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SUMMARY 26 

Dehydration response element binding (DREB) transcription factors play a pivotal role 27 

in plant abiotic stress responses, but its evolutionary and functional characterization in 28 

buckwheat remains unexplored. Here, we conducted a comprehensive analysis of the DREB 29 

gene family across three buckwheat species, revealing segmental duplication as the primary 30 

driver of family expansion and potential purifying selection during evolution. A FtDREB02 31 

gene, classified as group A2, was identified through Genome-wide association analysis (GWAS) 32 

on drought tolerance and delphinidin content. Functional validation in Arabidopsis thaliana 33 

and hairy root of Tartary buckwheat (Fagopyrum tataricum) demonstrated that 34 

overexpression of this gene promotes delphinidin biosynthesis and enhances plant resistance 35 

to water scarcity. Through the integration of DAP-seq and PEG transcriptome cluster analysis, 36 

A FtANS candidate was screened. Functional studies showed that FtDREB02 regulates 37 

delphinidin content by binding directly to DRE elements of FtANS promoter. This research 38 

identifies and comprehensively analyzes the DREB family within buckwheat species, 39 

elucidating the regulatory mechanisms of FtDREB02 in controlling flavonoid biosynthesis and 40 

drought resistance, providing potential genetic resources for breeding buckwheat varieties 41 

with excellent agronomic traits. 42 
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INTRODUCTION 44 

The intensification of extreme climate, driven by global warming, poses a significant challenge 45 

to agricultural production at present and in the future (Wang et al., 2023; Seth and Sebastian, 2024). 46 

Drought stress is a critical factor impacting crop yield and quality, with significant threats to the 47 

sustainable development goal of achieving 'zero hunger' by 2030 (Otekunrin, 2021; Yin and Slater, 48 

2023; Tarolli and Zhao, 2023; Wei et al., 2024). As sessile organisms, plants primarily respond to 49 

stress through escape, avoidance or tolerance mechanisms (Kershaw and Levitt, 1973; Barton and 50 

Koricheva, 2010; Rauschkolb et al., 2022), such as early flowering (Metz et al., 2020), the formation 51 

of longer roots (Cella Pizarro and Bisigato, 2010) or altered osmotic potential (Májeková et al., 52 

2019). Therefore, it is essential to utilize excellent germplasm to obtain potential gene resources 53 

and improve the adaptability of crops to adversity through modern biotechnology to feed the 54 

growing global population (Bailey-Serres et al., 2019; Sun et al., 2022). 55 

Buckwheat belongs to the Fagopyrum genus within the Polygonaceae family, serving as 56 

underutilized grain crop. Tartary buckwheat (Fagopyrum tataricum) and common buckwheat 57 

(Fagopyrum esculentum) are the most widely cultivated species, while golden buckwheat 58 

(Fagopyrum dibotrys) is a wild relative of these cultivated varieties (He et al., 2022).  Tartary 59 

buckwheat and common buckwheat, obtained through two independent domestication events, are 60 

widely cultivated as functional food crops due to their abundant bioactive compounds and 61 

exceptional nutritional value (Wijngaard and Arendt, 2006; Jing et al., 2016; Jha et al., 2024). The 62 

wild relative golden buckwheat, particularly valued for the pharmacological properties of its 63 

tuberous rhizomes (as the traditional medicinal organ, distinct from true roots morphologically and 64 

functionally), has been extensively utilized in traditional Chinese medicine (He et al., 2022).  65 

Moreover, buckwheat has the advantages of a short growing season and strong adaptability to 66 

environmental conditions. It is widely cultivated in mountainous, arid and semi-arid regions, 67 

demonstrating excellent drought tolerance (Wen et al., 2021; He et al., 2024). Numerous studies 68 

have demonstrated that plants under drought stress produce increased levels of secondary 69 

metabolites, especially flavonoids. For instance, under water stress, the content of anthocyanins, 70 

delphinidin and their derivatives in roselle changed significantly (Hinojosa-Gómez et al., 2020). 71 

These substances could help mitigate the accumulation of reactive oxygen species (ROS) during 72 

prolonged drought conditions (Nakabayashi et al., 2014; Tiedge et al., 2022; La et al., 2023). 73 

Although buckwheat has also shown changes in phenolic compounds during drought stress (Wang 74 

et al., 2023; Oksana et al., 2023), it is quite unclear how these changes occur molecularly. 75 

Transcription factors (TFs), also known as trans-acting factors, are a class of key proteins that 76 

are notably involved in network regulation in plant response to environmrnt stress, acting as 77 

molecular regulatory switches (Gahlaut et al., 2016; Khan et al., 2018). Dehydration response 78 

element binding (DREB) proteins are a large class of transcription factors belonging to the AP2/ERF 79 

subfamily members, which includes a typical AP2 domain roughly 60 amino acids. The valine (Val) 80 

at position 14 and the glutamic acid (Glu) at position 19 are essential residues for this family to 81 

identify and bind to DNA elements (Riechmann and Meyerowitz, 1998; Lata and Prasad, 2011; 82 

Agarwal et al., 2017). It is well known that DREBs participate in drought response in many crops, 83 

such as rice (Dubouzet et al., 2003; Wang et al., 2008), wheat (Mei et al., 2022), barley (Morran et 84 

al., 2011), soybean (Zhou et al., 2020), sugarcane (Reis et al., 2014), cowpea (Kumar et al., 2022), 85 

banana (Xu et al., 2023), bamboo (Hu et al., 2023), etc. Furthermore, DREBs have additionally been 86 

implicated in regulating the biosynthesis of plant phenols, phenanthroquinones, and flavonoids, 87 



which is induced by the drought stress. Specifically, overexpression of the AtDREB1A gene leads 88 

to an enhanced drought resistance in Arabidopsis and increased content of salvianolic acids and 89 

tanshinones in Salvia miltiorrhiza roots (Wei et al., 2016). Similarly, AmDREB3 from 90 

Ammopiptanthus mongolicus affects anthocyanin synthesis in Arabidopsis seedlings under drought 91 

stress (Ren et al., 2019). Additionally, CitERF32 and CitERF33 promote flavonoid accumulation by 92 

binding to the promoter of the CitCHIL1 gene in citrus (Zhao et al., 2021). Thus, DREB genes offer 93 

a promising option for developing nutrient-rich and resilient to water scarcity crops (Sarkar et al., 94 

2019). 95 

In this study, the DREB gene family were identified in three buckwheat species, and their gene 96 

structures and evolutionary relationships were analyzed. Combined with metabolites and drought 97 

phenotype data, GWAS identified a candidate FtDREB02 gene that may be associated with 98 

delphinidin biosynthesis and drought response. The potential biological functions of transgenic lines 99 

in Tartary buckwheat hair root and Arabidopsis were elucidated by characterizing the metabolite 100 

composition, physiological index differences and plant phenotypic alterations. Its downstream target 101 

gene, FtANS, was identified by a combination of DAP-seq and PEG transcriptome cluster analysis, 102 

and its molecular regulatory mechanism was analyzed by protein-promoter interaction experiment. 103 

This study enhances our understanding of the evolutionary patterns and functional characteristics of 104 

the DREB gene family in different buckwheat species, clarifies the gene function and molecular 105 

mechanism of FtDREB02, and offers valuable gene resources for future smart crop breeding.  106 

RESULTS 107 

Identification and characterization of DREB gene family in buckwheat 108 

Herein, we systematically characterized DREB genes across three representative buckwheat 109 

species - F. dibotrys (the wild relative), F. esculentum and F. tataricum (main cultivated species), 110 

and finally identified 36 FdDREBs, 52 FeDREBs, and 46 FtDREBs containing the AP2 domain 111 

(PF00847) by BLASTP search and Hidden Markov Model search (HMM) (Table S1) (He et al., 112 

