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Histone deacetylases (HDACs) regulate histone acetylation levels by removing the acetyl group from lysine residues. The
maize (Zea mays) HDAC HDA101 influences several aspects of development, including kernel size; however, the molecular
mechanism by which HDA101 affects kernel development remains unknown. In this study, we find that HDA101 regulates the
expression of transfer cell-specific genes, suggesting that their misregulation may be associated with the defects in
differentiation of endosperm transfer cells and smaller kernels observed in hda101 mutants. To investigate HDA101 function
during the early stages of seed development, we performed genome-wide mapping of HDA101 binding sites. We observed
that, like mammalian HDACs, HDA101 mainly targets highly and intermediately expressed genes. Although loss of HDA101
can induce histone hyperacetylation of its direct targets, this often does not involve variation in transcript levels. A small
subset of inactive genes that must be negatively regulated during kernel development is also targeted by HDA101 and its loss
leads to hyperacetylation and increased expression of these inactive genes. Finally, we report that HDA101 interacts with
members of different chromatin remodeling complexes, such as NFC103/MSI1 and SNL1/SIN3-like protein corepressors.
Taken together, our results reveal a complex genetic network regulated by HDA101 during seed development and provide
insight into the different mechanisms of HDA101-mediated regulation of transcriptionally active and inactive genes.

INTRODUCTION

Histone acetylation plays a key role in modulating chromatin
structure and function (Shahbazian and Grunstein, 2007). The
level of histone acetylation is regulated by histone acetyl-
transferases (HATs) and histone deacetylases (HDACs), which
interact with various coactivators and corepressors in different
chromatin modifying complexes (Peserico and Simone, 2011).
HATs acetylate lysines of histone proteins, usually resulting in the
relaxation of chromatin structure and thus facilitating gene acti-
vation.Conversely, HDACs remove acetyl groups fromacetylated
histones, usually leading to a tight chromatin structure. Although
HDACs were originally associated with gene repression, recent
evidence indicates that, in combination with HATs, HDACs also
bind highly transcribed genes to regulate the turnover of acetylated
histonesand to reset chromatin after transcription (Shahbazian and
Grunstein, 2007;Wanget al., 2009). Currentmodels of howhistone
acetylation modulates chromatin structure and gene transcription
hold that acetylation affects the electrostatic histone-DNA interaction
andhigher order foldingof chromatin (Bannister andKouzarides,

2011). However, acetylation of specific lysine residues can also act
as a signal to modulate the recruitment of chromatin remodeling
complexes and transcription factors that, in turn, affect the tran-
scriptional status of chromatin.
Studies performed in diverse plant species have shown that

histone acetylation is associated with several aspects of de-
velopment (Wang et al., 2014). Different plant HDACs have been
characterized in detail (Liu et al., 2014). Based on sequence
similarity and cofactor dependency, HDACs in all eukaryotes are
grouped into three families: Rpd3/HDA1, SIR2, and the plant-
specificHD2-relatedprotein families (Pandeyet al., 2002). Studies
in Arabidopsis thaliana showed that many of these HDACs have
critical functions, including maintenance of genome stability
(Probst et al., 2004; To et al., 2011; Liu et al., 2012), determination
of cell-type specificity (Xu et al., 2005; Hollender and Liu, 2008),
transition between developmental stages (Tanaka et al., 2008; Yu
et al., 2011), and responses to biotic or abiotic stress (Zhou et al.,
2005; Chen et al., 2010; Perrella et al., 2013). In rice (Oryza sativa),
HDACs regulate plant innate immunity, root growth, peduncle
development, and fertility (Chung et al., 2009; Hu et al., 2009; Ding
et al., 2012).
In maize (Zea mays), the Rpd3-type HDAC protein HDA101

affects transcriptionandsequence-specificmodulationof histone
modification of genes and repeats (Rossi et al., 2007). Transgenic
maize plants with up- and downregulation of hda101 expression
exhibit pleiotropic effects on plant development; for example,
hda101 overexpression causes smaller grains (Rossi et al., 2007).
However, the molecular mechanism of HDA101 function in kernel
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development is unknown. Although the involvement of HDACs in
regulating plant seed dormancy, maturation, and germination has
been extensively documented (Wang et al., 2014), only limited
information is available regarding HDAC function during seed
formation and endosperm development. For example, it has been
reported that three maize Rpd3-type HDAC genes (hda101,
hda102, and hda108) have similar expression profiles, with higher
transcript accumulation in the endosperm (Varotto et al., 2003).
Wuet al. (2000) reported that silencingofHD2Aexpression results
in aborted seed development in transgenic Arabidopsis plants.
Also, plants with artificial microRNA-mediated downregulation
of the rice Rpd3-like gene HDA703 display partial or complete
sterility and generate seeds with awns, related to increased levels
of histoneH4 acetylation (Hu et al., 2009). Although these findings
suggest that HDACs play important roles in regulating seed de-
velopment andmorphology, further efforts are required to identify
the specific targets andmechanisms of HDACs in regulating seed
and endosperm formation and size.

The maize endosperm plays an essential role in supporting
embryo development and seed germination and also provides
humanity with food, livestock feed, and renewable resources (Li
et al., 2014). Thus, the development of endosperm largely de-
termines the value of maize both in quantitative and qualitative
terms. During the early stages of seed development, key de-
velopmental processes in endosperm, including coenocytic de-
velopment, cellularization, cellular differentiation, and the early
mitotic phase, can affect seed size (Mizutani et al., 2010). At 0 to 4
d after pollination (DAP), seed development involves double fer-
tilization, syncytium formation, and cellularization (Lopes and
Larkins, 1993; Olsen, 2001, 2004; Li et al., 2014). The differenti-
ation stage occurs at 4 to 6 DAP; at this stage, the endosperm
differentiates into four major cell types: the starchy endosperm,
the basal endosperm transfer layer (BETL), the aleurone, and the
embryo-surrounding region (Olsen, 2001, 2004). Starch and
proteins accumulate in the starchy endosperm cells. The BETL
tissue functions in nutrient uptake from maternal tissue to the
endosperm.During seedgermination, aleurone cells are activated
to produce hydrolases for starch and protein degradation. The
embryo-surrounding region, located around and below the de-
veloping embryo, appears to be involved in signaling and/or in
defense of the developing embryo against pathogens (Olsen,
2004; Li et al., 2014). Only a little research has been devoted to
understanding the mechanisms regulating early endosperm de-
velopment.Recentstudieshaveprovidedacomprehensiveprofile
of gene expression during seed development, especially at the
early stages (Chen et al., 2014; Li et al., 2014; Wang et al., 2014),
thus improving our understanding of the regulatory genetic
networks controlling these processes. Seed development also
involves epigenetic-related mechanisms. For example, genome-
wide chromatin modification of maternal and paternal genomes,
associated with gene imprinting, regulates early endosperm de-
velopment (Berger and Chaudhury, 2009; Zhang et al., 2014).

In this study, we investigated HDA101 function in early seed
development in maize. First, our results show that the smaller grain
size and defects of transfer cell development observed in hda101
mutant lines are associated with altered expression of transfer cell-
specific marker genes. Second, we used chromatin immunopre-
cipitation followed by high-throughput sequencing (ChIP-seq) to

conduct a genome-widemapping of HDA101 binding sites inmaize
seed at an early developmental stage. Although genome-wide
mapping has been employed to investigate HDAC function in yeast
andmammals (Kurdistani et al., 2002; Wang et al., 2002; Robert et al.,
2004;Wang et al., 2009; Mundade et al., 2014), it has not previously
been used plants. Our results indicate that HDA101 is mainly tar-
geted togeneswithhighand intermediate expression levels. Lossof
HDA101 induces hyperacetylation of histone H4 lysine 5 (H4K5ac) of
direct target genes; however, this does not affect the transcript level
for most of the target genes. Conversely, HDA101 represses the
expression of a small subset of its direct targets,whichmust be kept
at lowexpression levels during seeddevelopment. Finally, we found
that HDA101 interacts with two corepressors, NFC103/MSI1 and
SNL1/SIN3-like proteins. Taken together, our results identify a
complexgeneticnetworkassociatedwithHDA101 function inmaize
seed, thus significantly improving our understanding about the
mechanisms of HDA101-mediated gene regulation and the role of
histone deacetylation during seed development.

