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Abstract

Background: Chromatin higher-order structure plays an important role in genome
stability maintenance and gene transcriptional regulation; however, the dynamics

of the three-dimensional (3D) chromatin in male gametophytes during the two rounds
of mitosis remains elusive.

Results: Here, we use the optimized single-nucleus and low-input Hi-C methods

to investigate changes in 3D chromatin structure in four types of male gametophyte
nucleus at different stages. The reconstructed genome structures show that micro-
spore nuclei develop towards two different directions. Although the 3D chromatin
organization in generative nuclei is similar to that in microspore nuclei, vegetative
nuclei lose chromosome territories, display dispersed centromeres, and switched A/B
compartments, which are associated with vegetative specific gene expression. Addi-
tionally, we find that there is an active transcriptional center in sperm nuclei, emphasiz-
ing the transcription in Arabidopsis sperm is not completely inhibited despite the chro-
mosomes being condensed.

Conclusions: Our data suggest that the special 3D structures of vegetative and sperm
nuclei contribute to cell type-specific expression patterns.

Background

The 3D chromatin structure can be partitioned into chromosome territory, A/B com-
partments, topologically associating domains (TADs), and chromatin loops according to
different spatial scales [1-3]. The ordered spatial distribution of chromatin is vital for
the proper regulation of gene expression, since the 3D physical contacts can overcome
the limitation of the linear arrangement of genes and regulatory elements on DNA at
the one-dimensional level [4—6]. Several technologies and methods based on chromo-
some conformation capture (3C) have been used to study the 3D chromatin structure
in mammals, Drosophila, and plants [4, 5, 7-12]. In recent years, the single-cell Hi-C
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(sc-Hi-C) and single-nucleus Hi-C (sn-Hi-C) techniques have been developed to study
heterogeneity of 3D chromatin structure at single cell level, or 3D dynamics in rare
sample, such as the zygote, in both animals and plants [5, 13—15]. Furthermore, the 3D
genome structure can be reconstructed using a particle-on-a-string model to represent
chromatin, which enables the performance of multi-omics analysis to more intuitively
investigate the spatial relationship among transcription, epigenetic modifications, and
3D genome structure [5, 15]. Owing to these Hi-C-based methods, the molecular mech-
anisms underlying 3D chromatin regulation have gradually been revealed in many spe-
cies. Chromosome territory constitutes a major feature of nuclear architecture in both
animals and plants. Condensin II is reported to be involved in the chromosome territory
configuration [16]. In addition, the chromosome could be partitioned into A and B com-
partments according to principal component (PC1) value [7]. A/B compartments have
a close relationship with histone modifications and gene transcriptional activity [7, 14].
In mammals, H1 knock-down results in H3K27me3 reduction and H3K36me2 increase-
ment, which further leads to A/B compartments switching [17, 18]. However, there are
very fewer compartments switched in Arabidopsis hls mutants [19], which suggests
that the mechanism underlying A/B compartment regulation is not conserved in plants
and animals. In plants, chromatin remodeling complexes participate in the regulation
of A/B compartments through the maintenance of H3K27me3 level [12]. Furthermore,
the switching of A/B compartments in specific development stages facilitates the regula-
tion of gene expression [20]. Moreover, CCCTC-binding factor (CTCF) functions as the
organizer protein by binding to TAD boundaries in mammals [21]. In contrast to mam-
mals, TAD boundaries in Drosophila prefer to be enriched with active histone modifica-
tions and insulator proteins instead of dCTCF [22]. Similar to the TADs in Drosophila,
many studies have identified these domain structures in plants, which are also corre-
lated with different histone modifications and therefore considered as the compartment
domains (CDs) [11, 14, 22, 23]. In addition, the special nuclear structure, termed KNOT,
has been identified in Arabidopsis, which is similar to the PIWI-interacting RNA cluster
found in Drosophila [24].

Spermatogenesis or male gametogenesis is a crucial process for both animals and
plants. In mammalian spermatogenesis, the round spermatid (1N) undergoes a series of
morphological changes and developmental events to form the mature sperm (1N) [25—
27]; however, flowering plants experience two special rounds of mitosis in male game-
togenesis. The microspore (1N) experiences its first asymmetric division after meiosis to
generate the generative (1N) and vegetative (1N) cells. Subsequently, the generative cell
further divides to yield two sperm cells (1N). Vegetative cells mainly function to form
the pollen tube which is responsible for the delivery of two mature sperm cells to ferti-
lize with the egg cell and the central cell [28]. The two rounds of mitosis of haploid cells
are the specific observation only existing in plants, which contributes to the study of the
3D genome structure changes in mitosis.

The development of the male germ cell is affected by multiple factors such as DNA
methylation and histone modifications [29-34]. In plants, DNA methylation undergoes
complex reprogramming during the development of male gametophytes, in which mul-
tiple mechanisms may be involved. For example, the transport of small interfering RNAs
(siRNAs) from tapetal nurse cells to meiocytes can regulate germline gene expression
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via the RNA-directed DNA methylation (RdADM) pathway [29, 31]. At the histone level,
on the one hand, the loss of H3K27me3 facilitates the transcription of genes which are
essential for spermatogenesis [30, 35, 36]; on the other hand, the chromatin bivalency
with the acquisition of H3K27me3 and H3K4me3 in sperm nuclei has a close rela-
tionship with the distinct gene expression level. Meanwhile, the reduction of somatic
H3K27me3 at developmental genes in sperm nuclei and marked H3K4me3 at genes
required for pollination in vegetative nuclei facilitate each function during male game-
togenesis [29, 30]. Moreover, histone variant H2B.8 has been reported to participate in
the process of sperm nuclei compaction through phase separation [37].

