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ABSTRACT

Light is a major external factor in regulating seed
germination. Photoreceptor phytochrome B (PHYB)
plays a predominant role in promoting seed germina-
tion in the initial phase after imbibition, partially by
repressing phytochrome-interacting factor1i (PIF1).
However, the mechanism underlying the PHYB-PIF1-
mediated transcription regulation remains largely
unclear. Here, we identified that histone deacety-
lase15 (HDA15) is a negative component of PHYB-
dependent seed germination. Overexpression of
HDA15in Arabidopsisinhibits PHYB-dependent seed
germination, whereas loss of function of HDA15 in-
creases PHYB-dependent seed germination. Genetic
evidence indicated that HDA15 acts downstream of
PHYB and represses seed germination dependent on
PIF1. Furthermore, HDA15 interacts with PIF1 both in
vitro and in vivo. Genome-wide transcriptome anal-
ysis revealed that HDA15 and PIF1 co-regulate the
transcription of the light-responsive genes involved
in multiple hormonal signaling pathways and cellular
processes in germinating seeds in the dark. In addi-
tion, PIF1 recruits HDA15 to the promoter regions of
target genes and represses their expression by de-
creasing the histone H3 acetylation levels in the dark.
Taken together, our analysis uncovered the role of hi-
stone deacetylation in the light-regulated seed ger-
mination process and identified that HDA15-PIF1 acts

as a key repression module directing the transcrip-
tion network of seed germination.

INTRODUCTION

Seed germination is a crucial process in the seed plant life
cycle, determining when plants enter natural or agricultural
ecosystems. In Arabidopsis, mature seeds consist of an outer
layer of dead tissues, the testa, underneath which the en-
dosperm single-cell layer surrounds the embryo. Seed ger-
mination involves the sequential phases of testa rupture fol-
lowed by endosperm rupture and radicle elongation, cotyle-
don expansion and greening (1,2). A wide range of environ-
mental factors affect seed germination, including tempera-
ture, moisture, light and nutrient availability (1).

Light is a crucial environmental factor regulating seed
germination, which is perceived by photoreceptors, such
as phytochromes, cryptochromes, phototropins and UVRS
(3,4). Phytochromes are the major photoreceptors that
promote seed germination in various plant species (5,6).
Phytochromes are synthesized in a signaling inactive state
known as Pr. Upon red light absorption, Pr converts to the
signaling active form Pfr. In Arabidopsis, five phytochromes
(PHYA-PHYE) were identified which regulate shared but
distinct light responses (7). PHYA promotes seed germina-
tion in response to the very low fluence response (VLFR)
and the far-red high irradiance response, while PHYB pro-
motes seed germination in response to the red light low flu-
ence response (LFR) (8). Since PHYA is expressed only af-
ter prolonged imbibition, PHYB plays a predominant role
in the initial phase of seed germination (6,9).

Phytochromes regulate various light responses by initi-
ating the transcriptional cascades of 10-30% of the en-
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tire transcriptome (10,11). Further studies showed that
PHYB mediates light-regulated transcription and seed ger-
mination partly by destabilizing its interacting protein,
phytochrome-interacting factorl (PIF1) (12,13). PIF1 is a
basic helix-loop-helix (bHLH) protein, which functions as a
repressor of seed germination and is degraded via ubiquitin-
26S proteasome upon interacting with the Pfr form of
PHYB (13,14). The specific function of PIF1 in seed germi-
nation is partly due to the fact that it is highly expressed in
imbibed seeds compared to other PIFs, such as PIF3, PIF4
and PIF5 (15). PIF1 represses seed germination partially
by indirectly inhibiting the gibberellic acid (GA) pathway
while activating the ABA pathway (12,16). Genome-wide
transcription analyses indicated that PIF1 directly regulates
genes involved in hormone signaling and cell wall modifica-
tion in repression of seed germination (17,18). These find-
ings suggested that PIF1 plays a crucial role in the light-
initiated seed germination process. However, the mecha-
nism underlying the PIF1-directed transcription regulation
keeps largely unclear.

Gene transcription can be activated or repressed by
post-translational histone modifications, including histone
acetylation, methylation, phosphorylation and ubiquitina-
tion (19). Acetylation and deacetylation of lysine residues
in the N-terminus of core histones are catalyzed by histone
acetyltransferases and histone deacetylases (HDACS), re-
spectively. The reversible histone acetylation and deacetyla-
tion provide a flexible mechanism for regulation of gene ex-
pression (20,21). In Arabidopsis, HDACs are grouped into
three families, RPD3/HDA1 (Reduced Potassium Depen-
dence 3/Histone Deacetylase 1), SIR2 (Silent Information
Regulator 2) and HD2 (Histone Deacetylase 2) (22). Loss of
function of the RPD3/HDAI1-type HDAC HDAI19 in Ara-
bidopsis seedlings results in a shorter hypocotyl phenotype
and increased light-responsive gene expression, whereas the
mutation of HDAI5 increases chlorophyll biosynthetic and
photosynthetic gene expression (23,24). Genome-wide his-
tone modifications analysis revealed that the activation of
photosynthetic genes correlates with dynamic acetylation
of H3K9 and H3K27 in response to light (25). These stud-
ies suggested an involvement of HDAC: in light-regulated
gene expression. Application of Trichostatin-A, an HDAC
inhibitor, leads to inhibited seed germination of maize (Zea
mays) and Arabidopsis thaliana (26,27). Further studies dis-
played that loss of function of HDA9 in Arabidopsis induces
reduced seed dormancy and faster germination compared
with wild-type (28). These findings revealed a possible role
of HDAC:s in control of seed germination. However, the
mechanism of HDAC-mediated transcription regulation in
light-initiated seed germination has not been reported.

