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Abstract 

Background:  Plants respond to environmental stimuli by altering gene transcription 
that is highly related with chromatin status, including histone modification, chromatin 
accessibility, and three-dimensional chromatin interaction. Vernalization is essential 
for the transition to reproductive growth for winter wheat. How wheat reshapes its 
chromatin features, especially chromatin interaction during vernalization, remains 
unknown.

Results:  Combinatory analysis of gene transcription and histone modifications 
in winter wheat under different vernalization conditions identifies 17,669 differen-
tial expressed genes and thousands of differentially enriched peaks of H3K4me3, 
H3K27me3, and H3K9ac. We find dynamic gene expression across the vernalization 
process is highly associated with H3K4me3. More importantly, the dynamic H3K4me3- 
and H3K9ac-associated chromatin-chromatin interactions demonstrate that vernali-
zation leads to increased chromatin interactions and gene activation. Remarkably, 
spatially distant targets of master regulators like VRN1 and VRT2 are gathered together 
by chromatin loops to achieve efficient transcription regulation, which is designated 
as a “shepherd” model. Furthermore, by integrating gene regulatory network for ver-
nalization and natural variation of flowering time, TaZNF10 is identified as a negative 
regulator for vernalization-related flowering time in wheat.

Conclusions:  We reveal dynamic gene transcription network during vernalization 
and find that the spatially distant genes can be recruited together via chromatin loops 
associated with active histone mark thus to be more efficiently found and bound 
by upstream regulator. It provides new insights into understanding vernalization 
and response to environmental stimuli in wheat and other plants.
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Background
Bread wheat (Triticum aestivum) is the most widely cultivated crop worldwide [1], par-
tially benefiting from its capability to overcome cold temperatures in winter. Winter 
wheat requires a particular duration of cold days before flowering in warm spring, which 
is called vernalization, the response of temperate plants to prolonged low temperature 
[2–6]. Vernalization is critical for winter wheat, which has a longer lifespan and gener-
ally a higher yield and better grain quality than spring wheat [7–9].

Four genes, VERNALIZATION1 (VRN1), VRN2, VRN3, and VRN4, have been shown 
to control vernalization-mediated flowering in wheat [3, 10]. VRN1 encodes a MADS-
box transcription factor and is the homolog of Arabidopsis floral meristem identity gene 
APETALA1 (AP1). The transcription of VRN1 is induced by cold temperatures and accu-
mulates after sufficient cold exposure to promote flowering in winter wheat [11]. VRN2, 
whose transcription is repressed by vernalization, encodes a zinc-finger protein and acts 
as a flowering repressor to delay wheat flowering [12]. VRN3 is orthologous to Arabi-
dopsis FLOWERING LOCUS T (FT) and functions as florigen in wheat [13]. VRN4 is 
an additional variant of VRN1 that exists in an ancient wheat in South Asia, and it is 
expressed to accelerate wheat flowering without the requirement of vernalization [14]. 
VRN1 binds to the promoters of VRN2 and VRN3 to repress the transcription of VRN2 
while activating the expression of VRN3 in both wheat and barley [15, 16]. Meanwhile, 
VRN1 downregulates the expression of C-REPEAT BINDING FACTOR (CBF) genes, 
which play critical roles in freezing tolerance [16, 17]. Therefore, VRN1 plays a central 
role in cold resistance and vernalization response in wheat [3].

Transcription induction of vernalization-related regulators is under epigenetic regu-
lation in both dicots and monocots [3, 18–21]. In Arabidopsis, the flowering repressor, 
FLOWERING LOCUS C (FLC), remains active before winter but becomes repressed by 
vernalization during winter [22, 23]. The silencing of FLC transcription is associated 
with the transition from active to repressed histone marks at the FLC locus, represented 
by H3K4me3 and H3K27me3, respectively [24–26]. In temperate grasses, including 
wheat, barley, and Brachypodium distachyon, transcription of VRN1, the key regulator 
during vernalization, is associated mainly with dynamic change of histone modification 
[27–30]. H3K27me3 is enriched on the VRN1 gene to inhibit its transcription before 
vernalization, whereas H3K4me3 is increased gradually during the prolonged cold expo-
sure, resulting the elevated expression of VRN1 [27, 28, 30–32]. Besides the histone 
modification, the function of VRN1 is orchestrated by RNA-binding protein TaGRP2 
targeting its pre-mRNA and MADS-box protein TaVRT2 binding to its promoter [31, 
33, 34]. Interestingly, an alternative splicing form of VRN1, VAS, promotes its transcrip-
tion by facilitating the docking of TaRF2b-TaRF2a complex at the VRN1 promoter [35]. 
More than the key regulators, plants respond to environmental stimulates by system-
atically reshaping the gene transcription network under epigenetic control [36–38]. The 
genome-wide gene transcription dynamics under different vernalization treatments in 
Brachypodium distachyon had been investigated, and the role of H3K4me3/H3K27me3 
modifications have been demonstrated [30, 39]. Moreover, increasing evidence suggests 
that the three-dimensional (3D) chromatin-chromatin interaction plays a critical role 
in gene transcription regulation in both wheat and other species [40–45]. Nevertheless, 
how vernalization reshapes the genome-wide atlas of gene transcription with changed 
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chromatin status, especially the 3D chromatin interaction is still largely unknown in 
wheat.

In this study, we conducted multi-omics analysis by integrating transcriptome, epi-
genome, and H3K4me3- and H3K9ac-associated 3D-chromatin interactome in winter 
wheat under different vernalized conditions to construct vernalization-mediated gene 
regulatory network and identify key genes that determine vernalization response in 
wheat. Our results not only deepen the understanding of gene transcription induced by 
vernalization but also provide novel targets for future adaptation breeding in wheat as 
well as in other temperate crops.

Results
A widely planted winter wheat cultivar, Aikang 58 (AK58) [46], was used to investigate 
the impact of vernalization on gene transcription in wheat. To estimate its requirement 
of vernalization, we measured the flowering time of AK58 plants grown under differ-
ent conditions. The result showed that non-vernalized (V0) AK58 does not flower until 
more than 130 days after sowing. Twenty-eight-day vernalization (V28N) is sufficient to 
induce flowering while 14-day vernalization (V14N) leads to later flowering than 28-day 
vernalization (Fig. 1a, b). We then profiled transcriptome at the time points of V0 (not 
vernalized), V28 (vernalization at 4 °C for 28 days), and V28N6 (vernalization for 28 days 
followed by normal growth for 6  days), which mimics the three major phases during 
vernalization process in the nature (Fig. 1c). Accordingly, epigenome was generated by 
chromatin immune-precipitation followed by high-throughput sequencing (ChIP-seq) 
using antibodies against H3K4me3, H3K27me3, and H3K9ac, which are marks for active 
gene transcription, repressed gene transcription, and gene regulatory elements (proxi-
mal and distal) to activate gene transcription in wheat [47, 48], respectively, and by assay 
for transposase-accessible chromatin using sequencing (ATAC-seq) [49] and H3K4me3- 
and H3K9ac-associated chromatin interaction by paired-end tag sequencing (ChIA-
PET) [50] (Additional file  1: Fig. S1). In total, 39 datasets were generated (Additional 
file 2: Table S1).

Genome‑wide gene transcription dynamics across the vernalization process in wheat

The principal component analysis (PCA) of RNA-seq data (Additional file 2: Table S2) 
uncovers significant transcriptome dynamics among treatments (Fig. 1d). We identi-
fied 13,187 (5975 upregulated and 7212 downregulated) differentially expressed genes 
(DEGs, fold change > 2, q-value < 0.05) when comparing the gene transcription profile 
in V28 samples with V0 samples (V0 vs V28), and 12,656 DEGS (7864 upregulated 
and 4792 downregulated) were isolated in the comparison between samples from 
V28N6 and V28 (V28 vs V28N6) treatments (Fig. 1e; Additional file 1: Fig. S2a, b and 
Additional file 2: Table S3). Furthermore, there are 5453 (3537 upregulated and 1916 
downregulated) genes differentially expressed in V28N6 plants, compared with non-
vernalized plants (V0 vs V28N6) (Fig. 1e; Additional file 1: Fig. S2c). Overall, 17,669 
genes were dynamically expressed across the three treatments, and they were grouped 
into seven clusters. Among them, genes in cluster 1 and cluster 2 showed the high-
est expression level before vernalization (V0) and significantly reduced transcription 
level after prolonged cold exposure; genes in cluster 3 and cluster 4 showed elevated 
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expression after vernalization (V28); genes in cluster 5 showed increased expression 
after vernalization and remain high level when the plants were transferred to normal 
condition, and genes in cluster 6–7 showed highest expression level in V28N6 plants 
(Fig. 1f; Additional file 1: Fig. S2d). Detailed Gene Ontology (GO) analysis revealed 

