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ABSTRACT

Genomic imprinting is often associatedwith allele-specific epigeneticmodifications. Althoughmany reports

suggested potential roles of DNAmethylation andH3K27me3 in regulating genomic imprinting, the contribu-

tionsof allele-specificactivehistonemodifications to imprinting remain still unclear inplants.Here,we report

the identification of 337 high-stringency allele-specificH3K4me3 andH3K36me3peaks inmaize endosperm.

Paternally preferred H3K4me3 and H3K36me3 peaks mostly co-localized with paternally expressed genes

(PEGs), while endosperm-specific maternally expressed genes (endo-MEGs) were associated with mater-

nally preferredH3K4me3 andH3K36me3 peaks. A unique signature for PEGswas observed, where the active

H3K4me4 andH3K36me3 aswell as repressive H3K27me3 appeared together. At the gene body of con-PEGs

(constitutively expressed PEG), H3K27me3 and H3K36me3 were specifically deposited on hypomethylated

maternal alleles and hypermethylated paternal alleles, respectively. Around the transcription start sites of

endo-MEGs, DNAmethylation and H3K4me3 specifically marked paternal andmaternal alleles, respectively.

In addition, 35maternally expressed non-codingRNAs exhibited the same allele-specific epigenetic features

as endo-MEGs, indicating similar mechanisms for the regulation of imprinted genes and non-coding RNAs.

Taken together, our results uncover the complex patterns of mutually exclusive epigenetic modifications

depositedatdifferentallelesof imprintedgenes thatare required forgenomic imprinting inmaizeendosperm.
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INTRODUCTION

Genomic imprinting, a classic epigenetic phenomenon identified

first in maize (Kermicle and Alleman, 1990), arises from allele-

specific epigenetic modifications that are generally believed to

be established during gametogenesis (Huh et al., 2008; Raissig

et al., 2011; Kawashima and Berger, 2014). In flowering plants,

genomic imprinting occurs primarily in the endosperm, which

provides an energy source for embryos and germinating seeds.

So far, several hundred imprinted genes have already been

identified in a number of species such as Arabidopsis, rice,

maize, sorghum, and caster bean (Gehring et al., 2011; Hsieh
442 Molecular Plant 10, 442–455, March 2017 ª The Author 2016.
et al., 2011; Luo et al., 2011; Waters et al., 2011; Wolff et al.,

2011; Zhang et al., 2011, 2016; Xin et al., 2013). One of the major

questions on imprinting in plant endosperm is how the allele-

specific epigenetic modifications are established to determine

the parent-of-origin-dependent expression of imprinted genes.

DNA methylation is an important epigenetic modification involved

in regulating gene expression. Several studies have shown that

mailto:jlai@cau.edu.cn
http://dx.doi.org/10.1016/j.molp.2016.10.007


Maize Genomic Imprinting Regulation Molecular Plant
DNA methylation plays an important role in the allele-specific

expression of imprinted genes. A number of maternally expressed

imprinted genes (MEGs) and paternally expressed imprinted

genes (PEGs) are shown tobe regulatedby theDNAdemethylation

glycosylaseDEMETERand/or theDNAmethyltransferaseMET1 in

Arabidopsis (Kinoshita et al., 2004; Jullien et al., 2006; Tiwari et al.,

2008; Hsieh et al., 2011; Wolff et al., 2011). In addition, many

imprinted genes are associated with differentially methylated

regions (DMRs) where the maternal alleles are hypomethylated

and the paternal alleles are hypermethylated (Lund et al., 1995a,

1995b; Gutierrez-Marcos et al., 2004, 2006; Haun et al., 2007;

Jahnke and Scholten, 2009; Du et al., 2014). The genome-wide

high-resolution allele-specific DNA methylation maps and their

association with the allele-specific expression of MEGs and

PEGs have been established recently in Arabidopsis, rice, and

maize endosperm (Zhang et al., 2011; Ibarra et al., 2012;

Rodrigues et al., 2013; Zhang et al., 2014a).

Histone modifications represent another layer of epigenetic

modifications. Genome-wide analyses have demonstrated that

several types of histone modifications are associated with the

expression or repression of genes in many organisms (Li et al.,

2008; Wang et al., 2009; Zhang et al., 2009). For instance,

H3K4me3, H3K36me3, and H3K9Ac are typically associated

with transcriptional activation, while H3K27me3 and H3K9me2

are associated with transcriptional repression in general.

Repressive histone modification H3K27me3 mediated by

POLYCOMB REPRESSIVE COMPLEX 2 (PRC2) was shown to

be involved in the monoallelic expression of some imprinted

genes in plants. For example, the expression of the PHERES1

(PHE1), a PEG in Arabidopsis, required PRC2 targeting and

silencing of its maternal allele (Kohler et al., 2005). The

imprinting of many other MEGs and PEGs was also reported to

be subjected to regulation of the repressive PRC2 complex

through analysis of the transcriptome of fie or fis2 endosperm

in Arabidopsis (Hsieh et al., 2011; Wolff et al., 2011). In rice,

maternally preferred H3K27me3 in the gene body is required

for the paternal expression of OsYUCCA1 (Du et al., 2014).

Genome-wide allele-specific maps of H3K27me3 in maize

endosperm indicated that maternally preferred H3K27me3

peaks tend to locate around PEGs to silence the expression

of maternal alleles (Zhang et al., 2014a). In contrast to

the many reports about the requirement of repressive histone

modification on imprinting regulation, there is very limited

genome-wide information about the contribution of active histone

modifications to the allele-specific expression of imprinted genes

in plants, although the maternally enriched expression of three

MEGs (Mez1, Fie1, and Nrp1) were reported to require

H3K4me2, H3, and H4 acetylation (Haun and Springer, 2008).