RESULTS

Characterization of HDA101 Antibody and Analysis of
HDA101 Protein Levels during Seed Development of hda101
Mutant Lines

The phenotypes observed in hda101 overexpression (OE) maize
lines include smaller kernels (Rossi et al., 2007). To analyze
changes in HDA101 protein levels in these lines and to produce
tools for analyzing HDA101 function, we generated an HDA101-
specific antibody. We used a peptide epitope located outside the
highly conserved domains present in all plant HDACs to produce
a specific mouse monoclonal antibody (see Methods and
Supplemental Figure1). Immunoblotexperimentsshowed that the
antibody recognizes the recombinant GST-HDA101 protein in
Escherichia coli extracts (Figure 1A). The antibody specificity was
further corroborated by showing that it specifically detects an
80-kDpolypeptide inprotein extracts fromseedlingsof transgenic
Arabidopsis lines overexpressing a maize HDA101:YFP fusion
protein, while this polypeptide is not observed in wild-type
Arabidopsis seedlings (Figure 1B). Analysis of HDA101 protein level
in seeds of the wild-type maize B73 inbred specifically detected
a 60-kD polypeptide, corresponding to the predicted HDA101
molecular mass, and this polypeptidewas present throughout seed
development (Figure1C). Taken together, thesefindingssupport the
specificity of the antibody for the HDA101 protein.
Subsequently, wemeasured HDA101 protein levels in seeds of

hda101-overexpressing maize lines (OE1 and OE51 lines; Rossi
et al., 2007). Surprisingly, we found that the HDA101 protein level
was drastically reduced in early seed development of OE1 and
OE51 lines (Figure 1D) comparedwith thewild-typeB73 inbred. In
the OE1 and OE51 lines, no HDA101 protein was detected in
4-DAP seeds. HDA101 protein was detected in 8-DAP seeds of
the OE lines, although at a lower level with respect to the wild type.
In 12-DAP seeds, the HDA101 protein level was higher in OE lines
than in wild-type plants (Figure 1D).
The level of the endogenous and of the total (i.e., endogenous

plus transgenic) hda101 transcript was measured by RT-qPCR in
seeds harvested at different developmental stages of OE1 and
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OE51 transgenic lines, as well as of B73 wild-type plants. The
results showed that the endogenous hda101 RNA was almost
undetectable in 4-DAP seeds and strongly downregulated in
8-DAP seeds of the OE transgenic lines but was restored to wild-
type levels at 12 DAP (Supplemental Figure 2). Conversely, the
level of endogenous plus transgenic hda101 transcript was up-
regulated in the transgenic lines. These data, supported also by
observations fromRNA-seqexperiments (Supplemental Figure2),

suggest that loss of HDA101 protein in 4-DAP seeds of OE lines
could be due to a cosuppression mechanism (De Paoli et al.,
2009). Nevertheless, the precise mechanisms leading to over-
expression of hda101 in the subsequent seed developmental
stages remain unknown. In any case, these results allow us to
employ the transgenic lines as an important tool for studying
hda101 function during the early stages of seed development. In
this context, we conducted molecular and cytological analysis of
the 4-DAP seeds of theOE1 andOE51 transgenic lines, as well as
of the wild-type B73 inbred. Hereafter, we refer to the two in-
dependent transgenic lines, OE1 and OE51, as the hda101-1 and
hda101-2 mutant lines, respectively.

hda101 Mutants Produce Smaller Kernels with Defects in
Transfer Cells

In agreement with a previous report (Rossi et al., 2007), we found
that both hda101-1 and hda101-2 mutant lines produce smaller
kernels compared with wild-type B73 (Figure 2A). We used mi-
croscopy of histological sections stained with safranin-fast green
toexamine themorphologyof developingendospermsofB73and
hda101-1mutant seeds collected at 2, 3, 4, and6DAP (Figure 2B).
At 2 DAP, when the endosperms are at the coenocytic stage,
seeds of B73 and the hda101-1mutant showed similar progress,
with the primary endosperm nucleus undergoing a series of di-
visions without cytokinesis and the nuclei distributing to the wall of
the endosperm. At 3 DAP, the endosperm of B73 was almost fully
cellularized, while the endosperm of the hda101-1 mutant re-
mained partially cellularized containing the central vacuole. At 4 to
6 DAP, we found that the hda101-1 mutant generated a smaller
endosperm, with fewer cells compared with B73 (Figure 2C).
Notably, the BETL of hda101-1 mutants showed irregularities in
the organization and differentiation of the transfer cells. In par-
ticular, the length and depth of the BETL were restricted in the
hda101-1 mutant, with discrete clusters of transfer cells, while in
B73 seeds, the transfer cells were organized regularly and showed
deeper cell wall ingrowth (Figure 2B). These results indicate that
the hda101-1mutant line exhibits defects of theBETL cells, which
might lead to smaller grain size.

Expression of Transfer Cell-Specific Marker Genes Is
Altered in the hda101 Mutant

Previous studies identified 34 genes that show cell type-specific
expression during endosperm differentiation (Gómez et al., 2009;
Li et al., 2014; Muñiz et al., 2014) (Figure 3A). Consistent with the
morphological abnormalities observed in seeds of the hda101-1
mutant, our results from the RNA-seq analysis, performed using
threebiological replications, showed that 26out of these34genes
exhibitedastatistically significantdecreaseof their transcript level
in 4-DAP seeds of the hda101-1 mutant compared with B73
(Figure 3A). Conversely, the gras20 gene, encoding a DELLA-like
protein that functions as a negative regulator in the gibberellic
acid pathway, was upregulated in the hda101-1 mutant. The
GRMZM2G416170 gene did not show statistically significant
differences between the hda101-1 mutant and B73 and the re-
maining six genes were expressed at very low levels, if at all, in both
lines (seebelowandMethods fordetails ofRNA-seqanalysis). The
expression of 10 randomly selected genes exhibiting RNA level

Figure 1. Characterization of Anti-HDA101 Antibody and Analysis of
HDA101 Protein Level.

(A) Immunoblot for detection of GST-HDA101 fusion protein in E. coli
extracts.
(B) Immunoblot for detection of GST-HDA101:YFP fusion protein in ex-
tracts of wild-type Columbia (Col) and transgenic Arabidopsis seedlings
overexpressing maize hda101(35S:hda101-YFP).
(C) Immunoblot for detection of HDA101 protein level in seeds of the wild-
type B73 inbred line, harvested at different developmental stages. Im-
munoblot with anti-ACTIN antibody was used as a loading control. The
seeds were harvested at the indicated developmental stages.
(D) Immunoblot for detection ofHDA101 level in seedsof thewild-typeB73
inbred line and in maize transgenic lines OE1 and OE51 (Rossi et al., 2007)
overexpressing the hda101 gene. Immunoblot with anti-ACTIN antibody
was used as a loading control. The seeds were harvested at the indicated
developmental stages.
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variation in the hda101-1mutant was validated by performing RT-
qPCR analysis in both hda101-1 and hda101-2 mutants. The
results (Figures 3B and 3C) indicated that seven of the genes (i.e.,
cell wall invertase-2 [incw-2],betl-2, aleurone9,betl-3,betl-9,Myb
related protein1 (mrp-1), and transfer cell response regulator1
[tcrr1]) are downregulated in 4-DAP seeds of both mutant lines,
while three genes aredownregulated only in one of the twomutant
lines (i.e., esr-6 in the hda101-1 line and betl-4 in the hda101-2
line). Therefore, these results indicate that many of the genes
exhibiting specific expression in the endosperm are regulated,

directly or indirectly, byHDA101. Since a total of 20 genes, among
the34 analyzed,were specifically ormainly expressed in theBETL
region and because our RNA-seq results showed that 19 of them
were downregulated in the hda101-1 mutant line (Figure 3A), we
envisage that HDA101 regulates the majority of transfer cell-
specific marker genes.
BETL-specific genes are often expressed in a dynamic pattern

during endosperm development, characterized by significant
upregulation at 4 to 8 DAP, when rapid cell differentiation and
dramatic reprogramming of the kernel transcriptome take place
(Gómezet al., 2009; Li et al., 2014;Muñizet al., 2014).We therefore
used RT-qPCR to assess whether loss of HDA101 protein in early
seed development affects the temporal expression pattern of six
BETL-specific genes (Figure 3D). All these genes showed de-
creasedexpression in4-and6-DAPseedsof thehda101-1mutant
comparedwith B73. In addition, we found that expression of tcrr-1,
betl-2, berl-3, and incw-2 peaked at 6 to 8 DAP in B73, while it
peaked at 8 to 10 DAP in the hda101-1 mutant. Furthermore, the
expression of mrp-1 and betl-9 remained low in the hda101-1
mutant compared with B73. Hence, our results indicate that
HDA101 is required to maintain the normal expression pattern of
these BETL-specific genes during the different stages of endo-
sperm development.
Together, these findings, along with previous histological ob-

servations, suggest that an alteration of transfer cell develop-
ment occurs in the hda101 mutants and that this can be related
to specific involvement of HDA101 in regulating the expression
of BETL marker genes.

