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SUMMARY

Genotype-dependent regeneration efficiency remains a major obstacle in wheat transformation, limiting its use 
in elite but recalcitrant cultivars. To elucidate the molecular basis of regeneration divergence, we compare tran-

scriptomic profiles, chromatin accessibility dynamics, and transcriptional regulatory networks (TRNs) between 
the regenerable variety Fielder and the recalcitrant variety JiMai22 (JM22). Fielder displays dynamic transcrip-

tional reprogramming and chromatin remodeling between 3 and 6 days after induction, activating morphogenic 
regulators such as TaSCR, TaWOX5, and TaLBD17. In contrast, JM22 shows limited chromatin changes and 
transcriptional stagnation, primarily inducing stress-responsive pathways. TRN analysis reveals a more com-

plex, regeneration-focused network in Fielder, enriched with AP2, Dof, and GRAS transcription factor families. 
Among these, TaSCR is identified as a key regulator. Functional assays demonstrate that the TaSCR-TaLBD17 
regulatory cascade improves transformation efficiency across diverse wheat genotypes. These findings pro-

vide a molecular framework to overcome transformation barriers in recalcitrant cultivars.

INTRODUCTION

Plants possess remarkable regenerative potential largely attrib-

uted to the totipotency of plant cells, which enables the regener-

ation of whole plants under in vitro conditions. 1,2 The process 

of plant regeneration typically involves two key stages: callus 

formation and shoot regeneration. Plant tissue culture is a 

fundamental tool widely used in genetic transformation and 

genome-editing applications. 3 High regeneration efficiency is a 

fundamental prerequisite for achieving efficient genetic transfor-

mation. 4,5 Achieving high regeneration efficiency is essential for 

functional genomics research and for generating genetically 

modified plants. 6 However, many cereal crops, including wheat 

(Triticum aestivum L.), maize (Zea mays L.), and indica rice (Oryza 

sativa L. subsp. Indica), exhibit low regeneration capacity, 

making transformation particularly challenging. 6–8 The major 

constraints include low regeneration efficiency, strong genotype 

dependency, and limited explant compatibility, which collec-

tively hinder advancements in crop transformation. 9,10

The first transgenic wheat was successfully generated in the 

1990s, 11 but the development of wheat transformation technol-

ogies has been notably slow compared to other crops. 12,13 In 

recent years, however, marked progress has been achieved, 

particularly with the PureWheat technique, which has increased 

transformation efficiency in the wheat variety Fielder to 50%– 

90%. 14,15 Several key regeneration factors that enhance wheat 

transformation efficiency have been identified, including the 

peptide TaREF1, the GRF4-GIF1 chimeric protein, and transcrip-

tion factors (TFs), such as TaWOX5, TaDOF3.4, TaDOF5.6, and 

TaLAX1. 16–20 Despite these advances, genotype dependency 

remains a major obstacle, particularly for difficult-to-transform 

wheat elite varieties such as JiMai22 (JM22), KeNong199 

(KN199), and AiKang58 (AK58). 5,19 Moreover, the effectiveness 

of the known regeneration factors varies among wheat varieties, 

indicating the need for further research into the molecular mech-

anisms governing variety-dependent regeneration efficiency 

discrepancies.

Plant regeneration is a highly complex process, involving intri-

cate genetic interaction networks, epigenetic modifications, and 

tissue culture conditions, necessitating more comprehensive 

approaches to fully understand its regulation. 3,21,22 Recently, 

multi-omics strategies have been instrumental in uncovering
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the genetic and epigenetic basis of abiotic stress resilience, 23 

disease resistance, 24 crop yield and grain quality, 25,26 offering 

a novel strategy for the identification of key regulators and 

providing targets for precision breeding and genome editing. 

In particular, the integration of RNA sequencing (RNA-seq), 

assay for transposase-accessible chromatin using sequencing 

(ATAC-seq), and chromatin immunoprecipitation sequencing 

(ChIP-seq) elucidated that auxin and cytokinin modulate chro-

matin accessibility dynamics, thereby orchestrating necessary 

gene activation/repression during shoot regeneration and so-

matic embryogenesis. 27,28 Motif analysis of accessible chro-

matin regions identified that stage-specific TFs participated in 

distinct phases of regeneration. 27,28 In addition, single-cell 

RNA-seq unveiled that the middle cell layer of callus specifically 

expresses quiescent center marker genes such as WOX5, SCR, 

and PLT1/2 and is capable of fate transition to form shoots. 29 

Previously, we employed time-course RNA-seq, ATAC-seq, 

and cleavage under targets and tagmentation (CUT&Tag) to 

analyze chromatin landscape dynamics during regeneration in 

the wheat variety Fielder, constructing a transcriptional regulato-

ry network (TRN) governing cell fate transition for shoot regener-

ation, and identified 446 core TFs in Fielder regeneration. 19 This 

provided key molecular insights into the regulation of wheat 

regeneration. However, the divergence in TRNs mediating varied 

regeneration efficiencies among different wheat varieties re-

mains largely unexplored. Understanding how these differences 

contribute to regeneration efficiency disparities is crucial for 

optimizing wheat transformation strategies.

In this study, we compared gene expression profiles, chro-

matin accessibility dynamics, and TRNs in Fielder (regenerable) 

and JM22 (recalcitrant). Fielder showed early and dynamic 

activation of gene expression and chromatin remodeling during 

regeneration, initiating the expression of key regulatory genes 

such as TaSCR, TaWOX5, and TaLBD17. JM22, however, 

showed minimal transcriptional and chromatin changes, with a 

predominance of stress-related gene expression. The transcrip-

tional network in Fielder was enriched for regeneration-associ-

ated TFs, especially from the AP2, Dof, G2-like, and GRAS fam-

ilies. Among them, TaSCR, a Fielder-specific highly expressed 

core TF, boosts regeneration by activating meristem-related 

genes. Furthermore, the TaSCR-TaLBD17 module enhanced 

transformation efficiency across diverse wheat varieties, offering 

a strategy to overcome genotype-dependent recalcitrance.

RESULTS

Transcriptomic profiling reveals distinct molecular 

trajectories underlying regeneration in Fielder and 

JM22

To elucidate the molecular basis underlying the divergent 

regeneration capacities of wheat varieties Fielder and JM22, 

we performed comparative transcriptomic analysis at five critical 

time points during tissue culture: 0, 3, 6, 9, and 12 days after in-

duction (DAI0, DAI3, DAI6, DAI9, and DAI12) (Figure 1A; 

Table S1). Principal component analysis (PCA) revealed a dy-

namic transcriptional trajectory in Fielder, while JM22 exhibited 

minimal transcriptional progression beyond DAI3. Notably, 

JM22 showed transcriptional stagnation between DAI3 and

DAI6, indicating a potential developmental arrest impeding 

regeneration (Figure 1A).

Differential expression analysis identified 23,313 to 26,269 

differentially expressed genes (DEGs) between the two cultivars 

from DAI0 to DAI12, with the DEG count increasing from DAI3 to 

DAI12 (Figure 1B). We focused on 37,045 DEGs that showed dy-

namic expression in Fielder and had transcript abundance > 1 

transcripts per million (TPM) in either genotype during regenera-

tion (Figure 1C). k-means clustering grouped these genes into 

eight expression clusters (Figure 1D). Clusters C1 and C2 were 

enriched for genes highly expressed in the scutellum of immature 

embryos, such as TaABI4, TaZAT10, TaSUS2, and TaSEI2, 

involved in stress responses, starch biosynthesis, and lipid stor-

age. 30–33 Clusters C3, C4, and C5 were preferentially upregu-

lated in Fielder during key developmental windows—DAI3, 

DAI6–12, and DAI9–12, respectively—and contained known 

regeneration regulatory genes such as TaDOF5.6, TaWOX11, 

TaWOX5, TaSHR, and TaPIN1. 18,19,34–36 Genes in these clusters 

were enriched in rRNA processing, cell cycle, auxin signaling, 

and meristem development (Figure 1D). Meanwhile, clusters 

C6–C8 were dominated by JM22-biased genes and associated 

with stress-related processes, including cold acclimation, jas-

monic acid biosynthesis, and programmed cell death 

(Figure 1D).

Both cultivars underwent pronounced transcriptional reprog-

ramming from DAI0 to DAI3 (Figure 1A). However, from DAI3 to 

DAI6, Fielder continued to show marked transcriptional shifts, 

whereas JM22 remained largely static (Figure 1A). This stage-spe-

cific activation of cluster C4 genes (n = 4,801) highlights their po-

tential importance in regeneration. Cluster C4 included numerous 

established regeneration regulatory genes, such as TaWOX5, 

TaARF7, TaJMJ30, and TabHLH41 18,37–39 (Figure 1D), along 

with 53 TFs previously identified among Fielder’s core regula-

tors, 19 including TaPLT5, TaPLT1, TaERF060, and TaSCR 

(Figure 1E).

