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Abstract

Tartary buckwheat, valued for its nutritious and medicinal quercetin. Following two
independent domestication events, distinct quercetin accumulation patterns have emerged
between the southwestern (SL) and northern (NL) landrace populations. However, the genetic
mechanisms underlying these metabolic divergences remain elusive. Here, we identified the
transcription factor FINAC2 through genome-wide association study (GWAS) of quercetin
content in 480 accessions of Tartary buckwheat. Haplotype analysis identified two single
nucleotide polymorphisms (SNPs) in the FtNAC2 promoterthatdefined threemajor haplotypes,
with higher promoter activity and gene expression observed in Hap2. Functional
characterization revealed that F1/NAC2 promotes quercetin accumulation in Tartary buckwheat
hairy roots and potentially serves as a multifunctional regulator influencing both drought
tolerance in buckwheat and seed size in Arabidopsis. Transcriptome co-clustering and pull-
down mass spectrometry (MS) indicated FtNAC52 as a potential regulatory partner of FtNAC2.
DNA affinity purification sequencing (DAP-seq) and quantitative reverse transcription PCR
(qRT-PCR) analyses demonstrated that FtNAC2 promoted quercetin biosynthesis by
upregulating FtF3°H and FtF3°5 H genes. Collectively, our results elucidated how FtNAC2

influences quercetin content variation in Tartary buckwheat, providing molecular insights into
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the differential quercetin accumulation between cultivated populations.

Key words: Tartary buckwheat, quercetin, promoter variation

Introduction

Quercetin, a flavonoid involved in the phenylpropanoid pathway, is widely distributed in vegetables,
fruits, cereals, and medicinal plants, serving as an essential dietary component with significant
nutraceutical value (Ho et al., 2024). This bioactive compound indeed exhibits diverse
pharmacological properties including antioxidant, anti-inflammatory, anti-diabetic, anti-cancer, and
immunomodulatory activities, making it a potent therapeutic agent and health-promoting
phytochemical (Babaei et al., 2018; Eisvand et al., 2022; Gogoi et al., 2024). While the
pharmacological potential of quercetin is constrained in humans by its limited solubility and
bioavailability, its metabolic effectiveness is markedly improved through natural dietary
consumption (Alizadeh et al., 2023; Frent et al., 2024). Consequently, enhancing quercetin
biosynthesis in edible crops represents a viable strategy to address this pharmacological challenge

(Mirsafaei et al., 2020).

In plants, quercetin plays multifaceted roles in modulating developmental processes, stress
responses, and signaling pathways (Singh et al., 2021). This flavonoid functions as a potent
osmoprotectant, notably mitigating mannitol-induced osmotic stress to maintain seed germination
viability in Apocynum species (4. venetum and A. pictum) (Yang et al., 2021). Under environmental
stresses, quercetin regulates reactive oxygen species (ROS) homeostasis and subsequently
modulates phytohormone signaling, particularly auxin and abscisic acid (ABA) pathways (Peer and

Murphy, 2007; Brunetti et al., 2018; Jin et al., 2025).

Quercetin biosynthesis is regulated by transcription factors (TFs). For instance, the R2ZR3-MYB
transcription factor CitPH4 activates structural genes (CHS, CHI, and FMO1I) to promote quercetin,
pipolic acid (Pip), and N-hydroxypipecolic acid (NHP) biosynthesis in citrus (He et al., 2022; Huang
et al., 2023; Lu et al., 2025). VvbZIP22 enhances quercetin accumulation in grape by directly
activating the flavonol synthase gene (Liu et al., 2025). In tomato, SNAC4/9 negatively regulates
quercetin levels through modulation of phenylpropanoid pathway genes (Sun et al., 2025). These
transcription factors collectively determine the interspecies difference in quercetin abundance,

highlighting the sophisticated mechanisms of this nutritionally important metabolite.

Buckwheat (Fagopyrum spp.), an ancient pseudocereal crop, has gained increasing attention due to
its exceptional nutritional and medicinal value (Kreft et al., 2020). Among its two major cultivated
species, Tartary buckwheat ((£ tataricum)) is particularly prized as a superior source of bioactive
flavonoids, including quercetin and rutin, compared to common buckwheat (F. esculentum) (Zhu,
2016; Luthar et al., 2021; Ding et al., 2022; Zhao et al., 2023). Previous studies have revealed that

Tartary buckwheat originated in the Himalayan region before undergoing two independent
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domestication events that gave rise to distinct southwestern (SL) and northern (NL) landraces
(Zhang et al., 2021). During range expansion, environmental heterogeneity has driven adaptive
divergence between these populations. For instance, there are significant differences in precipitation
and temperature between northern and southern China, resulting in higher soil salinity in northem
China than in southern China (Liu and Wang, 2021). Notably, the higher soil salinity characteristic
of northern regions appears to have selected for increased frequency of high-expression FtPK
haplotypes, explaining the enhanced salt tolerance observed in northern landraces compared to their
southern counterparts (He et al., 2024). This adaptive radiation has been also accompanied by
genetic differentiation and concomitant metabolic reorganization of seed storage compounds (Zhao
et al., 2023; He et al., 2024). While several subpopulation-specific metabolites (e.g., emodin and
salicylic acid) showing differential accumulation patterns have been genetically characterized (Zhao
et al., 2023), the molecular mechanisms underlying quercetin accumulation remain unexplored,
representing a critical knowledge gap in understanding how genetic information shapes this

nutritionally vital pathway.