Here, we reported the allele-specific profiles of H3K4me3 and

H3K36me3 modifications on a genome-wide scale in the endo-

sperm of maize at 12 days after pollination (DAP). More than

300 allelic-specific H3K4me3 and H3K36me3 peaks localized

to discrete genic and intergenic regions were found to

associate with both imprinted protein-coding genes and im-

printed non-coding RNAs. Integration of the allele-specific active

histonemodifications (H3K4me3 andH3K36me3) with allele-spe-

cific DNA methylation and repressive modification (H3K27me3)

provides a unique opportunity to understand the regulation of

genomic imprinting in maize.
RESULTS

Identification of Parent-of-Origin-Dependent H3K4me3
and H3K36me3 Peaks in Maize Endosperm

To investigate how active histone modifications contribute to

gene imprinting on a genome-wide scale, we performed RNA-

seq and ChIP-seq for 12 DAP maize endosperm from reciprocal

crosses of B73 and Mo17 inbred (B733Mo17 and Mo173 B73)

with histone H3 lysine 4 trimethylation (H3K4me3) and lysine 36

trimethylation (H3K36me3) antibodies (Supplemental Table 1).

Consistent with previous work on H3K4me3 and H3K36me3

profiles at genes in maize shoot and root (Wang et al., 2009),

H3K4me3 modifications were generally restricted to the

transcription start sites (TSS), and H3K36me3 modifications

were accumulated to high levels in gene bodies (Figure 1A

and 1B). Both H3K4me3 and H3K36me3 showed positive

correlation with transcriptional levels in maize endosperm

(Figure 1A and 1B).

A total of 38,139 H3K4me3 peaks and 21,833 H3K36me3 peaks

were identified in B733Mo17 (BM) andMo173B73 (MB) endo-

sperm samples by using MACS software (Figure 1C) (Feng et al.,

2012). Among the peaks identified, 23,493 H3K4me3 and 15,221

H3K36me3 peaks covering at least two SNPs and having at least

10 reads on both B73 and Mo17 alleles were used for identifying

allele-specific peaks (Figure 1C). As a result, 1,393 H3K4me3

peaks and 980 H3K36me3 peaks showed significant allelic

bias (c2 test; p < 0.05) in both BM and MB endosperm. Using

a more stringent criteria (>85% of reads from the maternal

allele or >60% of the reads from the paternal allele in both

BM and MB endosperm), a total of 337 high-stringency allele-

specific H3K4me3 and H3K36me3 peaks were identified,

including 174 maternally preferred H3K4me3 (mH3K4me3)

peaks, 30 paternally preferred H3K4me3 (pH3K4me3) peaks,

75 maternally preferred H3K36me3 (mH3K36me3) peaks, and

58 paternally preferred H3K36me3 (pH3K36me3) peaks

(Figure 1C). These results are quite different from the allele-

specific pattern of H3K27me3 where only maternally preferred

peaks were identified (Zhang et al., 2014a). To validate our

results above, four randomly selected candidate H3K4me3

and H3K36me3 peaks were tested by quantitative real-time

PCR. All four selected loci exhibited significant enrichment for

antibody compared with the control (Supplemental Figure 1).

Sanger sequencing of RT–PCR amplicons from 12 DAP

BM and MB endosperm for mH3K4me3, mH3K36me3,

pH3K4me3, and pH3K36me3 peaks proved the accuracy of

allele-specific peaks (Supplemental Figure 2). The preferred

location of the pH3K4me3 and pH3K36me3 peaks was

in genic regions (80%–90%), while only about 60% of

mH3K4me3 and mH3K36me3 peaks were located in genic

regions (Figure 1D), indicating that some mH3K4me3 and

mH3K36me3 peaks (�40%) may present in non-coding

regions, nearly half of which were located in non-transposable

element intergenic regions.
Co-localization of the Allele-Specific H3K4me3 and
H3K36me3 Peaks

Since H3K4me3 and H3K36me3 are both tightly associated

with active transcription, we investigated the co-localization

of the parent-of-origin-dependent H3K4me3 and H3K36me3
Molecular Plant 10, 442–455, March 2017 ª The Author 2016. 443



Figure 1. The Characteristics of H3K4me3 and H3K36me3 Peaks in Maize Endosperm.
(A and B) The enrichment profiles of H3K4me3 and H3K36me3 in genes with different expression levels. The expressed genes (FPKMR1) were divided

into five clusters based on their expression levels.

(C) The number of all H3K4me3 and H3K36me3 peaks, allelically analyzable H3K4me3 and H3K36me3 peaks, high-stringency maternally preferred

H3K4me3 and H3K36me3 peaks, and paternally preferred H3K4me3 and H3K36me3 peaks are shown.

(D) The proportion of allelic-specific H3K4me3 and H3K36me3 peaks in the genic or intergenic region of the maize genome. The genic region includes the

gene body and the region 2 kb up and down.

(E) The number of high-stringency pH3K4me3 peaks overlapping with all H3K36me3 peaks, allelically analyzable H3K36me3 peaks, H3K36me3 peaks

showing paternal bias, and high-stringency pH3K36me3 peaks (left). The number of high-stringency pH3K36me3 peaks overlapping with all H3K4me3

peaks, allelically analyzable H3K4me3 peaks, H3K4me3 peaks showing paternal bias, and high-stringency pH3K4me3 peaks (right). The numbers above

the bars indicate the number of high-stringency pH3K36me3 (left), high-stringency pH3K36me3 (right) overlapping with corresponding peaks.

(F) The number of high-stringency mH3K4me3 peaks overlapping with all H3K36me3 peaks, allelically analyzable H3K36me3 peaks, H3K36me3 peaks

showing maternal bias, and high-stringency mH3K36me3 peaks (left). The number of high-stringency mH3K36me3 peaks overlapping with all H3K4me3

peaks, allelically analyzable H3K4me3 peaks, H3K4me3 peaks showing maternal bias, and high-stringency mH3K4me3 peaks (right). The numbers

above the bars indicate the number of high-stringency mH3K36me3 (left), high-stringency mH3K36me3 (right) overlapping with corresponding peaks.
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peaks. For 30 pH3K4me3 peaks, 24 (80%) had corresponding

H3K36me3 peaks (Figure 1E). Of 22 pH3K4me3 peaks

overlapped with allelically analyzed H3K36me3 peaks (having

enough reads for allelic enrichment analysis), 21 (95.5%)

overlapped with significantly paternal bias H3K36me3 peaks,

and 15 (71.4%) overlapped with high-stringency pH3K36me3

peaks (Figure 1E). Similarly, 88.1% (37/42) of pH3K36me3

overlapped with significantly paternal bias H3K4me3 peaks

(Figure 1E). These results indicate that pH3K4me3 and

pH3K36me3 peaks mostly co-localize to each other.