Genome-Wide Mapping of HDA101 Protein Binding Sites in
Maize Seed Indicates That It Mainly Associates with
Transcriptionally Active Genes

To study the molecular function of HDA101 during seed de-
velopment in detail, we identified HDA101 binding sites at the
genome-wide level. To this end, we employed the HDA101-
specific antibody (Figure 1) to carry out ChIP-seq. The experi-
ments were performed using chromatin extracted from 4-DAP
seeds of wild-type B73 plants. The hda101-1 mutant line, which
has no detectable HDA101 protein in 4-DAP seeds (Figure 1D),
was used as a negative control. Two biological replicates were
performed for both maize lines. The resulting sequencing reads
were mapped to the B73 reference genome sequence (release
AGPv3). Input B73 and hda101-1 mutant chromatin fragments
were also sequenced and used as a negative control in enrichment
analysis. The abundanceof theChIP-seq readswasnormalized to
the corresponding input, the relative enrichment of HDA101 was
calculated as a ratio of the values for B73 over those of the hda101-1
mutant, andHDA101binding sitesweredefinedas regionswith5x
or higher HDA101 signal in B73 with respect to the hda101-1
mutant line. A total of 10,381 peaks, corresponding to 7578
protein-coding genes, were identified as candidate HDA101
binding sites (Figure 4A; Supplemental Data Set 1). Interestingly,
these genes did not include the BETL-specific genes down-
regulated in hda101mutant lines (see above), indicating that their
expression is indirectly controlled by HDA101. ChIP-seq data
were validated by ChIP assays followed by qPCR quantification
(ChIP-qPCR) of 12 loci, randomly selected among those that

Figure 2. The hda101Mutant Lines Exhibit Smaller Endosperm Size with
Defects in Transfer Cells.

(A) The hda101-1 and hda101-2 mutant lines generate smaller kernels
compared with wild-type B73.
(B) The morphology of developing maize endosperms of hda101-1 and
wild-type B73 plants collected at 2, 3, 4, and 6 DAP were determined by
examining histological sections stained with safranin-fast green to identify
endosperm development defects. em, embryo; en, endosperm; nu, nu-
cellus;p,pericarp; cv,central vacuole;betl, basal endospermtransfer layer;
esr, embryo-surrounding region; se, starch endosperm; pl, placentocha-
laza; al, aleurone. Short bars = 500 µm; long bars = 200 µm.
(C) Endosperm cell size in B73 and hda101-1mutant line at 4 and 6 DAP.
The single and double asterisks represent significant differences between
B73 and the hda101-1 mutant determined by Student’s t test at P < 0.05
and P < 0.01, respectively.
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Figure 3. HDA101 Is Required for the Normal Expression of Genes Involved in Endosperm Cell Differentiation.

(A) Tissue-specific expression patterns of genes associated with endosperm differentiation during early endosperm development are reported on the left
column andwere calculated on the basis of results fromLi et al. (2014). Colored squares represent a specific tissue in kernel: AL (red), aleurone; BETL (blue);
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showedHDA101binding.Results fornineof the loci areconsistent
with ChIP-seq analysis (Supplemental Figure 3).

Analysis of HDA101 protein distribution on the chromosomes
indicated that HDA101 is highly enriched in the gene-rich euchro-
matin and depleted from regions containing transposable elements
and other repetitive sequences (Figure 4B; Supplemental Figure 4).
Next, we analyzed the HDA101 distribution relative to gene structure
in the overall maize genome. We defined genomic segments as
comprising the gene coding sequence, the 5 kb upstream of the
transcription start site (TSS; or ATG if theTSS is not yet determined),
and 5 kb downstream of the poly(A) site (Morohashi et al., 2012). In
maize, genes represent only 26.2% of the genome, and among the
HDA101-enriched peaks,;63% of them occurred in gene regions,
suggesting thatHDA101bindingoccursmainly ingenes (Figure4C).
In particular, HDA101binding siteswere significantly enriched in the
5-kb upstream regions (21%) and in the coding sequence (13%),
although these two regions represent only 9.6 and 1.9%, re-
spectively, of the maize genome (Figure 4C).

To investigate in more detail the HDA101 binding profile within
thegene region,wedeterminedHDA101bindingdistribution in the
region starting from 1 kb upstreamof the TSS to 1 kb downstream
of the transcription termination sites (TTSs) (Figure 4D).Within the
gene body, reads were summed in windows equal to 5% of the
gene length. We also investigated the correlation between
HDA101 binding and gene expression by dividing genes into
quartiles,basedontheir expression levels includinghigh,medium,
low, and silent expression (Figure 4D). Our data revealed that
HDA101 is mainly enriched in genes with high and intermediate
transcription and that, in these classes of genes, HDA101 binding
occurs mainly around the TSS and, at a lower level, in the gene
body and in the TTS regions. We observed only a minor enrich-
ment in geneswith low expression. BecauseHDACs are generally
considered to be transcriptional repressors, it may be considered
surprising to find that the enrichment of HDA101wasmuch higher
in highly expressed genes. Nevertheless, studies of mammalian
HDACs reported similar results (Wang et al., 2009).

We subsequently analyzed whether HDA101 is enriched along
the TSS to gene body region in the same gene or whether HDA101
binds different target genes in either the TSS or gene body regions.
The results indicated that 92% of target genes contain a single peak
and only 8% of genes contain two peaks. Among the target genes
with oneHDA101peak, 57%of genes are boundbyHDA101 in the
TSS, 29% in the TTS, and 14% in the gene body region (Figure 4E).
We further tested the relationship between HDA101 binding lo-
cation in theTSS,genebody, andTTS regionwithgeneexpression,

gene length, and tissue specificity of the target genes; however, we
found that theHDA101 locationwithin a genedoes not relate to any
of these features (Supplemental Figure 5).

Loss of HDA101 Binding Correlates with Increased
Histone Acetylation

Previous reports indicated that HDA101 has HDAC activity and its
overexpression in maize seedlings correlates with a decrease of
acetylation in different lysine residues (Lechner et al., 2000; Rossi
et al., 2003, 2007). Accordingly, we assessed the correlation be-
tween HDA101 protein levels and histone acetylation in 4-, 8-, and
12-DAPseedsof thehda101-1mutant andB73 (Figures5Aand5B).
The level of histone H3 acetylated at lysine 9 and 14 (H3ac) and of
histone H4 acetylated at lysine 5, 8, 12, and 16 (H4ac) was detected
by immunoblot with specific antibodies. We found that at 4 DAP,
when HDA101 protein is not detectable in the hda101-1 mutant
(Figure 1D), the H3ac and H4ac levels were higher in hda101-1
mutantscomparedwithB73,with themajordifferencedetectable for
H4ac (Figure 5A). In the later seed developmental stages, when the
amount of HDA101 protein in the hda101-1mutant line returned to
the wild-type level or is more abundant than B73 (Figure 1D), the
hda101-1 mutant and B73 had similar levels of H3ac and H4ac
(Figure 5A). Analysis of the histone acetylation level at single lysine
residues, including H4K5ac, H4K8ac, H4K12ac, and histone H3
lysine9 (H3K9ac), showedsimilar results, althoughwe found that the
opposite relationship between HDA101 protein level and acetylation
differs for different lysine residues (e.g., HDA101 affects H4K5ac
level more than other lysine residues; Figure 5B). In conclusion, these
experiments indicate that loss of HDA101 in 4-DAP seeds is as-
sociated with a global increase of histone acetylation.
Since HDACs remove the acetyl group from histones of direct

target genes, we examined the correlation between HDA101
bindingandhistoneacetylation in itsdirect targets. To this end,we
performed ChIP-seq experiments with three biological repli-
cations in 4-DAP seeds of B73 wild-type plants to map the dis-
tribution of H4K5ac, which is a favored substrate of HDA101 in
these maize tissues (Figure 5B). As expected (Zhou et al., 2010;
Lauria and Rossi, 2011), we observed that H4K5ac was enriched
around the TSS of highly expressed genes, but not in silent genes
(Figure 5C; Supplemental Data Set 2). Interestingly, the level of
HDA101 binding also appeared to be positively correlated with the
amount of H4K5ac (Figure 5D).
To better investigate the relationship between HDA101 binding

and the level of histone acetylation at specific HDA101 direct

Figure 3. (continued).