The dynamic changes in 3D chromatin structure are also involved in male germ cell
development. In mice and rhesus monkeys, the TADs re-configured and A/B compart-
ments refined during meiosis [27, 38, 39]. Relevant study in rice roughly revealed the 3D
genome structure of sperm nuclei [5]; however, the dynamics of 3D chromatin structure
during the two rounds of mitosis in plant male gametogenesis remain elusive. Here, we
combined the sn-Hi-C and low-input Hi-C methods to investigate the dynamic changes
in 3D chromatin structure in microspore, generative, vegetative, and sperm nuclei. We
described in detail how the 3D chromatin structure changed during gametogenesis from
different dimensions, and demonstrated the correlation between distinct 3D chromatin
structures and cell type-specific genes transcription.

Results

Chromatin structure reconfigures towards two directions during the two rounds of mitosis
during male gametogenesis

To explore the 3D chromatin structure in four types of cells during male gametogenesis
(Fig. 1a), we purified and isolated the nuclei from microspore (Additional File 1: Fig. S1),
generative (Additional File 1: Fig. S2), vegetative, and sperm (Additional File 1: Fig. S3)
cells using different methods. In brief, microspores were isolated by Fluorescence-Acti-
vated Cell Sorting (FACS) [40] and then further selected one by one under the micro-
scope after moderate grinding (Additional File 1: Fig. S1). Bicellular pollen grains from
pHTRI10:HTR10-RFP maker line were also primarily isolated by cell size and autofluo-
rescence using FACS (Additional File 1: Fig. S2a-e) [29], and then the generative nuclei
were further sorted according to RFP signal with a second round of FACS (Additional
File 1: Fig. S2f). The nuclei of vegetative and sperm cells were separated based on specific
fluorescence using the pMGH3:MGH3-eGFP/pACTI11::H2B-mRFP transgenic plants
(Additional File 1: Fig. S3) [40]. We encapsulated single nucleus in gel matrix for subse-
quent enzyme digestion and ligation (Fig. 1b) [15, 41], and successfully sequenced 181
individual cells with a median of 41,684 chromatin contacts per cell (Additional file 2:
Table S1). Among the 324 cells, 15 were microspores, 68 were generative nuclei, 118 were
sperm nuclei, and 123 were vegetative nuclei. In addition, we performed modified low-
input Hi-C (Fig. 1b) and obtained approximately 226 million, and 218 million contacts of
three biological replicates in bulk vegetative and sperm nuclei, respectively (Additional
File 1: Fig. S4). To make the bulk sample data comparable, we extracted 220 million con-
tacts randomly from seedling Hi-C, which were used as the somatic control [11]. The
contact counts are comparable with ones obtained from whole experiments in previous
studies [42, 43]. Clustering of single nuclei based on Hi-C contact maps yielded 3 clusters
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Fig. 1 Chromatin structures in four types of cell nuclei during male gametogenesis. a Schematic view of the
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b Experimental workflow of modified low-input
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subsequent Hi-C. ¢ UMAP plot and clustering analysis of the four types of cell nuclei during gametogenesis
based on sn-Hi-C data. d-g The interaction decay exponent (IDE) curves of microspore nuclei (d), generative
nuclei (e), sperm nuclei (f), and vegetative nuclei (g), describing the relative contact probability from 100 kb
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(Fig. 1c): vegetative nuclei and sperm nuclei were gathered separately, while microspores
and generative nuclei were clustered together (Fig. 1c). These results indicate that micro-
spore nuclei and generative nuclei are similar in 3D chromatin structure but differ from
vegetative nuclei or sperm nuclei. Interaction decay exponent (IDE) curves profile the
features of general chromatin compaction, and those of single-nucleus and bulk samples
were finely matched in vegetative and sperm nuclei (Fig. 1d-g). While the short-range
interaction could reflect the state of chromatin compaction [37], the genomic distance
ranging from 100 kb to 2 Mb has been divided into four intervals to depict the compres-
sion. We found no obvious difference in the four cell types ranging from 100 to 200 kb.
The contact frequency of generative nuclei and sperm nuclei are higher than microspore
nuclei, and the vegetative nuclei have the lowest contact frequency from 200 to 500 kb.
(Fig. 1d—f: and Additional File 1: Fig. S5a, b). When focusing the distance from 500 kb
to 2 Mb, the contact frequency of sperm nuclei is higher than the counterpart in gen-
erative nuclei. These data depicted the compacted process from microspores to sperm
(Fig. 1d—f: and Additional File 1: Fig. S5c¢, d). Consistently, the compactions in generative
nuclei varied within a certain range, and the coefficients of variation (CV) of generative
nuclei are the highest within the four cell types ranging from 500 kb to 2 Mb, describing
the dynamic compaction in generative nuclei (Fig. 1e, f: and Additional File 1: Fig. S6).
As the final products of gametogenesis, both sperm nuclei and vegetative nuclei show
evident but different changes in comparison with seedling samples. When focusing on
the genome distance ranging from 100 kb to 1 Mb, the contact frequencies were higher
in sperm nuclei but lower in vegetative nuclei compared to somatic cells. The results
indicated that sperm nuclei are more compact, while vegetative nuclei are less compact
(Fig. 1f, g). We also calculated the percentage of inter chromosome contacts to quanti-
tate the intermingling between different chromosomes, and vegetative nuclei were found
to be the most tangled of the four types of cells (Fig. 1h). This can be also observed in the
reconstructed models based on the sn-Hi-C data. Microspores, generative nuclei, and
sperm nuclei have clear chromosome territories, but vegetative nuclei have intermingled
chromatins (Fig. 1i and Additional File 1: Fig. S7). Furthermore, at the single nucleus
level, the centromere region of each chromosome exhibits diffusion in vegetative nuclei
but remains aggregated in the other cell types (Fig. 1i). Taken together, after the first
round of mitosis in microspores, the chromatin tends to maintain clear territories and
gradually compacts from the proximal to the distal during the developmental process
from generative nuclei to sperm nuclei. Conversely, vegetative nuclei tend to form dis-
tinct intermingling chromatin structures.