In the present study, we identified that HDA15 is a nega-
tive regulator of light-initiated seed germination. HDA15
and PIF1 interact and co-repress the transcription of
the light-responsive genes involved in multiple hormonal
signaling pathways and cellular processes. Furthermore,
HDAT15 and PIF1 co-target to the genes involved in light-
dependent seed germination and decrease the histone H3
acetylation levels of these genes in imbibed seeds. Our stud-
ies uncovered the role of histone deacetylation in light-
regulated seed germination process and identified that

HDA15-PIF1 acts as a key repressive module directing the
transcriptional network of seed germination-related genes.

MATERIALS AND METHODS
Data access

The datasets reported in this study have been submitted to
the NCBI Gene Expression Omnibus (GEO; http://www.
ncbi.nlm.nih.gov/geo/) under accession number GSE96848.

Plant materials and growth conditions

The seeds used in this study are all in Col-0 ecotype back-
ground. hdal5 mutant hdal5-1 (23) and pifl mutant pil5-
1 (13) were obtained from the Arabidopsis Information
Resource Center (http://www.arabidopsis.org/). 35S:TAP-
PIF] seeds was a kind gift from professor Enamul Huq
at the University of Texas. 35S:HDAI5-GFP and 35S:
HDAI15-TAPs transgenic plants were generated as reported
previously (23). For PIFI:PIFI-GFP transgenic lines, the
promoter and full length cDNA of PIFI was subcloned
into pCambia-1302 vector and the 35S promoter of vector
was removed. The primers used for the construct were listed
in Supplementary Table S1. The PIF1: PIFI-GFP construct
was then transformed into pif] plants using the floral dip
method (29). Arabidopsis plants were grown under long-day
conditions (16 h WL/8 h dark) at 22°C. Following seed har-
vesting, seeds were dried in an incubator at 22°C for about
1 month prior to germination assays.

Germination assays

The PHYB-dependent seed germination assays were per-
formed as described previously (16). Briefly, seeds were
surface-sterilized and plated on half-strength Murashige-
Skoog (Sigma-Aldrich) agar plates containing 0.3% sucrose
and 1% phytoagar (pH 5.7). The plates were placed in an
illuminated incubator with white light (80 pmol. m~2.s7!)
at 22°C. One hour after sterilization, seeds were irradiated
with far-red light (3.82 wmol m~2 s~!) for 5 min (indicated
as FR or dark conditions), or exposure to far-red light (3.82
pwmol m~2 s~!) for 5 min following irradiation with red light
(13.12 wmol m~2 s~!) for 5 min (referred as FR/R or light
conditions). The seeds were kept in the dark either for 12
h for the gene expression and ChIP analyses, or kept in the
dark for 5 days to calculate the germination rates. At least
60 seeds were used for each experimental point, and three
biological replicates were used for statistical analysis.

Yeast two-hybrid assays

Yeast two-hybrid assays were performed according to the
Matchmaker GAL4-based two-hybrid system 3 protocol
(Clontech). The full length or deletion versions of HDAI5
and PIFI cDNAs were subcloned into pGADT7-AD and
pGBKT7-BD vectors. The primers used for the constructs
were listed in Supplementary Table S1. The paired AD and
BD constructs were co-transformed into the yeast strain
AH109 using the lithium acetate method and plated on
Minimal Media Double Dropouts (SD-Leu/-Trp). The co-
transformants were then transferred onto Minimal Media
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Quadruple Dropouts (SD/-Leu/-Trp/-Ade/-His) supple-
mented with 3-amino-1, 2, 4-triazole (3-AT) to test for pos-
sible interactions.

Bimolecular fluorescence complementation (BiFC) assays

Full-length ¢cDNAs of HDAI5 and PIFI were sub-
cloned into the pCR8/GW/TOPO vectors and then re-
combined into the YN (pEarleyGate201-YN) and YC
(pEarleyGate202-YC) vectors (30). The primers used for the
constructs were listed in Supplementary Table S1. The YN
and YC vectors were transformed into Agrobacterium tume-
faciens strain (GV3101) separately, and then co-infiltrated
with the leaves of 2- to 4-week-old tobacco (Nicotiana ben-
thamiana) plants. The transfected plants were kept in the
dark for 2 days and the transfected epidermal cells were im-
aged using a TCS SP5 confocal spectral microscope imaging
system (Leica).

In vitro pull-down assays

In vitro pull-down assays were performed as described (23).
Full length cDNAs of HDAI5 and PIFI were subcloned
into pGEX-4T-3 and pET32a vectors, respectively. The
primers used for the constructs were listed in Supplemen-
tary Table S1. His-PIF1 recombinant protein was incubated
with 30 ml His resin (QIAGEN) in a phosphate buffer
(10 mM Na,HPO4, 10 mM NaH,PO,4, 500 mM NaCl
and 10 mM imidazole) for 2 h at 4°C, the binding reac-
tion was washed three times with the phosphate buffer and
then HDA15-GST or GST was added and incubated for
an additional 2 h at 4°C. After washing three times with
the phosphate buffer, the pulled-down proteins were eluted
by boiling, separated by 10% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and de-
tected by western blotting using an anti-His antibody.

