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P L A N T  S C I E N C E S

TAC-C uncovers open chromatin interaction in crops 
and SPL-mediated photosynthesis regulation
Jingmin Kang1,2†, Zhaoheng Zhang1,3†, Xuelei Lin1†, Fuyan Liu2†, Yali Song2†, Peng Zhao1,4, 
Yujing Lin1, Xumei Luo1,3, Xiaoyi Li5, Yanyan Yang5, Wenda Wang5, Cuimin Liu1, Shengbao Xu4,  
Xin Liu2, Jun Xiao1,3,6*

Cis-regulatory elements (CREs) direct precise gene expression for development and environmental response, yet 
their spatial organization in crops is largely unknown. We introduce transposase-accessible chromosome confor-
mation capture (TAC-C), a method integrating ATAC-seq and Hi-C to capture fine-scale chromatin interactions in 
four major crops: rice, sorghum, maize, and wheat. TAC-C reveals a strong association between chromatin interac-
tion frequency and gene expression, particularly emphasizing the conserved roles of chromatin interaction hub 
anchors and hub genes across crop species. Integrating chromatin structure with population genetics data high-
lights that chromatin loops connect distal regulatory elements to phenotypic variation. In addition, asymmetrical 
open chromatin interactions among subgenomes, driven by transposon insertions and sequence variations, con-
tribute to biased homoeolog expression. Furthermore, TaSPL7/15 regulate photosynthesis-related genes through 
chromatin interactions, with enhanced photosynthetic efficiency and starch content in Taspl7&15 mutant. TAC-C 
provides insights into the spatial organization of regulatory elements in crops, especially for SPL-mediated pho-
tosynthesis regulation in wheat.

INTRODUCTION
Cis-regulatory elements (CREs) are crucial for fine-tuning gene ex-
pression, influencing phenotypic diversity, and accelerating crop im-
provement (1–4). In rice, a 5.3-kb silencer upstream of the spike 
development gene FRIZZY PANICLE (FZP) is bound by Brassinazole 
1 (OsBZR1), suppressing FZP expression and influencing spike archi-
tecture and yield (5). In maize, a distal region over 40-kb upstream of 
TEOSINTE BRANCHED1 (TB1) acts in cis to alter TB1 transcription, 
affecting inflorescence structure (6). In sorghum, binding by WRKY 
and ZF-D (zinc finger-DHHC) transcription factors (TFs) activates 
the aluminum tolerance gene multidrug and toxic compound extrusion 
(SbMATE), enhancing tolerance (7). These active CREs are typically 
located in accessible chromatin regions (ACRs) and can act as proxi-
mal or distal elements, influencing gene expression locally or over 
long distances (8). Techniques such as assay for transposase accessible 
chromatin sequencing (ATAC-seq), deoxyribonuclease (DNase)–seq, 
and formaldehyde-assisted isolation of regulatory elements (FAIRE-seq) 
have effectively identified ACRs across plant genomes, although they 
do not capture their spatial organization (9–11). The number of ACRs 
correlates with gene density, and in larger genomes, distal ACRs—
often functioning as enhancers—are abundant (12). These distal ele-
ments play a key role in regulating tissue-specific gene expression, 
particularly in species with large genomes (13).

Recent advancements—including chromosome conformation cap-
ture (3C) coupled with sequencing (Hi-C), chromatin interaction 
analysis by paired-end tag sequencing (ChIA-PET), in situ Hi-C fol-
lowed by chromatin immunoprecipitation (HiChIP), open chromatin 

enrichment and network Hi-C (OCEAN-C), and chromatin interac-
tion analysis by ATAC (ChIATAC)—have significantly enhanced our 
understanding of chromatin interactions and three-dimensional (3D) 
genome structures (14–18). The dynamics of chromatin loops are 
crucial for regulating organ development and stress responses in 
crops (19, 20). The structure of chromatin provides a physical frame-
work for gene regulation by reducing the physical distance between 
CREs and target genes, and chromatin organization provides a frame-
work for efficient gene regulation, especially in large genome such as 
maize and wheat, where nuclear metabolic efficiency is vital (21, 22).

Polyploidy, common in crops (23), often leads to chromatin struc-
tures distinct from those in diploid species, with intersubgenome 
chromatin interactions forming a novel regulatory layer that supports 
coordinated gene expression (24, 25). While Hi-C provides a broad 
view of genome-wide interactions, it may overlook critical contacts 
between open chromatin and distal regulatory elements (26). Tech-
niques such as ChIA-PET and HiChIP offer more specificity, focusing 
on interactions mediated by DNA binding proteins or histone marks 
(14, 17). OCEAN-C integrates Hi-C with FAIRE-seq but lacks the sig-
nal clarity and TFs binding footprint resolution of ATAC-seq (27, 28). 
ChIATAC uses SDS treatment of nuclei, producing data distinct from 
ATAC-seq (18). There remains a need for methods that better capture 
the spatial organization of open chromatin to deepen our under-
standing of long-range transcriptional regulation.

Common wheat (Triticum aestivum) is a widely cultivated allo-
hexaploid crop with a complex genome structure due to its poly-
ploidization, comprising three subgenomes (A, B, and D) and a total 
genome size of 16G (29). This makes wheat an ideal model for ex-
ploring the 3D spatial organization of large-genome species. Studies 
using Hi-C and HiChIP have revealed that interactions within sub-
genomes are more frequent than those between subgenomes (30), 
indicating a higher-order organization favoring subgenome-specific 
affinities. ATAC-seq has identified numerous CREs in wheat that 
play vital roles in gene expression and phenotypic traits (4, 31, 32). 
However, the mechanisms by which distal CREs, particularly their 
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long-range interactions, regulate gene expression remain poorly un-
derstood. High-resolution open chromatin interaction maps gener-
ated using OCEAN-C for wheat, and its tetraploid and diploid 
relatives reveal more frequent chromatin interactions within the D 
subgenome (28), suggesting that it may have evolved more rapidly 
and retained more epigenetic features from its diploid ancestors. 
Despite advancements, critical questions remain, such as how spe-
cific quantitative trait loci (QTLs) and expression quantitative trait 
loci (eQTLs) regulate gene expression through long-range interac-
tions, the role of chromatin interactions in homoeolog gene expres-
sion bias, and the mechanisms driving chromatin loop formation 
in wheat.

The establishment and maintenance of nuclear 3D structures 
have long posed challenges in 3D genome research (33, 34). In ani-
mals, the chromatin loop formation is often mediated by CCCTC-
binding factor (CTCF) and cohesin complexes (35–37). The TF 
Zinc Finger Protein 143 (ZNF143) in animals has been shown to 
work in tandem with CTCF, regulating CTCF/cohesin interactions 
and influencing topologically associating domains (TADs) forma-
tion (38). The lack of a CTCF homolog in plants suggests that any 
TAD-like structures observed in plants may have evolved through 
independent pathways (39). Recent studies have indicated that in 
rice (39), members of the TCP (teosinte branched1/cycloidea/
proliferating cell factor) family of TFs may play a role similar to 
CTCF in animals. TCPs have been found to recognize specific mo-
tifs at the boundaries of rice TAD-like structures (39). In addition, 
TCP TF activity has been linked to 3D chromatin structure regula-
tion in the liverwort Marchantia (40). Despite these advances, re-
search into TFs mediating 3D genome structures in wheat remains 
limited. Investigating the roles of specific wheat TFs in nuclear 
architecture could provide valuable insights into plant genome regu-
lation and evolutionary parallels between plant and animal 3D ge-
nome structures.

In this study, we developed the transposase-accessible chromo-
some conformation capture (TAC-C) technique, integrating in situ 
Hi-C and ATAC-seq to map fine-scale open chromatin interactions 
in wheat, rice, maize, and sorghum. We explored the regulatory effects 
of distal open chromatin on gene expression, focusing on asym-
metrical open chromatin interactions within different wheat subge-
nomes. In addition, we uncovered the key role of SBP (SQUAMOSA 
promoter binding protein) family TFs in shaping chromatin interac-
tions and their significant impact on regulating photosynthetic en-
ergy metabolism in wheat. These findings provide valuable insights 
and resources for studying 3D genome architecture and transcrip-
tional regulation in complex crop genomes.