The different features of higher-order 3D chromatin structure in vegetative and sperm
nuclei

Our results demonstrate that vegetative and sperm nuclei have the most specific chro-
matin structure; therefore, we focused on this structure with bulk samples. In com-
parison with seedlings, the interchromosome interactions are significantly reduced in
sperm nuclei but increased in vegetative nuclei (Fig. 2a), reconfirming that sperm nuclei
have clear chromatin territories but vegetative nuclei have intermingled chromatin
(Fig. 1h, i). We have mapped the reads from low-input Hi-C data of vegetative nuclei and
sperm nuclei to the T2T reference genome (Additional File 1: Fig. S4). We found that
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Fig. 2 The intra and interchromosome interactions differ between vegetative and sperm nuclei. a The
genome-wide Hi-C interaction maps for seedlings, vegetative nuclei (VN), and sperm nuclei (SN). b, c
Distribution of the KNOT structure at chromosome 3 (b) or between chromosome 3 and 5 (c) in seedlings,
sperm nuclei, and vegetative nuclei. The location of KNOT structures are marked by black circles

there are no obvious changes of intrachromosome interaction ratio of vegetative nuclei
when we aligned the reads to whether TAIR10 genome or Col-CEN, the T2T genome.
Notably, the intrachromosome interaction ratio is increased in sperm nuclei when we
mapped the reads to the T2T genome. That means when we quantified the interactions

of centromere through the new mapping, more intrainteractions, which described the
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Song et al. Genome Biology (2025) 26:27 Page 7 of 22

compact condition, were detected in sperm, but not vegetative nuclei. These results
indicate that the centromere regions in sperm nuclei are more aggregated but dispersed
in vegetative nuclei which are consistent with our conclusions based on sn-Hi-C data
(Fig. 1i). In addition, we found that both the intra- and interchromosome interactions
of KNOT structures are significantly reduced in sperm nuclei (Fig. 2b, ¢ and Additional
File 1: Fig. S8); however, these structures slightly but not significantly decreased in veg-
etative nuclei (Fig. 2b, ¢ and Additional File 1: Fig. S8). The high degree of chromatin
compaction eliminates the long-range interactions within or between chromatins in
sperm nuclei (Fig. 1f), resulting in the attenuation of KNOT in sperm nuclei (Fig. 2b, c
and Additional File 1: Fig. S8). In summary, our results suggest that intermingling chro-
matin or chromatin compaction is the specific feature in vegetative or sperm nuclei at
the chromosome level.

A/B compartments are switched in vegetative or sperm nuclei

The genome is organized into large, self-interacting chromatin compartments, A and
B, resulting in plaid patterns in chromatin interaction maps or the derived correlation
heatmap [14, 24, 44]. We evaluated whether A/B compartments are still maintained in
vegetative and sperm nuclei. In general, A/B compartments are switched in vegetative
(34%) or sperm (16%) nuclei compared to that in seedlings (Fig. 3a). Approximately 38
and 13% of A compartments in seedlings are switched to B compartments in vegetative
and sperm nuclei, respectively, while roughly 24% of B compartments in seedlings are
switched to A compartments in both vegetative and sperm nuclei (Fig. 3a). In Arabidop-
sis, A compartments are located in the chromosome arm region, while B compartments
are mainly distributed in the pericentromere or telomeric regions [44]. The global distri-
bution of A/B compartments in sperm nuclei is similar to that in seedlings; however, sig-
nificantly switched A/B compartments were observed in vegetative nuclei, especially in
chromosome arm regions (Fig. 3b and Additional File 1: Fig. S9). Furthermore, we found
that the average length of A compartments in vegetative nuclei was significantly shorter
than that in seedlings, while the length of B compartments was not significantly changed
(Fig. 3¢), indicating that A compartments in vegetative nuclei are separated by the newly
formed B compartments. In addition, the saddle plots show that the strength of A-A or
B-B interactions is weakened in sperm nuclei, but is increased in vegetative nuclei com-
pared that in seedlings (Fig. 3d).

It has been reported that A/B compartments are associated with positive or repres-
sive histone modifications [7, 44, 45]. To further determine whether A/B compartment
changes are associated with the changes of histone modification in vegetative or sperm
nuclei, we analyzed the relationship between switched regions of A/B compartments
and the levels of H3K4me3, H3K9me2, and H3K27me3 [30]. We found that unchanged
B compartments and A compartments are enriched with high levels of H3K9me2 or
H3K4me3 in both vegetative and sperm nuclei (Fig. 3e, f), suggesting that typical repres-
sive or positive histone modifications contribute to the maintenance of B/A compart-
ments. B to A compartment switching is associated with reduced H3K27me3 levels in
both vegetative and sperm nuclei (Fig. 3e, f). H3K27me3 is a repressive modification
normally located in chromosome arm regions, which explains why B to A switching was
observed in these regions (Fig. 3b). A to B switched regions contain increased H3K9me2
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and decreased H3K4me3 in sperm nuclei, while increased H3K27me3 in vegetative
nuclei (Fig. 3e, f). Taken together, our results demonstrate that changed or maintained
typical histone modifications are correlated with compartment switching in vegetative
and sperm nuclei.