ESR (yellow), embryo-surrounding region; SE (green), starchy endosperm; BIZ (purple), basal intermediate zone; CZ (black), conducting zone. The dif-
ferential expression of these genes in 4-DAP kernels of hda101-1mutant andwild-typeB73 plantswere identified based onRNA-seq analysis performed in
this study and is illustrated in the heat map at right. Individual gene IDs are shown.
(B)and (C)Real-timeRT-qPCRwasused toassess theRNA levelof10selectedgenes in4-DAPkernelofwild-typeB73and thehda101-1 (B)orhda101-2 (C)
mutant plants. The RT-qPCR data were normalized to the GRMZM2G027378 gene and represented as means 6SE (n = 3). GRMZM2G027378 was
constitutively expressed during grain development (Li et al., 2014). The single and double asterisks represent significant differences determined by the
Student’s t test at P < 0.05 and P < 0.01, respectively.
(D)RT-qPCRquantification of theRNA level of sixBETL-specificgenes in seedsofwild-typeB73andhda101-1mutant plants. Seedswere harvested at the
indicated developmental stages. The data were normalized to GRMZM2G027378.
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targets, we performed ChIP-seq experiments with three repli-
cations in the hda101-1 mutant line (Supplemental Data Set 3).
Among the HDA101-bound genes, 34.13% exhibited increased
H4K5ac levels in the hda101-1mutant comparedwithB73 (Figure
5E). The increase of H4K5ac in other direct HDA101 targets was
not detected, likely due to different effects associated with

HDA101 activity (e.g., other histone lysine residuesmay be targeted
by HDA101). These results were validated by ChIP-qPCR on six
randomly selected HDA101 direct targets that exhibited increased
H4K5ac in the hda101-1 mutant. The experiment was performed
using chromatin extracted from both hda101-1 and hda101-2
mutant lines. The results showed that, in five of these genes, the level

Figure 4. Genome-Wide Mapping of HDA101 Binding Sites in Maize 4-DAP Seeds.

(A)RepresentativeHDA101bindingpeaks shownby the IntegratedGenomeBrowser. Thesepeaksareuniquelyor statistically significantly enriched inwild-
typeB73comparedwith thehda101-1mutant. Thegene structure is shown (in yellow), andpeaks inB73and thehda101-1mutant are indicated ingreenand
pink, respectively.
(B)Distribution ofHDA101 protein binding siteswith respect to genes (left panel) and to transposable elements (TEs) (right panel) alongmaize chromosome
1. The x axis represents different positions in chromosome 1; y axis of left-side scale represents number of HDA101 binding reads per 1Mb; y axis of right-
side scale represents number of genes per 1 Mb (left panel) and number of repeat regions per 1 Mb (right panel).
(C) Distribution of HDA101 binding regions (right) relative to the overall maize genome gene structure (left).
(D)Profiles of HDA101 binding across 59 gene ends, 39 gene ends, and gene body regions of geneswith high, medium, low, and silent expression. TSS and
TTS represent the transcription start site and transcription termination site, respectively.
(E) The target genes bound by HDA101 are divided into three types, based on HDA101 distribution in the TSS, gene body, and TTS region. Representative
HDA101 binding peaks by the Integrated Genome Browser are shown at the bottom. The gene structure is shown (in yellow), and peaks in B73 and the
hda101-1 mutant are indicated in green and pink, respectively.
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of H4K5ac increased in 4-DAP seeds of hda101-1 and hda101-2
mutants compared with wild-type B73 (Supplemental Figure 6).

Subsequently, we identified the gene regions where H4K5ac
level increases following the loss of HDA101 binding. To this end,
the genes where loss of HDA101 binding in the hda101-1mutant
corresponds with an increase of H4K5ac level were subdivided
into three categories, depending on the localization of HDA101
binding in the TSS, gene body, and TTS regions. The results
(Figure 5F) show that loss of HDA101 binding in the TSS and TTS
regions induces an increase of H4K5ac level around the TSS,
where most of this histone mark localizes (Figure 5C), although
removal of HDA101 from the TTS also led to a slight increase in
other gene regions. Conversely, when loss of HDA101 binding
occurred in the gene body region, increased H4K5ac was de-
tected throughout the entire gene.

Collectively, these results suggest that one major function of
HDACs is to remove the acetyl group from its direct targets.

Loss of HDA101 Differentially Affects Expression of
Direct Targets

To analyze the relationship between loss of HDA101 binding,
histone acetylation, and gene expression, we performed RNA-seq

experiments with three biological replications to examine the
differences of transcript levels between 4-DAP seeds of B73 and
the hda101-1mutant.We found that 2030 differentially expressed
transcriptswere upregulated and 1784were downregulated in the
hda101-1 mutant (P value < 0.05; Supplemental Data Set 4). We
validated the results by performing RT-qPCR of 17 randomly
selected sequences, showing that transcript variation of 13 of
these sequences was consistent with the RNA-seq analysis
(Supplemental Figure 7). The Gene Ontology (GO) functional
annotation of differentially expressed genes revealed that upreg-
ulated genes were highly enriched in pathways related to regulation
of gene expression, transcription, regulation of macromole-
cule metabolic process, response to abiotic stimulus, and regu-
lation of metabolic process. Conversely, the downregulated
genes were enriched in pathways related to carbohydrate met-
abolic process, response to stimulus, and stress (Supplemental
Figure 8). If the molecular function pathway is considered, the
GO analysis showed that upregulated genes were enriched in
transcription regulator, transcription factor and transferase ac-
tivity, and kinase activity, while downregulated genes were en-
riched in transporter, chromatin binding, catalytic, and hydrolase
activity (Supplemental Figure 8). This observation corroborated

Figure 5. Correlation between HDA101 Loss and Histone Acetylation.

(A) Immunoblot to detect the global H3ac and H4ac levels in 4-, 8-, and 12-DAP seeds of hda101-1mutant and wild-type B73 plants. Protein loading was
assessed using an antibody that recognizes histone H3, independently by its posttranslational modifications (indicated in the figure as H3). Three rep-
licationswereperformedand thesignals for thebandsweremeasuredusingQuantityOnesoftware (Bio-Rad). Thevalueof theopticaldensity is labeled in the
figure and used to quantify the abundance of the hybridizing polypeptide.
(B) As in (A), but antibodies specific for distinct lysine residues were used (i.e., H3K9ac, H4K5ac, H4K8ac, and H4K12ac).
(C)Profiles ofH4K5ac level across 59gene ends, 39gene ends, andgenebody regions of geneswith high,medium, low, and silent expression. TSSandTTS
represent the transcription start site and transcription termination site, respectively. RepresentativeH4K5ac level peaks by the IntegratedGenomeBrowser
are shown, the gene structure is reported in yellow, and peaks of H4K5ac in B73 and the hda101-1mutant are indicated in green and pink, respectively.
(D) The correlation between HDA101 binding and H4K5ac level among the HDA101 target genes.
(E) Variation of H4K5ac level in the HDA101 targets by comparison of hda101-1 mutant and B73 as determined by ChIP-seq analysis.
(F)Variation of H4K5ac level in 4-DAP seeds of wild-typeB73 and the hda101-1mutant for three types of HDA101 direct targets, subdivided on the basis of
the region bound by HDA101 (i.e., TSS, gene body, and TTS region).
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the previous findings that HDA101 affects several biological pro-
cesses (Rossi et al., 2007).