Building upon previous genome-wide association study (GWAS) of quercetin content in 480
Tartary buckwheat accessions, we identified FtNAC2 as a transcriptional activator. Haplotype
analysis and luciferase reporter assays provided preliminary evidence linking promoter variations
to quercetin accumulation. Functional validation through genetic transformation in Tartary
buckwheat hairy roots and A. thaliana confirmed its regulatory role. To unravel the molecular
mechanisms, we employed pull-down mass spectrometry, transcriptome co-expression analysis, and
fluorescence-based screening to identify potential interactors of FtNAC2. Furthermore, DAP-seq
coupled with qRT-PCR analysis revealed its downstream target genes. This study not only provides
novel genetic insights into quercetin difference among buckwheat subspecies, but also facilitate the

development of elite germplasm resources with enhanced nutritional value.

Materials and methods

Plant materials

Tissue samples were collected from two-month-old Tartary buckwheat (Fagopyrum tataricum cv.
'Pinku') plants grown in a controlled greenhouse (16-h light/8-h dark, 25°C, 60% humidity). Three
biological replicates (n=3) were analyzed per treatment, following standardized protocols (Hou et
al., 2021). For hairy root transformation experiments, we utilized two-week-old tissue-cultured

'Pinku' seedlings. 4. thaliana ecotype Columbia-0 (Col-0) served as plant transformation vector.

Genome-Wide Association Analysis (GWAS)

GWAS was performed following previously described methodologies (Zhang et al., 2021).
Candidate genes were identified within 100 kb flanking regions of significant loci, based on the
genome-wide linkage disequilibrium (LD) decay distance. Haplotype analysis of candidate genes

was conducted using Candihap software (Gao et al., 2024).



105
106
107
108
109

110
111
112
113
114
115
116

117
118
119
120
121
122
123
124

125
126
127
128
129
130
131

132
133
134
135
136
137
138
139
140
141

Phylogenetic tree construction

Phylogenetic analysis of NAC TFs was performed using protein sequences retrieved from UniProt.
Multiple sequence alignment was conducted with Clustal W in MEGA7.0, followed by phylogenetic
tree construction using the neighbor-joining method with 1000 bootstrap replicates. The resulting

tree was visualized and annotated using the iTOL online platform (https://itol.embl.de/).

Subcellular localization

The FtNAC2 gene, devoid of the stop codon, was cloned into the pPCAMBIA1305 plasmid. The
resulting recombinant plasmid was then transferred into Agrobacterium tumefaciens GV3101.
Agrobacterium harboring the empty pCAMBIA1305 plasmid served as the negative control, while
Agrobacterium carrying the pCAMBIA1300-mCherry-NLS (Nuclear Localization Sequence)
plasmid acted as the positive marker. Subsequent experimental procedures followed the established

protocols (Lai et al., 2024). Primers are shown in Table S21.

Yeast self-activation assay

Full-length and truncated sequences of FtNAC2 (1-16laa, 1-399aa, 1-539aa) were cloned
downstream of the GAL4 domain in the pGBKT?7 plasmid and co-transfected into the Y2HGold
strain along with an empty pGADT?7 plasmid. The transformants were grown on minimal synthetic
defined (SD) medium lacking leucine (L) and tryptophan (T) for 2-3 days. Positive transformants
were then selected and transferred to SD/-LTHA medium for an additional 3-4 days. For further
details, please consult the Yeastmaker™ Yeast Transformation System 2 User Manual by Clontech.

Primers are shown in Table S21.

Quantitative real-time PCR

RNA extraction and cDNA synthesis were respectively performed using the RNA Easy Fast Plant
Tissue RNA Extraction Kit (DP452, Tiangen) and the HiScript III 1st Strand cDNA Synthesis Kit
(+gDNA wiper) (R323-01, Vazyme). Quantitative real-time PCR (qRT-PCR) was conducted with
ChamQ Universal SYBR qPCR Master Mix (Q711-02, Vazyme) following the manufacturer's
protocols. All experiments included three biological replicates, with primer sequences provided in

Supplementary Table S21.