To explore the potential genetic drivers of these expression 

differences, we examined the coding sequence (CDS) and pro-

moter variations in cluster C4 genes. 40,41 Of the 4,801 genes, 

36—including TaCYCA;1—were absent in the JM22 genome 

(Figure S1A). Among the remaining genes, over 93.14% 

shared ≥95% protein sequence similarity between cultivars 

(Figure S1B), suggesting differential gene regulation rather than 

altered protein function as the primary contributor to phenotypic 

divergence. Promoter analysis revealed that 34.19% of cluster 

C4 genes exhibited cis-motif variations, with greater motif diver-

gence generally correlating with larger expression differences 

(Figure S1C). Notably, promoters in Fielder were enriched for 

binding motifs of ERF, Dof, and WRKY TF families, while JM22 

promoters more frequently contained motifs recognized by 

NAC and bZIP TFs (Figure 1F). For instance, TaPUP12, TaLUX, 

and TaPPO, in Fielder harbored binding sites for DOF1.5 and 

DOF1.7; and TaERS2, TaASL18, and TaAREB2 contained 

binding motifs for ERF013 and ERF015, while these motifs 

were absent in JM22 (Figure 1G).

In summary, Fielder’s superior regeneration capacity is asso-

ciated with timely transcriptional activation of developmental 

regulators following DAI3, whereas JM22 shows transcriptional 

stalling and stress-associated gene expression. These
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Figure 1. Atlas of differential expression genes between Fielder and JM22 during regeneration

(A) PCA of RNA-seq datasets of Fielder and JM22. Black and orange arrows indicate transcriptional trajectories from DAI0 to DAI12 and DAI3 to DAI6, 

respectively.

(B) DEG number dynamic between Fielder and JM22 from DAI0 to DAI12.

(C) Venn diagram showing the overlap among genes with dynamic expression during Fielder regeneration (brown), DEGs between Fielder and JM22 (green), and 

genes with TPM > 1 in either cultivar (blue).

(D) k-means clustering of 37,045 genes in (C) (left), and the bottom annotations are identical to those in (E). The expression patterns of genes in 8 clusters (middle) 

and Gene Ontology (GO) enrichment for each cluster (right).

(E) Heatmap showing the expression patterns of Fielder’s core TFs within cluster C4.

(F) TF family enrichment of motifs preferentially occurring in Fielder and JM22 promoters. ‘‘Count’’ indicates gene number.

(G) DOF1.5, DOF1.7, ERF013, and ERF015 have putative specific binding sites in the promoter of genes from Fielder but not JM22.

p values were determined by Fisher’s exact test (D) and hypergeometric statistical test (F) with false discovery rate (FDR) correction (D).
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differences are primarily attributed to regulatory divergence at 

the gene expression level, likely in promoter architecture, rather 

than changes in protein CDSs.

Differentially accessible chromatin regions correlate 

with transcriptional and regeneration divergence 

between Fielder and JM22

While sequence variation in cis-regulatory elements partially 

explains gene expression differences between Fielder and 

JM22, it cannot account for the extensive transcriptional 

divergence observed (Figure S1C). Given the importance of 

chromatin accessibility in regulating transcription during regen-

eration, 19,27,28 we performed ATAC-seq on JM22 samples from 

DAI0, DAI3, DAI6, and DAI9 and compared them with the corre-

sponding Fielder data.

PCA revealed major chromatin remodeling from DAI0 to DAI3 

in both varieties, moderate changes from DAI3 to DAI6, and min-

imal shifts thereafter (Figure 2A), indicating DAI3 and DAI6 as 

critical transition points. Inter-varietal differences in chromatin 

accessibility became more pronounced than intra-varietal 

temporal changes beyond DAI3 (Figure S1D), suggesting that 

the chromatin state divergence between the two genotypes 

intensifies over time. Across all samples, we identified 743,379 

accessible chromatin regions (ACRs), the majority of which are 

located in intergenic regions, followed by promoters, gene 

bodies, and downstream sequences; among these, 222,065 

are Fielder specific (Figure S1E). Comparative analysis revealed 

20,320 to 26,515 (51,094 merged) differentially accessible chro-

matin regions (diffACRs) in proximal regions and 43,087 to 

59,298 (101,297 merged) in distal regions from DAI0 to DAI9 be-

tween Fielder and JM22 (Figures 2B and S1F). The number of dif-

fACRs increased substantially from DAI3 to DAI6, coinciding with 

the observed transcriptional divergence (Figures 1B, 2B, and 

S1F; Tables S1 and S2).

To link diffACRs to transcriptional regulation, we calculated 

Pearson correlation coefficients between ACR accessibility 

and gene expression, and focused on significantly (p value < 0.05) 

correlated gene-ACR pairs (Figure S1G). 42 Of the proximal 

diffACRs, 13,385 showed correlations with 9,920 nearby 

genes, 8,121 (81.9%) of which were DEGs. Among distal dif-

fACRs, 48,681 were correlated with 33,602 genes within 3 kb 

to 0.5 Mb, and 21,978 (65.4%) of these genes were DEGs 

(Figures 2C and S1H; Table S3). k-means clustering of proximal 

diffACRs revealed five distinct clusters (K1–K5) (Figure 2D): clus-

ter K2, enriched in Fielder-specific peaks and regulated genes 

related to auxin signaling and meristem development (TaLBD16, 

TaPLT1, TaWOX5, and TaSHR 18,39,43,44 ) (Figure 2D). In contrast, 

clusters K4 and K5, highly accessible in JM22, were linked to 

genes involved in abiotic stress responses, including cold accli-

mation and abscisic acid (ABA) signaling. Similar patterns were 

observed for distal diffACRs (Figure S1I). These findings support 

a functional connection between chromatin accessibility and 

gene expression divergence during regeneration.

To further elucidate the chromatin accessibility differences of 

DEGs associated with auxin and stress responses, we extracted 

DEGs annotated with ‘‘auxin’’ or ‘‘stress’’ according to GO terms 

for further analysis. Approximately 25% of auxin-related DEGs 

and 18% of stress-related DEGs were regulated by ACR

(Figures S2A and S2B). Notably, ACR-regulated auxin-related 

DEGs were predominantly distributed in cluster K2, whereas 

stress-related DEGs were distributed across clusters K1–K5 

(Figure S2C), even though the target genes of cluster K2 were 

not enriched for stress-related processes (Figure 2D). This 

suggests that Fielder also activates stress response pathways 

during regeneration, and the balance between auxin and stress 

signaling contributes to its high regeneration capacity, whereas 

JM22 appears to activate stress responses alone. For example, 

the auxin-related genes PIN1_6B, IAA18_3D, and ARF8_2B are 

all located within cluster K2 and specifically expressed in 

Fielder (Figures S2D and S2F–S2H). In contrast, RHS18_1D, 

involved in response to oxidative stress, is specifically 

activated in Fielder (cluster K2), whereas SEP2_2B, associated 

with response to abiotic stimulus, is specifically activated in 

JM22 (Figures S2E–S2H).

To identify candidate regulators of proximal diffACRs, we per-

formed cis-motif enrichment analysis. Cluster K2 was particularly 

enriched for binding motifs from TF families implicated in regener-

ation, such as HD-ZIP, WOX, GRAS, and Dof (Figure 2E). Several 

TFs within these TF families, such as TaWOX5, TaDOF5.6, and Ta-

DOF3.4, 18,19 have been shown to promote regeneration in wheat. 

Notably, we identified a Fielder-specific ACR within the promoter 

of TaWOX5, a key regulator of wheat regeneration, 18 containing a 

GRAS TF-binding motif (Figure 2F). Luciferase reporter assays 

demonstrated that the GRAS family TF TaSCR activates the pro-

TaWOX5::LUC vector in tobacco (Nicotiana benthamiana L.) 

leaves (Figure 2G). Quantitative reverse-transcription PCR (RT-

qPCR) revealed that overexpression (OE) of TaSCR led to the 

elevated expression of TaWOX5 in four cultivars—Fielder, JM22, 

KN199, and AK58 (Figure 2H). This result further supports the 

role of TaSCR in activating TaWOX5 expression and highlights 

the conserved function of the TaSCR-TaWOX5 regulatory module 

across different wheat genetic backgrounds.

Collectively, these results suggest that variety-specific 

chromatin accessibility underpins the differential activation of 

regeneration programs in Fielder and JM22. Distinct TF-binding 

shaped by ACRs contribute to the transcriptional and phenotypic 

divergence in regeneration capacity between the two cultivars.

