
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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