Hairy root transformation and metabolite analysis in Tartary buckwheat:

The full-length coding sequence was cloned into the pCAMBIA1307 vector and transformed into
Agrobacterium rhizogenes strain. Hairy roots produced after transformation of A. rhizogenes
without plasmid served as negative control A4. Hairy root induction, selection, and subculture were
performed as previously described (Zhou et al., 2017; Zhang et al., 2018; Li et al., 2019). Positive
transgenic lines were cultured in liquid MS medium for 15-20 days prior to flavonoid quantification
using established protocols (Gao et al., 2025). For LC-MS analysis, aliquots of the same samples
used for gene relative expression detection were analyzed using an Agilent G6500 series HPLC-
QQQ mass spectrometer, with three biological replicates performed for each sample to ensure data

reliability.
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Arabidopsis transformation and seeds phenotype characterization

For overexpression lines, the full-length CDS was inserted into pPCAMBIA1307 and introduced into
Agrobacterium tumefaciens GV3101. Arabidopsis thaliana (Col-0) transformation was performed
via the floral dip method (Clough and Bent, 1998), with positive transformants selected on 60 pg/mL
hygromycin (He et al., 2024). The T-DNA insertion mutants (anac078, SALK 025098) was

obtained from the Arashare database (https://www.arashare.cn/).

Mature dry seeds were imaged using a Zeiss stereo microscope (Carl Zeiss Microscopy GmbH),
with randomly selected seeds from each line measured across three independent biological
replicates at least. Seed weight was determined by weighing 100 seeds using a precision analytical
balance (0.1 mg resolution). Quantitative seed phenotype analysis was performed using ImagelJ

software (Schneider et al., 2012).

Drought stress

For osmotic stress assays, 3-5 day-old Arabidopsis seedlings germinated on 1/2 MS medium were
vertically transferred to fresh plates containing either control (1/2 MS) or treatment (1/2 MS + 150
mM mannitol) media. To maintain experimental consistency, all media were prepared in a single
batch. Each plate contained four genotypes: one wild-type (Col-0) control and three independent
overexpression lines, with three uniformly germinated seedlings per genotype. Root elongation was
quantified after 7-14 days of growth. The experimental design included >10 replicate plates per

condition, with three independent biological replicates performed.

For drought stress experiments, Arabidopsis seedlings were first grown on 1/2 MS medium for 10
days before being transplanted to soil and maintained under controlled environmental conditions
(25°C, 16-h photoperiod, 60-80% relative humidity). Following a 2-3 week establishment period,
plants were subjected to progressive drought stress by complete water withdrawal after one final
thorough watering. Stress development was monitored daily through visual assessment of
phenotypic markers including wilting, leaf curling, and chlorosis progression. Tissue sampling was
conducted when the majority of plants exhibited pronounced wilting symptoms (typically after 10-
14 days of water deprivation), with no rehydration intervention prior to collection. The experiment

included photographic documentation of stress phenotypes at key developmental stages.

For hairy root culture and PEG treatment, uniform 2-cm Tartary buckwheat hairy roots were
maintained in MS liquid medium with or without 20% (w/v) PEG-6000 under constant agitation
(120 rpm) at 25°C. Following 20-30 days of culture, root tissues were harvested for subsequent

molecular and Hydroponic Stress Treatment

For hydroponic stress treatment, seven-day-old hydroponically-grown buckwheat seedlings were
subjected to osmotic stress by treatment with 20% PEG-6000 under controlled growth conditions
(25°C, 16-h photoperiod). Tissue samples were collected at specified time intervals (0, 1, 3, and 6 h

post-treatment), immediately frozen in liquid N2, and stored at -80°C until processing. Three
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independent biological replicates were included for each time point.

Physiological measurements

Fresh tissue samples (0.1 g) were snap-frozen in liquid nitrogen and homogenized to a fine powder
in 2 mL microcentrifuge tubes. Subsequently, malondialdehyde (MDA ; Solarbio, BC0025), catalase
(CAT; Solarbio, BC0205), and superoxide dismutase (SOD; Solarbio, BC0175) contents were
quantified using commercially available assay kits according to the manufacturer's specifications.

The experiment included three independent biological replicates.

Fluorescence signal assay

The target promoter sequence and TFs respectively were cloned into the pGreen 11 0800-LUC and
pGreen II 62-sk reporter vector for dual-luciferase reporter gene assay, and the fluorescence
complementation experiments were performed using pPCAMBIA1300-cLuc and pCAMBIA1300-
nLuc vectors. The primer sequences were provided in table S21. Recombinant vectors were
transformed into A. tumefaciens strain GV3101 and cultured at 28°C. For transient expression assays,
Agrobacterium cultures were infiltrated into leaves of 4-week-old Nicotiana benthamiana plants.
Infiltrated plants were first incubated in darkness for 24 h, followed by 48 h under long-day
conditions (16-h light/8-h dark photoperiod at 23°C/22°C day/night temperature). Luminescence
detection was performed by applying 3 mg/ml D-luciferin potassium salt substrate evenly to the
infiltrated leaf areas under dim light. After 5 min of dark adaptation, luminescent signals were

captured using a charge-coupled device (CCD) imaging system (Plant In Vivo Imaging System).

Protein-protein interaction (PPI) prediction and 3D structure visualization
Protein-protein  interaction  predictions were generated using AlphaFold Server
(https://alphafoldserver.com/welcome), followed by structural visualization and analysis with

PyMOL Molecular Graphics System (v2.5.0).