2022). These DREB proteins were further named according to their location on chromosomes. The 113 

range of molecular weight and theoretical isoelectric point (PI) of DREB proteins in three 114 

buckwheat species were found to be relatively close, with F. dibotrys being the narrowest, ranging 115 

from 119 amino acids to 328 (13.05KD-36.15KD), and PI from 4.6 to 9.49. The distribution range 116 

of physicochemical properties in F. tataricum was relatively wider, spanning from 116 to 377 amino 117 

acids (12.59KD-41.63KD), with PI ranging from 4.32 to 10.56. The widest range was highlighted 118 

for F. esculentum from 115 to 452 (12.48-49.4KD), with PI from 4.63 to 11.6 (Table S1). Multiple 119 

sequence alignment revealed that the DREB family in buckwheat has two fragments of conserved 120 

domains: the N-terminal hydrophilic YRG element (considered to be involved in DNA-binding) and 121 

the RAYD element with amphipathic α-helical characteristics (considered to be involved in protein-122 

protein interaction) (Figure 1a-c, S1). Its three-dimensional structure contains three antiparallel β-123 

sheets and one α-helix (Figure 1c, S2). All DREB proteins have valine (V) at position 13/14, and 124 

the amino acid at position 18/19 is mainly glutamic acid (E) (Figure 1c, S1), a well-known feature 125 

of the DREB family. 126 

We used information from all of the DREBs found in the three buckwheat species to generate 127 

a thorough phylogenetic tree that included 56 AtDREBs from A.thaliana in order to clarify the 128 

taxonomy and evolutionary dynamics of DREB genes. The analysis revealed that the combined 129 

dataset of the 190 genes could be grouped into six distinct groups designated from A1 to A6 (Figure 130 

1d). Notably, the distribution of DREB genes among F. dibotrys, F. esculentum, and F. tataricum 131 



were found to be similar. For example, the largest number was found in group A4, followed by A6, 132 

and the least in group A1. This pattern could be correlate with the evolutionary relationship between 133 

the three buckwheat species. 134 

Chromosome location, collinearity, duplication, and expansion of DREB genes 135 

A comprehensive gene mapping analysis was conducted to determine the chromosomal 136 

localization of DREB genes in buckwheat. The results showed that the DREB genes exhibited an 137 

uneven distribution across the eight chromosomes in three buckwheat species F. dibotrys (Figure 138 

S3a) and F. tataricum (Figure S3c) possess the highest number of DREB genes on their chromosome 139 

8, while F. esculentum had the highest number of DREB genes on chromosome 3 (Figure S3b). In 140 

the process of biological evolution, gene expansion, and contraction are two important strategies for 141 

plants to adapt to the environment and form species diversity. Gene duplication events play an 142 

indispensable role in this process (Panchy et al., 2016). Utilizing the MCScanX method, we 143 

analyzed the gene duplication events within the DREB family in buckwheat. The results showed 144 

that only one pair of tandem repeats existed in F. tataricum across three buckwheat species (Table 145 

S2). There were a large number of segmental duplication events in three buckwheat species, 146 

including 10, 14, and 16 pairs respectively in F. dibotrys, F. esculentum, and F. tataricum (Figure 147 

S4, Table S2). As previously documented, F. dibotrys is a perennial wild relative predominantly 148 

distributed in southwestern China and Southeast Asia, whereas F. esculentum and F. tataricum are 149 

annual cultivated species with a broad geographical range, including Asia, Europe, and the Americas 150 

(Zhang et al., 2021; He et al., 2022; Zhang et al., 2023). This implies that segmental duplication 151 

events are the main driver for the expansion of the DREB gene family in buckwheat, and the 152 

frequency of duplication may be associated with ecological divergence among species.  153 

To understand the evolutionary history of the DREB family, we further analyzed the 154 

collinearity among three buckwheat species. 30 FdDREBs showed collinearity relationships with F. 155 

esculentum, and 31 pairs of orthologous genes between F. dibotrys and F. tataricum (Figure 2a, 156 

Table S2). It is worth noting that, among the homologous genes between F. dibotrys and F. 157 

esculentum, except for FD05G039190.1, the remaining 29 were present in F. dibotrys and F. 158 

tataricum (Figure S5, Table S2). This findings showed that although these 29 genes underwent 159 

multiple duplication events during the evolutionary transitions from F. dibotrys to F. esculentum and 160 

F. tataricum, they were not lost or changed, suggesting that these genes may play crucial functional 161 

roles in buckwheat species. 162 

In order to gain insight into the evolutionary process and selection pressure acting on DREB 163 

family, we calculated the Ka/Ks ratios within and between buckwheat species. The results showed 164 

that all duplication events within species exhibited negative selection, as evidenced by Ka/Ks values 165 

ranging from 0.1197 to 0.8501 (Table S2). Among the inter-species duplication events, only the 166 

gene pair FdDREB36 and FtDREB46 showed positive selection, with a Ka/Ks ratio of 1.095. The 167 

remaining gene pairs exhibited Ka/Ks values below 1, indicating purifying selection.  The effective 168 

Ka/Ks values of F. dibotrys and F. esculentum ranged from 0.0822 to 0.8442, and those for F. 169 

dibotrys - F. tataricum pair were within a broader range 0.0297-1.0951 (Table S2). These findings 170 

suggest that the DREB family may have experienced  purifying selection during buckwheat 171 

evolution. 172 

Gene structure, motif, and cis-regulatory elements analysis of DREBs 173 

To understand the structural characteristics of the DREB family in buckwheat, we analyzed the 174 

sequence structure and conserved motifs of the genes and predicted a total of 10 motifs, which were 175 



named in the order of 1-10 (Table S3). Family members within the same group exhibited similar 176 

motif compositions and arrangement orders (Figure S6, Table S3). For example, the A4 group in F. 177 

tataricum is primarily composed of motif 2, motif 1, motif 3 (Figure S6c), and the A5 group in F. 178 

esculentum is mainly composed of motif 3, motif 1, motif 2 (Figure S6b). 179 

Cis-regulatory elements (CREs) are specific DNA sequences located in the promoter region of 180 

genes that can be bound by TFs, thereby influencing plant growth, development, or responses to 181 

environmental stresses. To further understand the function of the DREB family in plants, we 182 

predicted the CREs (cis-regulatory elements) in the 2kb sequence upstream of the transcription start 183 

site (TSS) of each gene on the Plantcare website. These CREs can be categorized into three main 184 

types. The first one is growth and development elements, such as circadian rhythm-related elements, 185 

meristem-specific elements, endosperm expression elements, seed-specific regulatory elements, etc. 186 

Second one is stress response elements, like defense response elements, drought-related elements, 187 

wound response elements, etc. The last one is hormone response elements, including jasmonic acid 188 

response elements, abscisic acid response elements, auxin response elements, gibberellin response 189 

elements, etc. Light response elements were the most abundant across the three species, followed 190 

by jasmonic acid response elements. Among the environmental stress-related elements, low-191 

temperature and drought response elements showed higher content, while less wound response 192 

elements were involved (Table S4). Interestingly, the number of these CREs was found to be higher 193 

in FeDREBs and FtDREBs than in FdDREBs (Figure S6, Table S4). This suggests that gene 194 

functions within the DREB family are conserved among different buckwheat species, and that 195 

evolutionary variation in the number of CREs likely be associated with differences in growth, 196 

development, and environmental adaptability between cultivated and wild populations. 197 

Expression pattern of DREBs in buckwheat 198 

The relative expression of genes in different tissues and under stress treatment is closely related 199 

to their biological functions. Consequently, we analyzed the relative expression of DREBs in 200 

different tissue of three buckwheat species (Hou et al., 2021; He et al., 2022; Lin et al., 2023). 201 

Expression heatmap analysis revealed tissue-specific patterns of DREB family across three 202 

buckwheat species (Figure 2b-c, S7), which showed that 39% of DREB genes (14/36) showed 203 

highest expression in rhizome of golden buckwheat, with analogous trends observed in root of 204 

common buckwheat (29%, 15/52) and Tartary buckwheat (43%, 20/46) (Table S5). Remarkably, the 205 

roots of the cultivated buckwheat have a very high flavonoid content, while the rhizome of F. 206 

dibotrys retains a highly appreciated diverse medicinal ingredients (He et al., 2022; Zhang et al., 207 

2023). Simultaneously, the root represents the first organ to sense water stress in plants, suggesting 208 

a possible link between the metabolites and drought response in Tartary buckwheat (Yang et al., 209 

2022; Wang et al., 2024). 210 

To better understand how DREBs respond to drought stress, we utilized 20% PEG 6000 211 

transcriptome in F. tataricum, retrieved from the China National Center for Bioinformation Genome 212 