Fig. 1  Global transcriptome dynamics during vernalization in wheat. a 28-day vernalization is more 
promising to initiate flowering for winter wheat cultivar, Aikang 58 (AK58), compared with 14-day 
vernalization. b Bar graph showing flowering time of AK58 without vernalization (V0) and with vernalization 
for 14 days (V14) and 28 days (V28), respectively. c Diagram showing the treatment and sampling strategy. 
AK58 seedlings with V0 (14 days old seedling, without vernalization), V28 (at normal temperature for 9 days 
and at 4 °C for 28 days), and V28N6 (normal temperature for 3 days and at 4 °C for 28 days followed by normal 
condition for 6 days) treatment were harvested at three-leaf stage. d PCA analysis of the transcriptome 
datasets. e Venn diagram showing differentially expressed genes among V0, V28, and V28N6 (p-value < 0.05, 
fold change > 2). f Heatmap showing seven clusters of differentially expressed genes across three treatments. 
g GO analysis showing the top 5 significantly enriched terms in each gene cluster. The length of light blue 
rectangle represents the significance of each pathway. h Sankey plot showing altered asymmetric expression 
pattern of homoeologs across three treatments
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that gene related with photosynthesis, protein, and carbohydrate metabolism are 
active in V0 plants, while genes responsible for RNA metabolism is dominant in V28 
plants and genes responding to abiotic stimulus are activated after the plants were 
returned to normal temperature (Fig. 1g). These well-known vernalization and flow-
ering-related genes, including VRN1, showed a dynamic expression pattern across 
different vernalization conditions (Fig. 1f ).

Asymmetric gene transcription contributes to plant growth and trait formation in 
polyploidy species [48, 51]. We investigated the asymmetric gene transcription among 
subgenomes during vernalization response in wheat. We identified 6218 homoeolog tri-
ads (composed of copies from A, B, and D subgenomes) from the 17,669 DEGs (Addi-
tional file  2: Table  S4). We noticed that the asymmetric gene expression pattern is 
similar among the three conditions (Additional file 1: Fig. S2e). More than 60% of triads 
are balanced triads, expressing the homoeologs from A, B, and D subgenomes equally. 
In the unbalanced triads, the proportions of A suppressed and B suppressed are sig-
nificantly higher than others (D suppressed, A/B/D dominant). Interestingly, 28.67% 
(1783/6218) triads changed their asymmetric gene expression pattern, and the A, B, and 
D homoeologs of 30.01% (1866/6218) showed dynamic gene transcription (not neces-
sarily changed their asymmetric gene expression pattern) across the three vernalization 
conditions (Fig. 1h; Additional file 2: Table S4), indicating potential function differentia-
tion of subgenome homoeologs during vernalization process in wheat. For example, A 
subgenome member of ODDSOC2, Ppd1, VRT2, and VRN1 and B subgenome member 
of TaOGT1, TaTOE1, and WPCL1 [11, 34, 52–56] showed distinct expression patterns 
compared with the other two corresponding homoeologs during vernalization (Addi-
tional file 1: Fig. S2f ).

Active marks of H3K4me3 and H3K9ac are more comprehensively and highly correlated 

with changing gene transcription than H3K27me3 during vernalization in wheat

It is reported that changes in histone modification level on key regulators, like VRN1, 
are one of the major mechanisms in vernalization response in Triticeae grass [27, 28, 
30]. To reveal the genome-wide histone modification dynamics during vernalization in 
wheat, we mapped loci modified by H3K4me3, H3K9ac, or H3K27me3 and the genomic 
regions with accessible chromatin (Fig. 2a; Additional file 1: Fig. S3 and Additional file 2: 
Table S5). As expected, the H3K4me3, H3K9ac, and chromatin accessibility showed pos-
itive correlation with gene transcription level revealed by RNA-seq, whereas the repres-
sive mark H3K27me3 is negatively correlated with all the active mark and also with the 
gene transcription level (Additional file 1: Fig. S4a). Genes with H3K4me3, H3K9ac, or 
open chromatin showed significant higher expression level than genes without these 
modifications, while the expression of genes with H3K27me3 modification is repressed 
(Additional file 1: Fig. S4b).

PCA analysis showed that the enrichment of both the active (H3K4me3 and H3K9ac) 
and the repressive (H3K27me3) marks is dynamically changing across different condi-
tions (Fig. 2b). The fold change of DEGs between two adjacent stages (from V0 to V28 
then to V28N6) is positively associated with H3K4me3 (R = 0.74 and 0.62) and H3K9ac 
(R = 0.56 and 0.46) and negatively correlated with H3K27me3 (R = − 0.25 and − 0.15) 
in the comparisons of V0 vs V28 and V28 vs V28N6 (Additional file  1: Fig. S5a-c), 
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suggesting the critical role of histone modification during vernalization response, which 
is similar with the situation in Brachypodium distachyon [30]. We further identified 
peaks that are dynamically enriched across the three conditions, and we found 20,155, 

Fig. 2  Dynamic change of histone modifications during vernalization in wheat. a Circular diagram showing 
the genome-wide distribution of histone modification and chromatin accessibility in V0 plants. b Principal 
component analysis of H3K4me3, H3K9ac, and H3K27me3 among different treatments. c Box plots showing 
correlation between alteration of gene expression and differentially enriched peaks (DEPs) in its proximal 
region (promoter and gene body, left) and distal region (intergenic, right). d Heatmap showing DEPs of 
H3K4me3, H3K9ac, and H3K27me3 on the seven clusters of genes that are dynamically expressed. The red 
or purple color represents the peak intensity of the corresponding histone modification. e Dynamic change 
of histone modifications on VRN1, GRP2, and VRT2 during the vernalization process. f Heatmaps showing 
expression level and histone modification dynamics of published vernalization/flowering-related genes
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38,431, and 6317 dynamically enriched peaks (DEPs) for H3K4me3, H3K9ac, and 
H3K27me3, respectively (Additional file 2: Table S6-8). These DEPs were clustered into 
seven modules for each epigenetic mark (Additional file  1: Fig. S6). To further reveal 
the influence of DEPs located at proximal (3.5  kb upstream of transcription start site 
[TSS] to transcription end site [TES], where gene promoter and gene body are included) 
and distal (other genomic regions out of proximal genic region) genomic regions on 
gene transcription activity during wheat vernalization, we further investigated the 
expression level of their corresponding genes. We noticed that the dynamic change 
of gene expression level showed higher correlation with their proximal DEPs than the 
distal DEPs for all of H3K4me3, H3K9ac, and H3K27me3 (Fig. 2c). We then analyzed 
the dynamic changes of H3K4me3, H3K9ac, and H3K27me3 solely on DEGs identified 
across the three vernalization treatments (Fig. 1f ). Interestingly, we found that proximal 
DEPs of H3K4me3 and H3K9ac are highly correlated with the expression level of DEGs 
(Fig. 2d). While in the case of H3K27me3, only the expression of a small proportion of 
genes showed negative correlation with H3K27me3 (Fig. 2d–f). We focused on the 4113 
H3K27me3 DEPs locating at the proximal regions of 4098 genes among conditions of 
V0, V28, and V28N6, and only 564 genes are differentially expressed (Fig.  2d). When 
we looked at these 564 differentially expressed genes, the correlation between changed 
gene expression and H3K27me3 modification is in generally not significant. Only the 
expression of genes in cluster 4 containing VRN1 is correlated with H3K27me3 change 
(Fig.  2d). Interestingly, wheat vernalization/flowering-related genes, such as VRN1, 
TaGRP2, and VRT2, are undergoing dynamic histone modifications during vernaliza-
tion (Fig. 2e, f ). These results demonstrated that vernalization-mediated transcriptional 
dynamics were associated with alteration of histone modifications, especially those in 
proximal regions. Moreover, it is active mark (such as H3K4me3, H3K9ac) than sup-
pressing mark (H3K27me3) that is highly associated with the gene transcription altera-
tion during wheat vernalization process, which may be different from the situation in 
Arabidopsis [19–21].