Potential interacting proteins identified by pull-down MS were analyzed using the STRING
database (https://stringdb.org/cgi/input?sessionld=bSiH2mgRfaXL&input page show search=on)
to construct a PPI network with A. thaliana as the reference organism. The resulting network was

visualized and further analyzed using software Cytoscape 3.9.1.

Prokaryotic expression and GST pull-down assays:

The coding sequence corresponding to the conserved domain (amino acids 1-182) of FtNAC2 was
cloned into the pGEX-4T-1 expression vector. The recombinant plasmid was transformed into
Escherichia coli Transetta (DE3) competent cells (CD801-02, TransGen Biotech) for protein
expression. The GST-tagged fusion protein (GST-FtNAC21-182) was purified using glutathione
sepharose affinity chromatography. Total protein extracts from Tartary buckwheat were prepared
using a Plant Protein Extraction Kit (BC3720, Solarbio). For pull-down assays, the plant protein
extracts were incubated with purified GST-FINAC2'-!82 fusion protein, with GST protein alone

serving as a negative control. The protein mixtures were then applied to glutathione sepharose
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columns for affinity purification. After extensive washing to remove nonspecifically bound proteins,
the GST-tagged protein complexes were eluted. The eluted samples were separated by SDS-PAGE
and visualized by coomassie brilliant blue staining. Differential protein bands were excised for
subsequent mass spectrometry analysis, which was performed according to the methodology
previously at the ZHONG DA Platform Center of Crop Science Research Institute, Chinese

Academy of Agricultural Sciences (He et al., 2023). The relevant primers were shown in table S21.

Transcriptome co-expression cluster analysis

Gene expression patterns for 20% PEG-6000 transcriptome of Tartary buckwheat were analyzed
using co-clustering approaches implemented in the R package TCseq (Li et al., 2018; Lai et al.,
2024). Heat map drawing was completed using TBtools software (Chen et al., 2020).

DAP-seq assay

The full-length coding sequence of FtNAC2 was cloned into the pUC57-HALO vector to generate
an N-terminal HALO-tagged fusion protein. HALO-FtNAC2 protein was synthesized in vitro using
500 ng of pUC57-HALO-FtNAC?2 plasmid and the TNT SP6 Coupled Reticulocyte Lysate System
(Promega), following the manufacturer’s protocol. The expressed protein was immediately
incubated with 10 pL Magne-HALO Tag beads (Promega) in 1x phosphate-buffered saline (PBS)
containing 0.005% (v/v) Nonidet P-40 and 0.1% (v/v) Tween-20 at 25°C for 1 h. After five washes
with PBS containing 0.1% Tween-20 (PBST), bead-bound proteins were treated with DNase I to
remove contaminating DNA. For DNA-binding assays, the DNA-free HALO-FtNAC2 protein was
incubated with 500 pg of sonicated genomic DNA (300-500 bp fragments) from Tartary buckwheat
cultivar 'Pinku' at 25°C for 1 h. Following eight stringent washes with PBST, bound DNA was eluted
using elution buffer at 98°C for 10 min. Sequencing libraries were prepared from the eluted DNA
using the TruePrep DNA Library Prep Kit V2 for [llumina (Vazyme), with paired-end sequencing
performed by Annoroad Gene Technology (Beijing). Data analysis was conducted as previously

described (Li et al., 2024).

KEGG enrichment analysis

Gene ontology and pathway enrichment analyses were conducted through the OmicShare online
platform (v8.3) with KEGG pathway database (Release 106.0). The analysis employed Fisher's
exact test with genome-wide annotation as reference background, followed by multiple testing
correction using the Benjamini-Hochberg procedure. Statistically significant pathways were

identified at a false discovery rate (FDR) threshold of 5% (q-value < 0.05).

Statistical analysis

Statistical analyses were performed using GraphPad Prism 10.1.2, including Pearson correlation (P
< 0.05), Student's t-tests, and one-way ANOVA (P < 0.05). Data are presented as mean =+ standard
deviation (SD) from three independent biological replicates (n = 3), and significance levels denoted
as *P < 0.05, **P < 0.01, and ***P < 0.001. Data visualization was generated using the same

software — Graphpad Prism 10.1.2, with detailed statistical results provided in Supplementary Table.
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Omics data
The metabolome and transcriptome (accession number: PRJCA003569) of Tartary buckwheat were

obtained from previous studies (Huang et al., 2021; Zhao et al., 2022).

Results

Identification of FtNAC2 based on the GWAS of quercetin content

The previous genome-wide resequencing and population structure analysis of F. tataricum
accessions identified two distinct landraces, SL (Southwestern landraces) and NL (Northem
landraces), derived from wild progenitor HW (Himalayan wild accessions) through independent
domestication events (Zhang et al., 2021). Here, we now report significant metabolic divergence
between these two landraces subspecies. Comparative profiling revealed markedly higher quercetin
accumulation in NL landraces compared to SL (Figure 1a) (Zhang et al., 2021), suggesting that the
domestication signatures are associated with quercetin divergence and potentially led to subspecies

differentiation in quercetin content.