We also analyzed the co-localization of mH3K4me3 and

mH3K36me3 peaks. For mH3K36me3 peaks, 84.1% (53/63)

overlapped with significantly maternal bias H3K4me3 peaks

(Figure 1F). Only 43.7% (76) of mH3K4me3 peaks had

corresponding H3K36me3 peaks (Figure 1F), although 78.9%

(56/71) overlapped with significantly maternal bias H3K36me3

peaks (Figure 1F). To clarify why about half of the mH3K4me3

peaks cannot overlap with H3K36me3 peaks, we checked the

genome distribution of mH3K4me3 peaks without corresponding

H3K36me3 peaks, and found that 26% of which were located

in the intron of active genes (Supplemental Figure 3A). We

speculated that the intronic H3K36me3 peaks were almost

indistinguishable from the H3K36me3 peaks deposited on the

whole body of the active genes, just as the H3K4me3 and

H3K36me3 peaks located on GRMZM2G471115 (Supplemental

Figure 3C). Moreover, we found that the remaining 74% of

mH3K4me3 peaks without corresponding H3K36me3 peaks

tended to mark protein-coding genes with low expression

levels or intergenic regions with low coverage (Supplemental

Figure 3B), so that the enrichment levels of corresponding

H3K36me3 were too low to be identified as peaks. Therefore,

most mH3K4me3 peaks would have corresponding mH3K36me3

peaks although some cannot be identified due to the limitations

of the method and the sequencing depth. Overall, similar

to the pH3K4me3 and pH3K36me3 peaks, the mH3K4me3

and mH3K36me3 peaks also mostly co-localize to each other.
Relationship between Imprinted Genes and the
Allele-Specific H3K4me3 and H3K36me3 Peaks

Deep RNA-seq using samples isolated from 12 DAP hybrid

endosperm tissues from the reciprocal crosses between B73 and

Mo17 were performed to identify imprinted genes. A total of 54

MEGsand 90PEGswere identifiedusing previously reported high-

ly stringent criteria (Zhang et al., 2011, 2014a), where the

expression level of active alleles must be at least five times that

of silenced alleles (Supplemental Table 3). The majority (81.0%)

of imprinted genes in this study were also identified in previous

works in which imprinted genes were identified using samples of

10 and 14 DAP endosperm (Waters et al., 2011; Zhang et al.,

2011). Meanwhile, 64.1% of imprinted genes in the two earlier

publications were identified in this study. The majority of

imprinted genes identified in the two earlier studies but not

included this time were not highly expressed (fragments per

kilobase of transcript per million mapped reads [FPKM] <1) in 12

DAP endosperm or did not reach our stringency criteria, although

showing allelic expression. Then, imprinted genes were divided

into subgroups based on their pattern of expressional tissue

specificity (Supplemental Figure 4). Twenty-eight constitutive

MEGs (con-MEGs), 24 endosperm-specific MEGs (endo-MEGs),
70 constitutive PEGs (con-PEGs), and 20 endosperm-specific

PEGs (endo-PEGs) were obtained.

To investigate the roles of H3K4me3 and H3K36me3 in the regu-

lation of genomic imprinting, we analyzed the allelic status of

H3K4me3 and H3K36me3 peaks located around imprinted

genes. Like all actively transcribed genes (FPKM R1) in endo-

sperm (Figure 2A), most of the endo-MEGs, con-PEGs, and

endo-PEGs (79%–100%) possessed H3K4me3 and H3K36me3

peaks, whereas 80% of con-MEGs possessed H3K4me3 peaks

and only 3 (13.3%) con-MEGs overlapped with endosperm

H3K36me3 peaks (Figure 2A). The possible reasons for the poor

correlation between con-MEGs and H3K36me3 modification are

discussed later. As observed, most of the H3K4me3 and

H3K36me3 peaks at endo-MEGs were preferentially enriched

on maternal alleles (Figure 2B). For 21 and 19 endo-MEGs over-

lapped with allelically analyzed H3K4me3 and H3K36me3 peaks,

85% and 84.2% were associated with H3K4me3 and H3K36me3

peaks with significant maternal bias, and 50% and 73.7% were

significantly associated with high-stringency mH3K4me3 and

mH3K36me3 peaks compared with non-imprinted genes (Fisher

test; both p < 2.2e-16), respectively (Figure 2C). By contrast, the

H3K4me3 and H3K36me3 peaks at both con-PEGs and endo-

PEGs displayed significantly preferred enrichment on paternal

alleles (Figure 2B). For 62 and 67 con-PEGs overlapped with

allelically analyzed H3K4me3 and H3K36me3 peaks, 71.0% and

95.5% were associated with H3K4me3 and H3K36me3 peaks

with significant paternal bias, and 22.3% and 43.3% were

significantly associated with high-stringency pH3K4me3 and

pH3K36me3 peaks (Fisher test; both p < 2.2e-16), respectively

(Figure 2C). For 17 and 16 endo-PEGs overlapped with allelically

analyzed H3K4me3 and H3K36me3 peaks, 82.3% and 87.5%

wereassociatedwithH3K4me3andH3K36me3peakswith signif-

icant paternal bias, and35.3%and68.8%were significantly asso-

ciated with high-stringency pH3K4me3 and pH3K36me3 peaks

(Fisher test; both p < 2.2e-16), respectively (Figure 2C). Hence,

the allele-specific transcription of endo-MEGs, con-PEGs, and

endo-PEGs were significantly associated with allele-preferred

deposition of H3K4me3 andH3K36me3, which are two active his-

tone modifications correlated with transcription initiation and

elongation (Barski et al., 2007; Guenther et al., 2007).