RESULTS
TAC-C efficiently capture fine-scale chromatin interactions
To capture chromatin interactions at accessible regions and explore 
long-range transcriptional regulatory processes in large-genome 
species with low sequencing depth, we developed a previously un-
known strategy. This method integrates ATAC-seq with Hi-C, re-
sulting in a more efficient technique we term TAC-C. Plant tissue 
was first fixed with formaldehyde, followed by the extraction of 
high-quality nuclei. To better preserve open chromatin regions, 
we avoid SDS treatment and instead perform in situ restriction en-
zyme digestion directly using with Dpn II, followed by biotin label-
ing and proximity ligation, slightly differing from traditional in situ 

Hi-C protocol. Next, we apply transposase for in situ tagmentation, 
following the ATAC-seq protocol. Biotin-labeled chromatin liga-
tion products are isolated using biotin-streptavidin affinity, and the 
TAC-C library is generated through polymerase chain reaction (PCR) 
(Fig. 1A and see Methods for details).

The TAC-C data exhibited high reproducibility between bio-
logical replicates (fig. S1A and table S1). At the chromosome level, 
TAC-C interaction maps exhibited robust signals along primary 
diagonals and anti-diagonal lines (Fig. 1B and fig. S1B), reflecting 
a Rabl-like chromosome configuration consistent with Hi-C data 
(30). This indicates that TAC-C effectively captures the high-order 
organization of the wheat genome. To assess TAC-C’s ability to 
capture accessible chromatin regions, we compared it with ATAC-
seq libraries from leaf tissues at the same developmental stage (Fig. 
1C). As sequencing depth increased, the number of peaks identi-
fied by TAC-C, OCEAN-C (28), and ATAC-seq (datasets generated 
by (28) and this study) also increased. However, TAC-C and 
OCEAN-C consistently identified fewer peaks than ATAC-seq, as 
they specifically capture open chromatin regions involved in inter-
actions. Notably, at the same sequencing depth, TAC-C detected 
many more peaks than OCEAN-C, reaching saturation at 80-Gb 
sequencing depth. The 78.5% of TAC-C peak-covered regions 
overlapped with ATAC-seq, indicating high similarity, whereas 
only 46.6% of OCEAN-C peak-covered regions overlapped with its 
corresponding ATAC-seq library (fig. S1C). To determine whether 
Dpn II affects open chromatin capture, we replaced it with bovine 
serum albumin (BSA) while keeping other conditions unchanged. 
The BSA-based library showed peak-covered regions highly similar 
to ATAC-seq and TAC-C (fig. S1D), confirming that TAC-C library 
preparation has minimal impact on open chromatin capture.

In wheat, we identified 332,927 overlapping TAC-C peaks from 
two biological replicates (Rep1: 398 M read pairs; Rep2: 405 M read 
pairs) for subsequent analysis. These peaks were categorized into gene 
body (g, 36.7%), promoter (p, 33.7%), and distal (d, 29.6%) CREs 
(Fig. 1D). Comparing peak distributions, TAC-C and ATAC-seq sig-
nals were strongly enriched at transcription start sites (TSSs), largely 
more than OCEAN-C (Fig. 1E). Correlation with epigenetic marks 
revealed that TAC-C peaks were predominantly associated with ac-
tive histone modifications (H3K4me3, H3K9ac, and H3K27ac), simi-
lar to OCEAN-C but much higher than ATAC-seq and Hi-C (25, 41) 
(Fig. 1F). This indicates TAC-C peaks are mainly located in active 
CREs, such as promoters or enhancers. In addition, the genomic dis-
tribution of TAC-C specific peaks (not overlapping with ATAC-seq; 
Fig. 1C), closely resembled that of shared TAC-C and ATAC-seq 
peaks (fig. S1E). Although histone modification enrichment was 
slightly lower in these unique TAC-C peaks, it remained comparable 
to ATAC-seq (fig. S1F), suggesting that they may represent genuine 
regulatory regions not captured by ATAC-seq rather than artifacts of 
TAC-C library preparation.

We further compared TAC-C with OCEAN-C and Hi-C in iden-
tifying chromatin interactions. Consistent with previous study (25), 
we observed more frequent interactions between chromosomes 
within the same subgenome in TAC-C (fig. S1G). TAC-C identified 
159,667 intrachromosomal loops (table S2), which were classified 
into proximal anchors (P) located within 3 kb of a gene’s TSS and 
distal anchors (D) beyond 3 kb. These loops comprised 55.5% P-P 
interactions (PPIs), 35.5% P-D interactions (PDIs), and 9.0% D-D 
interactions (DDIs) (Fig. 1G). Compared to OCEAN-C and Hi-C, 
TAC-C detected a higher proportion of PPIs and identified shorter 
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loop spans (Fig. 1H), indicating its superior performance in captur-
ing fine-scale open chromatin interactions (Fig. 1I).

In summary, we have developed the TAC-C assay by integrating 
in situ Hi-C and ATAC-seq protocols, validating it experimentally in 
bread wheat. This method enhances the ability to capture open chro-
matin interactions, particularly in large-genome crops such as wheat.

Conserved features of chromatin interactions across four 
crop species
To evaluate the broad applicability of TAC-C across species and 
investigate open chromatin interactions in crops, we performed 
TAC-C experiments on young leaves from rice (Oryza Sativa), 
sorghum (Sorghum Bicolor), and maize (Zea Mays). We observed 

Fig. 1. Identification of open chromatin interactions using TAC-C and comparison with other techniques. (A) Schematic of TAC-C. (B) TAC-C interaction matrix at 1-Mb reso-
lution across chromosome 1A, with chromatin compartments shown as a track above the contact map. Compartment A is marked in red, and compartment B is marked in blue. 
(C) Statistical comparison of peak capture efficiency under different sequencing depth using TAC-C, ATAC, and OCEAN-C. Venn diagram showing the overlap of peak-covered re-
gion between ATAC and TAC-C based on 80 Gb of sequencing depth. (D) Classification of CREs based on their distribution around genes, with the number and proportion of each 
CRE type of CRE indicated. TSS, transcription start site; dCRE, distal CRE; pCRE, proximal CRE; gCRE, genic CRE. (E) Relative signal intensity of TAC-C, OCEAN-C, and ATAC around TSS 
and transcription termination site (TTS). (F) Percentage of overlapped base of TAC-C, OCEAN-C, Hi-C, and ATAC peaks with various histone modification marks. (G) Percentage of 
proximal-proximal interactions (PPIs), proximal-distal interactions (PDIs), and distal-distal interactions (DDIs) identified by TAC-C, OCEAN-C, and Hi-C. (H) Loop span distribution of 
open chromatin interactions identified by TAC-C, OCEAN-C, and Hi-C. Regions with loop span below 50 kb are highlighted in the top right corner. (I) Example of open chromatin 
interactions: Browser view of a 7-Mb region showing a randomly selected open chromatin interactions with associated TAC-C and OCEAN-C data.
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high reproducibility between biological replicates (Pearson’s corre-
lation of 0.91 to 0.99) and consistent chromosome configurations as 
reported (20, 42, 43), as well as expected genomic distribution pat-
tern of peaks (figs. S1A and S2, A and B). The number of identified 
loops ranged from 46,327 to 159,667 across species, with larger ge-
nomes exhibiting more loops (Fig. 2A and fig. S3A). Notably, 
Z. mays and T. aestivum with large genome sizes displayed longer 
open chromatin interactions and a higher proportion of PDI and 
DDI compared to smaller genomes (O. sativa and S. bicolor) (Fig. 2B 
and fig. S3, B and C).

PPIs serve as key spatial units of gene regulation (42). To exam-
ine the relationship between looped genes, we categorized genes in 
a looped pair (“Gene a”) into three groups (0 to 20%, 20 to 80% and 
80 to 100% percentile) according to the expression level of one and 
compared the expression levels of its paired gene (“Gene b”) (fig. 
S3D). The results showed that as “Gene a” expression increased, 
“Gene b” expression also rose, while the expression levels of random 
gene pairs remained consistently low. This suggests that chromatin 
interactions establish physical connections between distant genes, 
enabling coordinated regulation. To further assess the relation-
ship between interaction frequency and gene expression, we ranked 

genes into four interaction levels (L1: 0 to 25%; L2: 25 to 50%; L3: 50 
to 75%; L4: 75 to 100%). Across all four species, genes with higher 
interaction frequencies exhibited increased expression (Fig. 2C and 
fig. S3E), underscoring the regulatory significance of highly inter-
acting genes.