Chromatin loops associated with H3K4me3 and H3K9ac are highly associated with gene 

activation during vernalization

The above analysis suggested that the change of H3K4me3 shows the highest correla-
tion with alteration of gene expression during wheat vernalization than H3K9ac and 
H3K27me3 (Fig. 2d, f; Additional file 1: Fig. S4, 5). Long-distance chromatin-chroma-
tin interaction participates in gene transcription regulation [40–42]. To investigate the 
impact of chromatin-chromatin interaction on gene transcription during wheat vernali-
zation process, we first performed high-resolution chromatin interaction analysis using 
paired-end tag sequencing (ChIA-PET) to analyze the genome-wide chromatin-chroma-
tin interactions associated with the active mark H3K4me3 before and after vernalization 
(V0 and V28N6), respectively (Fig. 3a, b; Additional file 2: Table S9). We found the high-
est number of interactions within the DD subgenome and the second highest number of 
interactions between the AA and DD subgenomes in both of the cases (Fig. 3a–d). The 
short arm of chromosomal 1B showed a much lower interaction frequency with other 
genomic regions (Fig. 3a, b). This is in line with the fact that AK58 contains the 1B/1R 
translocation, in which chromosome 1R is introduced from rye [43, 44, 46].
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Depending on the location of peaks that are connected by a chromatin loop, chroma-
tin loops were classified into proximal-proximal interaction (PPI) and proximal–distal 
interaction (PDI). A gene promoter enriched with H3K4me3 but has no interaction via 
chromatin loop with other genomic regions is defined as a basal promoter (BP). Genes 
with loop connected are anchor genes, including genes with only PPI, with only PDI, or 
with both PPI and PDI, and genes without loop linked but with H3K4me3 are BP genes 
[41, 57] (Fig. 3e). We identified 82,370 and 90,332 H3K4me3-associated loops in wheat 
before and after vernalization (Additional file  2: Table  S10-11). There are 54,800 PPIs 
and 27,570 PDIs identified for 45,983 anchor genes and 14,286 potential distal regulatory 
regions in V0 plants, and 60,169 PPIs and 30,163 PDIs connecting 46,928 anchor genes 
and 14,803 distal regulatory genomic regions were mapped in V28N6 plants (Fig. 3f, g). 
The anchor genes with both PPI and PDI loops showed the highest transcription level, 
followed by the genes connected by PPI or PDI loops only, the anchor genes, and the 
BP genes in order. And both the anchor genes and BP genes are much more actively 
transcribed than rest genes without H3K4me3 peak (Fig. 3h). Moreover, a positive cor-
relation between gene transcription level with chromatin interaction degree (interaction 
frequency) was observed in both V0 and V28N6 samples (Fig. 3i).

We wondered how the alteration of H3K4me3-associated interaction contributes to 
the change of gene transcription induced by vernalization. Based on the existence and 
number of loops, we divided anchor genes into five types, designated as “stable” (genes 
with the same interaction degree after vernalization), “up” (genes showed increased 
degree), “down” (genes showed decreased degree after vernalization), “appear” (genes 
had no loops before vernalization but loops appeared after vernalization), and “disap-
pear” (genes had loops before vernalization but the loops disappeared after vernaliza-
tion). The results showed that each type of the anchor genes was distributed roughly 
equally among the A, B, and D subgenomes with slightly less “stable” and “up” types in 

Fig. 3  Altered chromatin interactions associated with H3K4me3 during wheat vernalization. a, b ChIA-PET 
heatmaps showing chromatin interactions associated with histone modification H3K4me3 in V0 (a) and 
V28N6 (b) plants. The dashed boxes represent interactions within A, B, or D subgenome. c, d Boxplots 
showing interaction frequency within different subgenomes associated with H3K4me3 modification in V0 
(c) and V28N6 (d) plants. e Models explaining genes and genomic loci with H3K4me3 modification and 
chromatin interaction. BP gene, genes with histone modification but without loops. Anchor gene, genes 
connected by chromatin loops. Rest gene, gene without H3K4me3 modification. PPI only, anchor genes only 
connected by PPI. PDI only, anchor gene with PDI. PPI & PDI, anchor genes with both PPI and PDI loops. f 
Statistics of basal promoter (BP), PPI interaction and PDI interaction identified in V0 (left) and V28N6 (right) 
plants. g Pie diagrams showing statistics of BP genes, anchor genes and rest genes in V0 and V28N6 plants. h 
Expression level of genes with different types of chromatin interactions. ***P < 0.001. i Boxplots showing the 
expression level of BP genes (basal), anchor genes with different degrees, and rest genes without H3K4me3 
modification. j Column diagram showing the statistics of PPI and PDI loops in the five types of dynamic 
chromatin interaction (stable, up, down, appear, disappear) before and after vernalization. k, l Heatmaps 
showing the elevated expression level of anchor genes with increased interaction degree of PPI (k) and PDI (l) 
loops. m Browser screenshots showing the H3K4me3-associated chromatin interactions and gene expression 
level surrounding the genomic regions of the three homoeologs of VRN1 and VRT2 in V0 and V28N6 plants. 
inter, interchromosomal chromatin interactions. intra, intrachromosomal chromatin interactions. n Validation 
of the changed chromatin interactions at VRN1 locus during vernalization using DNA fluorescence in situ 
hybridization (FISH). Anchor regions are stained green (VRN1-A), red (VRN1-B), and carmine (VRN1-D or 
Chr5A:588380404), respectively. The separated red, green, and carmine channels were provided in Additional 
file 1: Fig. S8. Bar = 5 μm

(See figure on next page.)
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the B subgenome (Additional file 1: Fig. S7). The number of genes showing the “up” or 
“down” type is higher than the “disappear” or “appear” type after vernalization. Interest-
ingly, most of the altered loops in the “up” and “down” types were PPI loops, while the 
proportion of PDI loops is predominant in the groups of “appear” or “disappear” after 
vernalization (Fig. 3j). These results indicated that both the quantitative and qualitative 
complexities of chromatin interactions contribute to the dynamic change of gene tran-
scription triggered by vernalization, and the quantitative change is more frequently seen. 
We then asked which genes are affected by the changed PPI and PDI. We focused on 
those genes that increased the interaction degree after vernalization (“up” and “appear” 

Fig. 3  (See legend on previous page.)
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types) since we are more interested in the genes that are activated by the vernalization 
process. Not surprisingly, these genes showed increased expression levels in V28N6 
plants, including the published vernalization and flowering-related genes (Fig.  3k, l), 
especially the three homoeologs of VRN1 and VRT2 (Fig. 3m). To further confirm the 
chromatin interaction at the VRN1-A locus, we verified the interaction between VRN1-
A locus and VRN1-B/D as well as an intra-chromosome interaction between VRN1-A 
and TraesCS5A02G392000 (probe position: Chr 5A:588380404). It was clearly shown 
that VRN1-A marked by green florescence got together with VRN1-B and VRN1-D 
marked by red and carmine florescence, respectively, after vernalization. Furthermore, 
VRN1-A and the genomic region of TraesCS5A02G392000 were linked together after 
vernalization (Fig. 3n; Additional file 1: Fig. S8).

Except for H3K4me3, H3K9ac also showed close correlation with dynamic gene tran-
scription during vernalization. We then uncovered the chromatin interactions associ-
ated with H3K9ac (Additional file  2: Table  S9, 12, 13). It revealed that the interaction 
frequency within DD is the highest, and the patterns of interaction frequency before and 
after vernalization are similar (Additional file 1: Fig. S9a, b). There are 44,170 and 45,010 
anchor genes linked by H3K9ac-associated chromatin interactions in V0 and V28N6 
plants respectively (Additional file 1: Fig. S9c). Not surprisingly, gene with both PPI and 
PDI showed the highest gene expression level, and the more interactions one gene was 
involved, the higher expression of the gene can be detected (Additional file 1: Fig. S8d, 
e). We also found that the chromatin interactions are dynamically changing before and 
after vernalization, and the interaction degree of vernalization-related genes including 
VRN1 and VRT2 is significantly increased (Additional file 1: Fig. S9f-h). Interestingly, all 
the above results are highly comparable with the results obtains from ChIA-PET data 
using H3K4me3 antibody (Fig. 3c–m), which is line with the fact that the anchor genes 
marked by H3K4me3 and H3K9ac are largely overlapped (Additional file  1: Fig. S9i). 
These results supported the pivotal role of H3K4me3- and H3K9ac-associated 3D chro-
matin interaction on gene transcription activation during vernalization in wheat. Since 
H3K4me3 and H3K9ac seems to play very comparable role in indicating active gene 
transcription, we mainly used the H3K4me3-related data for further analysis.