Subsequently, we determined the expression alteration of the
2586 HDA101 direct targets that exhibited an increase of H4K5ac
levels in thehda101-1mutant. The results indicated that among the
2586HDA101targets,1773(68.56%)genesarehighlyexpressedor
intermediately active, and 92.4% of these do not show changes in
expression (Supplemental Figure 9). These findings indicate that
HDA101 preferentially binds transcriptionally active genes to de-
crease their histoneacetylation levels; however, thisdoesnot affect
transcriptionof themajorityof target genes.Wealso found that only
127outof the2586geneswereupregulated in thehda101-1mutant
compared with B73 (Supplemental Data Set 5).

We next conducted a more detailed analysis of these genes,
where loss of HDA101 binding occurs along with histone
hyperacetylation and upregulation. The tissue-specific expres-
sion of these 127 genes was assessed in 48 different maize tis-
sues, using publicly available data from the PLEXdb database
(http://www.plexdb.org/; Sekhon et al., 2011). The heat map of
111 genes (the database lacked expression data for the remaining
genes) indicated that 93 (83.78%)genesshow lower expression in
maize seed tissues, among which 55 genes show a low transcript
level in themajority of tissues (Figure 6A). This result suggests that
thesegenesaresilencedorexpressedata low level in seed tissues
ofwild-typeplants.We further examined the expressionof the127
genes during seed development from 0 to 28 DAP, using the data
produced by Chen et al. (2014). The results indicated that 66
(64.71%) genes show a transition to downregulation from early
stage of seed development (0 to 4 DAP) to later stage (10 to 28
DAP), and 24 (23.53%) genes have lowexpression levels from0 to
28 DAP (Figure 6B).

These results suggest that expression of these genes is neg-
atively regulated during seed development. Hence, we asked
whether this feature is associated with HDA101 binding. To test
this hypothesis, we measured the expression of six randomly
selected genes from the set of 127genes at 4, 6, 8, 10, and12DAP
in the hda101-1 seeds and at 4 and 8 DAP in the hda101-2 seeds,
compared with B73. We found that four genes showed higher
expression levels in both hda101-1 and hda101-2mutants during
early seed development (Figure 6C; Supplemental Figure 10).
Subsequently, ChIP assays with anti-HDA101 antibody using
chromatin extracted from B73 wild-type seeds harvested at dif-
ferentdevelopmental stageswereperformedand indicated thatall
four genes are bound by HDA101 and that the binding is main-
tained throughout the early development of the seed (Figure 6D).
These findings suggest that the silencing or the low expression of
a small subset of direct HDA101 targets is, in fact, associatedwith
HDA101bindingand that itmaybe required for themaintenanceof
lower expression during seed development.

Identification of HDA101-Interacting Proteins

HDACs can be recruited by different transcription factors and
form multiple protein complexes, involved in various develop-
mental processes (Liu et al., 2014). To identify the proteins inter-
acting with HDA101, we used the HDA101-specific antibody for
coimmunoprecipitation assays with extracts from 4-DAP kernels of
B73. A protein extract from 4-DAP kernels of the hda101-1 mutant

was used as a negative control. The immunoprecipitated proteins
were separated on SDS gels and visualized by silver staining. This
experiment detected the presence of a polypeptide with the pre-
dicted molecular mass of HDA101 in extracts from B73, but not
from the hda101-1 mutant (Supplemental Figure 11A). However,
additional polypeptides were detected only in B73 extracts and
they were recovered from the SDS-PAGE gel for analysis by liquid
chromatography-tandem mass spectrometry. Seventeen proteins
were identified as potential HDA101 interactors (Supplemental
Data Set 6). Among them, the protein with highest coverage was
HDA101, which is recognized by HDA101 antibody. One of the
putative HDA101-interacting proteins was the MSI/RbAp-like pro-
tein NFC103/MSI1, belonging to the WD40 repeat-containing family
(Hennig et al., 2005). Another interesting polypeptide corresponded
tothemaizehomologof theSIN3-likeprotein, theSNL1corepressor,
which is a subunit of different HDAC-containing complexes in
Arabidopsis, mammals, and yeast (Song et al., 2005).
The interaction of HDA101 with NFC103 and SNL1was verified

using yeast two-hybrid assays (Supplemental Figures 11B and
11C). Results indicated that full-length HDA101 interacts with
both NFC103 and SNL1 full-length proteins. To determine the
specific regions of HDA101, NFC103, and SNL1 that are required
for interaction, we generated constructs expressing deleted
versions of the proteins. Similar to results reported in yeast
(Laherty et al., 1997), we found that theSNL1HID, but not thePAH
domain, is required for interaction with HDA101, whereas the
HDAC domain of HDA101 is essential for the interaction between
the two proteins (Supplemental Figure 11C). The a-helix and
WD40 domain of NFC103 and the N-terminal part of the HDAC
domain of HDA101 are required for interaction between NFC103
and HDA101 (Supplemental Figure 11C). Overall, our findings
indicate that HDA101 interacts with the two maize putative core-
pressors NFC103 and SNL1, thus suggesting that, similar to
other eukaryotic systems, maize HDA101 is a subunit of distinct
transcriptional repressor complexes.

DISCUSSION

Distinct Functions of Maize HDA101 in Active and
Inactive Genes

Aprevious studyshowed thatHDA101 is involved in the regulation
of gene transcription and in sequence-specific modulation of
histone modification (Rossi et al., 2007). However, the molecular
mechanisms of HDA101 in transcriptional regulation remain un-
clear. HDACs reset chromatin by removing acetylation; never-
theless, the mode of association between HDACs and gene
expression in yeast and human is a topic of debate (Wang et al.,
2009). In yeast, some reports suggest that HDACs act as tran-
scriptional corepressors, as they bind repressed genes and are
replaced by HATs only upon gene activation (Robert et al., 2004;
Berger, 2007). However, other reports from yeast and studies
performed inhumancells indicate thatHDACsaremainly targeted
to transcriptionally active genes by phosphorylated RNA Pol II,
while only a small subset of transcriptionally inactive genes are
directlyboundbyHDACs to repress their transcription (Kurdistani
et al., 2002; Wang et al., 2002; Wang et al., 2009). Similar to
the latter reports from yeast and mammals, our results provide
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Figure 6. HDA101 Is Associated with Negative Regulation of Gene Expression of a Subset of Direct Targets.

(A) The heatmap shows transcript variation in 48maize tissues for a subset of HDA101 direct targets that, in 4-DAP endospermof hda101-1mutant versus
wild-type B73, exhibit an increase of both H4K5ac and transcription. These data are publicly available from the PLEXdb database (http://www.plexdb.org/;
Sekhon et al., 2011).
(B) The heat map shows transcript variation of these genes (same as in [A]) during maize seed development from 0 to 28 DAP. The expression data were
reported by Chen et al. (2014).
(C)TheRNA level of fourHDA101 target genes in seeds at 4, 6, 8, 10, and12DAPof thehda101-1mutant. These genes are negatively regulatedduring seed
development and upregulated in transcription with H4K5ac increase in the hda101mutant. The relative expression of each gene (y axis) was normalized to
GRMZM2G027378 and is represented as means 6 SE (n = 3).
(D)ChIPassays followedbyqPCRquantificationof theHDA101bindingprofileduring seeddevelopmentofB73 for four ofHDA101direct targets,whichexhibit
an increase of both H4K5ac and mRNA level in 4-DAP endosperms of hda101-1 and hda101-2 mutants compared with wild-type B73 plants. The HDA101
binding enrichment (y axis) was normalized to input and the non-target transposon Copia (AF398212) and represented as means 6 SE (n = 3).
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evidence that the maize Rpd3-type HDAC HDA101 employs two
different regulatory strategies for regulating transcriptionally ac-
tive and inactive genes in seeds at early developmental stages.