The top 10% most frequently interacting anchors were defined as 
“hub anchors,” while other anchors were designated as “connecting 
anchors.” Open chromatin peaks not located in loop anchors were 
categorized as “basal peaks.” Genes linked to hub anchors were 
termed as “node genes,” whereas those associated with connecting 
anchor were “connecting genes” (Fig. 2D and fig. S3F) (44). Hub 
anchors exhibited higher TAC-C signals (Fig. 2E) but no change in 
chromatin accessibility (fig. S3G), indicating that TAC-C signals re-
flect interaction strength rather than accessibility (fig. S3H). Node 
genes exhibited lower single-nucleotide polymorphism (SNP) den-
sities, higher expression levels across four species (Fig. 2, F and G) 
(45–48), and the highest proportion of orthologs across species, fol-
lowed by connecting genes (Fig. 2H). Thus, genes involved in fre-
quent looping events may have more important functions.

Overall, open chromatin interaction span and frequency are 
influenced by genome size and gene counts across species. These 

Fig. 2. Characteristics of chromatin interactions across four crops species. (A) Phylogenetic tree of four crop species with the number of peaks, anchors, and loops 
identified from TAC-C data. (B) Percentage distribution of PPI, PDI, and DDI across the four crop species. (C) Expression levels [log2(FPKM + 1)] of genes with varying levels 
of chromatin interactions in T. aestivum. ***P < 0.001 from Student’s t test. (D) Schematic representation of the hub-and-connection anchor model of chromatin interac-
tions, with definitions of for node and connecting genes based on contact frequency. (E) TAC-C signal intensity in hub and connecting anchor regions across the four crop 
species. ***P < 0.001 from Student’s t test. (F and G) SNP density (F) and expression levels (G) in node, connecting, and random genes across the four crop species. 
*P < 0.05, and ***P < 0.001 from Student’s t test. (H) Percentage of orthologs in node, connect, and random genes across four crop species. The ortholog information from 
TGT (http://wheat.cau.edu.cn/TGT/).

http://wheat.cau.edu.cn/TGT/
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interactions facilitate coordinated gene expression and are regulated 
by chromatin interaction frequency. Hub anchors and hub genes are 
highly conserved, highlighting their fundamental biological roles.

Chromatin interaction link regulatory elements to 
phenotype variation in wheat
To explore the importance of spatial organization of chromatin, we 
compiled data from published sources on QTLs and eQTLs related 
to various agronomic traits (table S3), as well as breeding selection 
sweeps (SSs) in wheat to investigate whether chromatin interactions 
could spatially link distal regulatory elements to target genes, ulti-
mately contributing to phenotypic variation (49–52). Our analysis 
revealed that hub anchors, which primarily localize to the distal 
ends of chromosomes, showed a distribution pattern consistent with 
“functional regions” as defined by QTLs, eQTLs, and SS (Fig. 3A). 
Notably, hub anchors exhibited the highest overlap with these func-
tional regions, followed by connecting anchors and basal peaks (Fig. 
3B), suggesting that regions frequently involved in chromatin loops 
may play more crucial roles in gene regulation. Furthermore, QTLs 
overlapping with hub anchors exhibit stronger significance, while 
eQTLs and genes looped by hub anchors demonstrate larger effect 
sizes (50, 53) (Fig. 3, C and D). In addition, QTL regions associated 
with loops are enriched in activating histone modifications (H3K4me3 
and H3K27ac) as well as H3K27me3, whereas H3K9me2 is not en-
riched (fig. S4). This suggests that these regions may function as ac-
tive or bivalent enhancer elements (54).

In total, 7632 hub anchors overlapped QTLs, eQTLs, and breeding 
selection sweeps. Of these, only 259 hub anchors were common across 
all three regions (Fig. 3E). For instance, an eQTL (Chr5A_645725) 
located 621 kb downstream of the leaf width-regulated gene NARROW 
LEAF1 (TaNAL1-like-5A) was found within a flag leaf area (FLA)–
regulated QTL and a breeding selection region (50,  55,  56). This 
eQTL, located in a hub anchor, was observed to loop with TaNAL1-
like-5A (Fig. 3F). Furthermore, the functional potential of these distal 
regulatory regions was established through a luciferase reporter assay. 
TaNAL1-like-5A carrying the distal regions exhibited robust activity 
in the reporter assay, with higher signals compared with the controls 
carrying the 35S promoter alone (Fig. 3G). These findings suggest 
that distal regulatory elements can modulate target gene expression 
through chromatin interactions, thereby influencing phenotypic vari-
ation. To explore the genetic variation underlying this regulation, 
haplotype analysis was conducted for both TaNAL1-like-5A and the 
distal eQTL region Chr5A_645725 (Fig. 3F) (57). This analysis identi-
fied three distinct haplotypes, each exhibiting significant differences 
in flag leaf length, width and flag leaf area across various natural pop-
ulations (Fig. 3H) (57).

Our findings reveal that distal elements may regulate the expres-
sion of target genes through chromatin interactions, thereby influenc-
ing phenotypic variation. Providing physical topological information 
support for distal regulatory sites identified through genome-wide 
association studies (GWAS) and transcriptome-wide association 
studies (TWAS).

Asymmetric chromatin interaction associates with 
homoeolog expression bias in wheat
Because wheat is a hexaploid species, with proportion of A, B, and D 
subgenomes showing imbalanced expression patterns (58), we won-
dered whether differences in chromatin interactions among subge-
nomes contribute to this expression bias. We compared the loops at 

subgenomic levels for each chromosome. While the strength of the 
loops was comparable across three subgenomes, the D subgenome 
exhibited significantly more loops than the A and B subgenomes, 
consistent with previous study (fig. S5, A and B) (28). In total, 39,714, 
36,643, and 41,559 PPIs were identified in A, B, and D subgenomes, 
respectively. Among these, 3,742, 5,337 and 5,257 PPIs were con-
served between two AB, AD, and BD subgenomes, respectively. Also, 
7504 PPIs were conserved across all three subgenomes (Fig. 4A), in-
dicating asymmetrical interactions between subgenomes.

The coverage of transposable elements (TEs) in singleton loops 
was significantly higher than that in homoeolog PPIs across subge-
nomes, suggesting a link between transposon insertion and the oc-
currence of asymmetrical interactions (Fig. 4B). The loop strength 
for ABD-conserved PPIs was the highest, while singleton PPIs ex-
hibited the weakest loop strength (Fig. 4C). In addition, 56.7% of 
loop anchors for ABD-conserved PPIs were classified as hub an-
chors, indicating that ABD-homoeolog interactions may represent 
crucial regulatory regions (Fig. 4D). Furthermore, homoeolog PPIs 
demonstrated a higher overlap with functional regions (Fig. 4E), 
and Gene Ontology (GO) enrichment analysis revealed that genes 
associated with conserved PPIs are primarily involved in carbohy-
drate metabolism, photosynthesis, and growth and development 
(fig. S5C). In contrast, genes located in singleton loops were mainly 
enriched in basic cellular processes (fig. S5D).

To evaluate the impact of asymmetrical PPIs on homoeolog ex-
pression bias, we analyzed 16,539 triads with at least one homoeolog 
linked to a loop. As expected, expression levels remained unchanged 
in ABD-conserved PPI-linked homoeologs. However, in PPIs con-
served in only two subgenomes (AB, AD, and BD), the homoeolog 
lacking loops showed significantly lower expression than the other 
two (Fig. 4F). In addition, ABD-conserved PPI-linked genes had the 
highest proportion of balanced expression triads, while homoeologs 
missing loops were more likely to be suppressed in AB-, AD-, or 
BD-conserved PPIs (Fig. 4G). Similar trends were observed in chro-
matin accessibility differences of triads with asymmetric PPIs among 
subgenomes (fig. S5E). Further analysis of homoeolog pairs with 
differential interactions but balanced chromatin accessibility con-
firmed that, except for the AD group, asymmetrical interactions and 
chromatin accessibility bias both contribute to homoeolog expres-
sion bias (fig. S5F).