The switched A/B compartments facilitate vegetative cell-specific function

The switched A/B compartments in vegetative and sperm nuclei led us to further inves-
tigate their biological relevance. It has been reported that transposable elements (TEs),
located in the pericentromere regions of vegetative nuclei, de-repress and function to
reinforce the silencing of TEs in sperm nuclei through the redistribution of siRNAs [46].
We focused on the TEs which are upregulated in vegetative nuclei [47] and examined
their spatial position. These TEs were distributed in the pericentromere regions and dis-
persed throughout vegetative nuclei; by contrast, these TEs were aggregated in sperm
nuclei (Fig. 4a). Additionally, the spatial distribution of chromatin compartment struc-
tures in vegetative and sperm nuclei was obviously different (Fig. 4a). The B compart-
ments concentrated at the pericentromere regions, and the A compartments distributed
at the chromosome arm regions in sperm nucleus; however, the B compartments con-
centrated at the nuclear periphery and around A compartments in the nuclear center
in vegetative nucleus (Fig. 4a), which make the A/B compartment spatial structure
similar to that in mammalian nuclei [6]. When we checked the ratio of the differentially
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expressed genes (DEGs) within switched A/B compartments, we found that there are
more upregulated genes within the switched A compartments and downregulated genes
within switched B compartments in vegetative nuclei compared to the distribution of
DEGs in whole genome compartments (Fig. 4b), which suggests that there is a correla-
tion between switched A/B compartments and gene transcriptional regulation in vegeta-
tive nuclei. In contrast, the mis-regulated genes do not show an obvious correlation with
the switched A/B compartments in sperm nuclei (Fig. 4b). Moreover, the gene ontology
(GO) analysis showed that pollen tube growth-related genes tend to be located at the
switched A compartments and upregulated, but the cell development related genes are
located at the switched B compartments and repressed in vegetative nuclei (Fig. 4c, d).
In summary, these data show that the switched A/B compartments in vegetative nuclei
are associated with cell type-specific TE and gene transcriptional regulation.

The active transcriptional center in sperm nuclei facilitates sperm-specific function

It has been reported that although the chromatin is compacted in sperm nuclei, the
general transcription is not completely repressed [37]. To investigate where the tran-
scription occurs in compacted sperm nuclei, we divided the simulated single-nucleus
structure into three parts by calculating the distances of every particle in the remodeled
structure to the mass center and defined the min 25% as the core, the max 25% as the
surface, and the remaining parts as the middle. Firstly, we examined the spatial distri-
bution of two typical histone modifications (H3K9me2 and H3K4me3) in sperm nuclei.
The surface of sperm nuclei has a higher level of H3K9me2, which decreases gradually
toward the middle and core regions. On the other hand, the highest level of H3K4me3
is found in the core of sperm nuclei (Fig. 5a). Accordingly, genes with high transcription
are typically located at the core of sperm nuclei (Fig. 5b). Therefore, we defined the core
regions in sperm nuclei as the active transcriptional center. Moreover, the genes within
the active transcriptional center are involved in meiotic cell cycle regulation (Fig. 5¢). It
has been reported that the histone variant H2B.8 is involved in the regulation of chroma-
tin compaction in sperm nuclei [37]. To understand whether H2B.8 functions to regulate
the active transcriptional center, we used the CRISPR-Cas9 system to generate a 42b.8
mutant in the pMGH3:MGH3-eGFP/pACT11::H2B-mRFP background, which has been
described previously (Additional File 1: Fig. S10) [37]. Subsequently, we isolated vegeta-
tive and sperm nuclei to perform sn-Hi-C (Additional File 1: Fig. S11). Since H2B.8 is
only expressed in sperm but not vegetative nuclei [37], the latter from the /#2b.8 mutant
were used as a control. Clustering of vegetative and sperm nuclei in WT and the /4#2b.8
mutant based on Hi-C contact maps yielded two clusters (Fig. 5d). Vegetative nuclei
from WT or the £2b.8 mutant mixed together, but sperm nuclei from WT or the %#2b.8
mutant showed difference (Fig. 5e). Next, we reconstructed the 3D genomes of vegeta-
tive and sperm nuclei in the #25.8 mutant. We found that the inter chromosome interac-
tion ratio is increased in sperm nuclei but not in vegetative nuclei in the #25.8 mutant in
comparison with that in the WT (Fig. 5e, f), which indicates that H2B.8 compacts chro-
matin by preventing interchromosome interactions. Although H2B.8 functions to com-
pact chromatin in sperm nucleus [37], the active transcriptional center is maintained in
the /42b.8 mutant sperm nuclei (Fig. 5g). Additionally, the genes within the active tran-
scriptional center significantly overlapped between WT and the /#25.8 mutant sperm
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core middle surface

nuclei (Fig. 5h), which may explain why the sperm fertility is not disrupted in the 4#25.8
mutant [37]. Certain core genes in the wild type sperm were redistributed to the middle
regions of #2b.8 mutant sperms, recalling the less compacted but active transcriptional
center the /412b.8 sperm have (Additional File 1: Fig. S12). As a gradually compacted pro-
cess exists from microspore to sperm (Fig. 1d-f), while the compaction is not necessary
for the formation of an active core, we wonder if the active core exists in microspore
nuclei and generative nuclei. We have combined the published ATAC-seq and our sn-
Hi-C data and found that the chromatin accessibility has decreased from the core region
to the surface region in microspore nuclei (Additional File 1: Fig. S13a). Meanwhile,
the chromatin accessibility in the surface region of generative nuclei is less than in the
core and middle regions (Additional File 1: Fig. S13b). As for vegetative nuclei, the core
region, middle region, and surface region have a relatively even state of chromatin acces-
sibility without the structures of either active core or compact silent center (Additional
File 1: Fig. S13c). Chromatin accessibility, an indicator of transcription potential [48],

Page 11 of 22
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is highly aggregated in the core regions of microspore and generative nuclei but not in
vegetative nuclei, indicating the active core is also existent in microspore nuclei and gen-
erative nuclei. In summary, these results suggest that the core region in sperm nuclei is
an active transcriptional center enriched with H3K4me3, which contributes to sperm-
specific transcription pattern maintenance.