The profiles of epigenetic modifications at GRMZM2G170099

(endo-MEG), which encodes a PHD finger family protein, are

displayed in Supplemental Figure 5A. Both H3K4me3 and

H3K36me3 modifications at GRMZM2G170099 prefer to enrich

on maternal alleles. The integrated view of GRMZM2G110306

(con-PEG) and GRMZM2G127160 (ZmTar, endo-PEG) are shown

inSupplemental Figure 5B and 5C, encoding anAT-rich interactive

domain-containing protein and a tryptophan-aminotransferase-

related protein, respectively. As shown in Supplemental

Figure 5B and 5C, almost all SNPs within the H3K4me3 and

H3K36me3 peaks located at two PEGs exhibited significantly

paternal bias.
PEGs Are Characterized by Possessing H3K4me3,
H3K36me3, and H3K27me3 Modifications Altogether in
Endosperm

Using the data of H3K27me3 we generated previously (Zhang

et al., 2014a), we were able to investigate the involvement of
Molecular Plant 10, 442–455, March 2017 ª The Author 2016. 445



Figure 2. Relationship between H3K4me3, H3K36me3, and H3K27me3 Modifications and Subgroups of Imprinted Genes.
(A) The proportion of genes overlapping with all H3K4me3, H3K36me3, and H3K27me3 peaks identified in maize endosperm. con-MEGs, MEGs

expressed in many tissues; endo-MEGs, MEGs expressed specifically in endosperm; con-PEGs, PEGs expressed in many tissues; endo-PEGs, PEGs

expressed specifically in endosperm; expressed genes, all genes with FPKM R1 in endosperm.

(B) Allele-specific analysis of H3K4me3, H3K36me3, and H3K27me3 peaks at imprinted genes and non-imprinted genes. The x axis and y axis represent

the proportion of maternal reads for the peaks that had at least two SNPs and had at least 10 allelic reads in both reciprocal hybrids. The blue, green, and

pink points represent the allelic status of H3K4me3, H3K36me3, and H3K27me3 peaks at genes, respectively. Non-imprinted genes, genes not

significantly deviating from a 2:1 ratio of maternal allele to paternal allele in both reciprocal hybrids.

(C) Association of imprinted genes and non-imprinted genes with allele-specific H3K4me3, H3K36me3, and H3K27me3 peaks. The x axis represents

high-stringency maternally preferred H3K4me3 (mH3K4me3) peaks, maternally preferred H3K36me3 (mH3K36me3) peaks, maternally preferred

H3K27me3 (mH3K27me3) peaks, paternally preferred H3K4me3 (pH3K4me3) peaks, and paternally preferred H3K36me3 (pH3K36me3) peaks. The

proportions of imprinted genes and non-imprinted genes with those allele-specific peaks are shown on the y axis. Asterisks represents significant

association of imprinted genes with allele-specific peaks (Fisher test; p < 0.001), compared with that of non-imprinted genes.
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both the active (H3K4me3 and H3K36me3) and repressive

(H3K27me3) histone modifications at imprinted genes in the

same time. Interestingly, we found that 38 (54.3%) con-PEGs

and 12 (60%) endo-PEGs had H3K4me3, H3K36me3, and

H3K27me3 peaks, contrasting with 6.7% of con-MEGs,

no endo-MEGs, and 1.7% of non-imprinted genes (Figure 2A).

Because the enrichment of H3K27me3 modification was overall

less than that of H3K36me3 and H3K4me3 (Supplemental

Figure 6), the number of H3K27me3 peaks could be
446 Molecular Plant 10, 442–455, March 2017 ª The Author 2016.
underestimated under the same strict criteria of calling peaks.

When H3K27me3 peaks that existed only in BM or MB

endosperm were included, 70 (78.9%) PEGs contained all

three histone marks. To test if such a pattern of histone marks

was specific for PEGs, we scanned the regions with all

three H3K4me3, H3K36me3, and H3K27me3 peaks in maize

endosperm for the entire genome. The H3K27me3 peaks rarely

overlapped with the H3K4me3 and H3K36me3 peaks in maize

endosperm (Supplemental Figure 7A), in agreement with
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previous reports that active H3K4me3 and H3K36me3 are

mutually exclusive with H3K27me3 modifications (Pasini et al.,

2008; Schmitges et al., 2011; Brien et al., 2012). Nevertheless,

we identified 240 loci (locating at 229 genes) with all

three histone modifications in the whole genome. Among the

229 genes, 104 (45.4%) genes cannot be allelically analyzed

due to the lack of exonic SNPs between B73 and Mo17 inbred

or not enough RNA-seq reads on SNPs (Supplemental

Figure 7B). For the remaining 125 genes, 84 (70%) genes

exhibited a preferential paternal expression, including 50 high

stringent PEGs (Supplemental Figure 7B). For 81 genes without

exonic SNPs between B73 and Mo17 inbreds, we further

investigated their allelic status in four additional reciprocal

hybrids generated by crossing inbred lines Ki11 and Oh43

with both B73 and Mo17 (Waters et al., 2013). The

results showed that among 46 allelically analyzed genes, 30

(65.2%) genes exhibited preferential paternal expression in

any one of reciprocal hybrids, where the proportion may be

underestimated due to the existence of allelic imprinting

(Supplemental Figure 7C). Our results indicate that possessing

both active (H3K4me3, H3K36me3) and repressive (H3K27me3)

histone modifications is a distinct feature for PEGs, which

would be helpful to identify PEGs from those genes without

SNPs in exonic regions.

We next characterized the allelic status of three histone modifica-

tions at PEGs. Compared with H3K4me3 and H3K36me3,

which were preferentially accumulated on active paternal alleles,

H3K27me3 preferentially accumulated on silent maternal alleles

for more than 80% of con-PEGs, and endo-PEGs are associ-

ated with mH3K27me3 peaks (Zhang et al., 2014a) (Figure 2B

and 2C). Therefore, the opposite patterns of H3K4me3,

H3K36me3, and H3K27me3 peaks occur together in con-PEGs

and endo-PEGs, with H3K4me3 and H3K36me3 deposited on

active paternal alleles and H3K27me3 deposited on repressive

maternal alleles.
Integrated Profiles of Allele-Specific DNA Methylation
and Histone Modifications at Imprinted Genes

Our previous work indicated that endo-MEGs and con-PEGs

are associated with DMRs where the maternal alleles are

hypomethylated and the paternal alleles are hypermethy-

lated (pDMRs) (Zhang et al., 2014a). Here, we investigated

the relationship of parent-of-origin-dependent H3K4me3,

H3K36me3, H3K27me3 peaks and allele-specific DNA methyl-

ation at imprinted genes. For endo-MEGs, pDMRs (in both CG

and CHG context) overlapping with mH3K4me3 peaks were

located around TSS (Figure 3A and Supplemental Figure 8A),

indicating that H3K4me3 is specifically deposited on the

hypomethylated maternal alleles. For example, the CG_pDMR

is located on the 50 end of GRMZM2G170099, corresponding

well with mH3K4me3 peaks (Supplemental Figure 5A).