H3K4me3‑associated chromatin loops gather targets bound by upstream regulator 

together for efficient gene activation

In animal cells, the CCCTC-binding factor (CTCF) mediates the formation of topologi-
cally associated domains for efficient gene transcription regulation [58]. We were curi-
ous how the H3K4me3-associated chromatin interactions activate gene transcription 
during vernalization. We first tried to figure out the possible upstream regulator (espe-
cially transcription factors, TFs) of the anchor genes that showed increased interaction 
degree and enhanced expression level (Fig. 3k, l) with the information of TF footprints 
revealed by ATAC-seq in V28N6 plants (Additional file 2: Table S5). We constructed a 
gene regulatory network, and strikingly, VRN1 appeared to be the core regulator with 
the highest number of outdegree (to regulate others) to regulate a group of anchor genes 
(Fig. 4a). This result indicated that the targets of the upstream regulator were gathered 
together by chromatin loops. To further confirm this hypothesis, we mapped the binding 
targets of VRN1 by DNA affinity purification sequencing (DAP-seq) [59] in combination 
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Fig. 4  Efficient gene transcription achieved by H3K4m3-associated chromatin loops during vernalization. 
a VRN1 is the core upstream regulator of genes from Fig. 3k, l, with the highest outdegree in the network. b 
Read density of VRN1 DAP-seq data surrounding the transcription start site (TSS). c CArG box was identified 
from VRN1 DAP-seq data. d Column diagram showing the number of putative VRN1 target genes connected 
by loops during vernalization process both in transcriptional upregulated (left) and downregulated (right) 
gene sets. e Number of loop-connected VRN1 target genes with different altered types (stable, up, down, 
appear, disappear) of interaction degree both in transcriptional upregulated (left) and downregulated 
(right) gene sets. f, g Vernalization-related regulatory networks based on TF footprint and chromatin 
interactions in V0 (f) and V28N6 (g) plants. The light green line represents specific link in V0 plants; the light 
purple line indicates specific link in V28N6 plants. h Validation of the chromatin interactions at ZNF10 loci 
after vernalization by DNA FISH. Anchor regions are stained carmine (ZNF10-5A or ZNF10-5B) and green 
(Chr5A:593761121 or Chr5B:581709899 respectively. Bar = 5 μm
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with the information of TF footprints by ATAC-seq in V28N6. A total of 18,033 possible 
binding targets were identified, and the classical CArG box was identified as the binding 
motif of VRN1 (Fig. 4b, c). Intriguingly, we found that most of the predicted VRN1 tar-
get genes were anchor genes that are involved in chromatin looping regardless of tran-
scriptional upregulated (81.1%, 3866/4765) or downregulated genes (86.8%, 3685/4245) 
(Fig.  4d). There are more VRN1 targets (2977 vs 1836) showing increased interaction 
degree (up or appear) than decreased degree genes (down or disappear) in both tran-
scriptional upregulated (1459 vs 987) and downregulated anchor genes (1518 vs 849) 
(Fig.  4e). In addition to VRN1, we also tested whether other hub regulators involved 
in vernalization behavers in the same manner. We did not detect significant chroma-
tin loops at both VRN2 and VRN3 loci, which may be due to the fact that H3K4me3 is 
hardly seen but H3K27me3 is highly enriched at these loci (Additional file 1: Fig. S10). 
We focused on VRT2 that had been reported to interact with VRN1 to play key role in 
vernalization [34]. We applied the publicly available DAP-seq data for VRT2 (Additional 
file 1: Fig. S11a, b) [60] and analyzed the dynamic change of chromatin interactions of 
the targets. The result showed that chromatin interaction degree was increased at VRT2 
locus after vernalization (Fig. 3m). Moreover, similar with the case of VRN1-A, a much 
higher proportion (2880 vs 671; 2730 vs 440) of VRT2 targets are involved in chromatin 
loops and the degrees are dynamically changing before and after vernalization (Addi-
tional file 1: Fig. S11c, d). These results support the notion that chromatin loops gath-
ered vernalization-related genes together for efficient co-transcription of these genes 
regulated by master regulators, such as VRN1 and VRT2.

Hence, the systematic impact of dynamic chromatin interaction on vernalization 
response was investigated. The regulatory networks constructed by combining TF foot-
print with chromatin interactions contain 9324 links in the V0 network connecting 6779 
nodes (4396 DEGs and 2383 distal sites) and 9871 links in the V28N6 network connect-
ing 6248 nodes (4797 DEGs and 1451 distal sites) (Fig. 4f, g). Significant differences in 
V0 and V28N6 regulatory networks with limited overlaps can be observed (Additional 
file  1: Fig. S12a, b). We further identified 364 TFs with dynamic gene expression as 
upstream regulators to drive expression change of downstream genes before and after 
vernalization (Additional file 2: Table S14). Among them, we found key regulators for 
vernalization, such as VRN1, VRT2, TaFDL2, WAG1, and WAG2, and genes including 
TaAGL17-B1, TaAGL17-B3, and TaSTK-D1 that belong to MADS-box family, which 
have been reported to play an important role in plants flowering or flower development 
[61]. Notably, a group of C2H2-type zinc-finger (ZNF) genes is targeted by VRN1 and 
other proteins. More ZNF genes are gathered together by chromatin loops after vernali-
zation (Fig. 4g) than in V0 plants (Fig. 4f ), and this result was further confirmed by cellu-
lar evidences from both ZNF10-5A and ZNF10-5B with their corresponding interacting 
genomic locus (Fig.  4h). This result again supported the hypothesis that target genes 
of upstream key regulators are recruited by long-distance chromatin loops for efficient 
regulation.

The ZNF genes are involved in vernalization‑related flowering time control in wheat

Subsequently, by examining the role of ZNF genes, we investigated the biological sig-
nificance of the long-distance loop mediated gene activation. We identified 39 ZNF 
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genes showing differential expression during wheat vernalization (Fig. 5a). Notably, the 
change in H3K4me3 level at 25 loci is correlated with the dynamic change of the target 
gene expression, while for the rest 14 ZNFs, the correlation between dynamic change 
of gene expression and H3K4me3 level is pretty weak (Additional file 1: Fig. S13). Most 
of these ZNF genes were suppressed by vernalization treatment, indicating the nega-
tive role of ZNF genes in wheat vernalization. To further support the function of ZNF 
genes in wheat flowering time control, we conducted haplotype analysis of all the dif-
ferentially expressed ZNFs by considering the natural variation of flowering time from 
the published data [62]. We found that there are 12 ZNFs showing significant differences 
between haplotypes (Fig. 5b), indicating the putative function of these ZNF genes.

To determine the function of ZNFs, we picked TaZNF10 (Fig.  5a, b) as target gene 
to generate transgenic lines for further analysis. Among the 12 ZNFs with significant 
difference among haplotypes, TaZNF10 showed less degree of significance between 
haplotypes than most of ZNF genes. If this gene shows clear function in flowering time 
control, other ZNFs should have even higher chance to regulate flowering time in wheat. 

Fig. 5  Validating the function of ZNF genes in flowering time control. a Heatmap showing differently 
expressed ZNF genes during vernalization process. b Genetic effect by haplotype analysis for ZNF genes 
using wheat flowering time data. c Positive TaZNF10-5B-OE transgenic plants showing delayed flowering 
compared with wildtype (WT) and negative transgenic plants. Bar = 10 cm. d Boxplot showing the statistics 
of flowering time of positive and negative TaZNF10-5B-OE transgenic plants and the wildtype. e Homozygous 
TaZNF10-5B-KO plants showing earlier flowering compared with wildtype plants. Bar = 10 cm. f Boxplot 
showing the statistics of flowering time data collected from TaZNF10-5B-KO and wildtype plants. g Boxplots 
showing the statistics of flowering time of TaZNF10-5B-OE and TaZNF10-5B-KO and negative plants without 
vernalization (V0) and with vernalization for 14 days (V14) and 28 days (V28), respectively
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Notably, the positive TaZNF10-5B-OE lines showed 10–13 days’ delay in flowering time 
than wild type and negative control (Fig.  5c, d). We also tried to produce a knockout 
mutant. Unfortunately, we failed to create a mutant with all of the three homoeologs 
in A, B, and D subgenomes knocked out but only obtained a mutant for TaZNF10-5B 
(TraesCS5B02G406000). Nevertheless, slight but significant difference could be seen 
between the earlier flowering homozygous mutant (TaZNF10-5B-KO, with 15-bp dele-
tion in the exon to result 5 amino acid loss in the conserved C2H2 domain [Additional 
file  1: Fig. S14]) and the wild type (Fig.  5e, f ). Furthermore, to demonstrate that the 
TaZNF10 is involved in vernalization, we treated all of the transgene negative, knock-out 
mutant, and the overexpression lines without vernalization (V0) or with vernalization at 
4 °C for 2 weeks (V14) or 4 weeks (V28), respectively. The results showed that without 
vernalization, the knock-out mutant flowered about 1 week earlier than the transgene 
negative plants, and the overexpressed plants did not flower 160 days after sowing. With 
2 weeks’ vernalization treatment, there are only less than 5 days’ difference between the 
knockout mutant and the negative control, and the overexpression lines started to flower 
at around 140 days after sowing. When treated by 4 weeks’ cold, a significant difference 
in flowering time among knock-out mutant, overexpressed line, and the negative con-
trol can be still observed, but the difference gets much smaller than the situation under 
2 weeks’ vernalization treatment (Fig. 5g). All these results approved that TaZNF10 is 
involved in the vernalization-related flowering time control in wheat, which indicated 
that the recruitment of targets via chromatin loops is of great importance during wheat 
vernalization response and flowering time control.