Discussion

The previous study which focused on the fertilization in rice isolated 15 cells in total
(four eggs, four sperms, four mesophyll cells, and three zygotes) with up to 17,000 effec-
tive contacts [5]. We applied FACS and modified sn-Hi-C method to get 324 nuclei in
total (15 microspores, 68 generative nuclei, 118 sperm nuclei, and 123 vegetative nuclei)
with a median of 41,684 chromatin contacts. Improvement of the FACS and sn-Hi-C
method lets us get more nuclei, more contacts and more various and precise cell types,
allowing us to better study dynamic changes in 3D chromatin structure during the two
rounds of mitosis in plant male gametogenesis. For the common study of the sperm at
single nucleus level, there are two similarities between Arabidopsis and rice. Firstly, the
interchromosomal interaction ratio in sperm was significantly lower than somatic cells
in both Arabidopsis and rice [5]. Secondly, the compact silent center (CSC) region, a
compacted structure which could be analogous with the interactive heterochromatic
islands (IHIs) in Arabidopsis, appears in egg, zygote and mesophyll cells of rice, but not
in sperm [5, 24]. Our data indicates that the KNOT structure (formed by IHIs) is also
significantly reduced in Arabidopsis sperm.

In mammals, 3D chromatin structure reorganized from round spermatid to the
mature sperm [25-27], including refined compartments and increased long-range inter-
actions. The general transcription level is significantly low in mature sperm because of
the tightly packaged chromatin [39, 49-51]. In Arabidopsis, our results profile the pro-
gression of male gametogenesis is accompanied by dynamic changes in 3D chromatin
structure. The microspore, in which the 3D chromatin structure is similar to that in
somatic cells (seedlings), develops towards different structural directions after the first
round of mitosis. In vegetative nuclei, chromatin territories become blurred, and the
strength of A/B compartments is changed in comparison with those in seedlings, while
generative nuclei maintain the chromatin territories and initiate the compaction of chro-
mosomes at the proximal regions. Histone variants H3.10 and H2B.8 are reported to
integrate genome in generative and/or sperm nuclei, which are involved in male game-
tophyte development [36, 37]. Other histone variants may also function in this process
to compact chromatin in generative nucleus. Subsequently, two sperm cells are yielded
from one generative cell after a second round of mitosis. The compaction of chromatin
gradually extends toward the distal regions until complete compaction is reached within
the sperm nucleus, which exhibits clear chromatin territories. Moreover, the switched
A/B compartments are weakened in comparison with those in seedlings (Fig. 6a). While
two directions appeared after the first division and the same direction was kept after
the second divide, our results emphasize the relationship between mitosis and cell fate
determination in 3D perspective. In addition, the transcription in Arabidopsis is main-
tained at certain level compared to that in mammalian sperm [37-39]. We found that
an active transcriptional center with high levels of H3K4me3 maintenance of a relatively
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active transcriptional state of genes related to the meiotic cell cycle regulation (Fig. 6b).
Previous paper focused on microscopy analyses in vegetative nuclei and sperm nuclei
and conducted bulk Hi-C in seedlings with ectopically express H2B.8 [37]. Our study has
confirmed the conclusions about the condensed state of chromatin in sperm nuclei and
less compact state of chromatin in vegetative nuclei in previous study [37]. Addition-
ally, our study conducted sn-Hi-C and low input Hi-C in sperm and vegetative nuclei,
finely describing the structural formation of the two significant cell types, especially on
the A/B compartment switch respective. The Hi-C data in special cell types, but not the
ectopic simulating Hi-C, are the true reflection of 3D genome, and give a chance to inte-
grate multiple omics data to describe the structure of sperm and vegetative nuclei and
their relationship with transcriptional regulation. Moreover, our data showed that the
active transcriptional center is not regulated by H2B.8, which indicates that sperm-spe-
cific expression genes are independent of chromatin compaction. The transcription of
the sperm-specific genes may contribute to maintaining the active transcriptional center,
which is verified by theory [52] that 3D chromatin structure is finally coupled with local
transcription. More study would be needed to elucidate how the active transcriptional

center maintains in the future.
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Vegetative cells are a specific cell type in flowering plants. In comparison with genera-
tive cells, vegetative cells undergo certain epigenetic changes such as heterochromatin
loss and DNA demethylation, which activate TEs and genes related to pollen function
[34, 47, 53]. We observed significant changes in the 3D chromatin structure in vegetative
nuclei with the loss of chromosome territories, which is unique compared with other
cell types in both animals and plants. It has been found that there is a close relationship
between switched A/B compartments and transcriptional regulation during spermato-
gonial differentiation in mammals [54]. In our study, the correlation between switched
A/B compartments and mis-regulated genes in vegetative nuclei is closer than in sperm
nuclei, which may correlate with the less compact chromatin structure and blurred chro-
matin territories. The dramatic switched A/B compartments participate in regulating
certain genes such as the pollen tube growth related genes, and may link with changed
histone modifications (Fig. 6b). Some studies have mentioned the relationship between
A/B compartment switch and the histone modification change. For instance, chromatin
remodeling complexes function to regulate switch of A/B compartments through main-
taining H3K27me3 [12]. Besides, the loss of linker histone H1 leads to the reduction of
H3K27me3 and gain of H3K36me2 which are closely related to the switch of A/B com-
partments [18]. Furthermore, it has been reported that partial A/B compartments have
switched in differentiating spermatogonia in mammals, and several functional genes are
related to the switch of A/B compartments [54]. Further studies are needed to investi-
gate the mechanistic insights between histone modifications and genome structures by
mutating the writer protein of H3K27me3 or H3K4me3.