Genome-wide association analysis of quercetin content across 480 Tartary buckwheat accessions
identified two significant loci on chromosomes 1 and 3, containing 18 and 12 putative genes
respectively (Figure 1b, S1, Table S1) (Zhang et al., 2021). Building upon the observed divergence
in drought tolerance indices (membership function value analysis, MVDF) between SL and NL
populations (Figure lc, Table S2), we conducted a comprehensive transcriptomic analysis of
GWAS-identified candidate genes under PEG-induced osmotic stress to explore their potential roles
in drought adaptation. Transcriptomic analysis under 20% PEG-6000-induced drought stress
identified four rapidly responsive genes (FtPinG0303189600; FtPinG0303190200,
FtPinG0100938900 and FtPinG0303190600), among which the NAC domain-containing protein
(FtPinG0303190600) showed the most significant induction (especially at 1 h post-treatment;
Figure 1d-e, Table S1) (Huang et al., 2021). The remaining two early-response genes, encoding
uncharacterized proteins with no known functional domains (Table S1), were excluded from further
investigation due to their undefined biological relevance. Phylogenetic analysis classified this
transcription factor within the NAC2 subfamily, showing closest homology to Arabidopsis
ANACO53 (locus name: A£3g10500, 36.9% identity/51.5% similarity) and ANACO078 (locus name:
At5g04410, 37.5% identity/51.3% similarity) (Figures 1f-g, S2), leading to its designation as
FtNAC2. As ANACO78 is implicated in regulating flavonoid pathway gene expression in response
to light stress in Arabidopsis (Morishita et al., 2009), we proposed that FtNAC? likely functions as

a regulatory component in quercetin biosynthesis in Tartary buckwheat.

Promoter variation modulates F#NAC2 expression

Genomic sequence analysis of FtNAC2 across diverse accessions revealed multiple SNP variations
distributed as follows: upstream (11 SNPs), intergenic regions (10 SNPs), introns (6 SNPs), exonic
regions (2 SNPs) and downstream (2 SNPs) (Table S3). Notably, two polymorphic sites in the
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promoter region segregated 453 accessions into three predominant haplotypes (Hapl, Hap2, and
Hap3; Figure 2a, Table S3). Comparative analysis revealed significantly lower quercetin content in
Hapl compared to Hap2, while neither haplotype differing significantly from Hap3 (Figure 2b,
Table S3). Haplotype distribution revealed striking population-specific patterns: Hapl
predominated in southern cultivated (SL) accessions (72.4% frequency) (Figure 2¢), whereas Hap2
was prevalent in northern (NL) populations (61.95%) (Figure 2d). These findings suggest that the
observed differential accumulation of quercetin between SL and NL populations (Figure 1a) may
be associated with promoter polymorphisms in FtNAC2, potentially contributing to the ecotype-

specific flavonoid biosynthesis regulation.

To better understand the role of the promoter in quercetin accumulation, we examined the promoter
activity of the two haplotypes. Cloning of the 2-kb promoter regions (ATG upstream) from both
haplotypes into the 0800-LUC reporter system showed higher fluorescence signal for the Hap.2
(Figure 2e-f, Table S4). Further analysis of expression profiling of FtNAC2 across diverse
accessions further revealed significantly higher transcript abundance in Hap2 carriers compared to
Hapl (Figure 2g, Table S5), suggesting that promoter polymorphisms between these haplotypes
differentially regulate FtNAC2 expression levels. These findings collectively suggest that
haplotype-specific promoter activity variations modulate FtNAC2 expression levels, and that

FtNAC? functions as a potential positive regulator of quercetin biosynthesis in Tartary buckwheat.

In addition, bioinformatic analysis using PlantPAN 4.0 predicted that promoter SNPs may disrupt
transcription factor (TF) binding motifs, with SNP8? located within putative binding sites for NAC,
C3H, ERF, and Dof families, while SNP-% potentially affects bZIP, Trihelix, and LBD TF binding
(Figure 2a, Table S6). Notably, SNP% contained the highest number of predicted NAC family
binding sequences (n=24) (Table S6), prompting focused investigation of NAC-mediated regulatory

networks in subsequent analyses.

Characterisation and expression analysis of FfNAC2

Subcellular localization assays in tobacco (Nicotiana benthamiana) revealed that FtNAC2
predominantly localizes to the nucleus, with minor cytoplasmic distribution (Figure 3a), consistent
with its predicted function as a transcription factor. Protein domain analysis confirmed the presence
of a conserved ~150-amino acid NAC domain at the N-terminus (characteristic of the NAC TF
family) and variable transcriptional activation domain in protein interactions and DNA binding
(Figure S2; Puranik et al., 2012). Yeast transactivation assays demonstrated that while various
truncated constructs grew normally under double-dropout conditions, only yeast expressing full-
length and 1-539aa survived on quadruple-dropout medium (Figure 3b-c). Notably, deletion of the
C-terminal region (amino acids 399-621) completely abolished transcriptional activation capacity
(Figure 3b-c), providing direct evidence that F'tNAC2 functions as a transcriptional activator and