To explore the relationship between epigenetic modifications 
and asymmetrical PPIs, we analyzed histone modifications in the 
5-kb regions flanking asymmetrical loop-linked homoeolog triads. 
Activation histone marks, specifically H3K36me3 and H3K9ac, 
correlated with PPI asymmetry levels, with homoeologs lacking 
loops exhibiting lower coverage of these histone marks (Fig. 4H). 
In contrast, other epigenetic signals (H3K27ac, H3K4me3, and 
H3K27me3) showed no significant differences (fig. S5G). For instance, a 
homoeolog triad (TraesCS1A03G0004300, TraesCS1B03G0002100, and 
TraesCS1D03G0000500) formed loops with another triad (TraesC-
S1A03G0005200, TraesCS1B03G0003300, and TraesCS1D03G0001500) 
in the B and D subgenomes, but not in the A subgenome (Fig. 4I). 
These asymmetrical loops were associated with elevated expression 
levels and enriched activating chromatin modifications in the B and 
D homoeologs. A similar pattern was observed in another case 
where a homoeolog pair lost loops in the B subgenome (fig. S5H).

To further understand the factors driving asymmetrical PPIs, we 
compared TE coverage and sequence similarity in the 5-kb regions 
flanking the asymmetrical loop-linked homologous triads (Fig. 4, J 
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Fig. 3. Long-range chromatin interactions regulate gene expression and associate with trait variations. (A) Distribution of wheat eQTLs (a), breeding selective 
sweeps (b), QTLs (c), and hub anchors (d) across the wheat genome. (B) Percentage of overlapping interactions between hub anchors, connecting basal anchors, and 
random regions with QTLs, eQTLs, and breeding selective sweeps. To reduce false positives, 1000 permutation tests were conducted. In each test, 60% of accessions were 
randomly sampled, and differences were calculated using least significant difference (LSD) test. (C) Significance of GWAS signals for SNPs located in hub anchors, other 
anchors, and QTL regions. GWAS signal data were obtained from published sources (details in table S3). ***P < 0.001 and ns (not significant), P > 0.05 from Student’s t test. 
(D) |Effect size| of looped eQTL-gene pairs compared to other eQTL-gene pairs. Looped eQTL-gene (hub) pairs refer to those where the eQTL is located in anchors or hub 
anchors. Effect size data were obtained from published studies, and only eQTLs in the top 50% of effect size were included (details in table S3). ***P < 0.001 and ns, 
P > 0.05 from Student’s t test. (E) Overlap between hub anchors, QTLs, eQTLs, and breeding selective sweeps. (F) Open chromatin loop between TaNAL1-like-5A and distal 
eQTL (5A_645725). Green and pink tracks indicate QTL and breeding selection sweep regions. The table below shows haplotypes of SNP sites in TaNAL1-like-5A and the 
distal regulatory region. (G) Luciferase reporter assays validating the transcriptional regulatory role of the distal region on TaNAL1-like-5A. The distal anchor sequences, 
containing the eQTL locus, were introduced into the proximal region of TaNAL1-like-5A promoter (distal region). ***P < 0.001 from Student’s t test. (H) Flag leaf length, 
width, and leaf area of TaNAL1-like-5A in three haplotypes of the loop- linked TaNAL1-like-5A and eQTL (5A_645725). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 
from Student’s t test.
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Fig. 4. Asymmetrical open chromatin loops associated with homoeolog expression bias, epigenetic profiling, TE insertions, and sequence variations. (A) Venn 
diagram showing the overlap of homoeolog PPIs between the A, B, and D subgenomes. (B and C) Boxplots illustrating the TE coverage (B) and loop strength (C) across 
loop anchors at different homoeolog levels. ABD: homoeolog PPIs in all three subgenomes; AB, AD or BD: homoeolog PPIs in AB, AD or BD subgenomes; singleton: PPIs 
in only one of the subgenomes A, B or D. *P < 0.05 from Student’s t test. (D) Venn diagram showing the overlap between homoeolog ABD PPIs and hub anchors. 
(E) Overlap ratio of QTL regions with PPI anchors at different homoeolog levels, normalized by the average QTL coverage in A, B, and D subgenomes, respectively. 
(F) Relative expression contribution of each subgenome based on triads, classified into five groups according to homoeolog PPI levels. *P < 0.05 and ***P < 0.001 from 
Student’s t test. (G) Proportion of triads in each homoeolog expression bias category across the five homoeolog PPI groups. (H) Coverage of H3K36me3 (top) and 
H3K9ac (bottom) peaks in gene flanking regions (±5 kb) across subgenomes, normalized to subgenome averages, classified by homoeolog PPI levels. *P  <  0.05, 
**P < 0.01, and ***P < 0.001 from Student’s t test. (I) Browser screenshot showing asymmetrical open chromatin interactions and expression of linked genes 
(TraesCS1A03G0004300, TraesCS1B03G0002100, and TraesCS1D03G0000500). Data tracks include TAC-C peaks, loops, histone modifications, and gene transcription. (J) TE 
coverage in gene flanking regions (±5 kb) across subgenomes, normalized by the average TE coverage of singleton PPIs in A, B, and D subgenomes. (K) Pairwise com-
parisons of sequence similarity in gene flanking regions (±5 kb) across subgenomes, normalized by the average gene sequence similarity between A versus B, B versus 
D, and A versus D, classified by homoeolog PPI levels. *P < 0.05, **P < 0.01, and ***P < 0.001 from Student’s t test.
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and K). The results showed that homoeolog lacking loops exhibited 
higher TE coverage and lower sequence similarity in their flanking 
regions. This suggests that transposon insertion or sequence varia-
tion may disrupt loop structures, leading to the loss of homologous 
loops in specific subgenomes.

SBP and ERF family TFs occupy chromatin interaction-linked 
gene regulation
Chromatin conformation regulates transcription by looping TF bound 
CREs to the promoters of distally located target genes, as observed in 
mammalian cells (Fig. 5A) (38, 59). To explore this mechanism in 
plants, we analyzed the enrichment of TFs at open chromatin inter-
action anchors. We found that binding sites of TFs from the V-myb 
avian myeloblastosis viral oncogene homolog (MYB), DNA binding 
with one finger (Dof), ethylene responsive factor (ERF), GATA, and 
SBP families were significantly enriched within the anchor regions 
(Fig. 5B), with SBP and ERF binding motif-enriched loops exhibiting 
stronger interactions compared to others (Fig. 5C).

To assess the biological significance of these TF binding site-
enriched anchors, we examined their presence in functional hubs 
(the hubs overlapped with previously defined functional regions). 
Notably, 14.34% of the SBP family TF binding sites were localized in 
functional regulatory regions, higher than other TF families (Fig. 
5D). In addition, SBP and ERF-bound functional hub anchors were 
linked to significantly more number of target genes compared to 
other hub anchors, indicating the importance of SBP and ERF targets 

in functional regions (Fig. 5E). Using published DAP-seq data for 
SBP, ERF, MYB, and Dof TF families, we found that the SBP and ERF 
DAP-seq peaks were more enriched in anchor regions (fig. S6A) (60), 
with SBP-bound loops showing enhanced interaction strength (fig. 
S6B). This suggests that SBP and ERF TFs are closely associated with 
chromatin interactions, emphasizing the importance of SBP-bound 
loops in transcriptional regulation.

Further analysis categorized genes based on SBP-associated chro-
matin interactions and occupancy (Fig. 5F) (44). Genes with SBP 
binding at one or both anchors (a4, a5, and a6) exhibited higher ex-
pression levels than those without SBP binding (a3) (Fig. 5F). How-
ever, basal genes not involved in chromatin interactions showed 
similar expression levels regardless of SBP binding (a1 and a2), indi-
cating that chromatin loops and SBP binding synergistically enhance 
transcription within chromatin loop. In conclusion, we identified 
five TF families (MYB, Dof, ERF, GATA, and SBP) significantly en-
riched in open chromatin anchor regions, suggesting their roles in 
the formation or functional regulation of chromatin interactions.