Sequence Archive (accession number: PRJCA003569), to construct a heat map of FtDREBs 213 

expression (Huang et al., 2021). The map revealed that most members of the A2/A3 group were 214 

induced under drought conditions (Figure 2c). Furthermore, the A6 group members showed distinct 215 

increases of relative expression after PEG treatment (Figure 2c). 216 

Mining and identification of drought-responsive genes associated with flavonoids by GWAS 217 

There exists an inextricable relationship between plant secondary metabolites and 218 

environmental stress responses (Jogawat et al., 2021; Changan et al., 2023). F. tataricum is 219 



particularly abundant in flavonoids, such as kaempferol, quercetin, rutin, which are not only possess 220 

pharmacological properties but may also influence drought stress responses (Wang et al., 2023; 221 

Oksana et al., 2023; Luo et al., 2024; He et al., 2024; Gao et al., 2025). To investigate potential 222 

genetic interactions, parallel GWAS analyses were performed using characterized drought-223 

responsive phenotypic data, delphinidin content metrics, and resequencing datasets, which 224 

collectively identified FtDREB02 as a unique DREB locus exhibiting the most immediate and 225 

pronounced upregulation (nearly 2.5-fold induction within 1 h) in 20% PEG-6000 transcriptomes 226 

(Figure 3a, S8-9; Table S6-7) (Zhao et al., 2023; He et al., 2024; Lai et al., 2024).   227 

Our sequence analysis revealed that SNP variants in Tartary buckwheat were exclusively 228 

located within 800 bp upstream of the ATG start codon in the promoter region, with no variants 229 

detected in exons or untranslated regions (UTRs) (Figure 3b). To investigate potential functional 230 

consequences of these promoter SNPs, we performed cis-regulatory element (CRE) prediction using 231 

PlantPAN 4.0 on variation sites, which identified potential binding sites for several transcription 232 

factors that may be affected by the SNPs, including LBD (SNP-790), ERF (SNP-287), MYB (SNP-233 

287), C2H2 (SNP-107), and bZIP (SNP-107) etc (Table S8), suggesting these SNPs may potentially 234 

influence the regulatory control of FtDREB02 by these TFs. Comparative sequence analysis of the 235 

target gene across three buckwheat species revealed limited intraspecific variation but substantial 236 

interspecific divergence, particularly in common buckwheat (Figure 3c, S10). Relative to Tartary 237 

buckwheat and golden buckwheat, common buckwheat exhibited significantly higher 238 

polymorphism, including multiple non-synonymous SNPs and a critical 27-bp indel within the N-239 

terminal conserved domain (Figure 3c). Subsequent quantification of delphinidin content across 240 

these species demonstrated markedly lower accumulation in common buckwheat compared to 241 

Tartary buckwheat and golden buckwheat (Figure 3d, Table S9). This further suggests a potential 242 

association between FtDREB02 and delphinidin content. 243 

Under osmotic stress induced by 20% PEG-6000 treatment, FtDREB02 transcript levels in 244 

Tartary buckwheat exhibited rapid and significant induction, reaching near 5-fold upregulation 245 

within 1 hour of stress exposure, which is consistent with transcriptome (Figure 3e, Table S10). The 246 

Weighted Gene Co-Expression Network Analysis (WGCNA) of PEG transcriptome revealed that in 247 

the blue3 module containing FtDREB02, there were many genes related to delphinidin synthesis, 248 

including chalcone isomerase (CHS), flavones 3-hydroxylase (F3H), and anthocyanidin synthase 249 

(ANS) (Table S23). Among the top 50 genes identified in this network, we observed drought-related 250 

regulators such as PDCB3, NAC, MYB, etc (Figure 3f, Table S11). This suggesting that this gene 251 

may affect the response to drought conditions and delphinidin metabolism in Tartary buckwheat. 252 

Therefore, we selected FtDREB02 to explore further the molecular mechanism underlying the 253 

interaction between flavonoids and drought stress in F. tataricum. 254 

Overexpression of FtDREB02 contributes to delphinidin biosynthesis and drought resistance 255 

in Arabidopsis and F. tataricum. 256 

In order to explore the effect of FtDREB02 in flavonoid metabolism, we first constructed hairy 257 

roots of overexpressing FtDREB02 in F. tataricum. After 15 days of growth in the MS medium, the 258 

changes in flavonoids were detected by Liquid Chromatograph-Mass Spectrometer (LC-MS). It was 259 

found that delphinidin content increased significantly after FtDREB02 overexpression (Figure 4a, 260 

Table S12), while cyanidin concentration also showed a significant increase. The content in 261 

dihydrokaempferol, that is the dividing point of the two branches of flavonoids and anthocyanins, 262 

increased significantly after overexpression of FtDREB02. Kaempferol is the first product of the 263 



flavonol branch, and its content decreased in the overexpression (OE) lines. In addition, there were 264 

slight changes in quercetin content and a large drop in rutin, suggesting that the flavonoid synthesis 265 

pathway may shift towards anthocyanin accumulation. And following biosynthesis, 266 

leucoanthocyanidins and anthocyanidins will progressively transform into catechins, epicatechins, 267 

and other proanthocyanidins through reduction, polymerization, and other processes. Our 268 

hypothesis was further supported by the results, with these chemicals rising to varied degrees 269 

(Figure 4a, Table S12). By adding 20% PEG 6000 treatment to the MS medium to simulate drought 270 

stress, after 30 days of culture, we found that, despite the low amount of metabolites accumulated 271 

in the hairy roots due to the early growth stage, the delphinidin content in the OE lines was 272 

significantly higher than that of Agrobacterium rhizogenes A4 control lines. And the substances 273 

synthesis of OE lines converged towards the anthocyanin branch (Figure 4a, Table S12). These 274 

indicated that FtDREB02 mediated the synthesis of flavonoids and promoted the anthocyanin 275 

accumulation in F. tataricum, especially the increase of delphinidin. 276 

To investigate the potential role of FtDREB02 under drought stress in buckwheat, we observed 277 

the physiological changes of hairy roots after 20% PEG 6000 treatment. After culturing in MS 278 

containing 20% PEG for 30 days, it was found that OE lines had higher biomass compared to A4 279 

control lines (Figure 4b-c, Table S13). When plants respond to environmental stress, the cell 280 

membrane will be subjected to membrane peroxidation, thereby producing malondialdehyde 281 

(MDA), and the MDA content can reflect the degree of damage to the plant cell (Wu et al., 2017). 282 

We observed that the MDA and antioxidant enzyme contents in hairy roots increased dramatically 283 

after 20% PEG 6000 treatment compared with normal culture, with the MDA content of OE lines 284 

being lower than that of the control (Figure 4d, Table S13), while the antioxidant enzyme content 285 

was higher (Figure 4e-g, Table S13). Furthermore, we observed the opposite results after silencing 286 

FtDREB02 in Tartary buckwheat seeds, namely, a decrease in delphinidin content and an increase 287 

in sensitivity to osmotic stress (Figure S11, Table S14). These reciprocal phenotypes collectively 288 

support the pivotal role of FtDREB02 in regulating both secondary metabolism and stress response 289 

pathways in buckwheat. 290 

In order to better understand the role of FtDREB02 in the plant, we constructed FtDREB2 291 

transgenic Arabidopsis and evaluated their tolerance to 150 mM mannitol. There was no significant 292 

difference in germination ratio between the OE lines and Col-0 under normal conditions and 150  293 

mM mannitol treatment (Figure S12, Table S15). However, after one week of 150 mM mannitol 294 

treatment, the root length of OE lines exceeded that of Col-0 (Figure 5a-b, Table S16). we assessed 295 

the drought tolerance of transgenic plants in natural drought condition, and found that higher 296 

survival rates in OE lines compared to Col-0 (Figure 5c-d, Table S17). After drought treatment, the 297 

MDA content of both Col-0 and OE lines increased, but the MDA content of FtDREB02 transgenic 298 

plants increased less and was significantly lower than that of the control group (Figure 5e, Table 299 

S17), indicating that FtDREB02 overexpression mitigated cell membrane damage in Arabidopsis. 300 

Moreover, antioxidant enzyme activity was enhanced in OE lines compared to Col-0, with catalase 301 