Regulatory network analysis reveals TF footprint 

divergence and core regulatory hubs in Fielder and 

JM22

To explore TF binding divergence between Fielder and JM22, we 

constructed a TRN for JM22 based on TF footprints—defined as 

TF-bound regions within accessible chromatin regions—and 

compared it with the TRN of Fielder. 19 The JM22 TRN comprises 

1,782 TFs and 33,000 target genes, encompassing a total of 

7,553,706 regulatory interactions. While comparable in scale 

(8,856,326 in Fielder), the JM22 TRN exhibits 14.7% lower regu-

latory complexity than Fielder’s network (Figures 3A and S3A). 19 

As previously observed, 25 TFs from the same family often share 

targets, and genes with similar expression profiles tend to be co-

regulated (Figures 3A and S3A). Genes highly expressed at DAI0 

form a self-regulatory module within cluster J3. Genes with dy-

namic expression across regeneration stages follow a sequential 

regulatory cascade (J2 → J6 → J4 → J1 → J5), reflecting the tem-

poral progression of regeneration (Figures 3B and S3A).
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From the network of JM22, we identified 375 core TFs in JM22 

that play central roles in regulating regeneration-associated 

genes and compared them with Fielder’s core TFs. Notably,

core TFs of Fielder are highly enriched in AP2, ERF, HD-ZIP, 

Dof, G2-like, and NAC families, while JM22 lacks core TFs 

from several key families involved in regeneration, including

Figure 2. Differential chromatin accessibility contributes to gene expression differences between Fielder and JM22

(A) PCA of ATAC-seq profiles from Fielder and JM22 across regeneration stages. Red arrows indicate chromatin accessibility dynamics trajectories from DAI0 to 

DAI9.

(B) Line plot showing the number of diffACRs in proximal regions between Fielder and JM22.

(C) Pie chart showing the proportions of DEGs/non-DEGs between Fielder and JM22 among targets of proximal expression-related diffACRs.

(D) k-means clustering of proximal diffACR in Fielder and JM22 (left). Heatmap showing the expression of genes regulated by proximal diffACRs (middle). GO 

enrichment of genes regulated by different clusters of proximal diffACRs (right). FE, fold enrichment.

(E) Cis-motif enrichment analysis of diffACR in different clusters shown in (D). FE, fold enrichment.

(F) ATAC-seq track of TaWOX5 and the position of GRAS family motif in Fielder and JM22.

(G) Luciferase reporter assays indicating that TaSCR activates TaWOX5 (n = 5).

(H) Relative TaWOX5 expression levels in the callus of Fielder, KN199, JM22, and AK58 transformed with GUS or TaSCR-OE vector (n = 3). *p < 0.05; **p < 0.01; 

***p < 0.001; and ns, not significant (p > 0.05).

p values were calculated by Fisher’s exact test (D and E) and Student’s t test (G and H) with FDR correction (D and E). Data are mean ± SD (G and H).
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Figure 3. Reconstruction of the JM22 transcriptional regulatory network and its comparison with the TRN of Fielder

(A) TRN of JM22, rows represent TFs and columns represent target genes. Black cells indicate a regulatory relationship, and white cells indicate none.

(B) Regulatory relationships among clusters in Figure S3.

(C) Comparison between core TFs of Fielder and JM22. ‘‘Count’’ indicates gene number.

(D) Expression pattern of core TFs of Fielder and JM22. ‘‘Fielder upregulated’’/‘‘JM22 upregulated’’ indicate higher expression in each, and ‘‘Other’’ indicates 

variable higher expression at different times.

(E) Numbers of Fielder-specific, JM22-specific, and common regulatory relationships targeting TFs, cell cycle-related genes, hormone pathway genes, and 

epigenetic factors.

(F) Boxplot of target gene numbers per TF (target to TFs, cell cycle-related genes, hormone pathway genes, and epigenetic factors).

(G) TF family enrichment of TFs mediating Fielder-specific regulatory relationships. ‘‘Count’’ indicates gene number.

(H) Venn diagram showing the overlap between TFs mediating Fielder-specific relationships and Fielder-specific core TFs.

(I) Subnetwork comprising TaPLT1, TaPLT5, TaDOF5.6, TaNAC071, TaWIND1, TaARF3, and TaSCR; from 174 TFs in (H), targeting auxin, cytokinin pathway 

genes, and regeneration factors.

p values were calculated by Fisher’s exact test (B), hypergeometric test (C and G), and two-tailed Wilcox test (F).
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Figure 4. Overexpression of TaSCR improves transformation efficiency across diverse wheat varieties

(A) Venn diagram showing overlap of genes mediating Fielder-specific regulatory relationship in the TRN, having potential binding sites for the top 10 enriched 

motifs in Fielder-specific ACRs and specifically activated in Fielder at DAI6.

(B) In situ hybridization of TaSCR at DAI0, DAI3, DAI6, DAI9, and DAI9 sense control. SAM, shoot apical meristem; RAM, root apical meristem. Scale bars, 250 μm. 

Red arrows indicate expression positions.

(C) Expression levels of TaSCR in Fielder analyzed by RT-qPCR (n = 3).

(D) Representative photographs showing TaSCR functional validation.

(legend continued on next page)
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AP2, Dof, G2-like, and GRAS (Figure 3C). 19,22 In addition, 

Fielder-specific core TFs comprise a higher proportion of 

known regeneration factors (such as TaWOX11, TaDOF5.6, 

and TaPLT1/5)—11.2% compared to 5.6% in common core 

TFs and only 3.4% in JM22-specific core TFs (Figure 3D). Impor-

tantly, genotype-specific upregulated DEGs are not necessarily 

associated with genotype-specific core TFs. For example, 

TaARF3 and TaWOX11 exhibit higher expression in JM22 but 

are identified as Fielder-specific core TFs, indicating that cen-

trality within the network—rather than expression abundance— 

appears to be the defining feature of functional significance for 

these TFs (Figure 3D).

We next examined regulatory interactions specifically 

targeting genes involved in transcriptional regulation, hormone 

signaling, cell cycle, and epigenetic pathways, which are closely 

associated with plant developmental processes. 45–48 Fielder 

exhibited the greatest number of unique interactions (591,482), 

followed by JM22 (419,464), with 320,301 interactions shared 

between the two networks (Figure 3E). Moreover, individual 

TFs regulated more targets in Fielder-specific interactions 

(mean = 335 targets) than their JM22 (mean = 235 targets) and 

common (mean = 228 targets) counterparts, suggesting higher 

regulatory reach (Figure 3F). The same conclusion applies to 

the total regulatory interactions. Fielder exhibited the highest 

number of specific interactions (5,947,577), followed by JM22-

specific (4,644,957) and shared interactions (2,908,749) 

(Figure S3B). In Fielder-specific interactions, each TF regulated 

more target genes on average (mean = 3,368) than in JM22-spe-

cific (mean = 2,607) and common (mean = 2,070) interactions 

(Figure S3C).

To pinpoint key TFs disproportionately contributing to Fielder-

specific regulatory interactions, we applied Fisher’s exact test 

and identified 853 significantly (p value < 0.005) enriched TFs, 

predominantly from the Dof, auxin response factor (ARF), AP2, 

and G2-like families (Figure 3G). Among these, 179 TFs overlap-

ped with Fielder-specific core TFs, including known regenera-

tion factors, such as TaPLT1/5, TaDOF5.6, TaNAC071, and 

TaWIND1 (Figures 3H and 3I). 19,49–51 These TFs regulate a suite 

of regeneration-associated genes in Fielder, including hormone 

pathway components (TaPIN1 and TaLOG7) and key develop-

mental regulators (TaWOX5 and TaWOX11) (Figures 3H and 3I). 

Therefore, comparative TRN analysis revealed that Fielder 

exhibits greater regulatory complexity and enrichment of regen-

eration-associated TFs than JM22, highlighting key TF families 

and network hubs that may underlie its superior regenerative 

capacity.

TaSCR enhances transformation efficiency across 

diverse wheat varieties without compromising 

agronomic traits

To further investigate key regulators underlying Fielder-specific 

transcriptional control, we selected TaSCR for functional anal-

ysis based on its role of mediating Fielder-specific regulatory 

network, its capacity to bind the top 10 enriched motifs in 

Fielder-specific ACRs, and expression of TaSCR is specifically 

activated at DAI6 in Fielder (Figure 4A). Notably, SCR has been 

previously identified as a critical regulator of de novo shoot 

regeneration in Arabidopsis. 52

In situ hybridization revealed that TaSCR is highly expressed in 

the shoot apical meristem (SAM) and root apical meristem (RAM) 

of immature wheat embryos at DAI0. During tissue culture, the 

expression of TaSCR was observed in one to two subepidermal 

cell layers of the scutellum at DAI3, in the outer and middle layers 

of callus at DAI6, and in part of the outer and middle layers of 

callus at DAI9 (Figure 4B). Moreover, the spatial expression 

pattern of TaSCR at DAI6 and DAI9 resembles that of TaWOX5 

(Figure S4A), a marker gene for the root stem cell niche that has 

been previously demonstrated to play a critical role in wheat 

regeneration. 18 This indicates the role of TaSCR in maintaining 

the QC-like identity of the middle-layer cells in callus. RT-qPCR 

analysis showed a continuous increase in TaSCR expression 

from DAI0 to DAI6, with high levels maintained from DAI6 through 

DAI12 (Figure 4C), supporting its role in cell fate transition.