that its transactivation domain resides in the C-terminus.
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The difference in gene expression levels in various tissues and treatments reflects its specialized
functional roles (Li et al., 2018; Liu et al., 2019). Quantitative analysis revealed highest FtNAC2
transcript abundance in roots, followed by flowers and seeds, with lower expression in stems and
leaves (Figure 3d, Table S7). Treatment of Tartary buckwheat seedlings with 20% PEG-6000
elicited a pronounced stress response, characterized by significant upregulation of FtNAC2
transcript levels at 3 h post-treatment (Figure 3e, Table S7). Although the magnitude of induction
differed from observations in the PEG transcriptome data, F'#NAC2 was consistently induced
under osmotic stress and exhibited a sustained expression pattern, suggesting its potential
functional role in drought adaptation mechanisms. Furthermore, analysis of MVDF and quercetin
content datasets revealed a positive correlation (Figure 3f, Table S2) (He et al., 2024), combined
with the contribution of quercetin antioxidant capacity to environmental stress tolerance (Brunetti
et al., 2018), which supports a potential linkage between quercetin abundance and drought

adaptation.

FtNAC2 overexpression promoted quercetin accumulation and enhanced drought tolerance
in Tartary buckwheat hairy roots

To investigate the role of FtNAC2 in quercetin biosynthesis, we established transgenic hairy roots
of Tartary buckwheat. Metabolite profiling of positive transgenic lines (OE lines) (Figure S3a, Table
S8) demonstrated that F#NAC2 overexpression significantly enhanced both total flavonoid content
(Figure 4a, Table S8) and increased quercetin accumulation (Figure 4b, Table S9), which is
consistent with our previous haplotype analysis (Figure 2b, 2g). Comprehensive metabolic analysis
revealed coordinated changes across the phenylpropanoid pathway, as some downstream flavonoids
(catechin, epicatechin, and proanthocyanidins) showed moderate increases, while observing
significant reductions in several precursor (L-phenylalanine and naringenin) and flavonoid
glycosides (kaempferol-3-glucoside and cyanidin-3-glucoside; Figure 4b, Table S9). These findings
established FtNAC2 as a key regulator that not only promoted quercetin biosynthesis but may also
interfered with the synthesis of other substances in the phenylpropanoid pathway.

Given the significant induction of FtNAC2 by 20% PEG-6000, we assessed its functional role under
osmotic stress. While no phenotypic differences were observed between control A4 (A. rhizogenes
4) and OE lines under normal MS medium conditions (Figure 4c-d, Table S10), PEG-6000 treatment
revealed that OFE lines accumulated significantly higher biomass than controls (Figure 4c, e, Table
S10). This enhanced stress tolerance was associated with increased activities of key antioxidant
enzymes (Catalase, CAT and Superoxide dismutase, SOD) (Figure 4f-g, Table S10) and reduced
malondialdehyde (MDA) (Figure 4h, Table S10) levels in OE lines, indicating improved cellular
protection against oxidative damage. Building on the well-documented antioxidant properties of
quercetin and its established role in abiotic stress responses (Singh et al., 2021), we propose that
FtNAC2 enhances plant stress tolerance through a dual mechanism: (1) upregulation of quercetin

biosynthesis and (2) modulation of peroxidase activity to improve reactive oxygen species (ROS)
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scavenging capacity.

Regulatory network mediated by FtNAC2

Transcription factors frequently form protein complexes to execute their biological functions,
making protein-protein interaction (PPI) network analysis crucial for understanding complex
regulatory processes. To identify potential FENAC?2 interacting proteins, we performed in vitro pull-
down assays using GST-FtNAC?2 as bait with GST alone serving as negative control, followed by
mass spectrometry analysis thatidentified 588 candidate interacting proteins (Table S11). Following
FPKM-based filtering of master proteins identified by mass spectrometry, we retained 546 highly
expressed candidates for STRING database analysis. The resulting PPI network revealed specific
interactions between FtNAC2 and only two NAC family members in Tartary buckwheat:
FtPinG0303261500 (named FINACS52) and FtPinG0809107800 (named FtNACS) (Figure 5a, Table
S12). Co-expression analysis demonstrated that FtNAC52 clustered with FtNAC2 in20% PEG-6000
transcriptome (FigureSb, Table S13), while AlphaFold Server predictions identified extensive
hydrogen bonding between these two proteins, suggesting strong molecular interactions (Figure Sc).
This was further confirmed by fluorescence complementation experiments and Tartary buckwheat
hairy root overexpression (Figure 5d-f, Table S14), indicating that FtNAC52 is an interacting factor
of FtNAC2 and that their interaction leads to upregulated expression of FtNAC2.