TaSPL7/15-mediated chromatin interactions regulate 
photosynthesis and leaf development in wheat
Given that 48 SBP TF family members and potential functional 
redundancy (61), mutant lines with multiple SBP TF disruptions 
can better reveal their impact on chromatin interactions. TaSPL7 
and TaSPL15 are crucial for wheat vegetative and reproductive 
growth (62). We analyzed the CRISPR/Cas9-derived knockout mutant 

Fig. 5. Identification of TFs enriched in the chromatin interaction regions. (A) Schematic diagram illustrating joint TFs binding at the anchors of open chromatin in-
teractions. (B) TF family enrichment analysis in hub anchor regions (two-sided Fisher’s exact test). Significantly enriched TF families (P < 0.05) are highlighted. (C) Boxplot 
showing loop strength across five TF families. The LSD multiple comparison test was used to assess significance. Different letters denote significant differences (P < 0.05). 
(D) Percentage of TF binding sites enriched in functional hub anchor regions. Calculated as: TF binding sites identified in functional hubs/TF binding sites identified in all 
hubs. (E) Boxplot showing the average number of target genes (TF binding motifs in promoter regions) per hub anchor or functional hub anchor across five TF families. 
**P < 0.01 from Student’s t test. (F) Expression levels of genes categorized by chromatin interaction models and SBP occupancy. The LSD multiple comparison test was 
used to assess significance. Different letters indicate significant differences (P < 0.05).
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Taspl7&15 (62) and conducted RNA sequencing (RNA-seq) on 
Taspl7&15 and its wild-type (WT) counterpart, ZM7698. Tran-
scriptomic analysis revealed strong correlations among replicates 
(Fig. 6A) and identified 1917 down-regulated and 1802 up-
regulated genes in Taspl7&15. GO enrichment indicated pathways 
related to chloroplasts, leaf development, and carbohydrate trans-
port were significantly affected, underscoring TaSPL7/15’s role in 
photosynthesis and leaf development (Fig. 6B).

To investigate TaSPL7/15-mediated chromatin interactions on 
transcriptional regulation, we defined loops where both anchors over-
lapped with TaSPL7/15 DAP-seq peaks (62). These loop anchors were 
enriched for active histone marks (H3K4me3, H3K9ac, and H3K27ac) 
and the repressive mark H3K27me (fig. S7), suggesting potential reg-
ulation in association with multiple histone modification signals. 
Approximately 48% of differentially expressed genes (DEGs) were as-
sociated with TaSPL7/15-mediated loops, indicating that TaSPL7/15 
maintains chromatin loops critical for gene expression (Fig. 6C and 
table S4). These loop-associated DEGs were significantly enriched in 
functional regulatory QTLs, highlighting their importance (Fig. 6D).

Key loop–associated DEGs included chlorophyll a-b binding protein 
5 (TaLhcb5-6D) (up-regulated), chlorophyll degradation gene Stay-
Green Rice (TaSGR-5D) (down-regulated), and stomatal anion channel 
protein controlling stomatal closure gene SLOW ANION CHANNEL-
ASSOCIATED 1 (TaSLAC1-D1) (down-regulated), all influencing 
chlorophyll content and photosynthetic efficiency (Fig. 6E and table 
S5). In addition, the gene encoding transketolase (TaTK-2D) and the 
positive regulator of starch accumulation in vegetative tissues CO2-
responsive CCT protein (TaNRR-A1) were up-regulated, while the 
negative regulators of leaf development, such as cytokinin oxidase/
dehydrogenase 11 (TaCKX11-A/B), were down-regulated.

To validate these chromatin interactions, we focused on TaCKX11-
B, a gene previously linked to negative regulation of leaf size and pho-
tosynthetic efficiency in rice and wheat (63). A 57-kb upstream 
interaction loop was identified in WT (ZM7698) but lost in Taspl7&15 
(Fig. 6F). TAC-C–quantitative PCR (qPCR) confirmed the loss of this 
interaction loop in Taspl7&15 (CR127) (Fig. 6G, top), and reverse 
transcription (RT)–qPCR demonstrated reduced TaCKX11-B expres-
sion (Fig. 6G, bottom). Luciferase reporter assays validated the 
enhancer-like function of the distal region on TaCKX11-B (Fig. 6H). 
Similar loop disruption was observed for TaSGR-5D, TaNRR-A1, and 
TaTK-2D (fig. S8, A to C).

Phenotypic analysis showed Taspl7&15 mutants had larger leaf 
size, higher chlorophyll content, and improved photosynthetic effi-
ciency (Fig. 6, I and J). Liquid chromatography–mass spectrometry 
(LC-QQQ-MS) analysis revealed increased levels of photosynthetic 
intermediates, including pentose phosphate (d-ribose 5-phosphate 
(R5P), ribulose-5-phosphate (Ru5P), d-xylulose-5-phosphate (Xu5P), 
and d-sedoheptulose-7-phosphate (S7P) in Taspl7&15 compared to 
ZM7698 (fig. S9), indicating enhanced photosynthetic capacity. Nota-
bly, the absence of phosphoglycerate 3-phosphoglycerate (3PGA) and 
2-phosphoglycerate (2PGA) suggested reduced photorespiratory flux, 
potentially boosting photosynthetic efficiency (fig. S9). Moreover, we 
observed larger starch granules in Taspl7&15′ leaves than in those of 
ZM7698 (Fig. 6K). Those phenotypic data fit well with the observed 
transcriptional change of above-mentioned genes in Taspl7&15.

In summary, TaSPL7/15 mediates chromatin interactions critical 
for regulating photosynthesis-related genes and leaf development. 
Loss of TaSPL7/15 disrupts these loops, altering gene expression and 
enhancing photosynthetic efficiency in wheat leaves.

DISCUSSION
Understanding the spatial organization of CREs is essential for deci-
phering gene regulation (64), particularly in complex genomes such 
as wheat, a hexaploid species (29). The 3D structure of the genome 
plays a crucial role in how CREs, such as enhancers, interact with 
their target genes to control key biological processes (42, 44). Tradi-
tional methods such as Hi-C, HiChIP, and OCEAN-C have ad-
vanced our understanding of chromatin interactions but have been 
less effective in capturing the fine-scale interactions between CREs 
and genes in wheat (25, 28, 30).

TAC-C: A plant specialized fine-scale 3D chromatin 
organization study tool
Because of the higher spatial resolution of ATAC-seq compared to 
FAIRE-seq (27), we developed the TAC-C method by integrating 
ATAC-seq with in situ Hi-C, facilitating targeted capture of interac-
tions within open chromatin regions. This advancement not only 
heightens spatial resolution but also reduces the sequencing depth 
required to yield meaningful data. This innovation holds particular 
significance for cost reduction, especially in the context of crops 
with large genomes such as wheat. TAC-C excels in identifying ac-
tive CREs and demonstrates better overlap with epigenetic modifi-
cations compared to other methods (Fig. 1). Using wheat as a model, 
TAC-C has proven its robustness in capturing intricate details of 
chromatin interactions that are crucial for understanding gene reg-
ulation in large-genome species. The method’s adaptation for plant 
samples, particularly those rich in sugars and polyphenols, further 
underscores its versatility and reliability. Unlike the recently devel-
oped ChIATAC technique (18), TAC-C omits the use of SDS in nu-
clei treatment (Fig. 1). SDS as a surfactant has the potential to 
disrupt the binding between histones and DNA. This disruption fa-
cilitates Tn5 accessibility to closed chromatin regions. Consequent-
ly, compared to the ChIATAC, TAC-C is more similar to ATAC-seq. 
Moreover, ChIATAC was only used in animal cells, with no reported 
application in plants, while TAC-C is a technology tailored specifi-
cally for plant systems. These makes TAC-C not only a powerful al-
ternative but also a more specialized tool for studying the 3D 
genome organization in plants. The success of TAC-C in rice, wheat, 
maize, sorghum (Fig. 2) suggests its potential applicability across 
other complex genomes, providing a previously unexplored avenue 
to explore the spatial organization and regulatory mechanisms un-
derlying large-genome species.