Co-immunoprecipitation assay (Co-IP) assays

After FR or FR/R irradiation, the seeds of Col-0 and 7'4 P-
PIFI were kept in the dark for 12 h, the protein was then ex-
tracted with extraction buffer (50 mM Tris—HCI at pH 7.4,
150 mM NacCl, 2 mM MgCl,, ] mM DTT, 20% glycerol, 1%
NP-40,2 mM PMSF and 0.05 mM MG132) containing pro-
tease inhibitor cocktail (Roche). An anti-HDA15 antibody
was added to the protein extracts for immunoprecipitation
for 4 h, then 50 wl SureBeads™ protein A magnetic beads
(Catalog no 161-4011, Bio-Rad) were added and incubated
for 6 h. The beads were collected and washed for two times
with a wash buffer (50 mM Tris—HCI at pH 7.4, 150 mM
NaCl, 2 mM MgCl,, | mM DTT, 10% glycerol, 1% NP-40,
2 mM PMSF). The immunoprecipitated proteins were then
detected by SDS-PAGE gel with an anti-myc antibody (Cat-
alog no M4439, Sigma). Endogenous HDA15 protein was
detected with anti-HDA15 antibody, and PIF1-TAP pro-
tein was detected with anti-myc antibody.

qRT-PCR assays

After FR or FR/R treatment, the seeds were incubated
in the dark at 22°C for 12 h. Total RNA was extracted
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with TRIZOL Reagent (Invitrogen) according to the man-
ufacture’s protocol. After DNAse I treatment, the first
strand cDNA was synthesized using 2 pg total RNA ac-
cording to the manufacturer’s instruction of TransScript
One-Step gDNA Removal and cDNA Synthesis Super Mix
Kit (TransGen, Beijing). Real-time polymerase chain re-
action (PCR) was performed by using SYBR Green Mix
(Bio-Rad) in an ABI7500 Real-Time PCR System (Ap-
plied Biosystems). All qRT-PCR experiments were inde-
pendently performed in triplicate, and representative results
were shown. PP2A4 was used as an internal control. The
primer pairs for quantitative RT-PCR are listed in Supple-
mentary Table S1.

RNA-seq analysis

For whole genomic transcriptome analysis, total RNA was
extracted as described as above and an mRNA-seq library
was prepared by using an mRNA Seq Kit (Illumina). RNA-
seq were performed by Millennium Genomics with trip-
licate biological samples. High-quality clean reads were
obtained by removing the adaptor sequences, ambiguous
reads (‘N’>10%), and low-quality reads (i.e. more than 50%
of bases in a read had a quality value Q <5). Then the clean
reads were mapped to Arabidopsis genome TAIR10 us-
ing HISAT?2 software with default parameters (31). Cuffdiff
(http://cufflinks.cbcb.umd.edu/manual.html) was applied to
detect differentially expressed genes. Genes with more than
1.5-fold changes with statistically significance (P-value <
0.05) were selected. Gene ontology (GO) slim analysis
was performed by using BINGO (www.psb.ugent.be/cbd/
papers) (32) with default parameters. Functional classifica-
tion was performed by using the DAVID functional anno-
tation clustering tool with highest classification stringency
(http://david.abce.nciferf.gov/home.jsp) (33).

ChIP assays

ChIP assays were performed as previous described (34) with
minor modifications. The seeds were cross-linked with 1%
formaldehyde solution under a vacuum for 1 h. The chro-
matin was extracted and sheared to an average length of
500 bp by sonication, and then immunoprecipitated with
specific antibodies including anti-GFP (Catalog no 6795,
Sigma) and anti-acetyl-histone H3 (Catalog no 06-599,
Millipore). The cross-linking was then reversed and the
amount of each immunoprecipitated DNA fragment was
determined by quantitative PCR using gene specific primers
(Supplementary Table S1).

RESULTS

HDAI15 is a negative component in PHYB-mediated seed ger-
mination

Previous reports indicated that PHYB plays a major role
in light-initiated seed germination (6). To test whether
HDAL1S5 acts in the PHY B-mediated seed germination path-
way, we analyzed the germination rates of a hdal5 knock-
out mutant (hdal5-1) and two HDAI15 overexpression lines
(35S:HDAI15-TAP15 and 35S:HDAI5-TAPI9) (23) using
the PHYB-dependent germination protocol (16). Seeds
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were illuminated by either far-red light (PHY B inactivation,
indicated as FR or dark conditions) or far-red light fol-
lowed with red light (PHYB activation, referred as FR/R
or light conditions), and then kept in the dark for 5 days
(Figure 1A). As a control, seeds were kept under continuous
white light (WL) and scored for germination. Upon PHYB-
activated conditions, the wild-type (Col-0) and hdal5-1
seeds germinated well, while both 35S: HDAI15-TAP15 and
35S:HDAI5-TAP19 seeds showed significantly lower ger-
mination rates (Figure 1B and C). We next analyzed the ger-
mination of Adal5-1 under PHY B-inactivated conditions.
After different intensity of FR exposure, hdal5-1 seeds
showed relative higher germination rates compared with
wild-type, whereas HDA15 overexpression lines displayed
relatively lower germination rates compared with wild-type
(Figure 1D). Collectively, our data revealed that HDA15is a
negative component in PHYB-mediated seed germination.