To evaluate the functional relevance of TaSCR in regeneration, 

we transformed TaSCR into the immature embryos of Fielder. 

Compared to the GUS negative control, TaSCR OE enhanced 

callus induction efficiency (from 89.18% to 95.51%), callus dif-

ferentiation efficiency (from 78.36% to 84.91%), and transforma-

tion efficiency (from 25.88% to 53.05%) (Figures 4D–4G). To test 

whether OE of TaSCR could mitigate genotype dependency in 

wheat transformation, we extended our analysis to recalcitrant 

to transform cultivars JM22, KN199, and AK58. In all three 

varieties, OE of TaSCR markedly improved callus induction 

efficiency, callus differentiation efficiency, and transformation 

efficiency. In KN199, efficiencies increased from 83.30% to 

98.03% (callus induction efficiency), 31.16%–57.02% (callus 

differentiation efficiency), and 4.64%–14.78% (transformation 

efficiency); in JM22, from 73.79% to 96.21%, 38.83%– 

61.14%, and 0.46%–12.24%, respectively; and in AK58, 

callus induction efficiency and differentiation efficiency rose 

from 79.86% to 100% and 36.30%–65.59%, respectively, while 

transformation efficiency reached 9.23%—in contrast to the 

GUS control, which failed to produce transgenic plants 

(Figures 4D–4G; Table S4). These results demonstrate that OE 

of TaSCR can enhance transformation efficiency and overcome 

genotype restrictions in wheat transformation.

Given the known phenotypic effects of ectopically expressing 

genes such as BBM and WUS in maize, which often result in 

developmental abnormalities, 53 we assessed the grain develop-

ment of TaSCR transgenic wheat. Importantly, grains of TaSCR-

overexpressing lines displayed normal growth and development, 

with no significant differences in grain length, grain width, or 

thousand-grain weight compared to wild-type Fielder plants 

(Figures 4H–4K).

(E–G) Comparison of callus induction (E), differentiation (F), and transformation (G) efficiency between callus transformed GUS and TaSCR overexpression 

vectors (n = 4; KN199-TaSCR and JM22-TaSCR, n = 3).

(H) Representative grain phenotypes of wild-type and TaSCR overexpression plants. Scale bars, 1 cm.

(I–K) Comparison of grain length (I), width (J), and thousand-grain weight (K) between wild-type and TaSCR overexpression plants (n = 6).

Data in (C), (E)–(G), and (I)–(K) are means ± SD. In (E)–(G) and (I)–(K), p values were calculated using Student’s t test.
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Together, these findings establish TaSCR as a promising 

morphogenic regulator, capable of improving transformation 

efficiency across diverse wheat cultivars without compromising 

agronomic performance.

TaSCR links upstream auxin-responsive TFs to 

downstream meristem-related genes to enhance wheat 

regeneration

To elucidate the mechanism by which TaSCR enhances 

transformation efficiency in wheat, we analyzed its downstream 

targets within Fielder’s TRN. TaSCR was predicted to regu-

late 3,487 genes, including key genes involved in hormone 

signaling (TaYUC8, TaPIN1, TaLOG7, TaGA1, and TaARR7), 

epigenetic regulation (TaDDM1 and TaASHR2), cell cycle con-

trol (TaFAS1 and TaCYCD2-1), and transcriptional regulation 

(TaARFs, TaBBM, TaDOF5.6, TaE2FA, TaLBD17, and TaWOX5) 

(Figure S4B). GO enrichment analysis indicated that these tar-

gets are associated with developmental processes, including 

shoot axis formation and auxin-activated signaling pathways 

(Figure S4C).

To identify genes regulated by TaSCR in vivo, we 

performed RNA-seq on callus transformed with either a GUS 

control or a TaSCR-OE construct at DAI6 and DAI9. 

Differential expression analysis revealed 320 upregulated and 

73 downregulated genes at DAI6, and 1,361 upregulated and 

562 downregulated genes at DAI9 (Figure 5A; Table S5). These 

data suggest that TaSCR primarily functions as a transcriptional 

activator. We further overlapped TRN-predicted downstream 

genes with DEGs from the TaSCR-OE transcriptome, identi-

fying 166 high-confidence direct targets of TaSCR. Among 

them, 88 genes—including TaLBD17 and TaPLT1—were acti-

vated by TaSCR, while 78 genes, such as TaHB15 and TaOBP1, 

were repressed (Figure 5B). To validate these regulatory 

interactions, we conducted LUC reporter assays in tobacco for 

four pluripotency-associated genes (TaLBD17, TaFTIP3, 

TaBBM2, and TaGRF7). 54–56 The results showed that TaSCR 

activated TaLBD17 and TaFTIP3, while repressing TaBBM2 

and TaGRF7, consistent with transcriptomic data (Figures 5C, 

5D, S4D, and S4E).

Auxin, which is added to the culture medium, plays an impor-

tant role in driving the regeneration process. 28 To investigate 

how TaSCR is activated by auxin during Fielder regeneration, 

we analyzed 288 upstream TFs predicted to regulate TaSCR in 

the TRN of Fielder. Among these TFs, 90 were highly expressed 

at DAI0 and 198 after DAI3. These TFs primarily belong to the 

WRKY, MYB, Dof, and GATA families, with no ARF family mem-

bers directly regulating TaSCR (Figures 5E and S4F). This sug-

gests that TaARFs may regulate TaSCR indirectly via intermedi-

ate TFs (Figure 5F). Expression correlation analysis identified 

89 TFs co-expressed with TaSCR, of which 10 are potential 

direct targets of TaARFs, such as TaMYB3R2, TaGATA15, and 

TaMYB44 (Figures 5E and S4G). To validate these regulatory in-

teractions, we performed LUC reporter assays using five candi-

date TFs (TaMYB3R2, TaGATA15, TaMYB44, TaWRKY57, and 

TaWRKY65), all of which activated TaSCR to varying degrees 

(Figures 5G and S4H). Furthermore, we selected TaARF22 and 

TaGATA15, which exhibited a higher fold change in expression 

between Fielder and JM22 for further study (Figure S4I). LUC

reporter assay experiments demonstrated that TaARF22 can 

indeed activate the expression of TaGATA15 (Figure 5H).

To further validate the regulatory relationship among 

TaARF22, TaGATA15, and TaSCR, we employed an RNA inter-

ference (RNAi) approach to knock down the expression of 

TaARF22 and TaGATA15 in the callus of Fielder. RT-qPCR anal-

ysis showed that silencing of TaARF22 or TaGATA15 led to 

decreased expression of their direct downstream genes, 

TaGATA15 or TaSCR, at DAI6, DAI12, and DAI18. In addition, 

TaARF22-RNAi also resulted in reduced expression of its 

indirect downstream gene TaSCR at DAI18 (Figures 5I and 5J). 

Furthermore, callus transformed with TaGATA15-RNAi or 

TaARF22-RNAi vectors exhibited lower transformation effi-

ciency compared with the GUS control, and the inhibitory effect 

of TaARF22-RNAi was stronger than that of TaGATA15-RNAi, 

further supporting that TaARF22 acts upstream of TaGATA15 

in regulating TaSCR expression (Figure 5K).

Together, these results delineate a regulatory network in which 

TaSCR is indirectly activated by auxin signaling via ARF-medi-

ated transcriptional cascades and promotes regeneration by 

regulating meristem-related genes (Figure 5H). 39,55–62

TaLBD17 functions downstream of TaSCR to promote 

wheat transformation

To assess whether the downstream factor of TaSCR contrib-

utes to enhanced transformation efficiency, we focused on 

TFs differentially expressed in TaSCR-OE callus. TF families 

such as LBD, ERF, and HSF were enriched among DEGs at 

both DAI6 and DAI9 (Figure S4J). Notably, members of the 

LBD family were identified as direct targets of TaSCR 

(Figures 5B and S4K). Among these, TaLBD17 was selected 

for further functional and mechanistic investigation, as it was 

validated as a TaSCR-activated gene via LUC reporter assays 

(Figure 5C).

To characterize the spatial expression pattern of TaLBD17 

during regeneration, we performed in situ hybridization. From 

DAI0 to DAI3, TaLBD17 was detected in the epidermal cells of 

the scutellum (Figure S4L). At DAI6, TaLBD17 was predominantly 

expressed in the outer layer of callus, and by DAI9, its expression 

was specifically localized to the middle layer of the callus 

(Figure 6A), partly mirroring the expression pattern of TaSCR. 