Conservation and biological importance of TAC-C identified 
chromatin interaction hub anchors
TAC-C identifies open chromatin regions frequently interacting 
with other regions, termed hub anchors (Fig. 2). Across different 
crops species, hub anchors exhibit common features such as low-
frequency base variations and higher expression levels of their as-
sociated node genes (Fig. 2). Moreover, a significant overlap was 
observed between previously reported QTL, eQTL, and breeding 
selection intervals with chromatin interaction anchors, especially 
hub anchors (Fig. 3). This underscores the functional importance of 
open chromatin interactions in regulating agronomic traits. GWAS 
has identified numerous QTLs in crops with large genomes such as 
maize and wheat (65, 66), often located in intergenic regions, com-
plicating their functional interpretation. Chromatin interactions 
can be used as physical evidence to connect GWAS-identified SNPs 
to their target genes, offering insights into trait-associated elements. 
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Fig. 6. SPL-associated chromatin interactions in regulating photosynthetic energy metabolism. (A) Clustering of samples for RNA-seq according to the Pearson’s 
correlation coefficient of gene expression levels. (B) GO enrichment analysis of DEGs in Taspl7&15 versus ZM7698. (C) Proportion of DEGs overlapped with TaSPL7/15-
mediated chromatin loop–linked genes. (D) Percentage of overlapped interactions between TaSPL7/15-mediated loop linked DEGs and other TaSPL7/15-mediated loop. 
***P < 0.001 from Student’s t test. (E) Expression of key genes involved in photosynthesis and leaf development. Expression levels were normalized by z score. The genes 
that are further validated in the following are highlighted. (F) Chromatin interactions of TaCKX11-B. Profiles of TaSPL7/15 DAP-seq, ATAC, and chromatin interactions 
around TaCKX11-B and its distal regulatory site are shown, with anchor regions highlighted. The bottom panel shows the locations of primer in TAC-C–qPCR experiments. 
(G) Quantitative relative interacting frequency of loop regions determined by TAC-C-qPCR in ZM7698 and Taspl7&15 (CR127) (top). The quantitative relative expression of 
TaCKX11-B by RT-qPCR assay in ZM7698 and Taspl7&15 (CR127) (bottom). Error bars: ±SD n = 3, *P < 0.05 from Student’s t test. (H) Luciferase reporter assay validating the 
transcriptional regulatory role of the distal regions (DRs) on TaCKX11-B. The distal anchor sequence was introduced into the proximal region of the TaCKX11-B promoter. 
*P < 0.05 from Student’s t test. (I) Phenotypes of leaves of the wheat accession ZM7698 and two CRISPR-generated Taspl7&15 mutant lines. (J) Chlorophyll content and 
net assimilation rates of carbon dioxide between ZM7698 and the two CRISPR lines of Taspl7&15 mutant at the seedling stage. ***P < 0.001 from Student’s t test. 
(K) Transmission electron microscopy images of chloroplasts of for ZM7698 and Taspl7&15 two mutant lines. Red asterisks indicate starch granules. The area of the starch 
granules section is calculated by ImageJ. **P < 0.01, ***P < 0.001 and ****P < 0.0001 from Student’s t test. FDR, false discovery rate.
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For example, our study revealed chromatin interactions between 
TaNAL1-5A-like and its eQTL loci (Fig. 3). This research advances 
our understanding and paves the way for precision breeding using 
advanced editing technique.

Chromatin spatial organization contributes to subgenome 
gene expression bias
Previous research has demonstrated that differences in epigenetic 
modifications, transposon insertions, and TF binding motifs significantly 
influence homoeolog expression bias in wheat (41, 58, 67, 68). Our 
TAC-C data support these findings, revealing extensive subgenome-
specific PPIs (Fig. 4). Notably, the D subgenome exhibited more chro-
matin interactions compared to the A and B subgenomes (Fig. 4), 
possibly due to the latter undergoing epigenetic homogenization over 
time (69). In contrast, the D subgenome, with its shorter evolutionary 
history, may retain more diploid-like epigenetic features.

Our results also show an enrichment of transposons in subgenome-
specific interaction anchors (Fig. 4), suggesting that some transposons 
have evolved into regulatory elements, influencing subgenome-specific 
gene expression through chromatin looping (60, 68, 70). While pre-
vious studies focused on genetic sequence variations and epigenetic 
modifications (41, 60, 71), our research highlights the importance 
of distal chromatin interactions in shaping subgenome bias (Fig. 4). 
Contrary to earlier reports suggesting that chromatin interaction di-
vergence does not contribute to homoeolog gene expression bias (28), 
we observed that homoeolog pairs losing open chromatin loops ex-
hibit significantly lower expression levels in the affected subgenome. 
This discrepancy may stem from TAC-C’s higher precision and reso-
lution, allowing the detection of subtle imbalances in chromatin loops 
even when open chromatin remain unchanged. We propose that se-
quence variations and transposon insertions near homologous genes 
reshape the chromatin landscape including asymmetric chromatin 
interactions, driving biased gene expression and reinforcing subge-
nome asymmetry in hexaploid wheat.

SBPs in chromatin organization and wheat development
While CTCF/cohesin complexes control chromatin loops in ani-
mals (35, 36), and TCPs shape chromatin structure in Marchantia 
(40), the processes governing chromatin loops in higher plants such as 
wheat are not well understood (72). TaSPL7/15 participate in wheat 
vernalization process by directly anchoring the VERNALIZATION1 
(VRN1) promoter and 30-kb upstream regulatory elements of VRN3 
(73), yet their broader role in wheat 3D chromatin structure has 
been unexplored. Our findings reveal an enrichment of SBP and 
ERF TF binding motifs in chromatin’s open anchor regions (Fig. 5), 
indicating the potential role in maintaining wheat chromatin orga-
nization. In Taspl7&15 mutants, a substantial overlap was observed 
between DEGs and TaSPL7/15-mediated loop linked genes (Fig. 6), 
particularly those involved in photosynthesis, starch synthesis, sug-
ar transport, and leaf development (Fig. 6), leading to increased 
photosynthetic efficiency in Taspl7&15. Specifically, the loss of 
distal regulatory interaction for TaCKX11-A, TaCKX11-A, TaSGR-
5D, TaTK-2D, and TaISA2 resulted in longer leaves, reduced chlorophyll 
degradation, enhanced photosynthesis efficiency, and increased pho-
tosynthetic products (Fig. 6). In addition, SPLs are quantitatively 
regulated by miRNA156s, conserved microRNAs associated with 
plant developmental ages across species (74, 75), suggesting that 
3D chromatin organization may undergo SPL-mediated change as 
plants mature, contributing to developmental morphology.

MATERIALS AND METHODS
Plant materials and growth conditions
The O. sativa, S. bicolor, Z. mays, and T. aestivum (Chinese Spring) 
were used in this study. The Taspl7&15 CRISPR lines were obtained 
from a previous study (62). The seeds were surface sterilized in 2% 
NaClO for 20  min and then rinsed overnight with flowing water. 
The seeds were germinated and then transferred to soil and grown 
in the greenhouse at 22°C/20°C day/night, under long day condi-
tions (16-hour light/8-hour dark). When the material grows to one 
leaf and one heart period, the leaves were sampled for the RNA-seq 
(three replicates) and TAC-C experiments (two replicates).

TAC-C library construction
TAC-C experiments require three processions, including: Plant tis-
sue was cut into approximately 0.5 cm2 pieces and then fixed using 
nuclei isolation buffer (NIB) containing 4% formaldehyde [20 mM 
Hepes, 250 mM sucrose, 1 mM MgCl2, 5 mM KCl, 1 mM dithioth-
reitol (DTT), 1% protease inhibitor cocktail for plants, 0.25% Triton 
X-100, 40% glycerol, and 4% formaldehyde]. The reaction was 
quenched by adding 0.125 M glycine and incubated on ice for 
15 min. The fixed plant tissue was washed three times with NIB (20 mM 
Hepes, 250 mM sucrose, 1 mM MgCl2, 5 mM KCl, 1 mM DTT, 1% 
protease inhibitor cocktail for plants, 0.25% Triton X-100, and 40% 
glycerol). After removing excess liquid from the surface using ab-
sorbent paper, nuclear extraction could be performed directly or the 
samples could be stored at −80°C.

The processed plant tissue, subjected to liquid nitrogen grinding, 
was transferred to a 15-ml tube, and the pellets were then resuspended 
using NIB. The suspension was incubated with shaking on ice for 
10 min. Subsequently, the suspension was successively filtered through 
10 and 40-μm strainers, followed by centrifugation at 1260g at 4°C for 
5 min. After discarding the supernatant, the pellets were washed twice 
with NIB and then washed twice with 1.2×  NEBuffer r2.1 (NEB, 
B6002S). Nuclei were obtained after centrifugation at 1260g at 4°C for 
5 min with the removal of the supernatant. The isolated nuclei can be 
used for TAC-C library preparation or stored at −80°C.

Using 10,000 to 50,000 nuclei as the starting material for TAC-C 
library construction, the nuclei were resuspended in 500  μl 1.2× 
NEBuffer r2.1, and 40 μl of Dpn II (NEB, R0543L) was added. The 
reaction was carried out overnight at 37°C with constant agitation at 
900 rpm in a metal bath. Subsequently, the reaction was terminated 
by incubating at 65°C for 20 min.