Inhibition of light-initiated seed germination by HDA1S5 is de-
pendent on PIF1

To investigate the genetic relationship between HDA15 and
PHYB in seed germination, we generated hdal5 phyB dou-
ble mutants by genetic crossing hdal5-1 and phyB-9 alleles
(35). As reported previously (6), the phyB seeds could not
germinated under both FR and FR/R conditions, whereas
inactivation of HDAI5 in phyB background partially re-
covered the phenotype of phyB mutant (Figure 2A and B),
suggesting that HDA15 might act downstream of PHYB in
light-initiated seed germination.

Previous studies have showed that PIF1 is a major neg-
ative component in PHYB-dependent seed germination, as
pifl mutants constitutively germinate in PHY B inactivation
conditions (13). To study the genetic interaction of HDAI5
and PIFI in seed germination, we constructed hdal5 pifl
double mutants by crossing hdal5-1 and pif] alleles and
generated HDA15-GFP pifl line by crossing HDA15-GFP
(35S:HDA15-GFP) into the pifl knockout mutant (13,23).
hdal5 pifl and HDAI5-GFP pifl showed similar germina-
tion rates with pif] seeds (Figure 2C), which were signifi-
cantly higher than those of Col-0 and HDAI5-GFP seeds
under both FR and FR/R conditions (Figure 2C and D).
These data suggested that inhibition of PHYB-mediated
seed germination by HDA15 is dependent on PIF1.

HDAI1S directly interacts with PIF1 both invitro and invivo

The genetic interaction of HDA15 with PIF1 in PHYB-
mediated seed germination prompted us to detect whether
HDAL1S could directly interact with PIF1 at the protein
level. We first examined the interaction of HDA15 and
PIF1 by using yeast two-hybrid assays. As BD-PIF1 (full-
length of PIF1 fused to pGBKT?7) showed strong auto-
activation activity, we determined the interaction of HDA15
with the N-terminus (amino acid 1-280) and C-terminus
(amino acid 281-478) of PIF1 (Figure 3A). The yeast cells
co-transformed with AD-HDA1S5 (full-length of HDA15
fused to pGAKT?7) and BD-PIF1 (amino acid 1-280) could
grow on the selective medium QDO (synthetic medium
lacking tryptophan, leucine, histidine and adenine), indi-
cating a direct interaction between HDA15 and PIF1 (Fig-
ure 3B). Furthermore, the N-terminus region of HDAI1S5

(amino acid 1-146) is responsible for the interaction with
PIF1 (Figure 3B).

Next, we determined the interaction of HDAI15 and
PIF1 by using in vitro pull-down assays. Purified PIF1-His
protein was pulled down by HDA15-GST (glutathione S-
transferase) (Figure 3C), confirming that HDA15 physically
interacts with PIF1 in vitro.

The interaction of HDA15 and PIF1 was further ex-
amined in vivo by bimolecular fluorescence complementa-
tion (BiFC) and co-immunoprecipitation (Co-IP) assays.
For the BiFC assays, HDA15 and PIF1 were fused to the
YN vector (pEarley gate-YN) or the YC vector (pEarley
gate-YC). The YN and YC constructs were co-delivered
into tobacco cells by Agrobacterium-mediated transforma-
tion. Strong yellow florescence protein (YFP) signals were
observed in the tobacco cells (Figure 3D), suggesting that
HDAT1S5 can interact with PIF1 in planta.

For the Co-IP assays, the seeds of Col-0 and TAP-PIFI
(35S:TAP-PIF1, expressing PIF1 protein fused with myc
and his tags) (36) were treated with FR or FR/R irradia-
tion and kept in darkness for 12 h for protein extraction. An
anti-HDA15 anti-body (23) was used for immunoprecipita-
tion, and an anti-myc antibody was then used for western-
blotting analysis. As shown in Figure 3E, PIF1 protein
was only detected in FR, but not FR/R conditions in im-
bibed seeds. Furthermore, we showed that the PIF1 protein
was immunoprecipitated by the anti-HDA15 anti-body un-
der FR conditions, suggesting that HDA15 and PIF1 may
specifically interact in FR conditions and the interaction is
diminished by the degradation of PIF1. Collectively, our re-
sults indicated that HDA 15 interacts with PIF1 both in vitro
and in vivo.