Discussion
Winter wheat is always sown in autumn, and the seedlings stop to grow (or grow very 
slowly) in cold winter. When the spring comes with the warm temperature, the seed-
lings start to develop, and soon, the transition to reproductive growth happens for future 
spike and seed development. During this life span, vernalization is crucial because it 
promotes the transition from the vegetative to the reproductive phase. Requirement of 
long-time cold exposure (vernalization) before flowering ensures proper flowering time 
in warm spring [3, 9, 63].

Several genes have been identified to participate in vernalization response and flow-
ering time control in wheat [9, 64]. To study gene transcription regulation during ver-
nalization response in wheat, we mimic the overwinter growth of wheat and picked the 
three representative phases for investigation (Fig. 1c; Additional file 1: Fig. S1). Plants 
respond to environmental stimulus by changing gene transcription promptly. It would 
make sense to trace the dynamic trajectory of gene transcription in a time-series man-
ner starting from the first few minutes after cold treatment begins. However, cold expo-
sure triggers two different types of responses in plants that need to pass winter: cold 
adaptation, a rapid response to short-term cold and vernalization, a long-term response 
to long-term coldness [21]. Plants establish freezing tolerance through cold acclimation 
after a short period of exposure to low temperatures [65], but it takes weeks or even 
months to reach the required vernalized state. Only prolonged exposure to cold pro-
motes the plants to enter the reproductive growth [66]. It is challenging to distinguish 
vernalization from cold response, a response to stress condition, to define the starting 
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point of vernalization. Thus, our study here focuses on the impact of sufficient vernaliza-
tion on gene transcription and the underlying regulatory mechanism in wheat. Although 
the initial gene transcription events at the beginning of vernalization might be missed, 
the information required for maintaining the sufficient vernalized status can be captured 
with the sampling strategy we applied. Of course, more detailed studies on the difference 
and connection between prompt cold response and vernalization would significantly 
enhance our understanding of plants responding to cold temperature.

We found that in total, 17,669 genes significantly altered their expression during ver-
nalization, including a set of published genes involved in vernalization, such as VRN1, 
VRN2, VRT2, TaGRP2, and ODDSOC2 (Fig. 1e, f; Additional file 1: Fig. S2a-d). Inter-
estingly, the A, B, and D subgenomes contribute unequally during the process. For 
instance, the expression of VRN1-A is higher than VRN1-B and VRN1-D (Additional 
file  1: Fig. S2f ). The asymmetric gene expression contributes to function divergence 
among homoeologs, which ultimately leads to enhanced environmental adaptability 
[48]. Histone modification has been proven to have a fundamental impact on gene tran-
scription [67]. During vernalization response, the two functionally antagonistic histone 
marks, H3K4me3 and H3K27me3, are highly correlated with transcription regulation 
on key vernalization regulators like FLC and VRN1 [24–26]. However, although we saw 
the negative correlation between H3K27me3 and gene transcription (Additional file 1: 
Fig. S4,5c), the genome-wide alteration of gene expression during vernalization in wheat 
showed strong correlation with active markers of especially H3K4me3 and H3K9ac but 
very weak correlation with repressive mark H3K27me3 (Fig.  2d–f), which has been 
shown to play critical role in vernalization-mediated gene suppression in Arabidopsis. 
These findings suggest that gene activation is the major mechanism during wheat ver-
nalization response.

Gene transcription is known to be influenced by chromatin structure [40–42]. We 
uncovered H3K4me3- and H3K9ac-associated chromatin interactions before and after 
vernalization using a long-read ChIA-PET strategy in wheat for the first time (Fig. 3a, 
b; Additional file  1: Fig. S9). Different from high-throughput chromosome conforma-
tion capture (Hi-C), which probes physical interactions among all genomic loci [68, 
69], ChIA-PET is known to be mediated by specific protein tethering linear genomic 
elements to high-order chromatin architecture [50, 70]. The three-dimensional inter-
actome showed that chromatin interactions between gene proximal regions is a more 
potent contributor to gene expression than interactions between gene proximal and dis-
tal regions (Fig. 3h; Additional file 1: Fig. S9d). Interestingly, histone modification in the 
proximal regions (intragenic and promoter) showed stronger correlation with the altered 
gene expression than that in distal regions (intergenic) (Fig. 2c). These findings suggest 
that regulation on proximal elements may be the main driving force in response to ver-
nalization. Gene transcription network is usually leaded by master regulators target-
ing a group of downstream targets [71]. To achieve fast and efficient binding and gene 
transcription regulation, one ideal situation is that the targets of an upstream regulator 
are spatially closed thus the protein can easily find the targets, like a shepherd manag-
ing a flock of sheep with sheepfold. We found that binding targets of upstream regula-
tors, represented by VRN1 and VRT2, were gathered together by H3K4me3-associated 
chromatin loops (Fig. 4d; Additional file 1: Fig. S11). Here, we proposed the shepherd 
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model to describe the efficient gene transcription activation upon vernalization vis chro-
matin looping. Compared with the transcription factory model that proposes efficient 
transcription of transcriptionally active genes in discrete regions in the nucleus by RNA 
polymerase II [72], the shepherd model proposed here emphasized that genes activated 
by common upstream regulatory TFs are spatially clustered in 3D space, enabling syn-
chronized activation (or repression) of their activities. While transcription factors are 
generally considered to be part of transcription factories, it does not explain stage- and 
tissue-specific regulation of gene expression; the shepherd model addresses the question 
how transcription factories attain specificity in space and time. This “shepherd” working 
model provided the chance for efficient gene transcription activation or repression.

By combing chromatin interaction and TF binding-based gene regulatory network 
and genetic variation, we identified TaZNFs that encode C2H2-type zinc finger proteins, 
as flowering repressors in wheat (Fig. 5a, b). C2H2-type zinc finger proteins have been 
reported to be associated with flowering time control in higher plants, such as SUF4 
[73] and LATE [74] as negative regulators in Arabidopsis and SIP1 [75] and RID1 [76] as 
positive regulators in rice. Although higher transcription level of TaZNF10 was detected 
in V28N6 than V0 plants, much-delayed flowering time of TaZNF10-5B-OE plant 
(Fig. 5c, d) suggests the negative role of TaZNF10-5B in wheat flowering time control. 
The increased expression does not necessarily mean positive effect. TaSOC1, a negative 
regulator in wheat flowering [64], also showed an increased expression level after ver-
nalization. We speculated that the transcription of TaZNF10 in V28N6 plants may be 
co-regulated by multiple upstream regulators, and some of them are negative regulators 
of flowering time in wheat.

Conclusions
We performed a multi-omics analysis to dissect the gene transcription regulation 
mechanism of vernalization response in wheat. We discovered a “shepherd” model for 
gene transcription activation during response to vernalization, in which the targets of 
upstream regulator are gathered together via chromatin loops for efficient recognition 
and binding by upstream regulator. We provide insights into gene transcription regu-
lation in wheat vernalization response. Further studies under more biotic/abiotic con-
ditions in more species would help to answer whether this is general mechanism in 
responding to environmental stimulus.

