Plant Biotechnology Journal

Plant Biotechnology Journal (2022) 20, pp. 2236-2238

Brief Communication

Associlon of Appled Bioogiss

SKEAB!

doi: 10.1111/pbi. 13921

Low cell number ChiIP-seq reveals chromatin state-based
regulation of gene transcription in the rice male meiocytes

Aicen Zhang'"", Hanli You?®", Lei Cao*?", Yining Shi"", Jiawei Chen??3, Yi Shen?, Shentong Tao',

Zhukuan Cheng®* () and Wenli Zhang'*

'State Key Laboratory for Crop Genetics and Germplasm Enhancement, CIC-MCP, Nanjing Agricultural University, Nanjing, Jiangsu, China
2State Key Laboratory of Plant Genomics, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, Beijing, China

2University of Chinese Academy of Sciences, Beijing, China

4Jiangsu Co-Innovation Center for Modern Production Technology of Grain Crops, Yangzhou University, Yangzhou, China

Received 25 July 2022;

revised 27 August 2022,

accepted 28 August 2022.

*Correspondence (Tel +86 25 84395323; fax +86 25 84396302;

email wzhang25@njau.edu.cn; Tel +86 10 64806551; fax +86 10 64806551;
email zkcheng@genetics.ac.cn)

These authors contributed equally to this work.

Keywords: LCNChIP-seq, histone modifications, gene expression,
meiotic prophase |, Oryza sativa.

Reprogramming of gene transcription and chromatin structure
plays vital roles in the modulation of plant meiotic progression
(Jiang and Zheng, 2021). However, chromatin profiling is still not
fully elucidated in the plant male meiocytes, which is largely due
to technical challenges for the collection of enough cells for the
large-scale chromatin immunoprecipitation (ChlIP). Therefore,
how chromatin modifications affect gene expression in meiosis
is still unclear. To address this, we developed a low cell number
(10 000 cells) ChIP-seq, termed as LCNChIP-seq (Figure 1a), for
global profiling of H3K4me3 and H3K27me3 in the rice male
meiocytes at prophase | stage. After analysing two well correlated
biologically replicated data for each mark (Figure S1), we
obtained 25 715 H3K4me3, 16 414 H3K27me3 reproducible
peaks and 3598 genomic loci with potential co-occurrence of
both marks, termed as H3K4-K27me3 bivalent (Figure 1b).
Biological reproducibility of each mark is illustrated in Figure 1c.
After associating normalized ChlIP-seq read counts of each mark
with gene expression levels, we found that the abundance of
H3K4me3 and H3K27me3 was correlated and anti-correlated
with gene expression levels, respectively (Figure 1d). H3K4me3/
H3K27me3-only genes had the highest and lowest expression
levels (Figure 1e), corresponding to the active and repressive
regulation of gene expression, respectively.

We then conducted WGCNA (weighted correlation network
analysis) using 19 RNA-seq data sets (Figure S2) and identified a
MEturquoise module containing 7145 genes highly expressed at
the early prophase | (Figure 1f), indicative of their importance at
the stage. To investigate how TFs regulate gene expression in
pollen mother cells (PMCs), we constructed a hub-TF (refers to 307
TFs identified in MEturquoise module) centred regulatory network
(Figure 1g) and found that a subcluster, which was associated
with the flower development, contained 9 co-regulated TFs,
including 4 MADS box TFs (OsMADS14/16/34/37), a TALE TF
(SH5). 7 (ca. 78%) TFs were marked by H3K4-K27me3, and only 2

TFs were enriched with H3K4me3 (Figure S3). These results
indicate that a subset of key TFs and their target genes highly
expressed at the early prophase | of PMC tend to be differentially
regulated by H3K4-K27me3 and H3K4me3, respectively.

To investigate roles of broad H3K4me3 at the early prophase |
of PMCs, we conducted k-means clustering analyses and
obtained five subclusters (C1-C5, k values = 5) with distinct
profiles of H3K4me3. We found that genes in C3, containing 849
genes (79 TFs), tended to be enriched with broad H3K4me3
(Figure 1h; Figure S4). GO enrichment analyses showed that they
were primarily enriched in GO terms essential for normal meiosis
processes in plants (Li et al., 2018), including gluco/glycol/hexo-
syltransferase activities for sugar metabolism, acetyltransferase
activities, protein kinase activity, protein ubiquitination and DNA
binding activities (Figure S5). These results show that broad
H3K4me3 plays vital roles in the regulation of gene expression in
meiosis.