In parallel, RT-qPCR analysis revealed that TaLBD17 expression 

was progressively upregulated during tissue culture, peaking at 

DAI9, later than the peak expression observed for TaSCR at 

DAI6 (Figures 4C and 6B). These results further demonstrate 

that TaLBD17 acts downstream in the TaSCR regulatory 

cascade.

Functional assays demonstrated that TaLBD17-OE enhanced 

callus induction efficiency, callus differentiation efficiency, and 

transformation efficiency. In Fielder, callus induction efficiency 

increased from 87.47% to 100%, callus differentiation efficiency 

from 76.44% to 88.38%, and transformation efficiency from 

25.61% to 38.32%. In KN199, callus differentiation efficiency 

and transformation efficiency increased from 34.84% to 

61.17% and from 4.66% to 11.26%, respectively. In AK58, callus 

induction efficiency improved from 79.89% to 91.49%, callus 

differentiation efficiency from 35.92% to 48.36% and transfor-

mation efficiency reached 4.59% (Figures 6C–6F; Table S4).
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Figure 5. TaSCR is indirectly regulated by auxin signaling and regulates downstream meristem-related genes

(A) Volcano plots showing DEGs at DAI6 (Left) and DAI9 (Right) between TaSCR-OE and GUS.

(B) Venn diagram showing overlap of TaSCR target genes in Fielder TRN and DEGs in A (top); number of upregulated and downregulated TaSCR direct target 

genes (bottom).

(C) Luciferase reporter assays validating TaSCR activates TaLBD17 (n = 7) and TaFTIP3 (n = 10).

(D) Boxplot showing TPM of TaLBD17 and TaFTIP3 in the callus transformed with GUS and TaSCR-OE vectors (n = 3).

(E) Sunburst chart showing genes mediating auxin signaling and TaSCR activation.

(F) Luciferase reporter assays validate that TaSCR can be activated by TaMYB3R2 (n = 7), TaGATA15 (n = 6), TaMYB44 (n = 5), TaWRKY57 (n = 8), and TaWRKY65 

(n = 5) compared to GFP (n = 7).

(G) Luciferase reporter assays validating TaARF22 (n = 6) activate TaGATA15 (n = 7).

(H) Network of ARF22-intermediate TFs-TaSCR-meristem related genes. Intermediate TFs refer to candidate TFs that may mediate the regulatory connection 

between auxin signaling and TaSCR. Purple arrows indicate luciferase-validated regulatory links.

(I) Relative TaSCR expression in Fielder callus transformed with GUS or TaGATA15-RNAi vector (n = 3).

(J) Relative TaGATA15 (left) and TaSCR (right) expression in Fielder callus transformed with GUS or TaARF22-RNAi vector (n = 3).

(K) Transformation efficiency of Fielder callus transformed with TaARF22-RNAi, TaGATA15-RNAi, or GUS vectors (n = 3).

Data in (C), (D), and (G)–(K) are means ± SD. p values were determined by negative binomial distribution (A and D), Student’s t test (C, G–K), and Benjamini– 

Hochberg (BH) correction for multiple comparisons (A and D). *p < 0.05; **p < 0.01; ***p < 0.001; and ns, not significant (p > 0.05).
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Notably, GUS controls in AK58 failed to produce transgenic 

plants (Figure 6F).

To evaluate whether TaLBD17-OE affects plant grain develop-

ment, we analyzed transgenic Fielder plants. Unlike TaSCR-OE 

lines, the TaLBD17-OE1 line showed reduced grain length (2.3% 

decreased), while both OE1 and OE2 lines exhibited decreases 

in grain width (3.3% and 4.8% decreased, respectively) and thou-

sand-grain weight (8.1% and 8.6% decreased, respectively) 

(Figures 6G–6J).

To further investigate the importance of TaLBD17 and the 

TaSCR-TaLBD17 module, we examined the relative expression 

levels of TaLBD17 at DAI6, DAI12, and DAI18 in the callus of 

Fielder, JM22, KN199, and AK58 transformed with GUS control 

and TaSCR-OE vectors using RT-qPCR. The results showed that 

TaLBD17 expression was elevated at least at one time point in all 

four cultivars upon TaSCR OE (Figure S4M), indicating that the 

TaSCR to TaLBD17 regulatory module functions in the regener-

ation process across different wheat genotypes.

Figure 6. Overexpression of TaLBD17 boosts transformation efficiency across different wheat varieties

(A) In situ hybridization of TaLBD17 at DAI6, DAI9, and DAI9 sense control. Scale bars, 250 μm. Red arrows indicate expression positions.

(B) Relative TaLBD17 and TaSCR expression levels in Fielder (n = 3).

(C) Representative photographs showing TaLBD17 functional validation.

(D–F) Comparison of callus induction (D), differentiation (E), and transformation (F) efficiency between callus transformed with GUS and TaLBD17 overexpression 

vectors (n = 4; KN199-TaLBD17, n = 3; AK58-TaLBD17, n = 5).

(G) Representative photographs of grains from wild-type and TaLBD17 overexpression plants.

(H–J) Comparison of grain length (H), width (I), and thousand-grain weight (J) between wild-type and TaLBD17 overexpression plants (n = 6).

Data in (B), (D)–(F), and (H)–(J) are means ± SD. In (D)–(F) and (H)–(J), p values were determined by Student’s t test.
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Together, these findings demonstrate that TaLBD17, a direct 

downstream target of TaSCR, plays an important role in 

enhancing wheat regeneration and transformation efficiency, 

but slightly influences grain development.

DISCUSSION

While a robust genetic transformation system has been devel-

oped for the wheat variety Fielder, 14 transformation remains inef-

ficient in many elite cultivars, including JM22 and AK58. 5 Here, 

by integrating transcriptomic profiling, chromatin accessibility 

mapping, and TRN comparison analysis, we uncovered key mo-

lecular mechanisms that underlie genotype-dependent regener-

ation capacity in wheat. These findings provide a foundation for 

overcoming long-standing challenges in wheat transformation.

Distinct transcriptomic and chromatin accessibility 

dynamics underlie regeneration divergence

Upon embryo excision (DAI0), both Fielder and JM22 activate 

wound response pathways. However, by DAI3, clear transcrip-

tional divergence emerges: Fielder induces genes linked to 

development and regeneration, while JM22 predominantly acti-

vates genes related to stress-response pathways. Between DAI3 

and DAI6, Fielder undergoes substantial transcriptional reprog-

ramming, characterized by the upregulation of key morphogenic 

regulators and dynamic gene expression changes, in contrast to 

the transcriptional stasis observed in JM22.

Notably, most DEGs in cluster C4, which are specifically acti-

vated in Fielder from DAI3 to DAI6, encode proteins with highly 

conserved sequences between cultivars, indicating that regen-

eration divergence is primarily governed by regulatory differ-

ences rather than protein-coding variation. While differences in 

cis-regulatory motifs within promoter regions contribute to 

expression divergence, they are insufficient to fully explain the 

transcriptional discrepancies, pointing to a substantial role for 

epigenetic regulation.

This is supported by our chromatin accessibility analyses, 

which reveal that Fielder exhibits more extensive and timely 

chromatin remodeling, particularly at loci encoding core devel-

opmental genes such as TaSCR, TaWOX5, and TaLBD17. 18 

Such chromatin plasticity likely enables a more permissive and 

responsive transcriptional landscape, facilitating efficient activa-

tion of regeneration pathways. In contrast, JM22 shows limited 

chromatin dynamics at these critical loci, which may constrain 

the activation of morphogenic genes and ultimately hinder its 

regenerative potential.

TRN architecture and genotype-specific TFs influence 

regeneration potential

Comparative TRN analysis revealed that Fielder possesses a 

more complex and interconnected regulatory network during 

regeneration. Fielder-specific core TFs—particularly from AP2, 

Dof, G2-like, and GRAS families—are enriched in known 

morphogenic regulators and form key hubs in the network. 22 

Their absence or low connectivity in JM22’s network may impair 

its regenerative capacity. Importantly, our analysis shows that 

network topology—i.e., the centrality and connectivity of TFs— 

is as crucial as gene expression levels in determining regenera-

tive potential. These insights pave the way for rational selection 

or engineering of TFs to enhance transformation in recalcitrant 

genotypes. By comparing TRNs across diverse varieties, key 

regulatory modules linked to high regeneration can be identified 

and targeted to improve transformation efficiency.