Furthermore, the DNA methylation levels (in both CG and CHG

context) on the maternal alleles were significantly lower than

those on paternal alleles in the region of mH3K4me3 peaks,

different from the DNA methylation levels in the region

of all H3K4me3 peaks exhibiting hypomethylation on both

alleles (Figure 3C and 3D and Supplemental Figure 8C and 8D).

About 78.7%/53.2% of mH3K4me3 peaks were significantly

associated with CG_pDMRs/CHG_pDMRs (Fisher test; p (CG)
<2.2e�16, p (CHG) <2.2e�16), while the proportion of that for

all H3K4me3 peaks reduced to 8.4%/0.94% (Figure 3E and

Supplemental Figure 8E). The results suggest that pDMRs and

mH3K4me3 peaks can occur together around TSS for the

regulation of allele-specific expression of imprinted genes.

For con-PEGs, CG_pDMRs (CHG_pDMRs preferentially locating

on the upstream of con-PEGs) overlapping with mH3K27me3

and pH3K36me3 peaks were located throughout the gene

body (Figure 3B and Supplemental Figure 8B), indicating that

H3K27me3 specifically enriched on the hypomethylated

maternal alleles while H3K36me3 preferentially enriched on

hypermethylated paternal alleles. The epigenetic profile of

GRMZM2G110306 is just an example (Supplemental Figure 5B).

Furthermore, DNA methylation levels on maternal alleles were

significantly lower than those on paternal alleles in the regions

of pH3K36me3 peaks (Figure 3G). But there were no

significantly differential methylation levels between parental

alleles in the region of all H3K36me3 peaks (Figure 3F). About

57.1% of pH3K36me3 peaks were significantly associated

with CG_pDMRs (Fisher test; p (CG) = 6.68e�11), while the

corresponding proportion reduced to 6.2% for all H3K36me3

peaks (Figure 3H). Thus, pDMRs, mH3K27me3, and

pH3K36me3 peaks occur together at the gene body of

con-PEGs, which indicate complex imprinting regulation of

con-PEGs involving DNA methylation and active and repressive

histone modifications.
Imprinted Long Non-coding RNAs Are Highly
Associated with Parent-of-Origin-Dependent
Epigenetic Modifications

To investigate the allele-specific epigenetic modifications on im-

printed non-coding RNAs, we identified 35 maternally specific

expressed non-coding RNAs (MNCs) and two paternally specific

expressed non-coding RNAs (PNCs) (Supplemental Table 4) in 12

DAP maize endosperm by assembling long non-coding RNAs

and analyzing their allelic bias (see Methods). Due to the limited

number of PNCs, we only discuss MNCs here. These MNCs

tended to specifically express in endosperm (Supplemental

Figure 9), in agreement with the results from reports that

lncRNAs showed strong tissue-specific expression patterns

(Cabili et al., 2011; Li et al., 2014; Zhang et al., 2014b). Twenty

(57%) of the 35 MNCs are located in intergenic regions, the

others are transcribed from the promoter or intronic region of

11 PEGs and four non-imprinted genes. In addition, we employed

strand-specific RNA-seq data of 14 DAP BM endosperm to

determine the potential transcription directions of the MNCs by

aligning ssRNA-seq reads to MNCs. As a result, the transcrip-

tional directions of 32 MNCs were determined. Among them,

seven were antisense MNCs, including an MNC from the

intronic region of GRMZM2G475503 previously verified by RT–

PCR (Zhang et al., 2011). An antisense MNC located in the

promoter of ZmYuc1 (endo-PEG) was identified (Bernardi et al.,

2012).

To explore whether epigenetic marks correlate with monoallelic

expression of imprinted non-coding transcripts, we further inves-

tigated the allelic state of H3K4me3 and H3K36me3 peaks

around MNCs. We found that 68.6% of MNCs overlapped with

H3K4me3 and H3K36me3 peaks (Figure 4A). Of the H3K4me3
Molecular Plant 10, 442–455, March 2017 ª The Author 2016. 447



Figure 3. The Integrative Profiles of DNA Methylation and Histone Modifications.
(A and B) The distribution of CG_pDMRs, allele-specific H3K4me3, H3K36me3, and H3K27me3 peaks located at endo-MEGs, con-PEGs, and region 2

kb up- and downstream.

(C, D, F, and G) Heatmaps of CG methylation levels between alleles of B73 and Mo17 reciprocal crosses at all endosperm H3K4me3 peaks, maternally

preferred H3K4me3 (mH3K4me3) peaks, all endosperm H3K36me3 peaks, and paternally preferred H3K36me3 (pH3K36me3) peaks. Only the region of

peaks with at least one C site and at least 10 reads are shown. M, maternal allele; P, paternal allele; BM, B73 3 Mo17; MB, Mo17 3 B73.

(E and H) Association of all H3K4me3 peaks, maternally preferred H3K4me3 (mH3K4me3) peaks, all H3K36me3 peaks, and paternally preferred

H3K36me3 (pH3K36me3) peaks with CG_pDMRs. The proportions of all H3K4me3 peaks and mH3K4me3 peaks with CG_pDMRs are shown on the y

axis (E). Asterisks represents significant association of mH3K4me3 peaks with CG_pDMRs (Fisher test; p < 0.001), compared with that of all H3K4me3

peaks. The proportions of all H3K36me3 peaks and mH3K36me3 peaks with CG_pDMRs are shown on the y axis (H). Asterisks represents significant

association of mH3K36me3 peaks with CG_pDMRs (Fisher test; p < 0.001), compared with that of all H3K36me3 peaks.
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and H3K36me3 peaks overlapping with MNCs, 82.6% and

70.8% displayed maternally preferred enrichment, respectively

(Figure 4A). Moreover, we also found 76.9% of MNCs

overlapped with CG_pDMRs, located around TSS of MNCs

(Figure 4B). Figure 4C showed the allelic state of H3K4me3 and

H3K36me3 modifications on GRMZM2G406553 (PEG) and its

antisense MNC. The CG_pDMRs were located in the gene

body of GRMZM2G406553 but corresponding to the TSS of

MNCs. The SNPs within the H3K4me3 and H3K36me3 peaks of

MNC exhibited significantly maternal bias, while the H3K36me3

modification located in the gene body of GRMZM2G406553

was significantly enriched on the paternal allele.