(CAT), Superoxide Dismutase (SOD), and Peroxidase (POD) levels being significantly higher 302 

(Figure 5f-h, Table S8), that is, the antioxidant capacity was enhanced. This was further confirmed 303 

by DAB and NBT staining (Figure S13). The results demonstrated that FtDREB02 overexpression 304 

enhances the drought resistance in Arabidopsis. The above results revealed that overexpression of 305 

FtDREB02 reshaped the synthesis pathway of flavonoid compounds in buckwheat, promoted 306 

delphinidin biosynthesis, and enhanced drought tolerance. 307 



Identification of FtDREB02 target genes by DAP-seq and PEG transcriptome 308 

Through transiently transfecting a FtDREB02-GFP fusion protein into tobacco leaves, we 309 

observed that the gene was localized in the nucleus (Figure S14), which implies that it can influence 310 

the physiological and biochemical processes in plants by regulating the expression of downstream 311 

genes. To identify direct target genes regulated by FtDREB02, we initially utilized DAP-seq 312 

technology to generate candidate lists. With a p-value threshold of <0.01 as the cutoff, 26,647 313 

putative binding sites were detected (Table S18). The distribution patterns of these peaks in the 314 

genetic region were further analyzed, covering the gene bodies, 2kb upstream of TSS to 2kb 315 

downstream of the translation termination site (TTS). About 27% of the peaks were located in the 316 

gene region, of which 14.75% were in the promoter region, 3.93% in the exon and 3.12% in the 317 

intron region (Figure 6a). The 2kb flanking sequences around each peak were analyzed to identify 318 

the potential binding motifs of FtDREB02. It was found that the motif with 319 

TACAT/CCC/AAAAT/GTCA/GC/G (E value = 1x10-34) as the core was highly enriched. In 320 

addition, the GCC motif and DRE motif with the core sequence of CGACCCTGCCGCGCC (E 321 

value = 1x10-18) and the DRE motif with the core sequence of CTAGTCGCCGACGCT (E value 322 

= 1x10-12) were also identified (Figure 6c). KEGG enrichment analysis was further performed to 323 

identify biological processes potentially associated with FtDREB02 binding sites. The results 324 

demonstrated significant enrichment in multiple biosynthesis and metabolic pathways, with 325 

secondary metabolite biosynthesis showing the highest enrichment (Figure 6b, Table S19). 326 

Pathways including amino acid biosynthesis and metabolism, flavonoid biosynthesis, Sugar 327 

metabolism and alkaloids biosynthesis were also significantly enriched (Figure 6b). These findings 328 

provide additional support for the involvement of FtDREB02 in the biosynthesis of flavonoid 329 

compounds. 330 

FtDREB02 was shown to regulate the delphinidin biosynthesis, which is affected by several 331 

key genes (Figure 4a). We hypothesized that FtDREB02 regulates the flux of metabolites through 332 

different branches by activating the expression of specific enzyme genes involved in this pathway, 333 

such as flavonol synthase (FLS), dihydroflavonol 4-reductase (DFR), and anthocyanidin synthase 334 

(ANS), flavonoid 3', 5'-hydroxylase(F3'5'H), etc, (Sharma et al., 2022; Guo et al., 2023). Therefore, 335 

we screened the putative target gene according to the following criteria: binding peaks identified by 336 

DAP-seq located in the promoter region; co-clustering with FtDREB02 in the PEG transcriptome; 337 

genes with catalytic associations with key enzymes in the delphinidin biosynthesis pathway (Figure 338 

6d-e, Table S18, S20). Among the selected candidate genes, only one anthocyanin synthase gene, 339 

named FtANS (ID: FtPinG0100809600.01.T01), met the above criteria and was selected for further 340 

analysis, which converts leucoanthocyanidins into anthocyanidins, including cyanidin, delphinidin 341 

and pelargonium. 342 

FtDREB02 directly activates FtANS expression 343 

We speculated that FtDREB02 regulates gene expression by directly binding to the DRE 344 

element on the promoter of the target gene. Thus, we analyzed the 2kb sequence upstream of the 345 

TSS of FtANS and found two DRE elements, of which the element at -713bp upstream of ATG was 346 

located near the DAP-seq binding peak (Table S18). This suggests that FtDREB02 may regulate the 347 

FtANS expression by binding to the DRE element, which was confirmed by EMSA experiments 348 

(Figure 7c). The effect of FtDREB02 on the FtANS promoter was further studied by dual luciferase 349 

assay. The results showed that the addition of FtDREB02 protein significantly enhanced the activity 350 

of the promoter compared with the empty plasmid (Figure 7a-b, Table S21), indicating that 351 



FtDREB02 can activate the promoter of the FtANS gene by binding to the DRE element. In 352 

transgenic hairy roots overexpressing FtDREB02, qRT-PCR detected that the expression of FtANS 353 

was significantly upregulated (Figure 7d-e, Table S22). The above results indicates that FtDREB02 354 

upregulates FtANS expression by directly targeting its DRE element on the promoter, thereby 355 

interfering with the catalytic synthesis of metabolites, promoting the increase of delphinidin content, 356 

and thus improving the drought resistance in F. tataricum (Figure 7f). 357 

DISCUSSION 358 

The DREB family has attracted our attention due to its significant role in abiotic stress (Zhu, 359 

2016; Zhang et al., 2022; Mei et al., 2022; Vonapartis et al., 2022; Kidokoro et al., 2023; Zhang et 360 

al., 2024). In buckwheat, only the promoter of FeDREB1 has been identified in F. esculentum as 361 

being induced by cold and drought stress so far, while no related reports exist for F. dibotrys and F. 362 

tataricum (Fang et al., 2015). In addition, researchers have studied the AP2/ERF family, but their 363 

research work was limited to F. tataricum (Liu et al., 2019). Therefore, we utilized the genomes of 364 

three representative species — F. dibotrys, F. tataricum, and F. esculentum — and identified 36 365 

FdDREBs, 52 FeDREBs and 46 FtDREBs in these species, respectively. The number of DREB genes 366 

varies in different buckwheat species, and the number of genes in F. dibotrys is the least, which may 367 

be related to the genetic evolution among the three species. For instance, gene duplication events 368 

occurred due to external pressure and self-regulation during the evolution process of the wild species 369 

into the cultivated species, increasing the number of genes in cultivated species (Zhang et al., 2021; 370 

He et al., 2022). Gene duplication is considered to be a key mechanism driving biological evolution, 371 

mainly including transposons, tandem duplications and segmental duplications (Ober, 2005; Flagel 372 

and Wendel, 2009; Liang and Schnable, 2018). Among them, segmental duplication is considered 373 

to be the main driving force for the expansion of many gene families, which is consistent with the 374 

results of the expansion analysis of the DREB family in buckwheat. We observed a higher number 375 

of segmental duplications in F. tataricum and F. esculentum compared to F. dibotrys. Considering 376 

their phylogenetic relationships and distinct ecological distributions, we speculate that segmental 377 

duplications in the DREB family may have played a role in environmental adaptation during 378 

buckwheat evolution. Nearly all of the DREBs duplicate gene pairs in buckwheat have Ka/Ks values 379 

lower than 1, suggesting that the DREB family has experienced significant negative selection during 380 

the evolution of buckwheat to eliminate harmful mutations, thereby adapting to changes in the 381 

unfavorable external environment (Liu et al., 2008). In the CREs prediction, we discovered that 382 

abiotic stress response elements are not limited to a specific grouping, indicating that the functions 383 

within the group are not entirely consistent, and there may be functional redundancy or the influence 384 

of gene interaction networks (Kizis and Pagès, 2002; Agarwal et al., 2017; Hu et al., 2022). In 385 

addition, we found that the difference in numbers between groups is large. This may be related to 386 

specific environmental conditions during the evolution of species, such as adapting to adverse 387 

external conditions through various gene duplication events to achieve functional superposition or 388 

weakening (Magadum et al., 2013). Therefore, the specific functions and contributions of DREB 389 

genes in each group remain to be further verified. 390 

Tissue specificity and expression profiles of genes after different treatments help to better 391 

understand the potential functions of genes (Shi et al., 2021; Yaschenko et al., 2022), and the specific 392 

expression of DREB genes in roots drew our attention to flavonoids in Tartary buckwheat (Figure 393 