The TaSCR-TaLBD17 regulatory module promotes 

wheat regeneration and transformation

Among the Fielder-specific TFs, TaSCR emerged as a central 

regulator of regeneration. Expressed in meristematic domains 

during key stages, TaSCR has the potential to activate 

numerous genes involved in hormone biosynthesis and trans-

port (TaYUC8 and TaPIN1), 34,63 chromatin remodeling 

(TaDDM1), 64 and cell cycle (TaCYCD2-1 and TaFAS1), 44,65 Its 

OE improved callus induction, differentiation, and transforma-

tion efficiencies in both Fielder and recalcitrant varieties such 

as JM22 and AK58, without detrimental effects on grain devel-

opment. This distinguishes TaSCR from other morphogenic 

regulators like WUS or BBM, 53 which often cause develop-

mental abnormalities.

To elucidate how TaSCR confers regenerative capacity, we in-

tegrated TRN and transcriptome data. TaSCR is indirectly acti-

vated in response to auxin addition in the culture medium by 

TaARFs through TFs such as TaGATA15. In turn, TaSCR directly 

upregulates TaWOX5, TaFTIP3, and notably TaLBD17, a TF cod-

ing gene whose Arabidopsis ortholog promotes callus forma-

tion. 39 TaLBD17 expression mirrors TaSCR in spatial localization 

and temporal dynamics, with peak expression in the promeris-

tem of shoot primordia at DAI9. The OE of TaLBD17 enhanced 

callus induction and transformation efficiencies across multiple 

genotypes. Thus, the TaSCR to TaLBD17 cascade forms a 

robust regulatory module that coordinates regeneration-associ-

ated transcriptional and cellular events. This module offers a 

promising target for enhancing transformation efficiency in elite 

yet recalcitrant cultivars.

Collectively, by integrating transcriptomic and chromatin 

accessibility dynamics with TRN comparisons, we have eluci-

dated molecular mechanisms driving differences in the regener-

ation capacity between Fielder and JM22. We identified TaSCR 

as a key regeneration-promoting TF that activates downstream 

effectors, including TaLBD17, to enhance transformation. The 

TaSCR-TaLBD17 module exemplifies a promising strategy for 

improving transformation systems in wheat and possibly other 

cereals.

Limitations of the study

Future efforts should extend this comparative framework to a 

broader range of genotypes with distinct regeneration profiles. 5 

The current comparison is limited to one highly regenerable 

cultivar Fielder and one recalcitrant cultivar JM22. Some of the 

observed differences may not be directly related to regeneration 

efficiency diversity but rather cultivar differences per se. Ex-

panding the analysis to groups of wheat cultivars with varying 

regeneration efficiency would increase statistical power, reveal 

the fundamental transcriptional and chromatin accessibility fea-

tures underlying regeneration differences, and further facilitate 

the identification of broadly applicable high-efficiency regenera-

tion factors across diverse wheat varieties.
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Although OE of TaSCR and TaLBD17 enhanced transforma-

tion efficiency across multiple cultivars, their effects were more 

pronounced in Fielder (Figures 4G and 6F). OE of TaSCR and 

TaLBD17 in Fielder induced a larger number of DEGs enriched 

in auxin signaling and regeneration-related processes, such as 

SAM development and abaxial cell fate specification, whereas 

in JM22, DEGs were mainly associated with stress responses 

(Figures S5A–S5C). These divergent transcriptional outcomes 

likely reflect underlying differences in chromatin accessibility 

landscapes between the two cultivars, as Fielder displayed 

higher GRAS and LBD motif activity and direct regulation of a 

greater number of auxin pathway genes (Figures S5D–S5F). 

Therefore, the same regulatory factors may exert cultivar-spe-

cific effects on regeneration efficiency, depending on the chro-

matin context of each wheat genotype. Future work should 

investigate whether targeted modulation of chromatin accessi-

bility, such as through chromatin remodelers, could mitigate 

regeneration disparities and improve transformation efficiency 

across recalcitrant cultivars.

The current study focuses on the functional and regulatory 

roles of TaSCR-A and TaLBD17-B, without addressing how 

polyploidy may contribute to genotype-dependent regulation 

or potential functional redundancy among TaSCR/TaLBD17 ho-

meologs. The expression level of TaSCR-A is slightly higher than 

that of TaSCR-B and TaSCR-D, whereas its chromatin accessi-

bility is the lowest. Similarly, TaLBD17-A shows lower expres-

sion than its B- and D-homeologs, with TaLBD17-D displaying 

the highest chromatin accessibility (Figures S6A and S6B). 

Despite these regulatory differences, notable sequence diver-

gence exists among the A, B, and D subgenome copies; howev-

er, the GRAS and LOB domains remain highly conserved, with 

only a single amino acid substitution found in TaSCR-B and 

TaLBD17-A, respectively (Figure S6C). These differences may 

lead to divergent contributions to the regeneration process, 

similar to TaLAX1, 16 thereby adding another layer of complexity 

to the TaSCR/TaLBD17 regulatory network in wheat.
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Ultrapure RNA Kit CWBIO Cat#CW0581S

ChamQ Universal SYBR qPCR Master Mix Vazyme Cat#Q711-02

FastPure Gel DNA Extraction Mini Kit Vazyme Cat#DC301-01

FastPure Plasmid Mini Kit Vazyme Cat#DC201-01

pEASY®-Blunt3 Cloning Kit TransGen Cat#CB301-01

pENTR TM /D-TOPO TM Cloning Kit TransGen Cat#K240020SP
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TruePrep DNA Library Prep Kit V2 for Illumina Vazyme Cat#TD501-01

Deposited data

Raw data of RNA-sequencing GSA: PRJCA012455; GSA: PRJCA040308

Raw data of ATAC-sequencing https://ngdc.cncb.ac.cn/ GSA: PRJCA012455

Scripts and codes used in this study This paper Zenodo: https://doi.org/10.5281/zenodo. 

17614807

Experimental models: Organisms/strains

Triticum aestivum cv. Fielder: TaSCR-OE-1 This paper N/A

Triticum aestivum cv. Fielder: TaSCR-OE-2 This paper N/A

Triticum aestivum cv. Fielder: TaLBD17-OE-1 This paper N/A

Triticum aestivum cv. Fielder: TaLBD17-OE-2 This paper N/A

Triticum aestivum cv.Fielder This paper N/A

Triticum aestivum cv.KN199 This paper N/A

Triticum aestivum cv.JM22 This paper N/A

Triticum aestivum cv.AK58 This paper N/A

Nicotiana benthamiana This paper N/A
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Primers used in this study This paper Table S6
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CP461-LUC-TaSCRpro This paper N/A
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METHOD DETAILS

Plant materials and growth conditions

The hexaploidy wheat varieties, Fielder, JM22, KN199 and AK58 were used in our experiment. Seeds of the spring wheat cultivar 

Fielder, along with transgenic seeds of TaSCR-OE1/2 or TaLBD17-OE1/2, were directly sown in pots (21 cm height × 23 cm diam-

eter). As winter wheat varieties, the grains of KN199, JM22 and AK58 were germinated at 25 ◦ C for 2 days and then vernalized in incu-

bator at 6 ◦ C for 35 days. All wheat materials were grown in a climate chamber (manufactured by Beijing Yisheng Taihe CTRL Tech 

Co., Ltd.) with 300 μmol m − 2 s − 1 light intensity, 24 ◦ C 16 h light/16 ◦ C 8 h dark, and 45% humidity. The cultivation substrate was a 

mixture of nutrient soil, seedling substrate, and vermiculite at a volume ratio of 2:2:1.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CP461-LUC-TaLBD17pro This paper N/A

CP461-LUC-TaFTIP3pro This paper N/A

CP461-LUC-TaBBM2pro This paper N/A

CP461-LUC-TaGRF7pro This paper N/A

PTF101-TaSCR This paper N/A

PTF101-TaMYB3R2 This paper N/A

PTF101-TaGATA15 This paper N/A

PTF101-TaMYB44 This paper N/A

PTF101-TaWRKY57 This paper N/A

PTF101-TaWRKY65 This paper N/A

PTF101-TaARF22 This paper N/A

Software and algorithms

fastp Chen 66 https://github.com/OpenGene/fastp

bwa Li 67 https://github.com/lh3/bwa

Hisat2 Kim et al. 68 https://daehwankimlab.github.io/hisat2/

picard N/A https://github.com/broadinstitute/picard

deeptools Ramı́rez et al. 69 https://github.com/deeptools/deepTools

MACS2 Zhang et al. 70 https://github.com/macs3-project/MACS/wiki/

Install-macs2

R R-Project https://www.r-project.org/

DEseq2 Love et al. 71 https://github.com/thelovelab/DESeq2

DiffBind Ross-Innes et al. 72 https://github.com/nshanian/DiffBind

HINT Li et al. 73 https://reg-gen.readthedocs.io/en/latest/hint/

introduction.html

featurecount Liao et al. 74 https://subread.sourceforge.net/

featureCounts.html

ame McLeay & Bailey 75 https://meme-suite.org/meme/doc/ame.html

Integrative Genomics Viewer Robinson et al. 76 https://igv.org/

Cytoscape Shannon et al. 77 https://cytoscape.org/

clusterProfiler Xu et al. 78 https://github.com/YuLab-SMU/clusterProfiler

Liftoff Shumate et al. 79 https://github.com/agshumate/Liftoff

samtools Danecek et al. 80 https://www.htslib.org/

fimo Grant et al. 81 https://web.mit.edu/meme_v4.11.4/share/

doc/fimo.html

MUSCLE Edgar 82 https://drive5.com/muscle/

ChIPseeker Wang et al. 83 https://github.com/YuLab-SMU/ChIPseeker

chromVAR Schep et al. 84 https://github.com/GreenleafLab/chromVAR

PlantTFDB Tian et al. 47 https://planttfdb.gao-lab.org/

ComplexHeatmap Gu at al. 85 https://jokergoo.github.io/ComplexHeatmap-

reference/book/

Adobe Illustrator CC 2023 Adobe https://www.adobe.com/cn/
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Plasmid construction and wheat transformation