There should be more imprinted long non-coding RNAs in

endosperm. More than 90% of pH3K4me3 and pH3K36me3

peaks were associated with PEGs. Nevertheless, only 22% of
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mH3K4me3 peaks and 44% of mH3K36me3 peaks were associ-

ated with maternally expressed transcripts (endo-MEGs and

MNCs) (Figure 4D and 4E). Excluding the mH3K4me3 and

mH3K36me3 peaks overlapping with non-expressed or non-

analyzed genes, the remaining 81 mH3K4me3 peaks and 20

mH3K36me3 peaks located in the intergenic region or intronic

region presumably mark maternally expressed non-coding tran-

scripts. But due to the low expression levels or method of

identification, we did not obtain their corresponding transcripts

in these regions. Here, we tried to investigate the allelic status

of RNA-seq reads mapped in the region of these mH3K4me3

and mH3K36me3 peaks. Although only 18 mH3K4me3 peaks

and eight mH3K36me3 peaks had at least 10 reads that could

be assigned to a particular allele in each direction of the re-

ciprocal crosses, all of them showed maternal specifically

expression. So the mH3K4me3 peaks and mH3K36me3 in the



Figure 4. Relationship between MNCs and Parent-of-Origin DNA Methylation, H3K4me3, and H3K36me3 Peaks.
(A) The number of MNCs overlapping with all H3K4me3 peaks, allelically analyzable H3K4me3 peaks, H3K4me3 peaks showing maternal bias, and high-

stringency mH3K4me3 peaks (left). The number of MNCs overlapping with all H3K36me3 peaks, allelically analyzable H3K36me3 peaks, H3K36me3

peaks showing maternal bias, and high-stringency mH3K36me3 peaks (right).

(B) The distribution of pDMRs located in MNCs and ±2 kb regions.

(C) Integrated views of H3K4me3, H3K36me3, H3K27me3, and DNA methylation at an MNC located in a PEG intron. The expression level of transcribed

regions is shown in light blue for BM. The normalized levels of enrichment of H3K4me3 and H3K36me3 are plotted in blue and purple, respectively. The

percentages of allelic reads of RNA-seq, H3K4me3, and H3K36me3 ChIP-seq data for specific SNP sites are shown, with red lines for the paternal allele

and blue lines for the maternal allele. The DNA methylation level for specific SNP sites are shown for both maternal and paternal alleles, with red lines for

the paternal allele (P) and blue lines for the maternal allele (M). Black rectangles represent the exon. The blue, purple, and pink rectangles highlight the

H3K4me3, H3K36me3, and H3K27me3 peaks at genes. The dotted rectangles highlight the pDMRs identified in this region.

(D and E)Genomic distribution of high-stringencymaternally preferred H3K4me3 andH3K36me3peaks. Non-IMP represent non-imprinted genes that do

not show significant deviation from a 2:1 ratio of maternal allele to paternal allele in each reciprocal hybrid. c2 (2:1, p > 0.05).
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intergenic region or intronic region should correlate with the allele

preference expression of corresponding non-coding RNAs.
DISCUSSION

Spatial Distribution of Imprinted Genes in Endosperm
Compartments

Here, we reported the genome-wide allele-specific active histone

modifications (H3K4me3 and H3K36me3) in 12 DAP maize

endosperm. Integrated information on the allele-specific pattern

of DNA methylation and histone modifications (H3K4me3,

H3K36me3, and H3K27me3) is helpful for us to further gain

insight into the regulation mechanism of monoallelic expression

of imprinted genes and imprinted non-coding transcripts.
In this study, we did not investigate correlation of allele-specific

epigenetic modifications with con-MEGs, as the correlation

based on the current data with con-MEGs may be biased. Based

on the previously reported data of gene expressional profiling

from different endosperm compartments (Zhan et al., 2015), we

found that con-MEGs rarely expressed in starchy endosperm,

including central starchy endosperm and the conducting zone,

which account for most of the area in 12 DAP endosperm

(Supplemental Figure 10A). On the other hand, endo-MEGs,

con-PEGs, and endo-PEGs tend to spread out in all different

endosperm compartments. In contrast to most (75%–85%)

endo-MEGs, con-PEGs, and endo-PEGs expressing in all

endosperm compartments (FPKM R1), there were only four

(14.3%) con-MEGs expressing in all endosperm compartments

(Supplemental Figure 10B). Hence, we speculate that the poor
Molecular Plant 10, 442–455, March 2017 ª The Author 2016. 449
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correlation between con-MEGs with epigenetic modifications

is probably due to a sampling issue, as con-MEGs expressed

in more specific endosperm compartments, but were not ex-

pressed to a great extent in the current endosperm samples

used (mostly the starch endosperm).
Possible Epigenetic Silencing and Activation Dynamics
at Imprinted Genes

The switch of active and repressive epigenetic marks can lead to

activation or repression of the expression of genes (He et al.,

2013; Widiez et al., 2014). In Arabidopsis, the opposing profiles

of H3K36me3 and H3K27me3 in the FLC (FLOWERING LOCUS

C) during the vernalization process is a good example of the

antagonistic roles of H3K36me3 and H3K27me3 in the cold-

induced epigenetic switch (Yang et al., 2014). In this study, the

active and silent alleles of imprinted genes were deposited with

mutually exclusive epigenetic modifications, implying that the

potential epigenetic switch occurs at imprinted genes. Hence,

we analyzed the integrated information on DNA methylation,

H3K4me3, H3K36me3, and H3K27me3 modifications at the

imprinted genes in 14 DAP shoots of B73 inbred (Wang et al.,

2009; Li et al., 2015) to gain a better understanding of the

possible epigenetic silencing and activation dynamics.