We found that transcriptionally active genes are the preferred
targets of HDA101. The binding occurs mainly in the TSS and to
a lesser extent in gene body regions. Moreover, loss of HDA101
binding is associated with an increase of H4K5ac in many of the
HDA101 direct targets. As suggested for mammalian HDACs,
HDA101may be recruited to active genes to reset their chromatin
modification state after initiation of transcription, thusmaintaining
an adequate level of histone acetylation (Wang et al., 2002; Wang
et al., 2009). In mammals and yeast, this activity is required to
prevent promiscuous transcription initiation from cryptic start
sites (Carrozza et al., 2005; Joshi and Struhl, 2005; Keogh et al.,
2005; Wang et al., 2009). Our observation that loss of HDA101
binding in the gene body region produces an increase of H4K5ac
throughout the entire gene region supports this scenario. More-
over, an additional function ofHDA101 binding at transcriptionally
active genesmaybe related to its requirement for regulation of the
turnoverof acetylatedhistones,which is faster ingeneswithahigh
transcription rate (Waterborg, 2002).

Interestingly, our RNA-seq data indicate that loss of HDA101
does not affect the transcript level of the majority of active genes
bound by HDA101. Wang et al. (2009) reported similar results in
mammalian cells, where treatment with HDAC inhibitors increased
the expression of only a minor fraction of hyperacetylated and
highly expressed genes (Keji Zhao, personal communication).
This finding can be explained by considering that, as mentioned
above, the major function of HDACs in active genes is not to
regulate their transcriptional rate, but to prevent the formation of
aberrant transcripts due to initiation of transcription from cryptic
start sites. Moreover, in our study, we employed transgenic lines
where the function of only one member of the large HDAC family
was impaired (i.e., onlyHDA101protein isaltered). Thismeans that
other Rpd3-HDAC-like enzymes are still active and may, at least
partially, compensate for the loss of HDA101. Different HDAC
types have some functional differences, associated with prefer-
ence towardaspecific lysine residue (Kölle et al., 1999). Therefore,
the loss of HDA101 should mainly determine the increase of
H4K5ac, which is its preferred substrate, and other HDACs may
not be able to compensate for this activity. However, it is also
unlikely that the increase of H4K5ac is sufficient to account for
major changes in gene expression of active genes. Indeed, it was
reported that gene expression is principally regulated by the
cumulative effect of acetylation at various histone lysine residues,
leading to alterations of chromatin accessibility (Dion et al., 2005;
Henikoff, 2005; Bannister and Kouzarides, 2011). That only
a global alteration of histone acetylation can affect expression
should be especially true for highly transcribed genes, where the
chromatin is easily accessible to RNA Pol II and only a simulta-
neous alteration of various factors should significantly affect the
transcriptional rate. In any case, further experiments will be re-
quired to reveal the precise roles and themechanisms of HDA101
function in regulating transcriptionally active genes. Furthermore,
additional efforts are required to establish whether binding of
active genes is specific for maize HDA101 and for its function in
seed development, or if this is a widespread feature of different
plant HDACs, in regulating histone acetylation in various organs.

For inactive genes, we also observed results analogous to those
reported for mammalian HDACs (Wang et al., 2002; Wang et al.,
2009). Indeed, our results show that HDA101 binding is required
for initiating and/or maintaining the repression and histone
deacetylation of a small subset of genes that have low expression or
are silenced during seed development. Two distinct, although not
mutuallyexclusive,mechanismscanexplain theHDA101-mediated
repression of these transcriptionally inactive genes. The first
mechanism involves the transient binding of HATs and HDA101 at
inactive genes, leading to the establishment of a chromatin state
that ispotentiated for activationor silencingupon receiving external
signals (Wang et al., 2009). The second mechanism involves
HDA101 binding to inactive genes along with corepressors and in
response to signals that induce repression (Shahbazian and
Grunstein, 2007). Our finding that HDA101 interacts with NFC103
and SNL1 supports thismechanism. In addition, other members of
the maize NFC/MSI family, namely, the NFC101/NFC102 proteins,
recruit Rpd3-type HDACs at genes involved in maize flowering,
suchas indeterminate1and theflorigengene zeacentroradialis8, as
well as at transposable elements, to promote their repression
(Mascheretti et al., 2013). Furthermore, Rpd3-type HDACs are
present inmultiprotein complexes alongwith distinct corepressors
in a wide range of eukaryotes (Shahbazian and Grunstein, 2007).
Similarly, in plants, these complexes act to repress transcription
during various physiological processes, including flowering, seed
maturation, and leaf development (Ma et al., 2013; Liu et al., 2014).

Relationship between HDA101 and Histone Acetylation

Maizewas used as amodel system to examine HDACactivity and
pioneering studies employed purified extracts from germinating
embryos to show that different proteins possess HDAC activity
(Lechner et al., 1996; Lusser et al., 2001). Subsequent studies
demonstrated that these proteins are encoded by hda genes,
including hda101 (originally named HD1B-I and ZmRpd3I) (Rossi
et al., 1998; Lechner et al., 2000). A previous study (Rossi et al.,
2007) and our results provide further evidence that HDA101 is
associated with the removal of acetyl groups from histone tail
lysine residues. Indeed, we show that loss of HDA101 affects the
global levels of different acetylated histones and induces an in-
crease of H4K5ac in 34% of the HDA101-bound genes. Never-
theless, 63% of its direct targets do not show alterations of
H4K5ac levels. This observation can be explained in several
ways. First, HDA101 may affect different lysine residues in dif-
ferent targets. Indeed, posttranslational modification of HDACs,
possibly affecting the presence of these enzymes in distinct
complexes, can modulate the substrate specificity of HDACs
(Kölle et al., 1999). In addition, HDAC substrate specificity can be
influenced by distinct patterns of preexisting histone mod-
ifications, which can specify different targets (Rossi et al., 2007). A
secondpossibility is that lossofHDA101 is not sufficient to induce
hyperacetylation of all direct targets because these genes can also
be targetedbydifferentHDACs thatact redundantlywithHDA101.
In this context, it is worth noting that Rossi et al. (2007) found that
the seedlings of an hda101mutant line showed no changes in the
transcript and protein levels of other Rpd3-type HDACs. Finally,
HDA101bindingmaynotnecessarily lead tohistonedeacetylation
in all direct targets. Indeed, HDAC activity may be induced only
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upon receiving specific signals and/or along with the binding of
additional components (e.g., cofactors and corepressors) of the
histone-modifying complexes.

HDA101-Mediated Regulation of Specific Genes during
Seed Development

In this study, we used the ChIP-seq approach to identify genes
directly bound by HDA101 (i.e., HDA101 direct targets) in 4-DAP
seedsof theB73 inbred line. In addition,weemployedRNA-seq to
analyze transcriptome changes in 4-DAP seeds of hda101 mu-
tants compared with B73, thus revealing the totality of genes (i.e.,
direct plus indirect HDA101 targets) whose expression is affected
byHDA101. The results provide several insights into theHDA101-
mediated regulation ofmaize seed development. For example, an
important observation arising from our study is that most of the
genes associated with HDA101 binding, which concomitantly
exhibit analterationof their transcript levels, havea tissue-specific
expression,with lower expression in theseed. InB73, thisgroupof
genes is downregulated or silenced by HDA101. Although the
exact biological functions of these genes during seed de-
velopment are currently unknown, our findings suggest that their
expression must be negatively regulated to allow correct seed
development.Wealso report thatmost of themarkers for seedcell
differentiation and especially for BETL formation are down-
regulated in the hda101 mutants. These genes are not bound by
HDA101; hence, they represent indirect targets. These targets
include mrp-1, which encodes a MYB-like transcription factor,
identified as a key regulator of transfer cell differentiation (Gómez
et al., 2009).MRP-1protein transcriptionally activates anumber of
transfer cell-specific genes (Gómez et al., 2002), including ma-
ternally expressed gene1 (meg1) (Gutiérrez-Marcos et al., 2004),
betl-1 and betl-2 (Gómez et al., 2002), and tcrr-1 (Muñiz et al.,
2006). Our results showed that, in addition to mrp-1, all of the
targets of MRP1 are also downregulated in the hda101 mutants.
These findings suggest that HDA101 acts upstream ofmrp-1 and
possibly of other transcription factor-encoding loci to regulate
transfer cell differentiation. Since we found that most of the
HDA101 direct targets do not exhibit variation in their transcript
level following loss ofHDA101 in 4-DAPseeds, it can bepredicted
that, similarly to mrp-1, the major effect of HDA101 in regulating
gene expression occurs indirectly, as HDA101 may bind and
modulate expression of only a few key regulators.