Full-length complementary DNA of TaSCR, TaLBD17 and GUS, along with the specific sequences 87–176 bp within the 5 ′ untrans-

lated region (5’ UTR) of the TaARF22 and 102–295 bp within the coding sequence (CDS) region TaGATA15 were cloned into pEASY-

Blunt3 Cloning Vector (TransGen, CB301) for sequencing. Subsequently, the pENTR/D-TOPO Vector (Thermo Fisher, 2502110) was 

digested with restriction endonucleases, and then inserted cDNA of TaSCR, TaLBD17, or GUS into the overexpressed pc186 vector 

(containing ZmUbi promoter and Nos terminator), while the specific cDNA sequence of the TaARF22 and TaGATA15 into the RNAi 

pc336 vector. Vector pc186-TaSCR, pc186-TaLBD17, pc186-GUS, pc336-TaARF22 and pc336-TaGATA15 was introduced into 

Agrobacterium strains EHA105. All constructed vectors were prepared for wheat transformation. Primers used are listed in Table S6. 

The immature embryos of Fielder, JM22, AK58 and KN199 were tissue cultured generally following a previously described proto-

col. 14,19 Briefly, immature embryos at 14 days after anthesis were isolated from the immature grains and inoculated with Agrobac-

terium tumefaciens strains EHA105 contained constructed vector for 2 days. After co-cultivation, embryonic axes were excised and 

the scutella were transferred to resting medium at 25 ◦ C for 5 days. Each callus was transferred to selection medium for 2 weeks, and 

then was cut into 2 pieces and continued culture for 3 weeks. Proliferated callus was differentiated at 25 ◦ C with light for 10 days. 

Transformed plants were transferred on the root induction medium for elongation and root formation.

When wheat callus tissue cultured on root induction medium, we counted explants, explants forming callus, callus differentiating 

into shoot or root, and callus producing at least one confirmed shoot and calculated the callus induction efficiency, callus differen-

tiation efficiency and transformation efficiency. We identified the candidate transgenic wheat plants by PCR. Primers used for the 

identification of transgenic plants are listed in Table S6.

Callus induction efficiency, callus differentiation efficiency and transformation efficiency are calculated as follows:

Callus induction efficiency (%):

(the number of explants forming callus = the number of explants incubated) × 100 (Equation 1) 

Callus differentiation efficiency (%):

(the number of callus differentiating into shoot or root = the number of explants incubated) × 100 (Equation 2) 

Transformation efficiency (%):

(the number of callus producing at least one confirmed shoot = the number of explants incubated) × 100 (Equation 3)

RNA-seq and ATAC-seq experiment

Calli transformed TaSCR, TaLBD17 or GUS control at DAI6, DAI9, DAI12 and DAI18 of Fielder and at DAI6, DAI12 and DAI18 of JM22 

were collected for RNA-seq. Total RNA were extracted using Ultrapure RNA kit (CWBIO, CW0581M) according to manufacturer in-

structions. Three biological replicates were performed. The RNA seq data for this experiment was measured using DNBSEQT7. 

ATAC-seq experiments were done following a previously described method. 86 The samples were soaked in HBM buffer, dissected 

with a razor blade, and then filtered through a 40 μm cell strainer. The crude nuclei suspension obtained was washed twice and 

the nuclei were counted using a haemocytometer. Approximately 5,000 isolated nuclei per reaction were incubated with Tn5 trans-

posase in tagmentation buffer at 37 ◦ C for 30 min (Vazyme Biotech, TD501-01). DNA was then purified using a PCR purification kit 

(QIAGEN, 28106). The sequencing libraries were generated by PCR amplification for 9–12 cycles under the following conditions: 

72 ◦ C for 5 min; 98 ◦ C for 30 s; and thermocycling at 98 ◦ C for 15 s, 63 ◦ C for 30 s and 72 ◦ C for 40 s; followed by 72 ◦ C for 5 s. After 

amplification, the libraries were purified using AMPure beads (Beckman, A63881). The final sequencing step was carried out on 

the Illumina Novaseq platform (Annoroad Gene Technology).

Luciferase reporter assay

For LUC analyses, we generally followed the methodology described in previously published studies. 87 Full-length coding sequences 

of TaSCR, TaMYB3R2, TaGATA15, TaMYB44, TaWRKY57, TaWRKY65 and TaARF22 from Fielder were cloned into PTF101 vector to 

generate the effector vectors p35S: TaSCR-eGFP, p35S: TaMYB3R2-eGFP, p35S: TaGATA15-eGFP, p35S: TaMYB44-eGFP, 

p35S: TaWRKY57-eGFP, p35S: TaWRKY65-eGFP and p35S: TaARF22-eGFP. About 3 Kb promoter fragment of TaSCR, TaLBD17, 

TaFTIP3, TaBBM2, TaGRF7, TaWOX5 and TaGATA15 were amplified and fused in-frame with the CP461-LUC vector to generate the 

reporter construct proTaSCR::LUC, proTaLBD17::LUC, proTaFTIP3::LUC, proTaBBM2::LUC, proTaGRF7::LUC. The plasmids were 

transformed into Agrobacterium GV3101. Then these strains were injected into N. benthamiana leaves in different combinations. Dual 

luciferase assay reagents with the Renilla luciferase gene as an internal control were used for luciferase imaging. The Dual-Luciferase 

Reporter Assay System Kit (Promega, E1910) was used to quantify fluorescence signals. Relative activity was calculated by the ratio 

of LUC/REN. Primers used for luciferase reporter assay are listed in Table S6.

RNA-seq analysis

To remove adapters and filter out low quality reads, fastp 66 (v0.23.4) was applied with the parameter ‘‘–detect_adapter_for_pe’’. 

Cleaned reads were mapped to IWGSC Refseq v1.0 using hisat2 68 (v2.2.1) and the resulting bam files were sorted with samtools 80 

(v1.16.1). Gene counts were quantified by featureCounts 74 (v2.0.3) command provided by subread with the paramater ‘‘-t exon -p -P
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-B -C -g gene_id’’ and normalized to transcripts per million (TPM) for further PCA and K-means cluster analysis. Differentially ex-

pressed genes (DEGs) were identified using DESeq2 71 (v1.34.0) with a threshold of ‘‘p.adjust <0.05 and |FoldChange|>1.5’’. GO 

enrichment was performed using the online the website http://geneontology.org/. 88 Heatmap were generated by ‘‘k-means’’ function 

in R and ComplexHeatmap 85 (v2.10.0) package.

DNA sequences comparative analysis between Fielder and JM22

To identify the corresponding sequences of genes in cluster C4 in Fielder and JM22 genomes, we used Liftoff 79 (v1.6.3) to identify 

their genomic coordinates in both assemblies.

To compare protein sequence similarity of homologous genes between the two cultivars, we aligned protein sequences of every 

gene using MUSCLE 82 (v3.8.1551), and calculated the proportion of differing amino acids relative to the length of the longer

protein.

To analyze the cis-element differences in promoter (-2Kb ∼ TSS) of these genes between Fielder and JM22, we used fimo 81 (v5.4.1)

to scan for potential TF binding sites (threshold = 1e-5), based on 619 motifs from PlantTFDB. 47 For each gene, we quantified the

difference in motif occurrence between the two varieties. A motif was defined as variety-preferential if it was predicted to bind to

more genes in one variety than the other. Finally, we performed TF family enrichment analysis on the preferential motifs identified

in Fielder and JM22 using the enricher function in the clusterProfiler 78 (v4.2.2) package.

ATAC-seq analysis

To remove adapters and filter out low quality reads, fastp (v0.23.4) was applied with the parameter ‘‘–detect_adapter_for_pe’’. 