Genome-wide transcriptome analysis of HDA15-regulated
genes in imbibed seeds in dark (FR) conditions

To understand the function of HDA15 and PIF1 in PHYB-
dependent transcription regulation during seed germina-
tion, we analyzed the HDAI15-regulated transcriptome
changes by mRNA deep sequencing. Previous analysis of
PIF1-regulated transcriptome changes showed that PIFI
mainly regulates gene expression in dark (FR) conditions,
since PIF1 accumulates in FR conditions in imbibed seeds
(12,18). We analyzed the transcriptome changes in hdal5-
1 under FR conditions. After 5 min FR irradiation, seeds
of Col-0 and hdal5-1 incubated in the dark for 12 h were
harvested (Supplementary Figure S1A). Three biological
samples were subjected to library construction and high-
throughput sequencing. We performed a cutoff by 1.5-fold
change with statistically significant P-value < 0.05. As a re-
sult, 518 genes were upregulated whereas 251 genes were
downregulated in the hdal5 mutant compared with Col-0
(Supplementary Dataset 1 and 2). HDACs are identified to
be the components of multi-protein co-repressor complexes
and the HDAC co-repressor complexes act to remove the
acetyl group from the histone tail of the target genes, lead-
ing to chromatin condensation and transcription repression
(37). Therefore, HDA 15 may directly repress the expression
of some of the upregulated genes by histone deacetylation,
but indirectly regulate the downregulated genes in imbibed
seeds. To validate the RNA-seq data, we also performed
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for 5 days. (B) Germination patterns of Col-0, idal5-1 and HDAI15 overexpression lines, 35S: HDA15-TAP15 and 35S: HDA15-TAP19 on PHY B-activated
conditions (FR/R). (C) Germination rate of Col-0, hdal5-1, 35S:HDA15-TAP15 and 35S: HDA15-TAP19 on PHY B-activated conditions (FR/R). (D)
Germination rates of Col-0, hdal5-1, 35S:HDA15-TAPI15 and 35S:HDA15-TAP19 on various PHY B-inactivated conditions (FR). FR light intensities

were as indicated.

quantitative RT-PCR (qRT-PCR) analyses and validated a
subset of randomly selected genes (Supplementary Figure
S1B).

To reveal the major functional categories regulated by
HDA1S5 in imbibed seeds, we performed GO enrichment
analysis using BINGO (32). We found that the genes down-
regulated in hdal5 are mainly enriched in catalytic and mo-
tor activity (Supplementary Figure S1C). In contrast, the
upregulated genes in hdal5 are significantly enriched in bi-
otic and abiotic stress responses, as well as response to
light stimuli (Supplementary Figure S1D). Elevated expres-
sion of the environmental stimulus genes in idal5 supports
the role of HDA15 in modulating endogenous responses,
which allows the emerging seedlings to adapt to external
environmental changes during seed germination. The pro-
teins mediating cell wall loosening and modification func-
tion in endosperm-mediated processes during early seed
germination, contributing to testa rupture (38). Remark-
ably, we showed that HDA15-repressed genes are also asso-
ciated with plant cell wall loosening and modification (Sup-
plementary Figure S1D), supporting the role of HDAI1S
in regulating testa rupture during seed germination. More-

over, HDA15 also represses the expression of the genes in-
volved in response to auxin stimuli (Supplementary Figure
S1D), indicating that HDA 15 may repress seed germination
through the auxin signaling pathway. Collectively, the GO
analysis revealed that HDA15 may play roles in regulating
the endogenous responses to adapt to external environmen-
tal changes, modulating plant cell wall loosening and modi-
fication and regulating auxin signaling transduction during
seed germination.

HDAI1S represses GA biosynthesis genes in imbibed seeds in
the FR conditions

RNA-seq analysis demonstrated that the expression of
GA30X1 and GA30X2, two GA anabolic genes, were up-
regulated in hdal5 compared with wild-type in FR condi-
tions (Supplementary Dataset 1). We further detected the
expression of these genes in imbibed wild-type and hdal5
seeds under both FR and FR/R conditions by qRT-PCR
assays. Relatively higher expression levels of GA30XI and
GA30X2 were detected in FR/R compared in FR condi-
tions in wild-type (Figure 4A). Furthermore, in contrast in
FR conditions, the expression of GA30XI and GA30X2
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HDAI15-GFP (35S:HDA15-GFP) and HDA15-GFP pifl on PHY B-inactivated conditions (FR).

was not upregulated in hdal5 compared with wild-type
in FR/R conditions (Figure 4A), which indicating that
HDA15 may repress GA biosynthesis in FR conditions
only.

Next, we analyzed the histone acetylation levels of
GA30X] and GA30X2 in FR/R and FR conditions in
wild-type by ChIP assays. Relatively higher levels of histone
H3 acetylation in the promoter and first exon regions of
GA30X1 and GA30X2 were detected in FR /R compared to
in FR conditions, indicating that the activation of GA30X1
and GA30X2 in FR/R conditions is correlated with histone
acetylation (Figure 4B). To examine whether HDA15 tar-
gets to these genes in vivo, the ChIP assays were performed
with imbibed Col-0 and HDAI15-GFP (35S:HDA15-GFP)
seeds under FR conditions. The enrichment of fragments of
the promoter regions of GA30X1 and GA30X2 was higher
in HDAI5-GFP seeds compared with Col-0 (Figure 4C).
Collectively, these data suggested that HDA1S5 directly re-
presses GA biosynthesis genes GA30X] and GA30X2 in
imbibed seed in FR conditions.

