1,2-diaminocyclohexane-N,N,N’,N’-tetraacetic acid monohydrate,
10% glycerol, and 1% Triton X-100. The lysate was mixed with
4-methylumbelliferyl-b-D-glucuronide (MUG) substrate buffer (10mMTris-
Cl, pH 8.0, 1 mM MUG, and 2 mM MgCl2) and incubated at 37°C. The
reaction was stopped by adding 0.2 M Na2CO3, and the LUC substrates
(Promega)weremixedwith lysates. GUSand LUCactivitieswere detected
with a VICTOR 3VMultilabel plate reader (Perkin-Elmer). LUC reading was
used as an internal control in each sample normalized to GUS reading.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data li-
braries under the following accession numbers:HLS1 (AT4G37580),WRKY33
(AT2G38470), ABI5 (AT2G36270),MED18 (AT2G22370), ACT2 (AT3G18780),
ACT7 (AT5G09810), PR1 (AT2G14610), ERF1 (AT3G23240), PDF1.2
(AT5G44420), RPM1 (AT3G07040), RIN4 (AT3G25070), CYP79B3
(AT2G22330), CYP81F2 (AT5G57220), PAD3 (AT3G26830), SUR2
(AT4G31500),ACS2 (AT1G01480),ACS6 (AT4G11280),ABI3 (AT3G24650),
RD29a (AT5G52310), KAT2 (AT2G33150),WRKY40 (AT1G80840), andHY5
(AT5G11260).

Supplemental Data

Supplemental Figure 1. The hls1-1 and hls1-2 mutant alleles showing
lack of HLS1 transcript.

Supplemental Figure 2. HLS1 protein is not associated with re-
sistance gene RPM1.

Supplemental Figure 3. The histone H3 acetylation at ACTIN7
chromatin shows no difference between wild-type and hls1 plants.

Supplemental Figure 4. The recruitment of HLS1 protein to the ABI5
locus is not enhanced by B. cinerea inoculation.

Supplemental Figure 5. MED18-mediated plant resistance through
TRX-h5 regulation is HLS1 independent.

Supplemental Figure 6. Overexpressing HLS1-HA in Arabidopsis
shows developmental phenotypes opposite to the hls1 mutant.

Supplemental Figure 7. Expression of defense related genes is
induced in hls1 mutant in response to ABA.
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Supplemental Figure 8. Leaf number, but not disease phenotype, is
affected by HLS1 under short-day conditions.

Supplemental Table 1. Primer sequences used in this study.
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