Endo-MEGs possessed a low proportion (8.3%–12.5%) of

H3K4me3, H3K36me3, and H3K27me3 peaks in shoots

(Supplemental Figure 11). The methylation pattern of endo-

MEGs in shoots showed hypermethylation at TSS and the

gene body (Zhang et al., 2014a). In endosperm, endo-MEGs

were significantly associated with pDMRs, mH3K4me3, and

mH3K36me3 peaks, which indicated that the epigenetic profiles

at the silenced paternal alleles of endo-MEGs in endosperm ac-

corded well with those in shoots. As we proposed before, the

monoallelic expression of endo-MEGs is likely due to the activa-

tion of maternal alleles (Zhang et al., 2014a). Correspondingly,

the dynamics of the silence to active state at maternal alleles

of endo-MEGs possibly involves DNA demethylation and adding

H3K4me3 and H3K36me3 modifications. To explore the

activation of endo-MEGs occurring before or after fertilization,

we also looked at the expression situation of 139 Arabidopsis

imprinted genes in Arabidopsis central cells and 165 rice im-

printed genes in rice sperm cells, respectively (Gehring et al.,

2011; Hsieh et al., 2011; Luo et al., 2011; Wu et al., 2011;

Schmid et al., 2012; Anderson et al., 2013). Based on the

pattern of tissue specificity of expression, 77 con-MEGs, 37

endo-MEGs, 13 con-PEGs, and 12 endo-PEGs were obtained

in Arabidopsis, and 46 con-MEGs, 47 endo-MEGs, 62 con-

PEGs, and 10 endo-PEGs were obtained in rice. The results

showed that most Arabidopsis endo-MEGs (62.2%) expressed

in central cells (Supplemental Table 5), and rice endo-MEGs

(68.1%) rarely expressed in sperm cells (Supplemental

Table 6). So we hypothesized that DNA demethylation in

central cells of the female gametophyte induced by DME-

like protein presumably leads to hypomethylation at TSS of

endo-MEGs, and H3K4me3 and H3K36me3 methyltransferases

could bind to endo-MEGs. DME is rarely expressed in

sperm cells (Schoft et al., 2011), where the existence of

CG hypermethylation around TSS inhibited the binding of

transcriptional activators at endo-MEGs (Figure 5A). Hence,

after fertilization, the endosperm inherits methylated paternal
450 Molecular Plant 10, 442–455, March 2017 ª The Author 2016.
alleles and unmethylated maternal alleles with H3K4me3 and

H3K36me3 modifications (Figure 5A).

Con-PEGs exhibited very similar expression levels in shoots and

endosperms. Like all genes expressed in shoots, most con-PEGs

(78.6%–88.6%) possessed H3K4me3 and H3K36me3 peaks but

a very low proportion of H3K27me3 peaks (Supplemental

Figure 11). DNA methylation was generally depleted in the 50

ends of con-PEGs, and a high level of DNA methylation exists

in the gene body of con-PEGs in shoots (Zhang et al., 2014a).

In endosperm, con-PEGs were significantly associated with

CG_pDMRs, pH3K4me3, pH3K36me3, and mH3K27me3 peaks,

which indicates that the epigenetic profiles on active paternal al-

leles in endosperm agreed well with those in shoots. Most Arabi-

dopsis con-PEGs (84.6%) did not express in central cells

(Supplemental Table 5), and 67.7% of rice con-PEGs expressed

in sperm cells (Supplemental Table 6). Therefore, we inferred that

the monoallelic expression of con-PEGs is likely to be the silence

of maternal alleles with the epigenetic switch involving the

replacement from H3K4me3 and H3K36me3 modifications to

H3K27me3 in central cells. But why was PRC2 complex recruited

in central cells for these con-PEGs?We found that the gene body

of con-PEGs exhibited maternal hypomethylation and paternal

hypermethylation in endosperm. Recent studies showed that

gene body methylation was positively correlated with

H3K36me3 and negatively correlated with H3K27me3

(Ball et al., 2009; Kobayashi et al., 2012; Lou et al., 2014). So

we hypothesize that DNA demethylation may occur in gene

body regions for con-PEGs in central cells, which provides the

opportunity for recruitment of PRC2 complex (Figure 5B). In

sperm cells, a high level of methylation in the gene body

inhibits the combination of PRC2 complex (Figure 5B). Hence,

after fertilization, the endosperm inherits an active paternal

allele with H3K4me3 and H3K36me3 modifications and

repressed maternal alleles with H3K27me3 modifications

(Figure 5B).

Endo-PEGs were silenced in shoots and possessed a low

proportion (20%–35%) of H3K4me3 and H3K36me3 peaks but

a high proportion of H3K27me3 peaks in shoots (Supplemental

Figure 11). Similar epigenetic profiles were observed in silenced

maternal alleles of endo-PEGs in endosperm (Figure 5C),

indicating the imprinting expression of endo-PEGs is likely to

be caused by erasing H3K27me3 and adding H3K4me3 and

H3K36me3 modifications on paternal alleles. Furthermore, acti-

vation of paternal alleles of endo-PEGs seems to occur

after fertilization as most rice endo-PEGs (83.3%) were not

expressed in sperm cells (Supplemental Table 6). Recent

evidence in Arabidopsis sperm cells showed that the H3.1

variant is completely absent while the H3.10 variant specifically

accumulated on chromatin, which may be a specific histone

variant immune for H3K27me3 because male generative nuclei

were strongly reduced in H3K27me3 compared with vegetative

nuclei in plants (Johnson et al., 2004; Sano and Tanaka, 2010;

Houben et al., 2011; Borg and Berger, 2015). After fertilization,

the paternally inherited H3.10 is removed from the zygote and

early endosperm, and the H3.1 and H3.3 variants again occupy

most of the paternal chromatin (Ingouff et al., 2007, 2010).

Thus, we speculated that loading of H3.10 possibly contributes

to the loss of H3K27me3 modifications in maize sperm cells.