Methods
Plant materials and treatment

The winter wheat cultivar AK58 was used in this study. After being sterilized with 75% 
ethanol for 45 s, the seeds were soaked in water containing 1.6% H2O2 for 24 h at room 
temperature and pre-germinated on wet filter paper. The germinated seeds were trans-
ferred to soil and grown in a growth chamber with 16 h light and 8 h dark cycle at 22 °C 
for normal growth and at 4 °C for vernalization treatment. For V0 treatment, plants were 
grown at 22 °C for 14 days. For V28 treatment, plants were grown at 22 °C for 9 days and 
were transferred to 4 °C for 28 days. For V28N6 treatment, plants were grown at 22 °C 
for 3 days, followed by cold exposure at 4 °C for 28 days and then normal growth at 22 °C 
for 6 days. Then, we harvested all the entire aerial parts of AK58 seedlings (including 
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leaves, shoot, and shoot apical meristem) from different treatments but with synchro-
nized developmental status at three-leaf stages.

RNA‑seq library preparation

The fresh seedlings of AK58 were harvested and ground into powder with liquid nitro-
gen. Total RNA was extracted using TRIzol reagent (Invitrogen, 15596026) according 
to the manufacturer’s instructions. In brief, 1  mL TRIzol was added to 0.2  g powder, 
vortex for 1 min and incubated at room temperature for 10 min. After centrifuging at 
13,000 rpm for 10 min at 4 °C, all the supernatant was collected and mixed with 200 μL 
chloroform by vigorous shaking. The mixture was incubated at room temperature for 
20 min and was then centrifuged at 13,000 rpm for 15 min at 4 °C. The supernatant was 
collected carefully and was intensively mixed with 500 μL isopropanol to precipitate the 
total RNA. After washing twice with 75% alcohol prepared in DEPC water, RNA was col-
lected, air-dried, and dissolved with 40 μL DEPC water. The MGIEasy RNA Library Prep 
Kit was used to construct RNA libraries, and a MGI DNBseq-T7 (paired-end 150  bp 
reads) platform was used for sequencing.

Sample preparation for ChIP‑seq and ChIA‑PET

Samples for ChIP-seq and ChIA-PET experiments were cross-linked immediately after 
harvested according to published protocol with slight modifications [41, 42]. Briefly, 
samples for ChIA-PET were cut into pieces and dual cross-linked with 1.5 mM ethyl-
ene glycol bis (succinimidyl succinate) (EGS, Thermo Scientific, 21565) for 20 min and 
1% formaldehyde (Thermo Scientific, 28906) for another 20 min in MC buffer (10 mM 
sodium phosphate, PH7.0, 50 mM NaCl and 0.1 M sucrose) [77] under vacuum at 37 °C. 
The fixation was stopped by adding glycine solution to a final concentration of 0.125 M. 
The fixed tissues were washed with MC buffer three times and with sterilized water for 
another three times. After residual water was absorbed using filter paper, the fixed tis-
sues were quick-frozen in liquid nitrogen and stored at –80 °C until use. For ChIP-seq, 
the fixation with EGS is omitted.

Immunoprecipitation and ChIP‑seq library preparation

ChIP-seq was conducted according to the published protocols with minor modification 
[77, 78]. About 0.2 g crosslinked tissue was ground into power in liquid nitrogen, and 
1.5 × volume (300 μL) Buffer S (50 mM HEPES–KOH (pH 7.5), 150 mM NaCl, 1 mM 
EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 1% SDS, 1 tablet protease inhibitor 
cocktail/50 mL) was added to lyse the tissue with rotation/incubation at 4 °C for 30 min. 
After adding 2 × volume (600 μL) Buffer F (50  mM HEPES–KOH (pH 7.5), 150  mM 
NaCl, 1  mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 1 tablet protease 
inhibitor cocktail/50 mL) and incubation at 4 °C for another 15 min, the chromatin was 
fragmented by sonication using a sonicator (Covaris S220, peak power: 140; duty fac-
tor: 6.0; cycles/burst: 200; duration: 500 s) for 10 min and was centrifuged at maximum 
speed for 10 min at 4 °C twice and then transfer the supernatant containing fragmented 
chromatin to a new tube and incubated with 30 μL Dynabeads™ protein A (Invitro-
gen, 10002D) for pre-clearing with rotation at 4  °C for 1  h. After separating from the 
beads with magnetic rack, 50 μL supernatant was transferred as the input sample. The 
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remaining part of chromatin supernatant was incubated with 40 μL Dynabeads™ pro-
tein A and 5 μL antibodies against H3K4me3 (ABclonal, A2357), H3K9ac (Cell Signal-
ing Technology, 9649S), and H3K27me3 (Cell Signaling Technology, 9733S) at 4 °C with 
rotation for immunoprecipitation overnight. Then, the beads were washed with 1  mL 
low-salt ChIP buffer (50 mM HEPES–KOH (PH7.5), 150 mM NaCl, 1 mM EDTA, 1% 
Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS) three times, 1 mL high-salt ChIP 
buffer (50 mM HEPES–KOH (PH7.5), 350 mM NaCl, 1 mM EDTA, 1% Triton X-100, 
0.1% sodium deoxycholate, 0.1% SDS) twice, 1 mL ChIP Wash/LiCl Buffer (10 mM Tris–
HCl (PH8.0), 250 mM LiCl, 0.5% NP-40, 1 mM EDTA, 0.1% sodium deoxycholate) once, 
and 1 mL TE buffer (10 mM Tris–HCl (PH 8.0), 1 mM EDTA) twice in order. The pro-
tein-DNA complexes were eluted from beads by addition of 100 μL fresh prepared ChIP 
Elution buffer (8.5 mM Tris–HCl (PH 8.0), 0.85 mM EDTA, 1% SDS, 5 mM DTT) and 
was incubated at 75  °C for 10 min with 900 rpm. The supernatant was mixed with 15 
μL 5 M NaCl and 12–13 μL proteinase K (20 mg/mL) and was incubated at 65 °C over-
night for decrosslinking. The ChIP DNA was precipitated with solution containing 750 
μL absolute ethanol, 30 μL 3 M sodium acetate, and 1 μL glycogen (50 mg/mL). After 
centrifugation at 13,000 rpm for 30 min at 4 °C, the air-dried ChIP DNA was eluted in 
100 μL TE buffer. The QIAquick ® PCR Purification Kit (Qiagen, 28106) was used to 
purify the ChIP DNA. The ThruPLEX DNA-Seq Kit (Takara, R400675) and DNA Sin-
gle Index Kit (Takara, R400695) were used to prepare ChIP-seq libraries following the 
manufacturer. Then, fragments ranging from 250 to 700 bp in the library were selected 
using SPRIselect beads (Beckman Coulter, B23318) and Illumina NovaSeq 6000 platform 
was applied for sequencing (paired-end 150 bp reads).

ATAC‑seq library preparation

For ATAC-seq library preparation, fresh wheat tissues were chopped into homogen-
ate immediately after harvesting in pre-cooled D-Sorbitol buffer (0.6  M D-sorbitol, 
20 mM MES, 20 mM KCl, 10 mM MgCl2, 0.2% Triton X-100, 1 mM β-mercaptoethanol, 
1 × PMSF, 0.1 mg/mL BSA, 1 tablet protease inhibitor cocktail/50 mL). The homogen-
ate was filtered twice with 30-μm cell strainer. The generated crude nuclei were stained 
with 4′,6-diamidino-2-phenylindole (DAPI), and 50,000 nuclei were sorted in 400 μL 
pre-cooled D-Sorbitol buffer using a flow cytometer (BD FacsAria II SORP). Centrifu-
gation at 1000 g for 10 min at 4  °C was performed, and the supernatant was removed 
carefully. The sorted nuclei were collected and was mixed with TD buffer (10 mM Tris–
HCl, 5 mM MgCl2, 10% DMF) and 1.5 μL TTE Mix (Vazyme, TD501) immediately. After 
incubation at 37  °C for 30  min, the reaction was terminated, and DNA was purified 
using MinElute PCR Purification Kit (Qiagen, 28006). NEBNext® High-Fidelity 2X PCR 
Master Mix (NEB, M0541L) and TruePrep® Index Kit V2 for Illumina (Vazyme, TD202) 
were used to prepare the ATAC-seq library. The library fragments were selected with 
SPRIselect beads (Beckman Coulter, B23318) and sequenced with Illumina NovaSeq 
6000 system (paired-end 150 bp).