After that, 37.5 μl of Biotin-14-dCTP (Invitrogen, 19518018), 1.5 μl 
of 10 mM 2′-deoxyadenosine 5′-triphosphate (NEB, N0446S), 1.5 μl 
10 mM 3′-deoxythymidine 5′-triphosphate (NEB, N0446S), 1.5 μl of 
10 mM 2′-deoxyguanosine 5′-triphosphate (NEB, N0446S), and 
10 μl of DNA polymerase I, large (Klenow) fragment (NEB, M0210L) 
were added, and the reaction was carried out at 37°C for 1 hour in a 
metal bath to complete biotin labeling. Following this, 598 μl of 2× 
rapid ligation buffer and 6 μl of T4 DNA ligase (Enzymatics, L6030-
HC-L) were added, and the reaction was carried out at 20°C for 
4 hours to complete the in situ ligation. The reaction mixture was 
centrifuged at 5000g for 5 min, the supernatant was discarded, and 
the nuclear pellet was resuspended in TE buffer (pH 10; Invitrogen, 
AM9858) and incubated at 70°C for 1 hour. The reaction mixture 
was centrifuged at 1000g for 5 min, and 1 μl of exonuclease III (NEB, 
M0206), 10 μl of 10×  NEBuffer1 (NEB, M0206), and 89  μl of 
nuclease-free water were added. The reaction was carried out at 
37°C for 20 min, followed by 72°C for 30 min to terminate the reaction. 
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After washing once with 500 μl of 1× TD buffer [10 mM tris-HCl 
(pH 7.4), 5 mM MgCl2, and 0.25% dimethyl formamide], the sam-
ples were centrifuged at 1260g for 5 min, and the supernatant was 
discarded. Then, 50 μl of 2 × TD buffer [20 mM tris-HCl (pH 7.4), 
10 mM MgCl2, and 0.5% dimethyl formamide] and 8 μl of TTE Mix 
V50 (Vazyme, TD711-02), 42 μl of nuclease-free water were added, 
and the reaction was carried out at 900 rpm, 37°C for 1 hour in a 
metal bath.

After the reaction, the DNA was purified using the MinElute PCR 
Purification Kit (QIAGEN, 28004), washed with 100 μl of buffer EB 
(QIAGEN, 19086), and then incubated with 40 μl of Dynabeads 
MyOne Streptavidin C1 (Invitrogen, 65001) at room temperature for 
20 min. The beads were washed twice with binding and washing buffer 
[5 mM tris-HCl (pH 7.5), 0.5 mM EDTA, and 1 M NaCl].

Last, the DNA was amplified by adding 50 μl of TruePrep CUT&Tag 
Amplification Mix (Vazyme, TD612-01), 40  μl of nuclease-free 
water, 5 μl of 20 μM N7 index primer (TGTGAGCCAAGGAGTT-
GTTGTCTTCNNNNNNNNNNGTCTCGTGGGCTCGG), and 5 μl 
of 20 μM N5 primer (/5Phos/GAACGACATGGCTACGATCCGA-
CTTTCGTCGGCAGCGTC). The amplification conditions were 
as follows: 72°C for 5 min, 98°C for 30 s; 98°C for 10 s, 63°C for 
30 s, 72°C for 1 min, 10 cycles; 72°C for 5 min; hold at 4°C. 
The PCR products were purified using 60  μl of Ampure beads 
(Beckman Coulter, A63881), incubated for 5 min, and placed on 
a magnetic stand for 5 min, and then the supernatant was trans-
ferred to a new 1.5-ml tube. After incubating with 20 μl of Am-
pure beads for 5 min and placing on a magnetic stand for 5 min, 
the supernatant was discarded. The beads were washed twice 
with 80% ethanol, and after the beads were air-dried, the DNA 
was recovered using buffer EB. This is the TAC-C library. The 
TAC-C library was sequenced using MGI 2000 (2  ×  100 base 
pair). The relevant chemicals and enzymes are listed in table S6. 
For parallel control, Dpn II was replaced by BSA while keeping 
all other steps unchanged.

TAC-C data processing
Initially, the raw reads underwent trimming using the hicup_truncater 
v0.5.9 tool (76) to identify and eliminate the ligated junction 
points within the reads, specifically removing the sequences 
after the recognition site of restriction enzyme. Subsequently, the 
trimmed reads were mapped to the reference genome: S. bicolor 
(77), Z. mays (78), O. sativa (79), and T. aestivum (80) through the 
bwa v0.7.17 software (81), with reads having a mapping quality 
(MAPQ) score < 1 being discarded to ensure mapping accuracy. 
The Hi-C-Pro v2.10.0 (82) tool was used to filter out dangling end 
pairs, Re-ligation Pairs, Self-cycle Pairs, and Dumped Pairs. Fol-
lowing the removal of PCR duplicates, the remaining valid read 
pairs were used for calling peaks and loops. The calling of peaks 
from the remaining valid read pairs was performed using MACS2 
(83) the parameter “-q 0.01 -f BAM --nomodel --extsize 150 --shift 
-75 --call-summits --nolambda”, The overlapping peaks between 
two biological replicates were used as an anchor to identify open 
chromatin interactions by hichipper (https://github.com/aryeelab/
hichipper) with default setting in two biological replicates. Finally, 
the intrachromosomal loop from two biological replicates were 
merged by hicMergeLoops from HiCExplorer software (84) with 
the parameter “-r 10000.” TAC-C interaction heatmaps were pro-
duced with HiCPlotter v0.8.1 at 1-Mb resolution (85).

ATAC-seq, OCEAN-C, and Hi-C data processing
ATAC-seq experiments followed the previously described method 
(32). Tn5 transposase used and tagmentation assay are done follow-
ing the manual (Vazyme, TD501-01). Libraries were purified with 
AMPure beads (Beckman, A63881) and sequenced using the Illu-
mina NovaSeq platform at Annoroad Gene Technology. Data pro-
cessing and reads alignment were performed as previously described 
(32). MACS2 v2.1.4 was used to call peaks. Parameters were the 
same as TAC-C data processing.

We downloaded the OCEAN-C and Hi-C data of Chinese Spring 
from the NGDC BioProject database (accession number CRA003731) 
and National Center for Biotechnology Information (NCBI) (acces-
sion number GSE133885) (25, 28). Reads were aligned to the Inter-
national Wheat Genome Sequencing Consortium (IWGSC) RefSeq 
v2.1 reference genome. The data analysis procedures are the same 
with the analysis for TAC-C data. In particular, for the Hi-C intra-
chromosomal loops, we directly use the published results of previous 
study (30).

RNA-seq and RNA-seq data analysis
Total RNA was extracted using the HiPure Plant RNA Mini Kit ac-
cording to the manufacturer’s instructions (Magen, R4111-02). RNA-
seq libraries’ construction and sequencing platform were the same as 
previous description (32) by Annoroad Gene Technology.

Low-quality reads and adapter sequences were removed using 
Cutadapt (86) and Trimmomatic (87), respectively. Retained clean 
RNA-seq reads were mapped to the same version reference genome 
with TAC-C by using STAR (88) (version 2.5.4b) with default pa-
rameters (SortedByCoordinate --quantMode TranscriptomeSAM 
GeneCounts), and accurate transcript was quantified using RSEM 
(89) (version 1.3.0). In addition, RSEM was also used to analyze the 
mRNA expression level by calculating fragments per kilobase of 
exon model per million mapped reads. The RNA-seq reads counts of 
DEGs were filtered with |log2(fold change)| > 0 and false discovery 
rate < 0.05 by using R packages edgeR (90).

GO analysis
The GO functional enrichment was performed using the find_
enrichment.py from goatools software (91).

ChIP-seq data analysis
Sequencing reads of H3K4me3, H3K9ac, H3K27ac, H3K27me3, 
H3K9me3, and H3K36me3 of Chinese Spring were obtained from 
previous study (41). ChIP-seq data are available in NCBI GEO un-
der accession number GSE121903. Sequencing reads were cleaned 
by removing bases that had low quality scores (<20) and removing 
sequencing adaptors by Cutadapt (86) and filtering out short reads 
by Trimmomatic (87). The reads of ChIP-seq were mapped to the 
IWGSC RefSeq v2.1 reference genome using Bowtie2 (92) with de-
fault setting. The concordantly mapped reads (MAPQ > 10) were 
kept and PCR duplication was further removed with Picard (https://
broadinstitute.github.io/picard/). Peaks of ChIP-seq libraries were 
detected using MACS2 (2.1.2) with the parameter “-f BAM –no-
model -q 0.05.”