After fertilization, the imprinting expression of endo-PEGs is likely



Figure 5. Possible Model of Epigenetic Silencing and Activating Dynamics at Imprinted Genes.
(A)Model for MEGs specifically expressed in endosperm (endo-MEG). In somatic tissues, hypermethylation around TSS inhibited the expression of both

maternal allele and paternal allele. In central cells, the methylation around TSS can be removed by DME-like demethylase facilitating the combination of

H3K4me3 and H3K36me3 methyltransferases, but not in sperm cells. After fertilization, DMRs exhibiting maternal demethylation and paternal hyper-

methylation, and maternally preferred H3K4me3 and H3K36me3 peaks were identified in the endosperm.

(legend continued on next page)
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due to the failure of H3K27me3 deposition and the combination of

H3K4me3 and H3K36me3 modifications on paternal alleles of

endo-PEGs. Whether selective retention of the H3.10 variant on

paternal alleles of endo-PEGs or other reasons after fertilization

contribute to the failure of H3K27me3 deposition remains to be

explored.

MNCs May Have Potentially Specified Roles in
Endosperm

In mammals, the deletion of imprinting control regions results in

the loss of the imprinted non-coding RNAs, which coincides

with the loss of imprinting of protein-coding genes in the locus

(Chamberlain and Brannan, 2001). However, studies on the

mechanisms of epigenetic regulation of imprinted non-coding

RNAs are very limited in plants. In our study, the profile of

epigenetic modifications at MNCs accorded well with that of

endo-MEGs, which associate with pDMRs, mH3K4me3, and

mH3K36me3 peaks. Hence, the monoallelic expression of

MNCs may have a very similar regulatory mechanism to that of

endo-MEGs we proposed above.

In this study, we identified 35 MNCs and just a few PNCs in 12

DAP maize endosperm. Likewise, 40% of mH3K4me3 and

mH3K36me3 peaks were located in intergenic/intronic regions,

while about 90% of pH3K4me3 and pH3K36me3 peaks were

located around genes, again suggesting that MNCs (marked by

the mH3K4me3 and mH3K36me3 peaks in intergenic/intronic re-

gions) may far outnumber PNCs in maize endosperm. Very simi-

larly in rice, the number of candidateMNCs is about six times than

that of candidate PNCs (Luo et al., 2011). Therefore, MNCs may

have potentially specific roles in endosperm. Antisense lncRNAs

could regulate epigenetic silencing, transcription, and mRNA

stability of their adjacent genes (Carrieri et al., 2012). COOLAIR

may possibly be an example mediating the coordinated

switching of chromatin states at FLC during vernalization

(Csorba et al., 2014). Hence, antisense MNCs probably regulate

expression of their adjacent PEGs. One MNC located in the

promoter of ZmYucc1 (endo-PEG), where the weight of mutant

in kernel (dry mass) was reported to be approximately 40% less

than that of wild-type (Bernardi et al., 2012). The results would

be very valuable to further explore the roles of imprinted long

non-coding RNAs in maize.

METHODS

Tissue Collection

Themaize (Zeamays) inbred lines B73 andMo17were grown in the field in

Beijing. Three ears of reciprocal crosses of B73 and Mo17 were collected

12 and 14 DAP. Endosperm tissues were collected from three different

ears by manual dissection from whole kernels and were immediately

frozen in liquid nitrogen.
(B)Model for PEGs expressed in many tissues (con-PEG). In somatic tissues,

around TSS and H3K36me3 in the gene body. In central cells, demethylation i

recruit H3K4me3 and H3K36me3 demethylase to erase H3K4me3 and H3K

H3K4me3 around TSS and H3K36me3 persists. In the endosperm, H3K27m

H3K36me3 prefer to enrich on paternal alleles with hypermethylated gene bo

(C)Model for PEGs specifically expressed in endosperm (endo-PEG). In soma

endo-PEGs. H3.10-like variant specifically accumulating on sperm cells le

modifications preferred to deposit on paternal chromosomes without H3K27m

The dashed boxes around the central cells and sperm cells indicate that we do
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Library Construction for RNA-Seq and ChIP-Seq

RNA-seq was performed according to the protocol described in our pre-

vious work (Zhang et al., 2011), using 12 DAP endosperm of the reciprocal

crosses of B73 and Mo17 collected above.

Strand-specific RNA-seq was performed using the 14 DAP endosperm of

reciprocal crosses of B73 and Mo17. Total RNA was extracted from the

nuclei. The RNA-seq libraries were constructed using TruSeq Stranded

Total RNA with Ribo-Zero Plant kits (Illumina, catalog no. RS-122-2401)

according to the manufacturer’s instructions. Then, the quality and quan-

tity of these libraries were analyzed by using the BioAnalyzer 2100 system

and qPCR.

The ChIP assay of 12 DAP endosperm of reciprocal crosses of B73 and

Mo17 was performed according to the protocol described in a previous

study (Liu et al., 2008). The libraries for ChIP-seq followed the standard

construction protocol.

Identification and Expression Analysis of Imprinted Genes and
Imprinted Non-coding RNAs

The RNA-seq reads were mapped using the TopHat software (Trapnell

et al., 2012). Then, the imprinted genes were identified with the same

strategy used in previous works (Zhang et al., 2011, 2014a). Candidate

imprinted protein-coding genes and non-coding RNAs were analyzed

manually (Zhang et al., 2011). The strand of imprinted non-coding RNAs

was according to the information from the strand-specific RNA-seq

data. The strand of MNCs can be ensured if more than 20 strand-

specific reads mapped on MNCs and >95% of them are from one strand.

Identification of Allele-SpecificH3K4me3 andH3K36me3Peaks

ChIP-seq reads were mapped to the B73 reference genome using Bowtie

(Langmead et al., 2009). The endospermH3K4me3 and H3K36me3 peaks

were identified using MACS (Feng et al., 2012) with similar parameters

used in our previous work (Zhang et al., 2014a). Peaks with at least two

SNPs and with at least 10 reads on both B73 and Mo17 alleles were

used for allele-specific peak analysis. Final maternally preferred

H3K4me3 or H3K36me3 peaks were identified for those with at least

85% of reads derived from maternal alleles in both reciprocal hybrids.

Paternally preferred H3K4me3 or H3K36me3 peaks were identified for

those with at least 60% of reads derived from paternal alleles in both

reciprocal hybrids.
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tic tissues, H3K27me3 modifications were deposited on the whole body of
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