2b, S7). As a result, we screened candidate genes from flavonoids mGWAS and drought GWAS. It 394 

turned out that FtDREB02 mediated the delphinidin biosynthesis of hairy roots in F. tataricum and 395 



enhanced drought tolerance in hairy roots of Tartary buckwheat and Arabidopsis (Figure 4a-c, 5b-396 

d). The involvement of anthocyanins in plant resistance to drought stress has been reported in many 397 

species (Hinojosa-Gómez et al., 2020; Ren et al., 2023). For example, ABA signaling promotes 398 

anthocyanin biosynthesis by inducing the expression of AcUFGT in Aristotelia chilensis, thereby 399 

enhancing plant drought resistance (González-Villagra et al., 2019). MdERF38 responds to drought 400 

stress and interacts with MdMYB1 to target anthocyanin biosynthesis genes in apple (An et al., 2020). 401 

We also observed that after FtDREB02 overexpression in hairy roots and Arabidopsis, the 402 

antioxidant enzyme content rose, the cell damaged level decreased, and the tolerance to drought was 403 

markedly enhanced. Our transgenic Tartary buckwheat hairy root system revealed coordinated 404 

upregulation of drought-responsive genes, including the ABA receptor FtPYR, cell wall-associated 405 

kinase FtWAK, and the ROS-scavenging enzyme FtAPX (Figure S15, Table S10) (Mittler and 406 

Zilinskas, 1994; Santiago et al., 2009; Li et al., 2025). These findings, combined with the established 407 

role of anthocyanins in ROS detoxification and abiotic stress protection, support a dual mechanism 408 

of FtDREB02-mediated drought tolerance: (1) modulation of delphinidin levels for enhanced ROS 409 

scavenging capacity, and (2) transcriptional activation of drought-response genes coupled with 410 

increased antioxidant enzyme activity. This suggests that FtDREB02 can be used as a candidate 411 

gene with application value in future breeding work. Unlike previous studies that focused on a single 412 

stress response, our study showed that FtDREB02 integrates multiple pathways, including flavonoid 413 

biosynthesis and antioxidant defense pathways, to improve plant drought tolerance. This dual role 414 

highlights the potential of FtDREB02 as a candidate gene for breeding drought-resistant buckwheat 415 

varieties. However, we observed that after overexpressing FtDREB02 in Arabidopsis, the transgenic 416 

lines had shortened vegetative growth, an early onset of reproductive growth, poor anther 417 

development, smaller seeds, and lower yield (Figure S16, Table S23). This is in line with the 418 

findings of numerous studies, which show that overexpressing the resistance gene can increase the 419 

survival rate of plants in unfavorable circumstances while inhibiting its growth and development in 420 

favorable ones (Kim et al., 2004; Fujita et al., 2005; Zhang et al., 2020; Li et al., 2021). 421 

To achieve a multi-level response to abiotic stress, induced DREBs can control the expression 422 

of several target genes with pertinent interaction sites in the promoter (Agarwal et al., 2017; Mei et 423 

al., 2022). In this work, we enriched the core sequences contained in the promoters of target genes 424 

through DAP-seq, especially the highly enriched DRE elements, and also confirmed that FtDREB02 425 

promoted the FtANS expression by directly binding to the DRE element on the promoter. In fact, 426 

since the flavonol content dropped in FtDREB02 transgenic hairy roots, we also analyzed the key 427 

genes in the flavonol biosynthesis pathway. We found that FtDREB02 significantly inhibited the 428 

promoter activity of FtFLS and dramatically down-regulate its expression (Figure S17, Table S22). 429 

Although a significant down-regulation of FtF3'5'H was observed in FtDREB02 transgenic hairy 430 

roots, FtDREB02 had no significant effect on its promoter in the transactivation assay (Figure S17, 431 

Table S22), which may be related to other interacting proteins. It is speculated that FtDREB02 may 432 

prevent the synthesis of flavonols by targeting the FtFLS promoter and promote the buildup of 433 

naringenin substrates toward anthocyanins. This is contrast with the earlier research showing 434 

flavonols could increase plant resilience to drought (Zhang et al., 2021; Yang et al., 2023; Du et al., 435 

2024). Experiments are still needed to confirm whether this conjecture is accurate. While our study 436 

primarily elucidates the role of FtDREB02 in regulating delphinidin biosynthesis, DAP-seq analysis 437 

suggests this transcription factor may orchestrate a broader drought response network. Specifically, 438 

we identified FtDREB02 potential regulating established drought-responsive genes including 439 



FtPYR, FtWAK and FtAPX – all also co-expressed in the WGCNA Blue3 module and upregulated 440 

in transgenic hairy roots (Figure S15; Table S10) (Mittler and Zilinskas, 1994; Santiago et al., 2009; 441 

Li et al., 2025). These findings position FtDREB02 as a potential hub integrating flavonoid 442 

metabolism with systemic drought adaptation. 443 

In fact, the Arabidopsis homolog DREB2A has been reported to significantly enhance drought 444 

tolerance while inhibiting plant growth, which aligns with the performance of FtDREB02 in Tartary 445 

buckwheat (Liu et al., 1998; Sakuma et al., 2006). The function of DREB2A has been characterized 446 

in numerous species including rice (Cui et al., 2011), maize (Qin et al., 2007), wheat (Karki et al., 447 

2013), cowpea (Sadhukhan et al., 2014), Picea wilsonii (Huang et al., 2024), Pennisetum glaucum 448 

(Meena et al., 2022), apple (Li et al., 2023), etc. Its overexpression enhances plant tolerance to 449 

abiotic stresses, particularly drought and heat (Qin et al., 2008), demonstrating functional 450 

conservation of DREB2A across species. Although many studies have investigated DREB proteins 451 

in relation to metabolites, the regulation of flavonoids by DREB2A remains unclear. Under water 452 

deficit conditions, overexpression of GmDREB2A alters the metabolic profile in soybean, notably 453 

increasing phenylalanine content—the precursor of phenylpropanoid metabolism (Marinho et al., 454 

2019). Compared to drought-sensitive varieties, the drought-tolerant rapeseed 'Saturnin' shows 455 

higher expression levels of both DREB2 and phenylpropanoid pathway genes, along with greater 456 

accumulation of flavonoid compounds, suggesting a potential role of DREB2 and flavonoids in 457 

improving plant water deficit tolerance (Lee et al., 2023). In this study, we demonstrate that the 458 

buckwheat FtDREB02 gene not only enhances reactive oxygen species scavenging capacity under 459 

drought conditions, but also improves tolerance to water deficit by promoting delphinidin 460 

biosynthesis. These findings provide new insights into the functional characteristics of DREB2 in 461 

plants. In conclusion, this study has expanded our knowledge of the genetic evolution of the DREB 462 

family in buckwheat species and deepened our understanding of the impact of buckwheat DREB 463 

genes on delphinidin synthesis and plant drought resistance. In addition, it also provided excellent 464 

genetic resources for breeding new buckwheat varieties with abundant active substances and strong 465 

drought resistance. 466 

MATERIALS AND METHODS 467 

Genome-wide identification of the DREB genes in three buckwheat species 468 

AtDREBs genes were used to identify candidate DREB genes via BLASTP search with an E-469 

value of 1 × 10−5 using the whole genome database from F. dibotrys, F. esculentum and F. tataricum 470 

(Zhang et al., 2017; He et al., 2022; Lin et al., 2023). The Hidden Markov Model (HMM) profile of 471 

the AP2 domain (PF00847), obtained from the protein family database (Pfam) 472 

(http://pfam.xfam.org/), was used to identify DREB gene members in buckwheat species using the 473 

HMM search function within ToolKit Biologists Tools (TBtools) software (https://github.com/CJ-474 

Chen/TBtools). These candidate proteins were retrieved from both NCBI Conserved Domain 475 

Database (https://www.ncbi.nlm.nih.gov/cdd/) and Interpro database 476 

(https://www.ebi.ac.uk/interpro/) to confirm the presence of the AP2 domain and key amino acids 477 

within their sequences. The confirmed DREB genes were renamed according to their positions on 478 

chromosomes. The physicochemical properties – protein length, transmembrane structures, 479 

topology, molecular weight (MW), and isoelectric point (pI), were assessed by TMHMM 2.0 - DTU 480 