HDA101-Mediated Regulation Is a Key Step in Transfer Cell
Development and May Determine Seed Size

The BETL is one of the first tissue types to be recognizable in the
early developingendosperm (Olsen, 2004). It forms in theperipheral
cell layer of the endospermat thebase of the kernel, adjacent to the
pedicel tissues of the maternal plant and facilitates the flow of
assimilates into the starchy cells. Several lines of evidence indicate
that defects of transfer cell development affect solute uptake by the
developing kernel, leading to a reduction of grain size. For example,
meg1 positively regulates transfer tissue development and function,
thereby promoting the nutrient uptake capacity of the seed and
ultimately increasing biomass yield (Costa et al., 2012). The empty
pericarp6 mutant also affects the differentiation of BETL cells and
theexpressionofBETLmarkergenes, leading toearly arrest ingrain

development (Chettoor et al., 2015). Similarly, the reduced grain
filling1 mutation is associated with reduced expression of BETL
markers and induces a 70% decrease in seed weight at maturity
(Maitz et al., 2000). Finally, the globby1, empty pericarp4, and
baseless1 mutants exhibit abnormal BETL in early seed devel-
opment and ultimately show aborted seed phenotypes (Costa
et al., 2003;Gutiérrez-Marcosetal., 2006,2007). In agreementwith
the previouslymentioned reports, our results indicate that HDA101
loss is associated with defects in the BETL region and with indirect
downregulation of BETL-specific marker genes, suggesting that
thesealterations lead tothephenotypeofsmallerseedsobserved in
hda101mutant lines. This observation increases our knowledge of
the involvement of chromatin-relatedmechanisms in the regulation
ofmaizegrain size, thusopeningupnewstrategies tomodulate this
key agronomic trait that is associatedwith improved yield and seed
quality.

METHODS

Plant Materials

Production of hda101-overexpressing OE1 and OE51 transgenic lines
(renamed hda101-1 and hda101-2 mutant lines in this article) and their
introgression into the B73 genetic background was described by Rossi
et al. (2007). Theseplants, alongwith thewild-typeB73control,weregrown
in the experimental field in Shangzhuang (China Agricultural University,
Beijing). The kernels of hda101-1were harvested at 2, 3, 4, 6, 8, 10, and 12
DAP, and the kernels of hda101-2 were harvested at 4 and 8 DAP and
stored at 280°C for experiments during the years 2012 to 2014.

Generation of Transgenic Arabidopsis thaliana

The cDNA of hda101 containing the full-length open reading frame was
amplified by PCR with the primer pair hda101-ORF-L and hda101-ORF-R
(Supplemental Data Set 7). The amplified fragment was cloned into the
pENTR/D-TOPO entry vector (Life Technologies) and was then re-
combined into the pEarleyGate 101 (C-YFP-HA) destination vector, fol-
lowing the manufacturer’s instructions. This construct was used to
transform Arabidopsis (Col-0) via the floral dip method using Agro-
bacterium tumefaciensstrainGV3101 (CloughandBent, 1998). Transgenic
plants were selected on 0.53 Murashige and Skoog medium containing
0.1% herbicide (BASTA). The herbicide-resistant seedlings were trans-
ferred to amixture of soil and vermiculite (2:1), and homozygous lines were
generated by self-fertilization.

Immunoblots

The harvested kernels were ground in liquid nitrogen and the powder was
extracted with 43 loading buffer (200 mM Tris-HCl, pH 6.8, 40% glycerol,
8%SDS, and 20%b-mercaptoethanol) at 65°C for 5min. The solutionwas
placed on ice for 5 min and centrifuged for 10 min at 12,000g at room
temperature.Theproteinextractswere thenseparatedon10%SDS-PAGE
and transferred to a PVDF membrane (Bio-Rad 162-0177) for 60 min,
300mA in temperature-controlled conditions. Themembranewasblocked
using incubation with 5% defatted milk for 1 h. The primary antibody
(1:5000), dissolved in 5% defatted milk in 13 TBST (13 TBS with 0.1%
Tween 20), was incubated at 4°C overnight. After washing three times for
10 min with 13 TBST, the secondary antibody (1:3000) was added in 5%
defatted milk-13 TBST solution and incubated for 1 h, followed by three
additional washing steps of 10 min with 13 TBST. For detection, the two-
component reagent Clarity Western ECL Substrate (Bio-Rad 170-5060)
was used. The signal was exposed and detected with x-ray film. Three
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replications were performed and the band signals were measured using
QuantityOne software (Bio-Rad). The value of the optical densitywas used
to quantify the abundance of the hybridizing polypeptide. The difference
was analyzedbyFisher’s LSD test, anddifferent letters indicatemeans that
differ significantly (P < 0.05).

Histological Analysis

ImmatureB73andhda101-1mutantseedsweresampledfromthecobsofears
from 2 to 6 DAP. Kernels were fixed in FAA solution (63% ethanol, 5% acetic
acid, and2%formaldehyde) for 10minat room temperature. After dehydration
in a graded ethanol series, sections were slowly infiltrated with Steedman’s
wax, sectionedat 10mmwith amicrotome, adhered to cover slips coatedwith
Mayer’s egg albumin adhesive, and dewaxed with absolute ethanol. Sections
(10 mm) were stained with safranin-fast green. Images were collected using
aNikonEclipseTi inverted researchmicroscope. Theendospermcell numbers
were manually calculated for three kernels and the differences between B73
and the hda101-1 line were determined by Student’s t test.

RT-qPCR Analysis

Reverse transcription was performed using the Reverse Transcriptase
M-MLV (RNase H2) following the manufacturer’s instructions. Real-time PCR
was performed using the SYBR Green I Master Mix on a CFX96 real-time
system (Bio-Rad).PCRconditionswereas follows: 94°C for5min, followed
by40cyclesof94°C for15s,60°C for15s,72°C for20s, and then72°C for5
min. Relative transcript amount differences were calculated using the
22DCT method (Livak and Schmittgen, 2001). For each sample, the PCR
amplification was repeated three times, and the average values of 22DCT

were used to determine the differences of gene expression by Student’s
t test. Three biological replicationswere performed and the results showed
similar trends; thus, one replication was shown in the figures.

ChIP Assay and Analysis of ChIP-Seq Data

ChIP-seq using antibody against HDA101 inB73and the hda101-1mutant
was performed with two replications. ChIP-seq using antibody against
H4K5ac in B73 and the hda101-1 mutant was performed with three rep-
lications. Maize (Zea mays) kernels were cross-linked with 1% formalde-
hyde inGBbuffer (0.4Msucrose, 10mMTris-HCl,pH8.0, and1mMEDTA).
Fixation was done with 20 min of vacuum infiltration at room temperature
and was stopped by adding glycine at 0.17 M final concentration followed
by 5 min of vacuum infiltration at room temperature. Fixed samples were
washed three timeswithwater at 4°C,driedwith towels, frozen, andground
to powder in liquidN2. Nuclei pelletswere suspended in a buffer containing
0.25 M sucrose, 10 mM Tris-HCl, pH 8, 10 mM MgCl2, 1% Triton X-100,
5 mM b-mercaptoethanol, 0.1 mM PMSF (Sigma-Aldrich; P7626), and
protease inhibitors (one mini tablet per milliliter; Roche). The suspensions
were transferred tomicrofuge tubes and centrifuged at 12,000g for 10min.
The pellets were suspended in 1.7M sucrose, 10mMTris-HCl, pH 8, 2mM
MgCl2, 0.15%Triton X-100, 5mMb-mercaptoethanol, 0.1mMPMSF, and
protease inhibitors (one tablet in 30mLsolution;Roche11873580001), and
centrifuged through a layer of the same buffer in microfuge tubes. The
nuclear pellets were lysed in a buffer containing 50 mM Tris-HCl, pH 8,
10 mM EDTA, 1% SDS, and protease inhibitors (one tablet in 30 mL so-
lution; Roche 11873580001). The lysed nuclei were sonicated with a Bio-
ruptor (UCD-200) in a water bath at 4°C for 30 cycles with 30 s on and 30 s
off. Immunoprecipitation was performed using 10 µg of chromatin, fol-
lowing a previously described protocol (Locatelli et al., 2009). Typically,
10mL of affinity-purified anti-HDA101 and 5mgofH4K5ac (Millipore 07-327)
were used for immunoprecipitation. The precipitated DNA was dissolved in
30 mL 10 mM Tris-HCl, pH 7.5, and treated with RNase (DNase-free).