DAP-seq data analysis
For SPL7A, SPL7B, SPL7D, SPL15A, SPL15B, and SPL15D DAP-seq 
data analysis, the raw sequencing reads (from the NCBI accession 
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number PRJNA779959) (62) were cleaned by removing bases that 
had low-quality scores (<20) and removing sequencing adaptors by 
Cutadapt (86) and filtering out short reads by Trimmomatic (87). As 
a result, about 5 million reads with a MAPQ score >  20 was ob-
tained for further analyses. The cleaned reads were mapped to the 
IWGSC RefSeq v2.1 reference genome using Bowtie2 (92) (version 
2.4.4) with default settings. MACS2 (83) was used for peak calling of 
the ChIP-seq datasets, with options: -g 7.83e8 --call-summits --bdg 
-q 0.01 --nomodel. Typical DAP-seq loci were plotted using Integra-
tive Genomics Viewer (IGV) solftware (93).

ERF, Dof, MYB, and other SPL DAP-seq peak were download 
from GSE192815 and GSE188699 (60, 62, 68). The overlap of DAP-
seq peak with anchor was calculated using BEDTools (94) with pa-
rameter: intersect -wa -wb.

Identification of homoeolog PPIs
High-confidence gene models from the IWGSC (version 1.0) were 
used for defining triad genes. Homolog genes between each pair of 
A, B, and D subgenomes were identified as previously described 
(58). The gene ID from IWGSC (version 1.0) were converted to 
IWGSC (version 2.1) by TriticeaeGeneTribe (TGT) (http://wheat.
cau.edu.cn/TGT/) (95). Then, a total 18,333 homoeolog groups with 
only one gene copy in each subgenome were defined as triads. PPIs 
whose anchors on one side were homoeolog genes between A, B, 
and D subgenomes and anchors on another side were also homoeo-
log genes were defined as homoeolog PPIs, and the corresponding 
genes are defined as homoeolog PPI genes.

TF motif analysis
We use Homer (96) to find enrichment of sequence motifs with default 
parameters. Sequences in TAC-C anchor in were used as input. The 
“Known Results” were used as final results. The enriched TF motifs were 
further used for TF family enrichment analysis. Enrichment analysis was 
done using the R package clusterProlifer (v3.16.1) (97), with a threshold 
Padj < 0.05. The set of 1007 “known TF motifs” from Homer served as 
the background, and enrichment was calculated by enricher function.

RT-qPCR and TAC-C-qPCR
Total RNA was extracted using the HiPure Plant RNA Mini Kit 
according to the manufacturer’s instructions (Magen, R4111-02). 
First-strand cDNA was synthesized from 2 μg of DNase I–treated 
total RNA using the TransScript First Strand cDNA Synthesis Super-
Mix Kit (TransGen, AT301-02). RT-qPCR was performed using the 
ChamQ Universal SYBR qPCR Master Mix (Vazyme, Q711-02) by 
QuantStudio5 (Applied Biosystems). The expression of interested 
genes was normalized to tubulin for calibration, and the relative ex-
pression level is calculated via the 2-ΔΔCT analysis method (98). 
Primers used for RT-qPCR are listed in table S7.

To calculate the relative interaction frequencies between two can-
didate regions, we used the TAC-C-qPCR method. TAC-C library 
DNA serves as the template, with specific primer pairs designed to 
flank predicted loop anchors, and additional primers placed left and 
right of the predicted anchors. Quantitative PCR is used to detect the 
enrichment of fragment interactions in the biotin-labeled TAC-C 
library. If interactions exist, then enrichment will occur in the TAC-
C library, allowing the specific primer pairs to amplify PCR products. 
In the absence of interactions, the primer pairs will not yield PCR 
products. The higher the degree of enrichment indicates the higher the 
frequency of loop interactions. For example, primers were designed 

for an internal control region of the TaCKX11-B genomic locus that 
was not subjected to Dpn II digestion to normalize the DNA concen-
trations across different samples. Upon completion of the qPCR ex-
periments using this method, we were able to more accurately analyze 
and quantify the interaction frequencies between the candidate re-
gions. The relevant primer information is listed in table S7.

Luciferase reporter assay
To generate the pTaNAL1-like-5A:LUC construct, we amplified 3-kb 
promoter fragments upstream of TaNAL1-like-5A from Chinese 
Spring (CS) and ligated them with the transient expression vector 
CP461-LUC (Luciferase), which was constructed as the reporter vec-
tor. The p35S-Traes5A02G000700-GFP (green fluorescent protein) 
construct was used as effector. Then, pTaNAL1-like-5A:LUC and 
p35S:Traes5A02G000700-GFP were transformed into Agrobacterium 
tumefaciens strain GV3101. The pTaNAL1-like-5A:LUC and p35S-
pro:GFP were cotransformed as controls.

To generate PR-mini35S-pro:LUC construct, the genomic se-
quence of distal regulatory region was amplified and fused in-
frame with the pMY155-mini35S vector to generate the reporter 
construct. Then, mini35S-pro:LUC (as control) and PR-mini35S-
pro:LUC were transformed into A. tumefaciens strain GV3101.

Then, these strains were injected into Nicotiana benthamiana 
leaves (six to  eight leaf stage) in different combinations with p19, 
which was used to suppress RNA silencing. Dual luciferase assay re-
agents (Promega, VPE1910) with the Renilla luciferase gene as an in-
ternal control were used for luciferase imaging. The Dual-Luciferase 
Reporter Assay System Kit (Promega, E2940) was used to quantify 
fluorescence signals. Relative LUC activity was calculated by the ratio 
of LUC/REN. The relevant primers are listed in table S7.

Measurement of photosynthetic capacity, chlorophyll 
content, and leaf area
The measurement of photosynthetic capacity was conducted on the 
Taspl7&15-CR lines. The penultimate new leaves fully expanded 
were selected for the measurement of net photosynthesis rate with a 
portable gas exchange and fluorescence system (GFS-3000, Walz, 
Germany). The environmental parameters were set as follows: an air 
flow of 400 mmol s−1 through the chamber, a leaf temperature of 
25°C, and a CO2 concentration of 400 μmol mol−1.

Chlorophyll content was measured with the same penultimate 
new fully expanded leaves at room temperature with a TYS-B Chlo-
rophyll meter (Zhejiang TP, China). Leaf area was measured with 
the same penultimate new fully expanded leaves at room tempera-
ture with a Yaxin-1241 portable leaf area meter (Beijing Yaxinliyi 
Science and Technology Co. Ltd., China).

LC-MS analysis
The endogenous levels of R5P/Ru5P/Xu5P, 3PGA/2PGA, E4P, DHPA, 
S7P, F6P/G1P, and G6P were determined with an ultraperformance 
liquid chromatography tandem mass spectrometry analytical plat-
form consisting of an Agilent 1290 Infinity liquid chromatography 
pump and a 6495 triple quadrupole mass spectrometer (Agilent Tech-
nology Co. Ltd., America), following the protocol described in previ-
ous study (99).

Ultrathin sections and scanning electron microscopy
Ultrathin (70 nm) sections of ZM7698 and Taspl7&15-CR leaves 
were prepared using a Leica EM UC7 ultramicrotome (Leica, Vienna, 
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Austria), as previously described (100). Sections were placed on 
formvar-coated copper grids and poststained with uranyl acetate and 
lead citrate and observed under a HT-7700 transmission electron 
microscope (Hitachi, Tokyo, Japan) operated at 80 kV.

Statistics and data visualization
If not specified, then R (https://cran.r-project.org/; version 4.3.2) 
was used to compute statistics and generate plots. For the two 
groups’ comparison of data, the Student’s t test was used such as 
Figs. 2, 3, 4, 5, and 6, and figs. S1, S3, S5, and S6. For three or more 
independent groups comparison of data, Fisher’s least significant 
difference was used, such as Figs. 3B and 5 (C and F). Pearson’s cor-
relation was used in figs. S1A and S3H. For enrichment analysis, 
Fisher’s exact test was used, such as Figs. 5B and 6B, and fig. S5, C 
and D. The IGV was used for the visual exploration of genomic data, 
such as Figs. 1I, 3F, 4I, and 6F, and figs. S5H and S8 (A to C)

Supplementary Materials
The PDF file includes:
Figs. S1 to S9
Legends for tables S1 to S7

Other Supplementary Material for this manuscript includes the following:
Tables S1 to S7
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