Health Tech - Bioinformatic Services (TMHMM ，481 

https://services.healthtech.dtu.dk/services/TMHMM-2.0/), and the ExPASy Prot-Param tool 482 

(https://web.expasy.org/compute_pi/), respectively. Finally, the subcellular localization of the 483 



protein was determined by the WoLF PSORT (https://wolfpsort.hgc.jp/). 484 

Multiple sequence alignment, conserved domain analysis, and phylogenetic tree construction  485 

The TAIR database (https://www.arabidopsis.org/) provided the genome-wide data of 486 

Arabidopsis (Huala, 2001). MEGA7.0 was used to perform multiple sequence alignment and build 487 

the phylogenetic tree using maximum likelihood (ML) with the Poisson model, and Genedoc3.2 488 

was used to show the outcomes. The AlphaFold protein structure database 489 

(https://alphafold.ebi.ac.uk/entry/Q9SVX5) provided the three-dimensional structure of the 490 

conserved domain of AP2. The DREBs conserved sequence was visualized with the online website 491 

Weblogo 3 (https://weblogo.threeplusone.com/create.cgi). The 3-D structure of FtDREB02 was 492 

predicted online via Alphfold 3 (https://golgi.sandbox.google.com/) and visualized with Discovery 493 

software. 494 

Gene structure, motif, and cis-element analysis of DREB family 495 

Multiple Em for Motif Elicitation (MEME, https://meme-suite.org/meme/) and NCBI CDD 496 

search (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) were employed to predict 497 

conservative motifs and conservative domains, respectively. Plantcare 498 

(https://bioinformatics.psb.ugent.be/webtools/plantcare/html/) was used to predict promoter 499 

(default is 2kb upstream of the transcription start site (TSS)) elements in plant. TBtools facilitated 500 

the visualization of these results (Chen et al., 2020).  501 

Analysis of gene expression in different tissues and under 20% PEG 6000 treatment. 502 

Transcriptome datasets of F. dibotrys, F. esculentum, and F. tataricum were downloaded from 503 

NCBI (Hou et al., 2021; Huang et al., 2021; He et al., 2022; Lin et al., 2023). Tissues for Tartary 504 

buckwheat were sampled during grain-filling phase under field conditions (Shanxi, 34°36′N) (Hou 505 

et al., 2021); Golden buckwheat was collected in Changping base, Beijing in mid-July (He et al., 506 

2022); Commen buckwheat represent standard tissue from greenhouse-grown plants in Sichuan 507 

University of Chengdu (Lin et al., 2023). The DREBs expression profiles were then visualized, and 508 

the log2 scale was chosen for analysis using TBtools. Cluster analysis was performed using Rstudio 509 

software with default settings for 10 cluster according to predecessors (He et al., 2024).  510 

Co-expression networks were constructed using the WGCNA package (v1.73) in R following 511 

established methodologies (Langfelder & Horvath, 2008). Briefly, a soft-thresholding power (β) of 512 

18 was selected based on scale-free topology criterion (R² > 0.8) to construct an adjacency matrix. 513 

Topological overlap matrix (TOM) was then generated to measure network interconnectedness, with 514 

modules identified using dynamic tree cutting (minimum module size = 50 genes). Module-trait 515 

associations were calculated by correlating module eigengenes with phenotypic traits (P < 0.05). 516 

The gene of interest, FtDREB02, was extracted as the first principal component for downstream 517 

analysis. 518 

GWAS analysis 519 

GWAS (and mGWAS) were conducted to identify genomic loci and metabolic traits associated 520 

with drought resistance in plants. The analysis included 10x and 30x genome resequencing data, 521 

expression profiles of key metabolites, and phenotypic traits from Tartary buckwheat (Zhang et al., 522 

2021; Zhao et al., 2023; Lai et al., 2024; He et al., 2024). Association analysis was performed using 523 

the Efficient Mixed-Model Association eXpedited program (EMMAx) and factored spectrally 524 

transformed linear mixed models (FaST-LMM). 525 

Quantitative real-time PCR analysis 526 

RNA extraction was performed using RNA Easy Fast Plant Tissue RNA Extraction Kit (DP452, 527 



Tiangen) according to the manufacturer's instructions. Reverse transcription reactions were carried 528 

out using the HiScriptIII 1st Strand cDNA Synthesis Kit (+gDNA wiper) (R323-01, Vazyme). qRT–529 

PCR was performed using the ChamQ Universal SYBR qPCR Master Mix (Q711-02, Vazyme) 530 

following the manufacturer’s protocol. Three independent RNA samples were used as biological 531 

replicates for each target gene analysis. The Ct values obtained from the qRT-PCR reactions were 532 

analyzed using the 2 − (ΔΔCt) method. For specific primer sequences, details are provided in Table 533 

S24. 534 

Gene clone and transgenic hairy roots of Tartary buckwheat and Arabidopsis generation 535 

The FtDREB02 fragment was amplified from the cDNA of ‘PinKu’ using specific primers and 536 

cloned into the pCAMBIA1307-MYC vector via BamHI and HindIII restriction sites, and 537 

subsequently transformed into Arabidopsis (Columbia-0) and hairy roots explants of Tartary 538 

buckwheat by agrobacterium infection (Clough and Bent, 1998; Zhang et al., 2018; Li et al., 2019). 539 

pGreen 0029-GFP was used to construct the subcellular localization vector with EcoRI and XmaI 540 

sites. Specific primers are shown in Table S24. 541 

Subcellular localization 542 

The GV3101 monoclone containing fluorescence markers 35S::GFP: FtDREB02 and NLS-543 

mCherry was propagated in LB medium (containing 50ug/ml rifamycin and 100ug/ml kanamycin) 544 

until an optical density on OD600=0.8-1.2 at 37℃, with rotational speed of 220 r/min. Collecting the 545 

bacteria by centrifugation, resuspend the pellet with MES suspension (10 mmol/L MES+10 mmol/L 546 

MgCl2+200 umol/L acetosyringone), centrifugated and discard the supernatant, repeated twice. The 547 

bacterial pellet was resuspended at an optical density of OD600=0.6-0.8, stored in the dark for 1-2 548 

hours. Nicotiana benthamiana of 4-6 weeks was used for agrobacterium injection. The plants were 549 

cultured in the dark at 25℃ for 24 hours and then transferred to light/dark cycles (16h/8h) for 48 550 

hours. The fluorescence signal was observed using a laser scanning confocal fluorescence 551 

microscope 900 (ZEISS). See Table S24 for primer design. 552 

Drought treatment with Arabidopsis and hair root of Tartary buckwheat 553 

Arabidopsis seeds were planted on sterilized 1/2 MS plates containing either 150 mM mannitol 554 

or no mannitol, placed in a growth chamber at 4°C for 2-3 days and then transfer to standard growth 555 

conditions (25°C). After 7 days, seed germination was monitored and counted. There were 4 lines 556 

on each plate (1 WT line + 3 OE lines), 27 full seeds were used for each line, at least 5 plates were 557 

used for each experiment, and the experiment was repeated three times.  558 

Arabidopsis seedlings grown on 1/2 MS plates for 3-5 days were transferred vertically onto 559 

new 1/2 MS plates with or without 150 mM mannitol. The medium was prepared in advance to 560 

ensure consistent growth conditions. Arabidopsis root length was measured after 1-2 weeks. There 561 

were 4 lines on each plate (1 WT line + 3 OE lines), and each line used 3 newly germinated seedlings 562 

with consistent growth and root length. There were at least 10 plates for each experiment, and the 563 

experiment was repeated three times. 564 

After 10 days of germination on 1/2 MS plates, Arabidopsis seedlings were transferred to soil 565 

and then placed in standard growth conditions (25°C , 16 h light/8 h dark, 60-80% relative humidity). 566 

After 3 weeks of soil growth, plants were thoroughly watered, and drought stress was initiated by 567 

withholding water for up to 2 weeks. Phenotypic changes, such as visible wilting, leaf curling, and 568 

chlorosis, were monitored daily. Samples were collected when most plants displayed clear wilting 569 

symptoms. No rewatering was performed prior to sampling.  570 

Two-centimeter-long Tartary buckwheat hairy roots with consistent growth were cultured in 571 