HDA1S5 and PIF1 co-repress plant hormones and cellular
function-related genes in FR conditions

Previous work identified that 1112 and 44 genes are reg-
ulated by PIFI under FR (dark) and FR/R conditions,

respectively (18). We then compared HDA15 and PIF1
co-regulated genes under FR conditions. The seeds were
treated in the same condition as reported (18). As a result,
we showed that 267 genes are co-regulated by HDA15 and
PIF1 in imbibed seeds under FR conditions (Supplemen-
tary Dataset 3). Among which, 246 (92.1%) genes are up-
regulated and 12 (4.5%) genes are downregulated in both
hdal5 and pifl mutants (Figure SA and Supplementary
Dataset 3). Only 9 (3.4%) genes are differentially regulated
in hdal5 and pifl mutants. Together, these data suggested
that HDA15-PIF1 may act together as transcriptional reg-
ulators in imbibed seeds.

We then compared the HDA15 and PIF1 co-regulated
genes with those genes regulated by light (Col-0 FR/R
/Col-0 FR) (18). Very similar transcriptome changes
were identified when comparing HDAI5, PIFI and light-
regulated genes (Figure 5B). Furthermore, most (95.3%)
of HDA15-PIF1 repressed genes are also light-induced
genes (Figure 5C and Supplementary Dataset 4), suggesting
that the HDA15-PIF1 module plays an important role in
the transcriptional repression of the light responsive genes
in imbibed seeds. GO analysis by using the DAVID (for
Database for Annotation, Visualization and Integrated Dis-
covery) resource (33) revealed that HDA15 and PIF1 co-
repressed genes are associated with cell growth, regulation
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of cell sizes, cell walls, hydrolases and response to hormone
and abiotic stress stimuli (Figure 5D).

A large subset of auxin signaling components, including
auxin efflux carriers PINs, auxin influx transporter AUXI,
auxin responsive transcription factors /4A4s and SAUR-
like auxin-responsive proteins SAURs were co-repressed by
HDAT15 and PIF1 (Figure 6A and Supplementary Dataset
3). To validate the data, we detected the expression levels of
PINI, 2, 7 and AUXI in hdal5, pifl and hdal5 pifl double
mutant seeds under FR conditions. qRT-PCR analysis con-
firmed that these genes were co-repressed by HDA15 and
PIF1 (Figure 6B). Furthermore, we showed that HDA15-
PIF1 co-regulated the expression of genes involved in GA
and ABA signaling pathways. The expression levels of GA
biosynthesis genes, GA3OX] and GA30X2, were upreg-
ulated in both hdal5 and pifl mutants, which is consis-

tent with their elevated germination rates under PHYB-
inactivated conditions. Interestingly, we also showed that
HDAL1S5 and PIF1 co-repressed the expression levels of
ABA receptors PYLs, ABA-responsive transcription factor
ABI4 and ABA catabolism gene CYP707A42 (Figure 6A),
suggesting that HDA15-PIF1 may co-regulate gene expres-
sion in ABA biosynthesis and signaling pathways. In addi-
tion, several genes involved in brassinolide, cytokinin and
ethylene signal pathways were also co-regulated by HDA15
and PIF1 (Figure 6A).

Loosening of cell walls is a crucial develop-
ment process during seed germination. Xyloglucan
Endotransglucosylases/Hydrolases (XTHs), Expansins
(EXPs) and Pectinesterases/Pectin  Methylesterases
(PMEs) are key enzymes involved in cell wall loosening
and cell expansion (1,39). A number of XTHs, EXPs and
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PMEs were shown to be co-repressed by HDA15 and
PIF1 (Figure 6A). qRT-PCR analysis confirmed that the
expression of XTH4, 5, 9, 16 and EXPI, 3, 9, 15 were
upregulated in hdal5, pifl and hdal5 pifl double mutants
(Figure 6B), suggestmg that HDA15 and PIF1 may repress
gene expression involved in cell wall loosening and cell

expansion. Furthermore, we showed that HDAI15 and
PIF1 co-represses the genes involved in cell cycle, cellular
transport and cell differentiation (Figure 6A). Collectively,
these findings revealed that HDA15-PIF1 co-regulate gene
expression involved in multiple cellular processes and
pathways.

PIF1 and HDA1S5 co-target to the promoters of auxin trans-
port and cell wall loosening-related genes in FR conditions

The RNA-seq data showed that HDA15-PIF1 co-represses
a large number of genes including the auxin signaling and
cell wall loosening-related genes. We further tested whether
these genes are direct targets of HDA15 and PIF1 in im-
bibed seed. Since PIFs preferentially binds to the G-box
(CACGTG) and PBE-box (CACATG) motifs in the tar-
get promoters (40), we selected those genes such as PINs,
XTHs and EXPs containing at least one G-box motif in
their promoters for further analysis. Transgenic plants ex-
pressing PIFI-GFP were generated and used for ChIP as-
says. Expression of PIFI-GFP in pif] background fully re-
covered the hypocotyl length and germination phenotypes
of pifl under red light and PHYB inactivation conditions
(Figure 7A), suggesting that PIFI-GFP is functional in vivo.
Consistent with the previous report (12), we showed that
PIF1 protein was accumulated in imbibed seeds under FR
conditions, but was degraded under FR /R conditions (Sup-
plementary Figure S2). As reported previously, ChIP anal-
ysis revealed that PIF1 bound to the G-box containing pro-
moter region of RGA under FR conditions (16). Further-
more, PIF1 also bound to the G-box containing promoter
regions of EXPI1, EXP3, EXP9, XTH4, XTHI16, PINI and
PIN3 under FR conditions. However, the enrichment of
PIF1 to these target genes was diminished under FR /R con-
ditions (Figure 7B). These data revealed that red light ex-
posure induces PIF1 degradation thus deceases the enrich-
ment of PIF1 to the target genes in imbibed seeds.