We previously noted that SNP-28°

variation potentially leads to mutations in NAC family binding
elements (Figure 5g, Table S4). Thus, we employed AlphaFold modeling to predict the interaction
between FINACS52 protein and the binding sequence at the FtNAC2 promoter SNP28 site. The
simulation results showed that there were multiple hydrogen bonding forces between the FtNAC52
protein and the putative binding sequence, indicating potential interaction between them (Figure 5h,
Table S4). Next, we tested the ability of FEINACS52 to activate the two promoters. Dual-luciferase
assays further demonstrated significantly stronger activation of the Hap2P™ variant by FINAC52
compared to HaplP™ (Figure 5i-j, Table S15), supporting the existence of a dual interaction
mechanism, in which FtNACS52 protein can not only interact with the FtNAC2, but also regulate the
expression of FtNAC2 through promoter binding. The mutation of the NAC binding element caused
by the variation of promoter SNPs potentially affects the regulatory effect of FINACS52 on the

FtNAC2 promoter, ultimately showing differences in gene expression and quercetin content between

populations.

Identification of FtNAC2 binding targets by DAP-seq

Transcription factors exert their regulatory functions primarily through binding to promoter regions
of downstream target genes, with their genomic binding profiles reflecting biological activities. Our
DNA affinity purification sequencing (DAP-seq) analysis identified 33,398 putative FtNAC2
binding peaks (p<0.01) distributed across the Tartary buckwheat genome (Figure S4), with 17.57%
located within 2 kb upstream of transcription start sites (TSS), 3.25% in exonic regions, and 68.45%

in intergenic regions (Figure 6a, Table S16). Motif analysis revealed significant enrichment of the
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mitochondrial dysfunction motif (MDM) "TTNNNNNNCAA/CG" (E-value= 1x10%%), along with
several NAC recognition sequence (NACRS)-like motifs including "CTCACGCAAT" (E-value =
1x107%%), "GTGCACGATTCT" (E-value = 1x107%), and "CGTC/GAT/CGC" (E-value = 1x1072%)
(Figure 6b).

KEGG enrichment analysis of promoter-bound targets showed predominant association with
metabolic pathways, particularly secondary metabolite biosynthesis, but also with MAPK cascades,
plant hormone signaling, plant-pathogen interaction, and with the metabolic processes of carbon
metabolism, sugar and amino acid (Figure 6¢, Table S17). These findings position FtNAC?2 as a key
regulator of flavonoid biosynthesis through targeted promoter binding. Notably, genes associated
with the quercetin biosynthetic pathway were significantly enriched in the phenylpropanoid
metabolism, including key enzymes such as 4-coumarate-CoA ligase (4CL), cinnamate 4-
hydroxylase (C4H), phenylalanine ammonia-lyase (PAL), cytochrome P450s (CYP450s),
glycosyltransferases (GTs), and methyltransferase (MTs) (Table S17). Quercetin biosynthesis
involves multiple CYP450 oxygenases: flavonol synthase (FLS) mediates dihydroquercetin
reduction, flavonoid 3'-hydroxylase (F3'H) catalyzes kaempferol hydroxylation, and flavonoid 3',5'-
hydroxylase (F3'5'H) converts quercetin to myricetin. Additionally, UDP-glycosyltransferase
(UFGT) converts quercetin to its glycosylated form, isoquercetin (Figure 6d). Through systematic
analysis of DAP-seq binding peaks in promoter regions, we identified three key flavonoid
biosynthesis-related genes as potential targets of FtNAC2: Two cytochrome P450 genes -
FtPinG0302524300 (FtF3'H) and FtPinG0707657000 (FtF3'5'H), One glycosyltransferase gene -
FtPinG0707621700 (FtUFGT). Gene expression analysis in F#NA C2 transgenic hairy roots showed
significant upregulation of FtF3'H and FtF'3'5'H alongside downregulation of FtUFGT (Figures 6e-
g, Table S8). Promoter activity assays further verified that FzNAC2 activates CYP450 genes while
repressing glycosyltransferase expression (Figure 6h-j, Table S18), revealing its dual regulatory
function in enhancing quercetin biosynthesis while restricting its glycosylation. These findings
suggest that FtNAC2 regulates gene expression by targeting the promoters of enzyme genes in the

metabolite synthesis pathway, thereby regulating quercetin accumulation.

FtNAC2 is a multifunctional gene with the potential to regulate the balance between yield
and quality of Tartary buckwheat

We also simultaneously overexpressed FtNAC2 in Arabidopsis when we explored the function.
Overexpression of FtNAC?2 in transgenic Arabidopsis led to the coordinated upregulation of core
phenylpropanoid biosynthetic genes, including phenylalanine ammonia-lyase (4¢PAL), chalcone
synthase (AtCHS), flavonol synthase (AtzFLS), and flavanone 3-hydroxylase (AtF3H), thus
consistently demonstrating the role of this gene in phenylpropanoid metabolism (Figure S5, Table
S19). When 3-day-old seedlings were transferred to 150 mM mannitol plates to induce osmotic
stress, F'tNAC2-overexpressing (OE) lines exhibited significantly longer roots than wild-type (WT)

controls (Figure 7a-d, Table S19). Under natural drought conditions, OE lines maintained greener
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stems and higher survival rates compared to WT plants showing typical stress symptoms (e.g.,
wilting, leaf yellowing; Figure 7e-f, Table S19). Consistent with the enhanced stress tolerance
observed in Tartary buckwheat, OE lines showed nearly 2-fold higher catalase (CAT) and
superoxide dismutase (SOD) activities, along with about 15-20% reduced malondialdehyde (MDA)
content relative to WT under drought stress (Figure 7g-1, Table S19), further confirming the role of
FtNAC?2 in alleviating drought stress.