Moreover, the vegetative nucleus also can be a special example to explore 3D chroma-
tin structural formation. The fractal globule conformation model is used to explain the
formation of chromatin 3D structure in both animals and plants [7, 24]. The chromatin
conformation in vegetative nucleus is unique and confirms the other model, equilibrium
globule conformation model [7]. Exploring the mechanism of special chromatin forma-
tion in vegetative nuclei will help to further understand the equilibrium globule confor-
mation model.

Conclusions

Collectively, our work provides a new blueprint for the dynamics of 3D chromatin struc-
ture during the two rounds of mitosis in plant male gametogenesis, which is prominent
for the plant reproductive process. We have found that the genome structure of micro-
spore nuclei develops in two distinct directions: vegetative nuclei lose clear chromosome
territories and exhibit intermingled chromosomes; the compaction state of chromatin
initiates from generative nuclei from the distal regions until the complete compaction
state in sperm nuclei. Besides, the nuclei of microspore, generative cell and sperm cell
have clear chromosome territories. Furthermore, the 3D chromatin structure has a close
relationship with the transcriptional regulation during gametogenesis. The switched A/B
compartments in vegetative nuclei are associated with cell type-specific TE and genes
related to its function such as pollen tube growth-related genes. Moreover, sperm nuclei
exist an active transcriptional center, which is vital for the maintenance of its special
transcription pattern. This complete tracking can help to better understand the possible
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mechanism of male sterility and provide clues for the construction of sterile lines in
crossbreeding.

Methods

Plant materials and growth conditions

Col-0, pMGH3::MGH3-eGFP/pACTI11::H2B-mRFP, pHTR10::HTR10-RFP, and h2b.8
mutant plants were grown in a Percival growth chamber at 22 °C under long-day (16 h
light/8 h dark) conditions.

Construction of the h2b.8 mutant using CRISPR-Cas9

To create the /42b.8 mutant, four primers for single-guide RNA (sgRNA) were
designed and cloned into the pAtU6-sgRNAs vector [37]. The pAtU6-sgRNA frag-
ment containing the sgRNA sequence was transferred to the p2 x 35S-Cas9-P2A-
GFP-rbcS-E9t and pJim19 vectors, by restrictive enzyme digestion and T4 ligation
(for oligonucleotide sequences, see Additional file 3: Table S2). Agrobacterium tume-
faciens was transformed with the constructs, and the flower-dipping method was
used to acquire the transgenic plant in the pMGH3:MGH3-eGFP/pACTI11::H2B-
mRFP background.

Isolation of microspores, generative cell nuclei, vegetative nuclei, and sperm nuclei

by FACS

Microspores were isolated by FACS as described previously [40]. Greater than
200,000 microspores were isolated from approximately 3-mL unopened buds. The
purity of the microspores was accessed by DAPI staining under the microscope. Then,
the microspore cell suspension in 1 x PBS was centrifuged at 2000 x g for 5 min at
4 °C, the supernatant was discarded, and 1 mL 1 x PBS containing a final concen-
tration of 2% formaldehyde solution was added. The sample was fixed for 20 min at
room temperature, after which glycine was added at a final concentration of 0.1 M to
quench the fixation reaction. The pellets were collected by centrifugation at 2500 x g
for 5 min at 4 °C, and the supernatant was discarded. Finally, cells were resuspended
in 50 pL Galbraith Buffer [55] containing 1% Triton " X-100, 10 mM f3-mercaptoe-
thanol, and 1 x complete protease inhibitor cocktail. Microspore cells were lysed by
mechanical grinding using a pestle in liquid nitrogen [30]. The intact microspore
nuclei were isolated by aspiration using a needle under the microscope.

Generative cell nuclei were isolated from the pHTR10:HTR10-RFP marker line
[56]. In brief, unopened buds were picked from the marker line and ground in ice-cold
0.3 M mannitol solution. The crude pollen was filtered through a 100-pm nylon mesh,
and Triton™ X-100 was then added at a final concentration of 1%. After centrifugation
at 800 x g for 5 min at 4 °C, the supernatant was discarded and the pollen pellet was
resuspended in ice-cold Galbraith Buffer [55] containing 1% Triton = X-100, 10 mM
f-mercaptoethanol, and 1 x complete protease inhibitor cocktail [29] and subjected
to FACS. The mixture of microspores and bicellular pollen was gated by high-angle
scatter (SSC), autofluorescence, and low-angle scatter (FSC) [40]. To further isolate
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generative cell nuclei, the mixture of microspores and bicellular pollen was collected
by centrifugation at 2500 x g for 5 min at 4 °C. The supernatant was then discarded
and the pellet was resuspended in 3 volumes of Buffer A [57]. A beating protocol with
500-pm glass beads was run for 90 s at 30 Hz [57], and the suspension was subjected
to FACS. The generative cell nuclei were isolated based on the RFP signal.

Dry pollen was harvested from the pMGH3:MGH3-eGFP/pACTI11::H2B-mRFP
marker line, and sperm and vegetative nuclei were isolated by FACS as described previ-
ously [40]. Greater than 30,000 sperm nuclei and vegetative nuclei were isolated from
approximately 5-mL open flowers.

Zeiss LSM 900 Airyscan laser confocal microscopy has been used to detect GFP
or RFP fluorescence signals, and the obtained images were processed by using ZEN
Microscopy software.