Long‑read ChIA‑PET library preparation

ChIA-PET experiment and library preparation were performed according to the pub-
lished method with modifications [41, 42, 50, 78], and the ChIP part was similar to that 
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of ChIP-seq described above. In brief, about 4.5 g cross-linked tissues were ground into 
fine powder in liquid nitrogen, mixing thoroughly with 6.75  mL Buffer S. After incu-
bation for 30  min at 4  °C with rotation, 27  mL Buffer F were added, incubating for 
another 15 min at 4 °C. The chromatin was sonicated in a BioRuptor (Diagenode) with 
high-level intensity (30 s ON and 50 s OFF for 20 cycles) into 1–3-kb fragments. After 
centrifugation at 12,000  rpm for 10  min at 4  °C, the supernatant was mixed with 100 
μL Dynabeads™ protein A and rotated 3  h at 4  °C for pre-cleaning. To generate anti-
body-coated beads, another 800 μL Dynabeads™ protein A was mixed with 100 μL 
H3K4me3 antibody (ABclonal, A2357) and was incubated for 8 h at 4 °C with rotation. 
After being separated from pre-cleaning beads using a magnetic rack, the supernatant 
containing fragmented chromatin was mixed with antibody-coated beads and was incu-
bated at 4  °C overnight with rotation for immunoprecipitation. Then, the beads were 
washed with 5 mL low-salt ChIP buffer three times, 5 mL high-salt ChIP buffer twice, 
5 mL ChIP wash buffer, and 5 mL TE buffer in order. The end-repairing and A-tailing 
of ChIP DNA was conducted using T4 DNA polymerase (Promega, M4215) and Kle-
now fragment enzyme (NEB, M0212L), respectively, and the proximity ligation of ChIP 
DNA was performed using biotinylated bridge linker [50]. The protein-DNA complex 
was reverse cross-linked using 12 μL 5 M NaCl and 10 μL proteinase K; then, ChIP DNA 
was extracted using phenol–chloroform-isoamyl alcohol (pH 7.9) and precipitated by 
addition of 650 μL isopropanol, 60 μL 3  M sodium acetate, and 2 μL 15  mg/mL Gly-
coBlue (Invitrogen, AM9515). Tn5 transposase from TruePrep DNA Library Prep Kit 
V2 for Illumina (Vazyme, TD501) was used to construct the ChIA-PET library. Frag-
ments from library were selected using AMPure XP beads (Beckman Coulter, A63880) 
and sequenced using Illumina NovaSeq 6000 system (paired-end 150 bp).

DAP‑seq library preparation

DAP-seq experiment was conducted as previously described [59, 79] with minor modi-
fications. In brief, VRN1 was fused with HA tags in pTnT vector (pTnT-C-3 × HA). The 
VRN1 protein was expressed using Quick Coupled Transcription/Translation System 
(Promega). The genomic DNA of Chinese spring was extracted and was sonicated to the 
average fragment size of 300 bp. Then, the Amp-DAP initial DNA library was prepared 
by adaptor ligation. The expressed VRN1 protein and Amp-DAP initial library were co-
incubated at 4  °C and then was washed with TBS for 3 times followed by PBS-NP40 
wash for 5 times. Subsequently, the protein-DNA complex was incubated at 95 °C; then, 
the DNA was purified using MinElute PCR Purification Kit (Qiagen, 28006). The VRN1-
DAP library was sequenced using Illumina NovaSeq 6000 platform (paired-end 150 bp).

RNA‑seq data analysis

Raw sequencing reads were trimmed by Trimmomatic v0.32 (https://​github.​com/​usade​
llab/​Trimm​omatic) with parameters of “TruSeq3-PE.fa:2:30:10 LEADING:20 TRAIL-
ING:20 SLIDINGWINDOW:4:15 MINLEN:36.” High-quality clean reads were used to 
quantified the transcript abundance via Kallisto v0.48.0 (https://​github.​com/​pacht​erlab/​
kalli​sto) using IWGSC v1.0 assembly and v1.1 annotation as reference [1]. The output 
pseudoalignment bam files were converted to bigwig format file using deepTools v3.5.0 
(https://​github.​com/​deept​ools/​deepT​ools). Differentially expressed genes (DEGs) were 

https://github.com/usadellab/Trimmomatic
https://github.com/usadellab/Trimmomatic
https://github.com/pachterlab/kallisto
https://github.com/pachterlab/kallisto
https://github.com/deeptools/deepTools
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identified using Sleuth v0.30.0 (http://​pacht​erlab.​github.​io/​sleuth); genes with |log2 (fold 
change)|> 1, P adjust value < 0.05, and at least expressed (TPM > 0.5) in one sample were 
regarded as DEGs.

ChIP‑seq data analysis

Raw sequencing reads were trimmed as RNA-seq. High-quality clean reads were aligned 
to IWGSC v1.0 reference genome using Bowtie2 v2.4.4 (https://​github.​com/​BenLa​
ngmead/​bowti​e2). Aligned reads with MAPQ lower than 5 were filtered using SAM-
Tools (https://​github.​com/​samto​ols/​samto​ols), and duplicated alignments were removed 
using Picard (v2.23.9) (http://​broad​insti​tute.​github.​io/​picard/). The narrow peaks for 
H3K4me3 and H3K9ac were called by the ChIP-seq data analysis pipeline [80], which 
developed based on the ENCODE project recommend guidelines. The IDR (irrepro-
ducible discovery rate) value greater than 0.05, 0.05, and 0.01 for the original replicates, 
the pseudo-replicates split from original replicates, and pooled pseudo-replicates were 
used to obtain consistent peaks among replicates. Specifically, H3K27me3 peak call-
ing was performed using model-based analysis of ChIP-seq data by MACS (v 2.2.7.1) as 
described previously [48, 81], applying a stringent P-value threshold of less than 1 × 10−5 
and utilizing the broad-cutoff option set to 0.05. Peaks with at least one nucleotide of 
overlap between the two replicates were identified, retained, and merged for subsequent 
analysis. The peak annotation was performed by BEDTools v2.27 (https://​github.​com/​
arq5x/​bedto​ols2), the promoter region was set from 3500 bp upstream to 1500 bp down-
stream of the TSS, the downstream 1500 bp of TSS to TES were defined as gene body, 
and the rest regions were called distal regions. To identify DEPs, we first merged the 
peaks from three different time points using “merge” command of BEDTools. Subse-
quently, we utilized “multicov” of BEDTools to calculate the count for each peak across 
different time points. A matrix with peaks as rows and count numbers for different time 
points as columns was created. This matrix was then used as the input file for Deseq2 
to identify differentially modified peaks. To quantify the reads density on each peak, 
the fragment per million (FPM, similar to TPM in RNA-seq) value was calculated using 
number of read per fragment divided by sum of all reads per fragment in millions.

ATAC‑seq data analysis

Raw sequencing reads were trimmed by Trimmomatic v0.32 with parameters of “Nex-
teraPE-PE.fa:2:30:10:8:TRUE LEADING:20 TRAILING:20 SLIDINGWINDOW:4:15 
-threads 32 MINLEN:36.” The high-quality clean reads were processed using Whea-
tATAC pipeline, which consist of reads mapping, peak calling, IDR calculation, combi-
nation of consistent, peak annotation, and data quality evaluation [82].

ChIA‑PET data analysis

Raw sequencing reads after merging biological replicates were trimmed by referencing 
the parameters and standards applied in ATAC-seq data analysis. High-quality clean 
reads were processed using CHIA-PET computational package for automatic linker fil-
tering, reads mapping to IWGSC v1.0 reference genome based on BWA, mapped reads 
purifying, dividing the reads into different categories, interaction calling, and data evalu-
ation (https://​github.​com/​Guoli​angLi-​HZAU/​ChIA-​PET_​Tool). Specially, the anchor 

http://pachterlab.github.io/sleuth
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files for H3K4me3 and H3K9ac were generated using the 3-kb upstream and down-
stream region of the middle site of the peak summits of V0 and V28N6. The interaction 
frequency was calculated by HiCExplorer v3.5.1 (https://​github.​com/​deept​ools/​HiCEx​
plorer).

Detection of the VRN1 target genes

Tobias (https://​github.​com/​looso​lab/​TOBIAS) was applied to predict TF footprints 
by analyzing ATAC-seq data and the DAP-seq data filtered with OCRs. The BEDTools 
“closest” command was utilized to identify DAP-seq peaks that was located within the 
OCRs. VRN1-binding targets were predicted based on the combination of TF footprint 
and the genomic regions defined by OCRs located DAP-seq peaks.