TheChIP-SeqDNAsampleprep kit (Illumina)wasused toprepareChIP-
seq libraries following the manufacturer’s instructions. The HiSeq 2500

sequencing system was used to sequence the libraries. Finally, ;2 GB
high-quality 100- or 125-bp paired-end reads were generated from each
library. ChIP-seq reads were mapped to the B73 genome (release AGPv3)
using Bowtie2 (version 2.2.4; parameters:–no-unal–sensitive -I 0 -X 600–
fr–end-to-end -3 5–non-deterministic -p 15–phred33–no-discordant)
(Langmead and Salzberg, 2012) with default parameters, and only unique
alignments were kept by a customized PERL script. The SAM-formatted
output files generated by Bowtie2 were transformed to BAM format, fol-
lowed by sorting and index using Samtools 0.1.19 (Li et al., 2009). Peaks
were called by MACS2 (-g 2.06e+9 -B–SPMR) (Zhang et al., 2008), and all
duplicate reads were included in HDA101 and H4K5ac ChIP-seq and the
q-value cutoff applied to calculate statistical significancewas<0.05.Other
parameters were set to default values. The abundance of the HDA101
ChIP-seq reads was normalized to the corresponding input, the relative
enrichmentwas calculated as a ratio of the values for B73 over those of the
hda101-1mutant, and HDA101 binding sites were defined as regions with
53 or higher HDA101 signal in B73 with respect to the hda101-1 mutant
line. The genomic regions enriched with H4K5ac were determined by
comparing the ChIP library with the input DNA library. The differential
analysis between hda101-1 mutant and B73 were determined by running
MACS2 on hda101-1 against B73 and vice versa. The peak summits were
employed to define the location types in the genomes, using the sub-
command intersectBed included in BEDTools (Quinlan andHall, 2010) and
custom-made PERL scripts. TheWindowBed subcommand, contained in
BEDTools, was used to identify the peaks within the genic regions (in-
cluding 5 kb up- and downstream of the gene). Peak annotation was
performed using PeakAnalyzer (Salmon-Divon et al., 2010).

ChIP-qPCR

The ChIP experiments were performed with three biological replications
with similar results. The immunoprecipitatedandpurifiedDNAwasused for
quantitative real-time PCR in three replications to amplify the examined
target sequences. The fold enrichment was normalized to the input
chromatin and then thecontrol gene,which is indicated in thefigure legend.
The fold enrichment is represented as mean 6 SE.

RNA Sequencing

Total RNAwas isolated from4-DAPseedsofB73and thehda101-1mutant
line with three biological replications using a TRIzol kit (Invitrogen), ac-
cording to the manual. Paired-end sequencing libraries with an average
insert sizeof 400bpwerepreparedwith aTruSeqRNASample Preparation
Kit v2 (Illumina) and sequenced on the HiSeq2000 (Illumina) according to
the manufacturer’s instructions. Raw data obtained from Illumina se-
quencing were processed and filtered using the Illumina pipeline (http://
www.Illumina.com) to generate FastQ files. Finally, ;4 Gb high-quality
100- or 125-bp paired-end reads were generated from each library.
RNA-seq reads were aligned to the maize B73 reference genome
AGPv3 (Schnable et al., 2009) using Splice Junction Mapper TopHat2
version 2.0.9 with parameters–segment-mismatches 1–segment-length
50–no-coverage-search–microexon-search–mate-std-dev 120 -p 10 -i 30
-I 8000 -g 20 -a 4 -N 5–read-edit-dist 5 –r 40 or 100 (Kim et al., 2013) with
build-in Bowtie2 mapping program. HTseq (http://www-huber.embl.de/
users/anders/HTSeq/doc/overview.html)wasused to count the read counts
mapped to eachof the hgenes. The read countswere then normalized to the
reads per kilobases permillion reads to show the relative level of expression.
Bioconductor package “edgeR” (ver. 3.2.3) was used for differential ex-
pression analysis (Robinson et al., 2010). The genes showing an absolute
value of log2 (fold change; hda101-1mutant/B73)$1 and adjusted P value
(false discovery rate) of < 0.05 were considered as differentially expressed
genes. Identification of GO categories significantly enriched within up- and
downregulated genes (P value # 0.05) was done using AgriGO (Du et al.,
2010).

HDA101 Direct Targets in Maize Seed 641

http://www.Illumina.com
http://www.Illumina.com
http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html
http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html


Coimmunoprecipitation Assays

B73 kernels at 4 DAP were collected and ground in liquid nitrogen. Protein
extracts were prepared in immunoprecipitation buffer (2.7mMKCl, 137mM
NaCl, 10 mM Na2HPO4, 2 mM KH2PO4, 0.5 mM b-mercaptoethanol, and
1 mM PMSF) and 1% protease cocktail (Roche 04693132001). The sus-
pension was homogenized with a homogenizer for 2 min on ice and filtered
through two layersofMiracloth.Thesolubleprotein fractionwascollectedby
two rounds of centrifugation at 13,000g for 20 min at 4°C. The supernatant
was precleared by adding 40 mL of protein A-decorated Dynabeads (In-
vitrogen10002D)at4°Cfor1h.Thetubewasplacedonthemagnet toremove
the beads. The solutionwas incubatedwith 8mL ofHDA101 antibody at 4°C
overnight and then 60 mL of Dynabeads was added to the solution and
incubated at 4°C for 3 h. The beads were collected and washed three times
for 10 min with 1 mL immunoprecipitation buffer. Beads were heated for
10 min at 70°C with 40 mL 13 loading buffer (50 mM Tris HCl, pH 6.8, 10%
glycerol, 2% SDS, and 5% b-mercaptoethanol). Purified proteins were
separatedby10%SDS-PAGE.Thegelswerestainedbysilverstaining,andall
visualized bandswere digestedwith trypsin (final concentration 0.067 µg/µL)
and identified using liquid chromatography-tandem mass spectrometry
analysis as previously described (Nallamilli et al., 2013).

Yeast Two-Hybrid Assays

The coding sequences of hda101 were amplified by primer sets listed in
Supplemental Data Set 7 and cloned into the pGADT7 vector. The snl1 and
nfc103 sequences were introduced into the pGBKT7 vector. The plasmids
were transformed into the yeast strain AH109 and yeast cells were grown
on minimal medium (-Leu/-Trp) at 30°C for 2 d according to the manu-
facturer’s instructions (Clontech). The positive colonies were plated onto
minimal medium (-Leu/-Trp/-His/-Ade) containing 20 mg/mL 5-bromo-4-
chloro-3-indolyl-a-D-galactopyranoside (X-alpha-gal; Clontech 630462)
to test for possible interactions.

Antibodies

The peptide epitope located between amino acid 466 and 475 of the
HDA101 sequence was used to produce a specific mouse monoclonal
antibody, which was performed by Abmart. The antibodies used in im-
munoblots and ChIP were purchased from Sigma-Aldrich (actin, A0480),
Millipore (H3ac [06-599], H4ac [06-598], H3K9ac [07-352], H4K5ac [07-327],
H4K8ac [06-760], H4K12ac [07-595]), and Abcam (H3, ab1791).

Primers for RT-qPCR and ChIP-qPCR

The PCR primer sequences used in this study are listed in Supplemental
Data Set 7.

Accession Numbers

Gene IDnumbers for all sequences described in this research can be found
in Supplemental Data Set 7.All high-throughput sequencing data are
available at the National Center for Biotechnology Information Sequence
Read Archive (http://www.ncbi.nlm.nih.gov/sra) under accession number
SRP067369.
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Supplemental Figure 1. Alignment of amino acid sequences of
different maize Rpd3-type HDACs.

Supplemental Figure 2. Analysis of the hda101 transcript level in
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Supplemental Figure 3. ChIP-quantitative PCR assay for 12 loci
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gene length, and tissue specificity of the target genes.
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HDA101 target genes.
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expressed in 4-DAP seeds of hda101-1 mutant and B73 plants.
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Supplemental Figure 10. The RNA level of four HDA101 target genes
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Supplemental Data Set 1. Peaks corresponding to HDA101 binding
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Supplemental Data Set 2. H4K5ac distribution in wild-type B73 and
hda101-1 mutant.
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