MS liquid medium supplemented with or without 20% PEG 6000. After a 30 days growth period at 572 

standard conditions (25°C, 120 rpm), samples were collected for gene (FtDREB02, FtANS, FtFLS, 573 

FtF3’5’H) expression detection, fresh weight, LC-MS and physiological measurement. 574 

Hydroponically-grown Tartary buckwheat (F. tataricum, cultivated variety ‘PinKu’) seedlings 575 

were maintained for 7 days under controlled conditions (25°C, 16-h-light/8-h-dark photoperiod). 576 

Uniform seedlings were selected and treated with 20% (w/v) PEG-6000 solution. Plant samples 577 

were collected at 0, 1, 3 and 6 h post-treatment, immediately flash-frozen in liquid nitrogen for 578 

subsequent gene (FtDREB02, FtPYR, FtWAK, FtAPX) expression detection, and stored at -80°C. 579 

Three biological replicates were analyzed per time point.  580 

Metabolites detection 581 

The qPCR analyses (Figure 7d-e) and HPLC-based delphinidin measurements (Table S12) 582 

were performed using aliquots from the same biological samples (n=3 independent transgenic 583 

events). The extraction and analysis of metabolites from hair root samples were performed under 584 

the same experimental methods as previous studies (Zhang et al., 2021; Gao et al., 2025). Each 585 

sample was prepared as follows: the fresh material was placed at 65°C overnight, and then grinded. 586 

0.1 g of powder was weighted and dissolved in 10 mL of 80% methanol. Following ultrasound 587 

assisted extraction at 40°C for 45 minutes with 40 kHz, the samples were filtered through an 0.22 588 

um organic microporous membrane before LC-MS analysis (Agilent G6500 series HPLC-QQQ). 589 

Each sample had three independent biological replicates. 590 

Tartary buckwheat seeds were ground into a fine powder using a mortar. Exactly 0.1 g of the 591 

powder was weighed into a 15 ml centrifuge tube and dissolved in 10 ml of 80% methanol. 592 

Extraction was assisted by sonication, with all specific parameters and subsequent steps being 593 

consistent with those described above. Three independent biological replicates were performed for 594 

each germplasm. 595 

Physiological measurements 596 

0.1 g of fresh sample was weighed and placed in a 2 ml EP tube, quickly frozen in liquid 597 

nitrogen, and ground into powder. The contents of MDA (BC0025, Solarbio), CAT (BC0205, 598 

Solarbio), POD (BC0095, Solarbio) and SOD (BC0175, Solarbio) were determined following the 599 

manufacturer ’s protocol. DAB and NBT staining were performed according to the manual of 600 

Nitroblue Tetrazolium Chloride (CN7731, Coolaber) and 3'3-diaminobenzidine tetrahydrochloride 601 

(CD4181, Coolaber). 602 

Dual luciferase assay 603 

2kb promoter regions of genes (FtANS, FtFLS, and FtF3’5’H) were amplified via PCR and 604 

cloned into the pGreenII 0800-LUC vector, while the CDS of FtDREB02 was inserted into the 605 

pGreenII 62-sk plasmid. Transcriptional activation analysis was performed using N. benthamiana 606 

leaves. The Renilla luciferase (REN) gene was used as an internal normalization control, with 607 

LUC/REN ratio measurements performed under triplicate biological conditions. Detailed primer 608 

sequences are provided in Table S24. 609 

Electrophoretic mobility shift assay (EMSA) 610 

The CDS sequence of FtDREB02 was cloned into the Puc57-Halo vector and expressed protein 611 

as described previously (Song et al., 2024). Biotin-labeled probes were designed based on the FtANS 612 

promoter, and the experiment was performed using the LightShift EMSA kit (Thermo Fisher 613 

Scientific, Waltham, MA, USA). The specific probe sequences are listed in Table S24. 614 

DAP-seq data analysis 615 



DAP-seq experiments were performed according to previously described protocols (Li et al., 616 

2023). Sequencing technology was provided by Annoroad Gene Technology (China). Peak calling 617 

was processed using bedtools bamtobed (Quinlan and Hall, 2010), followed by macs2 normalization 618 

(Zhang et al., 2008). Peaks were associated with the nearest gene model in the F. tataricum genome 619 

annotation file using the BioConductor package ChIPseeker under default parameters (Yu et al., 620 

2015). HOMER was used for motif discovery (Heinz et al., 2010).  621 

KEGG analysis 622 

KEGG pathway enrichment analysis was performed using the OmicShare server 623 

(https://www.omicshare.com/) and default parameters. The input gene list was tested against the 624 

fully annotated genome background using Fisher's exact probability method, and the resulting p-625 

values were corrected using the Benjamini-Hochberg method. Pathways with FDR < 0.05 were 626 

considered significantly enriched. 627 

Virus-induced gene silencing (VIGS) assay 628 

For VIGS construct preparation, a 300-bp gene-specific fragment was amplified using primers 629 

Ftdreb02-F/R (Table S24) and subsequently cloned into the pTRV2 vector to generate the 630 

recombinant pTRV2-Ftdreb02 plasmid. The empty vectors (pTRV1 and pTRV2) along with the 631 

recombinant pTRV2-Ftdreb02 were individually transformed into strain GV3101. Positive clones 632 

were selected and cultured to an OD600=0.8-1.0, then resuspended in infiltration buffer to adjust 633 

the OD600=0.8. Equal volumes of pTRV1 and either pTRV2 or pTRV2-Ftdreb02 suspensions were 634 

mixed and incubated in darkness for 2 h prior to plant infection. Surface-sterilized buckwheat seeds 635 

were carefully decoated and immersed in the bacterial suspension, followed by gentle agitation on 636 

a rotary shaker for 20-30 min. After infection, seeds were rinsed 5-6 times with sterile water, placed 637 

on moist filter paper, and maintained in darkness for 48 h before transfer to standard growth 638 

conditions (16-h light/8-h dark photoperiod at 25°C). 639 

To assess silencing efficiency, randomly selected 12-day-old seedlings were subjected to gene 640 

expression analysis. Subsequently, 13-15-day-old seedlings were measured for delphinidin content 641 

using previously described methods and treated with 20% PEG-6000 for 6 h to impose osmotic 642 

stress. All experiments were performed with three biological replicates, with each replicate 643 

containing at least 10 individual plants per treatment group.  644 

Statistics 645 

GraphPad Prism 10.1.2 software was used to conduct the anova analysis and student t-tests of 646 

variance. Quantitative data are expressed as mean ± SD from triplicate biological experiments (n 647 

= 3 at least), with statistical significance indicated by asterisks (*P < 0.05, **P < 0.01, ***P < 0.001). 648 
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esculentum. 678 

Figure S8 mGWAS for delphinidin. (a)10x and (b) 30x mGWAS Manhattan plot of delphinidin 679 

content. (c) 10x and (d) 30x QQ-plot for delphinidin mGWAS. 680 

Figure S9 Transcriptome heat map of GWAS co-localized genes under 20% PEG stress. The 681 

gradient color scale from olive green (Hex: #006666) to saddle brown (Hex: #993300) indicates the 682 

continuum of gene expression levels, with light green representing low expression (normalized 683 

log2FC≤-1) and dark brown denoting high expression (normalized log2FC≥1). 684 

Figure S10 Sequence alignment of FtDREB02 homologous genes within three buckwheat species. 685 

(a) F. dibotrys (b) F. esculentum (c) F. tataricum. 686 

Figure S11. Virus-induced gene silencing of FtDREB02 in Tartary buckwheat seedlings. (a) Relative 687 

expression levels of FtDREB02 in silenced lines (dreb1, dreb2, and dreb3) compared with control 688 

plants. (b) Delphinidin content in negative control and silenced lines. (c) Phenotypic characteristics 689 

of negative control and silenced lines after 6 hours of 20% PEG-6000 osmotic stress treatment. (d) 690 

DAB staining of Tartary buckwheat seedlings following osmotic stress exposure. Data represent 691 

mean ±  SD from at least three independent biological replicates for each group. Statistical 692 

significance was determined by Student’s t-test (P < 0.05, *P < 0.01, ***P < 0.0001). 693 