Hybridization chain reaction (HCR)‑based DNA FISH

HCR-based DNA FISH was conducted following the published method [83]. In brief, 
the specific probe for target chromatin interaction regions were designed and labeled 
with cy3, cy5, and fam dyes. Nuclei were isolated from crosslinked (1.5 mM EGS and 1% 
formaldehyde orderly) AK58 seedlings (aerial parts) and were placed on slide for air-dry. 
After denaturation in PBS buffer containing 0.2% Triton X-100, dehydration in ethanol 
gradient (70%, 90%, 100%), RNA digestion with RNase, and post-fixation with 4% for-
maldehyde, the hybridization buffer containing 0.2 pmol of each specific targeting probe 
was added to the nuclei for incubation at 45 °C overnight. Then, the slides were washed 
with 75%, 50%, and 25% probe wash buffer gradient in order to remove excess probe. 
After pre-amplification with amplification buffer, the nuclei were incubated with ampli-
fication buffer containing 6 pmol of each fluorescently labeled hairpin at room tempera-
ture (25 °C) overnight. After washing with 5 × SSCT and PBS buffer orderly to remove 
excess hairpins, nuclei were stained with DAPI and observed under a Nikon SIM Super-
resolution microscope.

Generation of transgenic lines

The full-length cDNA of TaZNF10-5B (TraesCS5B02G406000) was isolated from AK58. 
For the TaZNF10-5B-OE (over expression), the full entire coding sequence without 
stop codons was recombined into the destination vector, modified pCAMBIA3300 in 
which the maize ubiquitin promoter is placed before the multiple cloning site (MCS), 
using the one step cloning kit (Vazyme, C112). To generate the mutant of TaZNF10, 
two gRNAs targeting the coding region were designed (Additional file 1: Fig. S14), and 
modified CRISPR-Cas9 vector pBUE414, in which TaU3 replaces the OsU3 promoter, 
was used to express Cas9 and the gRNAs. The vector was constructed using the Golden 
Gate Assembly (NEB, E1601). The plasmids were transformed into Agrobacterium tume-
faciens strain EHA105 (WEIDI, AC1010). Wheat transformation was performed by 
infecting immature embryos of KN199 with EHA105 carrying the constructs. Primer 
targeting ubiquitin promoter and gene-specific primer were combined to identify posi-
tive TaZNF10-5B-OE lines, and gene-specific primers were designed to genotype muta-
tion created by CRISPR-Cas9. All the primers used for construction and identification 
are listed in Additional file 2: Table S15.

https://github.com/deeptools/HiCExplorer
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 Additional file 1: Fig. S1-14. Fig. S1 Schematic outline of multi-omics analysis of wheat vernalization. Samples were 
harvested at V0 (no vernalization), V28 (vernalization for 28 days) and V28N6 (vernalization for 28 days and recovered 
for 6 days). Fig. S2 Transcription analysis of AK58 vernalization process. a-c, Volcano plots showing differentially 
expressed genes in V0 vs V28 (a), V28 vs V28N6 (b) and V0 vs V28N6 (c) analysis. d, Expression trends of DEGs in 
the seven different clusters. e, Statistics of different homoeologs asymmetric expression pattern in V0, V28 and 
V28N6 plants. Triads were used to analysis when one or more of the subgenome homoeologs belongs to DEGs. f, 
Expression patterns of vernalization/flowering-related genes at V0, V28 and V28N6. Different colors indicating dif-
ferent homoeologs in A, B, D subgenomes. Fig. S3 Circular diagram showing the genome-wide change of histone 
modification and chromatin accessibility in V28 and V28N6 plants. Fig. S4 The relationship of histone modification 
and chromatin accessibility with gene expression. a, Heatmap showing correlation coefficient of RNA-seq dataset 
with ATAC-seq and ChIP-seq datasets of H3K4me3, H3K9ac and H3K27me3 harvested in this study. b, Box plots 
showing the expression level of genes with or without (none) corresponding histone modification or chromatin 
accessibility. ***P < 0.001. Fig. S5 The relationship of DEGs fold change with H3K4me3 (a), H3K9ac (b) and H3K27me3 
(c) modification fold change in V0 vs V28 (top) and V28 vs V28N6 (bottom) comparations. Fig. S6 Heatmap showing 
seven clusters of differentially enriched peaks (DEPs) of H3K4me3, H3K9ac and H3K27me3. The red or purple color 
represents the peak intensity of the corresponding modification. Fig. S7 Statistics of anchor genes in different 
subgenomes that with (up, down, appear, disappear) or without (stable) altered interaction degree during wheat 
vernalization process. Fig. S8 Validation of changed chromatin interactions of VRN1-A (green), VRN1-B (red) and VRN1-
D (carmine) locus during wheat vernalization process. Bar = 5 μm. Fig. S9 Altered chromatin interactions associated 
with H3K9ac during wheat vernalization. a-b, Boxplots showing interaction frequency within different subgenomes 
associated with H3K9ac modification in V0 (a) and V28N6 (b) plants. *P < 0.05, **P < 0.01, ***P < 0.001. c, Pie diagrams 
showing statistics of BP genes, anchor genes and rest genes in V0 and V28N6 plants. d, Expression level of genes 
with different types of chromatin interactions. e, Boxplots showing the expression level of BP genes (basal), anchor 
genes with different degrees, and rest genes without H3K9ac modification. f, Column diagram showing the statistics 
of PPI and PDI loops in the five types of dynamic chromatin interaction (stable, up, down, appear, disappear) before 
and after vernalization. g, h, Heatmaps showing the elevated expression level of anchor genes with increased 
interaction degree of PPI (g) and PDI (h) loops associated with H3K9ac. i, Venn diagram showing the overlaps of 
anchor genes identified using H3K4me3 and H3K9ac antibodies respectively in V0 (top) and V28N6 (bottom) plants. 
Fig. S10 Browser screenshots showing no H3K4me3-associated chromatin interaction surrounding the genomic 
regions of the three homoeologs of VRN2 (top) and VRN3 (bottom) in V0 and V28N6 plants. Fig. S11 Targets of VRT2 
are gathering by H3K4me3-associated chromatin loops during vernalization. a, Read density of VRT2 DAP-seq data 
surrounding the transcription start site (TSS). b, CArG box was identified from publicly VRT2 DAP-seq data. c, Column 
diagram showing the number of putative VRT2 target genes connected by loops during vernalization process both 
in transcriptional upregulated (left) and downregulated (right) gene set. d, Number of loop-connected VRT2 target 
genes with different altered types (stable, up, down, appear, disappear) of interaction degree both in transcriptional 
upregulated (left) and downregulated (right) gene sets. Fig. S12 Venn diagram showing overlaps of links (a) and 
nodes (b) in V0 and V28N6 regulatory networks presented in Fig. 4f, g. Fig. S13 The dynamics of gene expression 
(left) and H3K4me3 histone modification (right) level of identified ZNF genes during vernalization. Fig. S14 Genotype 
of TaZNF10-5B-KO plants. a, Diagram showing the construct used for CRISPR-Cas9 gene editing of TaZNF10-5B. b, 
Scheme showing the structure of TaZNF10-5B gene and the target sites of designed sgRNAs. Black and white rectan-
gles represent the exon and untranslated region of TaZNF10-5B respectively. Green or highlight letters represent the 
PAM site. The number -15 indicates the deleted bases in TaZNF10-5B-KO lines. g1, sgRNA1; g2, sgRNA2.

 Additional file 2: Table S1-S15. Table S1 Statistics of datasets generated in this study. Table S2 Summary of RNA-seq 
libraries harvested in this study. Table S3 Differentially expressed genes during AK58 vernalization. Table S4 The 
reshaping of homoeolog asymmetric expression pattern during wheat vernalization. Table S5 Summary of ChIP-
seq and ATAC-seq libraries harvsted in this study. Table S6 Differentially enriched peaks of H3K4me3 during AK58 
vernalization. Table S7 Differentially enriched peaks of H3K9ac during AK58 vernalization. Table S8 Differentially 
enriched peaks of H3K27me3 during AK58 vernalization. Table S9 Summary of ChIA-PET libraries harvested in this 
study. Table S10 Histone modification H3K4me3-associated interactions in V0 plants. Table S11 Histone modification 
H3K4me3-associated interactions in V28N6 plants. Table S12 Histone modification H3K9ac-associated interactions 
in V0 plants. Table S13 Histone modification H3K9ac-associated interactions in V28N6 plants. Table S14 Gene list of 
transcription factor identified in TF footprint analysis. Table S15 Primers used in this study.

 Additional file 3. Review history.
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