To examine whether HDA1S5 also associates with these
genes in vivo, the ChIP assays were performed with im-
bibed Col-0 and HDA15-GFP (35S:HDA15-GFP) seeds un-
der FR conditions. The enrichment of the G-box containing
promoter regions of EXPI, EXP3, EXP9, XTH4, XTH]I6,
PINI and PIN3 was higher in HDA15-GFP seeds com-
pared with Col-0 (Figure 7C). Furthermore, we showed
that the binding of HDA1S5 was decreased in HDA15-GFP
pifl compared with HDAI15-GFP seeds under FR condi-
tions (Figure 7C), indicating that the association of HDA15
with these targets is dependent on PIF1. Collectively, these
data revealed that HDA15 and PIF1 co-target to the auxin-
responsive and cell wall loosening-related genes under FR
conditions in imbibed seeds.

HDAI1S and PIF1 decrease the histone H3 acetylation levels
of the target genes in FR conditions

Previous study reported that HDA15 has HDAC activity
(23). To determine whether HDA15-PIF1 represses their
target genes by histone deacetylation, we compared the ex-
pression and histone acetylation levels of the HDA15-PIF1
target genes under the FR and FR/R conditions. Relatively
high expression levels of EXPs, XTHs and PINs were de-
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tected in FR/R conditions, which was associated with in-
creased H3 acetylation levels in the promoters (P) and the
first exons (E) of these genes (Figure 8A and B), indicat-
ing that these genes are regulated by light-mediated histone
acetylation changes.

Next, we analyzed the histone acetylation levels of the
HDA15-PIF1 target genes in Col-0, hdal5, pifi and hdal5
pifl double mutants under FR conditions. The H3 acety-
lation levels in the promoter and first exon regions of
these genes were increased in hdals, pifl and hdal5 pif]
seeds compared with wild-type (Figure 8C), supporting that
HDA15-PIF1 represses their target gene expression by de-
creasing the histone acetylation levels.

DISCUSSION

Light is one of the most important environmental fac-
tors affecting the initiation of seed germination. Here, we
present evidence indicating that HDA15 is a negative reg-

ulator in light-dependent seed germination. HDA15 acts
downstream of PHYB and the repression of seed germina-
tion by HDA1S5 is dependent on PIF1. Moreover, we found
that HDA15 specifically interacts with PIF1 in FR (or dark)
conditions to repress gene expression involved in multiple
plant hormones and cellular function processes via decreas-
ing the histone acetylation levels. Our findings revealed that
HDAT15-PIF1 acts as a key repression module directing the
transcriptional network in light-initiated seed germination
process.

HDA15 and PIF1 integrate multiple hormonal signaling in
repression of light-initiated seed germination

Previous studies revealed that PIF proteins function as a
pivotal component in a cellular signaling hub that integrates
multiple signals to orchestrate the transcriptional network
that drives multiple facets of development processes (41).
Beside light, seed germination is also regulated by various
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endogenous factors such as plant hormones (42-50). GA
and ABA are two most important plant hormones which
act antagonistically on seed germination. ABA is involved
in establishing and maintaining seed dormancy, whereas
GA is involved in breaking seed dormancy and promot-
ing germination (1). In present work, RNA-seq analysis
demonstrated that HDA15 and PIF1 co-repress the expres-
sion of two GA anabolic genes, GA30X] and GA30X2.
We further showed a direct association of HDA1S5 with
the promoters of GA30X] and GA30X2 in FR condi-
tions. Furthermore, activation of GA30XI and GA30X2
by FR/R treatment is correlated with the increase of hi-
stone H3 acetylation levels. These findings suggested that
HDA 15 may repress light-initiated seed germination at least
partially by direct regulating of the GA biosynthesis path-
way. Since GA30X1 and GA30X2 are not directly bound
by PIF1 (16), HDA15 may repress their expression indepen-
dent of PIF1.

HDAI1S5 and PIF1 may also play a role in the ABA sig-
naling pathway since they co-repress the expression of the
ABA catabolic gene CYP707A2 in imbibed seeds. Previous
work displayed that CYP707A2 is responsible for reduc-
ing ABA levels from late-maturation to germination (51).
HDAU15 and PIF1 may repress light-initiated seed germina-
tion by increasing ABA levels. In addition, we showed that
HDA15 and PIF1 also co-repress the expression of a sub-
set of ABA receptor genes, PYLI, PYL2, PYL4 and PYL6
(52,53). Although the role of these PYLs in seed germina-

tion is not characterized, our data confirmed an important
role of HDA15-PIF1 in ABA signaling pathway.