Figure S12 Seed germination of Arabidopsis under normal MS conditions and 150 mM mannitol 694 

treatment. Data represent mean ± SD from at least three independent biological replicates for each 695 

group. Statistical significance was determined by Student’s t-test (P < 0.05, *P < 0.01, ***P < 696 

0.0001). 697 

Figure S13 DAB and NBT staining of Arabidopsis leaves after natural drought stress. The black bar 698 

is 1 cm. 699 

Figure S14 Subcellular localization of FtDREB02. 700 

Figure S15 Drought-responsive gene expression in FtDREB02-overexpressing hairy roots. Data 701 



represent mean ±  SD from at least three independent biological replicates for each group. 702 

Statistical significance was determined by Student’s t-test (P < 0.05, *P < 0.01, ***P < 0.0001). 703 

Figure S16 Phenotypic changes of FtDREB02 overexpression in Arabidopsis. (a) Differences in 704 

growth and development between Col-0 and FtDREB02-OE lines under normal growth conditions. 705 

(b-c) The seeds phenotype of Col-0 and FtDREB02-OE lines grown in normal conditions. Black bar 706 

is 0.5 cm. (d-f) Seed length, width and hundred grain weight of Col-0 and FtDREB02-OE lines as 707 

described in (b-c). Data represent mean ± SD from at least three independent biological replicates 708 

for each group. Statistical significance was determined by Student’s t-test (P < 0.05, *P < 0.01, ***P 709 

< 0.0001). 710 

Figure S17 The effect of FtDREB02 on FtFLS and FtF3’5’H. The relative expression of FtFLS (a) 711 

and FtF3’5’H (b) in A4 control lines and OE-FtDREB02 hair root. (c-e) Measurement firefly 712 

luciferase (LUC) and renilla luciferase (REN) activitie. Data represent mean ± SD from at least 713 

three independent biological replicates for each group. Statistical significance was determined by 714 

Student’s t-test (P < 0.05, *P < 0.01, ***P < 0.0001). 715 
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 1079 

Figure 1 Identification of the DREB family in F. dibotrys, F. tataricum, F. esculentum, and A. thaliana. 1080 

(a) 3-D structural model of the DREB family from the AlphaFold protein structure database. (b) A magnified view of the 3-D structure of 1081 

the conserved domain of DREB. (c) Domain sequence logo of the FtDREBs protein was generated by WebLogo. The height of each symbol 1082 

within the stack represents the relative frequency of the corresponding amino acid at a given position. The β-sheet and α-helix structural  1083 

elements are positioned above their respective amino acid sequences. Conserved elements are clearly marked. (d) Phylogenetic tree of 1084 

DREB proteins in F. dibotrys, F. tataricum, F. esculentum, and A. thaliana. 1085 

 1086 



 1087 

Figure 2 Comparative synteny and expression profiles of DREBs in Fagopyrum dibotrys, F. tataricum, and F. esculentum.  1088 

(a) Syntenic relationships of DREB genes across the three species. Gray lines indicate collinear genomic regions conserved among all three 1089 

species, while red lines highlight syntenic DREB gene pairs. (b) Tissue-specific expression patterns and (c) expression dynamics under 1090 

PEG-induced drought stress of DREB genes in F. tataricum. The gradient color scale from olive green (Hex: #006666) to saddle brown 1091 

(Hex: #993300) indicates the continuum of gene expression levels, with light green representing low expression (normalized log2FC≤-1) 1092 

and dark brown denoting high expression (normalized log2FC≥1). Vertically arranged gene labels are color-coded by phylogenetic clade:  1093 

Lavender (#77509d): Group A1, Salmon pink (# b76b7f): Groups A2/A3, Sage green (# 708f8c): Group A4, Sky blue (# 366eb6): Group 1094 

A5, Goldenrod (# a89675): Group A6.1095 



 1096 

 1097 

Figure 3 Identification and Functional Characterization of FtDREB2.  1098 

(a) Local Manhattan plot of the drought-associated GWAS peak containing FtDREB2. (b) Genomic architecture of FtDREB2, showing SNP 1099 

distribution and gene structure. (c) Multiple sequence alignment of FtDREB2 homologs in Tartary buckwheat (Ft), common buckwheat (Fe) 1100 

and golden buckwheat (Fd), with red underlines highlighting the conserved AP2/ERF domain. (d) Delphinidin content variation among 1101 

representative accessions of the three buckwheat species. (e) Expression profiles of FtDREB2 in Tartary buckwheat under 20% PEG-6000-1102 

induced osmotic stress. (f) The co-expression network of the top 50 genes identified through WGCNA analysis of PEG-responsive 1103 

transcriptomes. Quantitative data are expressed as mean ± SD from triplicate biological experiments (n = 3), with statistical significance 1104 

indicated by asterisks (*P < 0.05, **P < 0.01, ***P < 0.001).  1105 



 1106 

Figure 4 FtDREB02 overexpression in hairy roots of F. tataricum. 1107 

Metabolite changes (a) and The phenotype (b) of A4 (Agrobacterium rhizogenes A4 without any plasmid) control lines and FtDREB02 1108 

overexpression lines (OE lines) of Tartary buckwheat hair root under Murashige and Skoog Medium (MS) medium without or within 20% 1109 

Polyethylene glycol 6000 (PEG 6000) treatment for 30 days.  White bars represent 1 cm. (c) Fresh weight of hairy root treated as described 1110 

in (b). Malondialdehyde (MDA) (d), catalase (CAT) (e), superoxide dismutase (SOD) (f), peroxidase (POD) (g) content of hair root under 1111 

different culture conditions. Quantitative data are expressed as mean ± SD from triplicate biological experiments (n = 3), with statistical 1112 

significance indicated by asterisks (*P < 0.05, **P < 0.01, ***P < 0.001).  1113 



 1114 

Figure 5 FtDREB02 Overexpression in Arabidopsis.  1115 

The primary root length of Col-0 and FtDREB02-OE lines grown on MS dishes without (a) and within (b) 150 mM mannitol. White bar 1116 

represents 1 cm. (c) Arabidopsis plant of Col-0 and FtDREB02-OE lines before and after natural drought stress. (d) Survival rate of Col-0 1117 

and FtDREB02-OE lines treated as described in (c). Malondialdehyde (MDA) (e), catalase (CAT) (f), superoxide dismutase (SOD) (g), 1118 

peroxidase (POD) (h) content in Col-0 and FtDREB02-OE lines treated as described in (c). Quantitative data are expressed as mean ± SD 1119 

from triplicate biological experiments (n = 3), with statistical significance indicated by asterisks (*P < 0.05, **P < 0.01, ***P < 0.001). 1120 



 1121 
Figure 6 Identification of the FtDREB02 target genes by DAP-seq and PEG transcriptome.  1122 

(a) Distribution of DAP-seq binding sites on the F. tataricum genome. (b) The top 20 pathways in KEGG enrichment analysis of genes with 1123 

DAP-seq binding peaks located within 2kb of the promoter. (c) Conservative motif enriched from recognition interval of FtDREB02 (partial 1124 

display). (d) Cluster analysis of gene expression patterns of FtDREB02 and FtANS in F. tataricum in the PEG transcriptome. (e) Venn 1125 

diagram based on downstream gene screening criteria.1126 



 1127 

Figure 7 FtANS is regulated by FtDREB02. 1128 

(a-b) Measurement of firefly luciferase (LUC) and renilla luciferase (REN) activities.  1129 

(c) EMSA shows FtDREB02 directly binds to the DRE element of FtANS promoter. 1130 

(d-e) Relative expression of FtDREB02 and FtANS in FtDREB02 transgenic hairy roots. 1131 

(f) Model diagram for FtDREB02 under drought stress. In response to drought stress, FtDREB02 attaches to the DRE element of the FtANS 1132 

promoter, regulating gene expression by activating downstream gene promoter, increasing delphinidin content, and thus enhanci ng drought 1133 

resistance. Quantitative data are expressed as mean ± SD from triplicate biological experiments (n = 3), with statistical significance 1134 

indicated by asterisks (*P < 0.05, **P < 0.01, ***P < 0.001).  1135 