Cleaned reads were mapped to IWGSC Refseq v1.0 using bwa mem 67 (v 0.7.18) and the resulting bam files were sorted and filtered 

with the ‘‘-F 1804 -f 2 -q 30’’ parameter using samtools (v1.16.1). Then picard (v2.27.2) (https://broadinstitute.github.io/picard/) was 

used to remove the duplicated reads and we merged the two biological replicates using samtools from the de-duplicated bam files. 

The merged bam files were used to convert to bigwig files using bamCoverage (deeptools 69 v3.5.1) with the parameters ‘‘-bs 10 -ef-

fectiveGenomeSize 14600000000 -normalizeUsing RPKM -smoothLength 50’’ and call peaks using macs2 70 (v2.2.9.1) with the 

parameters ‘‘-q 0.05 -f BAMPE -nomodel -extsize 200 -shift − 100 -g 14600000000’’. The bigwig files were visualized using the Inte-

grative Genomics Viewer. 76 ChIPseeker 83 (v1.32.0) was used to annotate peaks: promoter (− 3000 to +500 of TSS), genic (from +500 

of TSS to TES), downstream (from TES to +300 of TES) and distal (other).

To merge a specific set of ACRs, we first sorted the regions using ‘‘bedtools sort 89 ’’ command, and then merged them using the 

‘‘bedtools merge’’ command.

To quantify the ATAC-seq data, we first merged the peaks from all Fielder and JM22 samples to generate reference ACRs. 

DiffBind 72 (v3.4.11) was used with the parameter ‘‘DBA_SCORE_TMM_READS_EFFECTIVE_CPM, bUseSummarizeOverlaps = 

TRUE, summits = FALSE, peaks = referenceACRs.bed’’ to get count and CPM of each peak. And counts of peaks were used to 

identify diffACRs using DESeq2 (v1.34.0) with the threshold of ‘‘p.adjust <0.05 and |FoldChange|>2’’.

To assess the correlation between chromatin accessibility and gene expression, we referenced methodologies described in pre-

viously published studies. 42 Briefly, we calculated the Pearson correlation coefficients (PCCs) between each chromatin accessibility 

peak (measured in CPM) and the expression levels (TPM) of genes located within ±0.5 Mb of the peak.

To establish a null model, we computed PCCs between randomly selected peaks and randomly chosen genes located on different 

chromosomes, then calculated the mean and standard deviation of the null distribution. Using these parameters, we calculated 

p-values for the observed peak-gene correlations within the ±0.5 Mb window with the pnorm function in R. Regulatory region-

gene pairs with p-values <0.05 were considered significant.

Cis-motif enrichment analysis and motif activity analysis

To identify cis-regulatory elements enriched in different clusters of diffACR shown in Figure 2D, we used AME 75 (v5.4.1) tool from the 

MEME Suite. The sequences of proximal ACRs associated with all genes were used as control. A total of 619 Arabidopsis TF motifs, 

obtained from PlantTFDB (https://planttfdb.gao-lab.org/), were used as candidate motifs for enrichment analysis.

For the motif activity analysis, we employed the chromVAR 84 (1.20.0) package to assess the activity of all GRAS and LBD family 

motifs in PlantTFDB within promoter regions, and motif activity was normalized using the deviationScores function.

Comparative analysis of TRNs

The construction of the TRN for JM22 was based on previously published methodologies. 19 Briefly, we identified DEGs during 

the JM22 regeneration process using the threshold of ‘‘p.adjust <0.05 and |FoldChange| > 1.5’’, and subsequently clustered 

them into six clusters using K-means (J1-J6). Next, target genes with TPM <1 in all samples were first filtered out. We used 

HINT 73 to identify footprints within ACRs of JM22 and detect associated motifs (619 motifs obtained from PlantTFDB), thereby 

establishing motif-target gene associations. Subsequently, Arabidopsis motifs were mapped to wheat transcription factors using 

blastp 90 (v2.10.1) (e-value < 1e-5, identity >30%, and belonging to the same TF family). The wheat TF annotations were obtained 

from PlantTFDB.
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We next retained those TF-target gene pairs that were co-expressed and connected via motifs enriched specific clusters.

Regulatory relationships between clusters (J2 → J6 → J4 → J1 → J5) were determined using Fisher’s exact test, with the following 

formula:

Pr(x = q) = 

(
Q

q

)(
M − Q

m − q

)

( 
M 

m

) : (Equation 4)

For example, when calculated the significance of regulations from clusters J1 to J2, Pr represents the probability, x represents 

each regulatory relationship, M represents the total number of regulations, Q represents the total number of regulations from TFs 

in cluster J1, m represents the total number of regulations targeting Cluster J2, q represents the number of regulations from cluster

J1 to cluster J2 and the general form 

(
c1
c2

) 

is a binomial coefficient. A threshold of p < 1 × 10 − 6 was applied to infer regulatory reg-

ulations between clusters. Networks were visualized in Cytoscape. 77

Finally, transcription factors were defined as core TFs in JM22 if their motifs are enriched in the promoters of genes within their own 

cluster or in the downstream cluster they regulate.

To determine whether a TF is enriched in mediating Fielder-specific regulations, we first merged the TRNs of Fielder and JM22 and 

focus on the regulations targeting to TFs, hormone pathways, epigenetic regulatory factors and cell cycle regulators, and identified 

Fielder-specific, JM22-specific, and common regulatory interactions. Next, we performed a Fisher’s exact test using the Equation 4. 

Pr represents the probability, x represents each TF, and M represent the total number of regulatory interactions in the merged TRN. Q 

denotes the total number of Fielder-specific interactions across the merged network. m represents the number of regulatory inter-

actions mediating by this TF. q is the number of Fielder-specific regulations mediating by this TF. A threshold of p < 5 × 10 − 3 was used 

to define significant enrichment.

In situ hybridization

Immature embryos at 14 days after anthesis in Fielder and callus with tissue cultured at DAI3, DAI6 and DAI9 were fixed in 0.1 M 

phosphate buffer (pH 7.0) and 4% v/v paraformaldehyde (Sigma, 30525-89-4) overnight at 4 ◦ C. The samples were dehydrated by 

ethanol and transparent by dimethylbenzene, then embedded in paraplast (Leica, 39601006). We synthesized antisense and sense 

RNA probes of TaSCR and TaLBD17 using DIG RNA labeling kit (Roche, 11175025910). Detailed experimental protocol of in situ hy-

bridization and detection of hybridized signals were performed as described. 91 Primers used for in situ hybridization are listed in 

Table S6.

Quantitative reverse-transcription PCR

The leaves of TaSCR or TaLBD17 transgenic plants and callus of the same period as in situ hybridization were used to extract the total 

RNA using Ultrapure RNA kit (CWBIO, CW0581M). 2 μg of DNase I-treated total RNA was reverse-transcribed into cDNA using Hi-

Script II Q RT SuperMix for qPCR (Vazyme, R223-01). 1 μg cDNA of each sample was used to perform the first RT-PCR using SYBR 

qPCR Master Mix (Vazyme, Q711-02). The Cq mean value was used to dilute cDNA of all samples to the same concentration. Sub-

sequently, a second RT-PCR and data analysis were conducted. Primers used for RT-qPCR are listed in Table S6.

Phenotyping of grain development

Grains were collected from transgenic plants for weight and size measurements. Thousand-grain weight was determined by 

randomly selecting ≥100 grains per replicate, weighing them, and then scaling to thousand-grain weight. Grain length and grain 

width were measured using an automated seed phenotyping system (TPKZ-1-G; Zhejiang Top Cloud-Agri Technology Co., Ltd., 

China) with a measurement accuracy of 0.01 mm by randomly selecting ≥100 grains per replicate. All data were calculated based 

on six independent replicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

If not specified, R (https://cran.r-project.org/;version 4.1.3) was used to compute statistics. The correlation between two groups of 

data was conducted with the Pearson analysis (cor function in R) (Figures S1C, S1D, S3B, S3G, and S4G). For the p-values shown in 

Figure S1G, A one-sided (right-tailed) test was performed for each observed correlation coefficient to assess its significance relative 

to the empirical null distribution (pnorm function in R). For comparisons between two groups of data (Figures 2G and 2H, 4E–4G, 4I– 

4K, 5C, 5G–5K, S4D, 6D–6F, 6H–6J, and S4M), Student’s two tailed t test was used (t.test function in R). For the enrichment analysis 

(Figures 1F, 3C,3G, and S4J), p-values were calculated using the hypergeometric test (enricher function in R). The FDR of GO enrich-

ment for Figures 1D and 2D, S1I, S4C, and S5C was calculated using the website https://geneontology.org/. The FDR for Figure 2E 

was calculated using AME (5.4.1). For two-group comparison of data that did not conforming to a normal distribution, the Wilcoxon 

rank-sum test was used (wilcox.test function in R) (Figures 3F and S3C).
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