Sample pre-processing

Samples used for the analysis of nuclei from sperm, vegetative, or generative cells were
centrifuged at 1300 x g for 5 min at 4 °C. The supernatant was discarded, the pellets were
resuspended in 500 puL 1 x PBS, and the samples were centrifuged again. Nuclei were
collected in 500 puL 1 x PBS containing 75 uL. 16% PFA (Thermo Fisher 28,906), fixed
at room temperature for 20 min with rotation, and then quenched with 50 puL 2% BSA
(NEB B9000S). The supernatant was removed after centrifugation at 2000 x g for 5 min,
and the pellets were resuspended in 1 mL 1 x PBS and then subjected to FACS. Nuclei
were sorted in the single-cell or 4-way mode, depending on the subsequent experiment,
using a BD FACSAria™ Cell Sorter (65,011,040). Briefly, sperm nuclei were sorted by
FITC, and vegetative and generative nuclei were sorted by Texas Red.

Single-nucleus Hi-C on agarose

The protocol was used for the single-cell Hi-C experiments [6, 13, 58]. Microspore,
sperm, vegetative, and generative nuclei were sorted into 200-pL tubes containing 2.5 puL
0.3% SDS buffer in NEBuffer r3.1 (B6003S, NEB). After gentle centrifugation, the mix-
ture was incubated at 37 °C for 1 h, and then quenched with a solution containing 1
uL Triton" X-100, 0.125 uL water, and 0.125 puL NEBuffer r3.1 at 37 °C for 15 min. The
solution was set with 1.25 uL 2% low-melting point agarose (16,520,050, ThermoFisher)
cooled at 4 °C for 10 min. The subsequent incubations and washes were carried out by
altering the upper buffer of the gel. Nuclei were digested at 37 °C overnight with 0.3 pL
Dpn II (R0543M, NEB) in 1 x NEBuffer r3.1, and then washed twice with T4 ligation
buffer containing 0.1 mg/mL BSA. Ligation was performed at 16 °C for 12 h using 0.1
uL 400 U/uL T4 ligase (M0202L, NEB) in a total volume of 10 pL 1 x T4 Ligation Buffer
containing 0.1 mg/mL BSA.

After washing twice with Reverse-crosslinking Buffer (50 mM NaCl, 20 mM Tris pH
8.0, 0.15% Triton" X-100, 1 mM EDTA, 25 mM DTT), the gel was melted at 65 °C for
5 min, and then 1 pL 6 mg/mL Qiagen Protease (QIAGEN 19157) was added. Nuclei
were lysed at 50 °C for 3 h and then at 70 °C for 1 h. The amplification was performed by
adding 34 uL Amplification Mixture (4 uL 10 x ThermoPol buffer, 1.2 uL. 10 mM dNTP,

0.6 uL 50 uM GAT5 primer, 0.6 pL 50 pM GAT5-7N primer, 0.3 pL 100 mM MgSO,,
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1 pL Deep Vent (exo-) (NEB M0259L), and 26.3 pL water) and incubating under the
following program: 95 °C x 5 min; 4 °C x50 s, 10 °Cx 50 s, 20 °Cx 50 s, 30 °C x50 s,
40 °Cx 45 s, 50 *Cx 45 s, 65 °C x4 min, 95 °Cx 20 s, 58 °C x 20 s for a total of 10
cycles; 95 °C x 1 min; 95 °Cx 20 s, 58 °C x 30 s, 72 °C x 3 min for a total of 14 cycles;
72 °C x 5 min and hold at 4 °C.

Library construction and sequencing

The single-cell pre-amplification product was diluted according to the average concen-
tration to 5 ng/pL and 2 pL each diluted sample was transposed by the addition of 3 pL
Transposition Mixture (1 ul 5X TTBL, 0.25 pul TTE Mix V50 (Vayme TD501) 1.75 pL
water) and incubated at 55 °C for 10 min. Transposition was stopped by adding 1.25 pL
0.2% SDS, and then the plate was incubated at room temperature for 10 min. A 2-uL
aliquot of 5 uM i5 index, 2 pL 5 uM i7 index, and 11.55 pL. PCR mixture (4 pL 5 x KAPA
HiFi GC Buffer, 0.6 puL 10 mM dNTP, 0.4 uL. KAPA HiFi DNA Polymerase (KAPA
KK2102), and 6.55 uL water) were added and incubated under the following program:
(1) 72 °C x 3 min; (2) 98 °C x 30 s; (3) 98 °C x 15 s; (4) 60 °C x 30 s; (5) 72 °C 2 min, with
steps 3—5 cycled 11 times; (6) 72 °C x 5 min; (7) hold at 4 °C. The barcoded libraries were
pooled and then sized using 0.6X and 0.15X AMPure XP Beads (Beckman. A63881). The
final libraries were sequenced with paired-end 150-bp reads on a T7 platform accord-
ing to the manufacturer’s instructions. To obtain a well-modeled structure with suffi-
cient contacts, 0.3 Gb data for each cell were adopted to reach a near-saturated contact

number.