Auxin is a key plant hormone regulating cell cycling,
plant growth and development (54). However, the exact role
of auxin in seed germination is unclear. In present work,
we showed that HDA1S5 and PIF1 co-repress a number
of genes in the auxin signaling pathway, including auxin
efflux carriers PINs, the auxin influx transporter AUXI,
auxin responsive transcription factors /4A4s and SAUR-
like auxin-responsive proteins SAURs, suggesting that these
genes may play important roles in light-initiated seed germi-
nation. Furthermore, more recent studies revealed a direct
link between auxin and light signaling by which PIF4 inter-
acting with the auxin responsive transcription factor ARF§
(55). In addition, PIF4 and ARF8 also share common tar-
get genes, such as AUX/IAAs, SAURs and PINs (55). We
found that some members of PINs and AUX/IAAs are also
the direct targets of HDA15 and PIF1. Therefore, HDA1S5,
PIF1 and ARFs may form a protein complex that integrates
light and auxin signal pathways in regulating seed germina-
tion. Further work is needed to elucidate the crosstalk of
HDALS, PIFs and ARFs in light-dependent seed germina-
tion.
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PIF1 functions as a transcriptional repressor by recruiting
HDA15 in phytochrome-dependent seed germination process

Seed germination is light dependent in many plants. Previ-
ous studies have demonstrated that PHYB promotes seed
germination in response to the red light LFR, whereas
PHYA induces seed germination in response to the VLFR
and the far-red high irradiance response (8,56). In present
work, we found that loss of function of HDAI5 increases
whereas gain of function of HDAI5 decreases PHYB-
dependent seed germination. Furthermore, inactivation of
HDAIS in phyB partially recovered the phenotype of phyB

mutant. These findings revealed a negative role of HDA15
in the PHYB-mediated seed germination process. More-
over, we showed that HDA15 overexpression lines displayed
strong germination inhibition after the very low intensity of
FR exposure, suggesting that HDA15 may also interferes
with the PHYA VLFR response. Since PIF1 inhibits both
PHYA- and PHYB-dependent seed germination (13,16),
the HDA15-PIF1 module may, therefore, negatively regu-
late both PHYA- and PHYB-mediated seed germination
processes.
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module is dissociated from the targets, resulting in the initiation of seed germination.

The PIF proteins including PIF1, PIF3, PIF4 and
PIFS act as either positive or negative regulators in dis-
tinct phytochrome-dependent development processes (57).
Genome-wide binding and transcription analyses also re-
vealed that PIFs regulate various light responses via di-
rect activating or repressing downstream genes (17,40,58).
These findings support a dual role of PIFs in transcrip-
tion regulation in light response. However, it remains un-
clear how the transcription activity of PIFsis regulated. The
functional diversity among different PIF members has also
been reported. For example, PIF1 plays a dominant role in
controlling seed germination, whereas PIF4 and PIF5 ap-
pear to be the central players in regulating shade avoidance
(41). Previously, we found that PIF3 interacts with HDA15
to repress chlorophyll biosynthesis genes in ctiolated Ara-
bidopsis seedlings (23). In this study, we demonstrated that
PIF1 associates with HDA15 in repression of the transcrip-
tome network involved in multiple hormonal signaling and
cellular processes in imbibed seeds. By contrast, HDA15
does not interact with PIF4 and PIFS5 (23), supporting the
functional diversity among different PIF members.

A direct interaction between PIF3 and PICKL, an
ATP-dependent chromatin remodeling factor, was also re-
ported (59). Moreover, PIF3 and PICKL co-activate the
cell elongation-related gene expression by decreasing the
H3K27me3 levels in Arabidopsis seedlings (59), support-
ing a transcription activation function of PIF3 in light re-
sponse. These findings indicate that PIFs may activate or
repress gene expression by interacting with transcriptional
co-activators or co-repressors. Similarly, in human cells, the
transcription factor Kriippel-like Factor 4 (KLF4) activates
gene expression when interacting with co-activators p300
and CREB-binding proteins, but represses gene expres-
sion when interacting with co-repressors such as Histone
Deacetylase3 (HDAC3) (60). Since PIF1 plays a unique role
in light-initiated seed germination due to its high level of
expression in imbibed seeds (61), HDA15-PIF1 might com-
pose a specific repression module directing the transcription
regulation in light-regulated seed germination process.

The PIF1 protein is stable in the dark, but it is degraded
in response to light through the ubiquitin-26S proteasome
pathway (14). FR/R treatment triggers a quick protein
degradation of PIF1 in imbibed seeds (12). Consistent with



the PIF1 protein changes, we found that the binding of PIF1
to its target genes is high under FR conditions, but this
binding is decreased upon FR /R exposure in imbibed seeds.
The binding of HDA15 to the target genes is decreased in
the pifl mutant, supporting that HDA15 may be recruited
to the target loci by PIF1 in imbibed seeds. The degradation
of PIF1 under FR /R conditions leads to reduced binding of
HDAU15 to the target loci. Therefore, R (red light) exposure
induces both protein degradation of PIF1 and dissociation
of HDA1S5 from the target genes.

In summary, we proposed a model for the function of the
HDA15-PIF1 module in the light-dependent seed germina-
tion pathway. Under FR or dark conditions, PHYB is local-
ized in the cytosol in the Pr form, which permits PIF1 to ac-
cumulate in the nucleus. PIF1 interacts and recruits HDA15
to repress the expression of seed germination-related genes
by decreasing the histone H3 acetylation levels, resulting in
an inhibition of seed germination. Upon R or strong light
conditions, activated form of PHYB (Pfr) translocates into
the nucleus and induces rapid phosphorylation and degra-
dation of PIF1 through the 26S proteasome system. The
HDA15-PIF1 repression module is then dissociated from
the target genes, resulting in the initiation of seed germina-
tion (Figure 8D).
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