21-nt-phased small interfering RNAs (phasiRNAs) were accu-
mulated at rice meiocytes and gametes (Jiang et al., 2020; Li
et al., 2020; Zhang et al., 2020b). To investigate their chromatin
features, we plotted normalized ChIP-seq read counts across
+2 kb of genomic loci encoding 21 and 24 nt phasiRNAs (Jiang
et al., 2020). We found that H3K27me3 was more enriched in
21 nt instead of 24 nt phasiRNAs encoding loci, and we did not
observe any enrichment of H3K4me3 in both types of phasiRNAs
encoding loci as compared to the random control (Figure 1i). A
similar trend was detected in the rice gametes (Li et al., 2020;
Figure S6). Moreover, we observed differential enrichment of
H3K27me3 between miR172 (Zhu et al., 2009) and OsmiR528
(Zhang et al., 2020a) encoding loci (Figure S7). These results
show that H3K4me3 and H3K27me3 are differentially enriched in
phasiRNAs or other non-coding RNAs (ncRNAs) encoding loci in
the rice meiotic cells.

After analysing the meiocyte-related transcriptomic data in
Arabidopsis (Walker et al., 2018), maize (Dukowic-Schulze
et al., 2014) and rice (Jiang et al., 2020). We identified 4389
homologous gene pairs with protein sequence identity >50%
between rice and the other two species (Figure S8, left). We
further got three subclusters, G1 (n = 530) with genes highly
expressed in three species, G2 (n = 71) with genes only highly
expressed in rice, and G3 (n = 60) with genes highly expressed
in maize and Arabidopsis (Figure S8, right). After plotting ChIP-
seq read counts across +2 kb from the TSSs to TTSs of the
genes in each subcluster, we found that genes in G2 had the
highest abundance of H3K4me3, by contrast genes in G3 had
the lowest abundance of H3K4me3 but the highest abundance
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Figure 1 Characterization of H3K4me3 and H3K27me3 in the rice male meiocytes. (a) The flowchart illustrating the main procedures for LCNChIP-seq. (b)
Venn plots illustrating overlaps of H3K4me3 and H3K27me3 peaks between replicates and co-presence of H3K4me3 and H3K27me3, termed as H3K4-
K27me3, respectively. (c) IGV illustrating the reproducible peaks of H3K4me3 and H3K27me3. (d) Profiling of normalized ChIP-seq read counts across
+2 kb from the TSSs to TTSs of all genes with different expression levels (FPKM values, high, medium, low and no expression). (e) The boxplot showing the
average expression levels of genes with H3K4-K27me3 and H3K4me3/H3K27me3-only, respectively. Significance test was determined using Wilcoxon rank
sum test, ***P < 0.001. (f) Bar plots showing the consensus expression pattern of the coexpressed genes in the turquoise module. (g) TF network
generated from the TF-cluster analyses. Blue and purple colour dots indicate H3K4me3 and H3K4-K27me3 marked TFs, respectively. The thickness of grey
lines indicates the number of co-regulatory TFs. (h) Curve plots (upper) and heatmap (bottom) showing the distributions of H3K4me3 around +2 kb of the
TSSs of genes in each subcluster. (i) Profiling of normalized ChiP-seq read counts across 2 kb from the start to the end point of reported 21-nt (left) and
24-nt (right) phasiRNA encoding loci (Jiang et al., 2020), respectively. (j) The enrichment levels of H3K4me3 or H3K27me3 across &2 kb from the TSSs to
the TTSs of genes in G1 containing genes highly expressed in all species, G2 containing genes highly expressed in rice and G3 containing genes lowly or
non-expressed in rice but highly expressed in the other two species, respectively.

of H3K27me3 (Figure 1j). Furthermore, we did similar analyses
in maize (Figure S9) and found that the intensity of H3K4me3
did not exhibit a direct correlation with the expression levels of
genes in each subcluster (Figure S9). These results indicate that
H3K4me3 and/or H3K27me3 may differentially regulate homol-
ogous genes at meiotic stages among different species.

Thus, our study provides a turning point for profiling epigenomic
landscapes at the early meiotic prophase | or other key develop-
mental stages using low cell input, thereby advancing understand-
ing of epigenomic regulation of plant meiotic processes.
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Appendix S1 Materials and methods.

Figure S1 Correlation analyses of biologically
H3K4me3 and H3K27me3 ChlIP-seq datasets.
Figure S2 Principal Component Analysis (PCA) of RNA-seq
datasets generated from different rice tissues (HHZ represents
the rice variety Huanghuazhan).

Figure S3 IGV illustrating enrichment of H3K4me3 and
H3K27me3 in 9 TFs in the network.

Figure S4 Barlpot showing the length distributions of H3K4me3
peaks.

Figure S5 GO term enrichment analyses of genes with broad
H3K4mes3.

Figure S6 Profiling of normalized H3K4me3 and H3K27me3 read
counts from 2 kb upstream of the start point to 2 kb downstream
of the end point of 21-nt phasiRNA encoding loci (left) and 24-nt
phasiRNA encoding loci (right), respectively, which were reported
in the rice gametes (Li et al., 2020).

Figure S7 IGV snapshots showing abundance of H3K4me3 and
H3K27me3 in miR172d and OsmiR528.

Figure S8 Homologous gene pairs in three plant species.
Figure S9 Homologous gene pairs in the maize meiocytes at
early prophase I.
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