Modified low-input Hi-C

The method was modified from a previously described low-input Hi-C for mammalian
tissues [20, 59, 60]. Briefly, the nuclei of generative, vegetative, and sperm cells were col-
lected by FACS and centrifuged at 2500 x g for 5 min to remove the supernatant; 5 uL
liquid was left. A 5 pL aliquot of 1% SDS in 1 x NEBuffer 2 was then added, mixed, and
incubated at 61 °C for 10 min. Subsequently, 20 uL 3% Triton' X-100 was added, vor-
texed slightly, and allowed to react at 37 °C for 15 min. Digestion was carried out using
2 puL Mbol (R0147M, NEB) at 37 °C overnight, followed by inactivation for 20 min at
62 °C. Then gap-filling mixture (0.45 uL 10 mM dCTP/dGTP/dTTP mixture, 3.75 pL
0.4 mM Biotin-14-dATP (19,524,016, invitrogen), and 2 pL 5 U/pL Klenow (M0210L,
NEB)) was added and incubated at 37 °C for 90 min. Ligation was performed using 80
uL mixture (12 pL 10 x Ligation Buffer, 7 uL 10% Triton™ X-100, 0.6 uL 2% BSA, 1 uL
400 U/uL T4 Ligase, and 59.4 uL water) for 4 h at 16 °C. Cells were lysed in 5 puL 60 mg/
mL Qiagen Protease and 1 uL. 5 M NaCl for 3 h at 50 °C, and then the reaction was
stopped at 70 °C for 30 min. The lysate was purified using a Zymo DNA purification kit
by sequential elution with 6 pL water 2—3 times at 50 °C.

Library construction Tagmentation was carried out by Tn5 insertion (TD502,
Vazyme). Eluted DNA was added to 6 uL TTBL buffer and X uL TTE (X is the amount
of DNA in ng). A total of 30 pL solution was de-acted at 55 °C for 10 min. A 5-pL ali-
quot of TS buffer was added and incubated for 10 min to stop the reaction. Next, 10 uL
5 x TAB, 4 puL water, and 1 pL TAE was added for elongation at 72 °C for 3 min. The mix-
ture was then transferred to a tube containing washed MyOne Streptavidin C1 (35002D,
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ThermoFisher) beads in 50 pL 2 x B&W buffer. After incubation for 15 min with rota-
tion, the beads were washed twice with 80 uL 1 x B&W buffer by shaking for 2 min at
55 °C. The beads were buffered with 27.5 uL water and transferred to a fresh tube. Subse-
quently, 10 pL 5 x HiFi GC buffer, 1.5 uL. 10 mM dNTDP, 1 uL KAPA, and 5 pL 5 mM bar-
coded i5/i7 primers were mixed together and incubated under the following program:
(1) 72 °C x 3 min; (2) 98 °Cx 30 s; (3) 98 °C x 15 s; (4) 60 °C x 30 s; (5) 72 °C x 2 min,
with 3-5 steps cycled 10-13 times; (6) 72 °C 5 min; (7) hold at 4 °C.

The pooled sample was directly sized with 0.75X AMPure XP Beads (Beckman.
A63881). The final libraries were sequenced with paired-end 150-bp reads on a T7 plat-
form according to the manufacturer’s instructions. To obtain a fine resolution with clear
high-order structures, each sample was sequenced with 50-100 Gb data according to
the sample size.

Analysis of single-nucleus Hi-C data

The sn-Hi-C data were preprocessed as previously reported [6]. The sequence reads
were mapped to the TAIR10 reference genome using BWA-mem2 in 5SP mode. The
reads were then aligned pairwise, and contacts were generated using hickit with defined
parameters. We skipped contact phasing and cleaning processes in all cells due to the
haploid nature and lack of SNPs. For quality control, cells with <10,000 contacts were
excluded. scHiCluster [61] and Seurat [62] were used for dimensionality reduction and
clustering under default parameters. The first 100 singular values for scHiCluster were
used in Seurat to “RunPCA;” “FindNeighbours,” “FindClusters,” and “RunUMAP”, Hickit
was used to generate the reconstructed 3D structure of each cell. The parameters were
set as -r1M -cl -rl0m -c2 to filter the interactions, and the 3D structure was recon-
structed gradually at higher resolution in the order of 4 Mb, 1 Mb, 200 kb, 50 kb, 20 kb,
and 5 kb. “dip-c/scripts/hickit_3dg_to_3dg_rescale_unit.sh” and “dip-c align” were used
to rescale the backbone distance of each reconstructed structure to 1.0 particle radii and
estimate the uncertainty of the 3D structures, respectively. The structures were analyzed
using “dip-c color —C” [6] to identify their surface and core regions. The distance from
the simulated center in each single nucleus has been calculated, then the average dis-
tance of each particle in different genome structures is calculated as the final distance
of this particle. The 5-kb particles were arranged according to their distance from the
central mass of the reconstructed structure, with the minimum 25% of the final average
distance was defined as the core region. PYMOL was used for data visualization, adjust-
ing the diameter of the ball and stick structure according to the characteristics of each
structure to clearly show the structure.

Analysis of bulk Hi-C data

After the data were filtered using fatsp [63], the interaction matrix was processed by
HiC-Pro [64], and the converted matrix was previewed using Juicebox [65] to show the
interactions. The bulk Hi-C data were mapped to the TAIR 10 and the Col-CEN genome
[66]. For the 100 kb resolution matrix, after correcting the differences in sequencing
depth between samples using HiCExplorers [67], especially by hicNormalize and hic-
CorrectMatrix, hicPlotDistVsCounts were used to investigate the variation in chroma-
tin interaction frequency with distance. From 100 kb to 2 Mb, the distance ranges were
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separated into four intervals, and the contact frequency in each interval was summed
and compared between different cell types. The coefficient of variation was calculated
by taking the standard deviation and dividing it by the mean. HOMER [68] was used
to compute the feature vector and define the chromatin compartments, at a resolution
of 20 kb and a sliding window of 60 kb, and then correct for the activation-modified
region of H3K4me3. FAN-C [69] was used to determine the intensity of chromatin com-
partmentalization. The feature vectors were calculated at a resolution of 40 kb; the fea-
ture vectors were sorted from largest to smallest; the most active A compartment to the
most inhibited B compartment was defined at 10% intervals; and the observed/expected
values for the interactions within and between these percentile intervals were calcu-
lated and displayed. HiCPlotter [70], Intervene [71], and Seqplot [72] were used for data
visualization.
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