Unexpectedly, OE lines produced significantly smaller seeds than Col-0, with reductions in length
(nearly 11%), width (approximately 15%), and hundred-seed weight (about 15%) (Figure 7j-m, S6,
Table S17). Conversely, ANACO078 knockout (KO) lines - the Arabidopsis homologs exhibiting
highest sequence identity to FtNAC?2 - displayed increased seed dimensions (nearly 8% length and
9% width) though hundred-seed weight remained unchanged (Figure 7j-m, S7, Table S20). This
inverse phenotypic relationship between OE and KO lines suggests FtNAC2 may coordinate trade-

offs between stress adaptation and reproductive allocation in plants.

Discussion

Buckwheat is believed to have originated in the Tibetan Plateau or mountainous regions near Yunnan
in southwestern China (Ohnishi, 1998; Tsuji and Ohnishi, 2001; Ohnishi and Konishi, 2021; Fan et
al., 2020). Previous studies have demonstrated distinct geographic distribution patterns between the
SL and NL populations, with non-overlapping domestication processes indicating these genetically
and geographically differentiated subspecies underwent independent domestication events (Zhang
et al., 2021). Subsequent research revealed extensive metabolic divergence between domesticated
SL and NL subspecies, suggesting these subspecies-specific metabolites may reflect underlying
genetic differentiation (Zhao et al., 2023). Recent genomic evidence indicates that cultivated
buckwheat diverged from the HW group approximately 2,028-5,814 years ago, followed by the
subsequent differentiation of SL and NL groups between 1,450-4,411 years before present (He et
al., 2024). Our findings extend this understanding by identifying significant variation in quercetin
content between SL and NL populations (Figure 1a), with GWAS analysis linking this metabolic
variation to the FtNAC2 locus (Figures 1b-c, S1, Table S1). Haplotype analysis showed predominant
Hap2 haplotype in NL populations versus Hapl dominance in SL (Figure 2¢c-d, Table S2), a genetic
divergence potentially associated with geographic adaptation and human dietary preferences (Song

and Cho, 2017; Song et al., 2022; Wang et al., 2023; Jiao et al., 2023).

In fact, The distinct climatic patterns between northern and southern China, shaped by latitude,
topography, and monsoon influences, have led to marked differences in both environmental
conditions and dietary habits (He, 2022). Climatic patterns in northern China are characterized by
concentrated summer precipitation events of shorter duration compared to southern regions, with
significantly lower annual rainfall totals and heightened vulnerability to spring drought conditions.

In contrast, southern China experiences prolonged rainy seasons accompanied by the distinctive
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mei-yu front phenomenon, resulting in substantially greater annual precipitation (Zhan et al., 2021;

Li et al., 2023) (https://data.cma.cn/). These environmental contrasts are reflected in regional

cuisines: northern diets emphasize robust flavors with higher oil and salt content, serving dual
purposes of meeting elevated caloric demands and addressing seasonal food scarcity, particularly
during winter months, whereas southern culinary traditions favor lighter, sweeter profiles adapted
to the humid subtropical climate (Zhang and Ma, 2020). Given quercetin's dual roles in
environmental stress tolerance and bitter taste perception (Lu et al., 2025), its differential
accumulation likely influences both local adaptation and culinary characteristics, leading to distinct
genetic preservation under natural and artificial selection (Singhet al., 2021; Kreft et al., 2022; Zhao

et al., 2024; Zhao et al., 2025).

Protein-protein interactions critically regulate cellular functions (Ding et al., 2014; Hasan et al.,
2023). Our PPI analysis and pull-down-MS identified FtNACS52 as potential FtNAC2 interactor
(Figure 5a-d, Table S11-13), and further prediction of binding sequence of FtNAC2 promoter variant
site revealed that FrNAC52 potential serves dual regulatory roles - both as an interacting partner of
FtNAC2 and as a transcriptional activator of its promoter (Figure 5e-j, Table S14-15). While the
precise molecular mechanisms underlying FINACS52-FtNAC2 regulation extend beyond the scope
of this study, their coordinated influence on population-specific gene expression patterns suggests
potential contributions to Tartary buckwheat subspecies differentiation that warrant further
investigation. In addition, our transcriptome co-cluster analysis revealed two ubiquitin ligase among
FtNAC?2 potential targets (Figure 5b, Table S13, S22), consistent with reported functions of its
Arabidopsis ortholog ANAC78. In Arabidopsis, NAC78 forms homo- or heterodimers with NACS3
to regulate proteotoxic stress responses as a key component of the proteasome stress regulon (PSR)
through 26S proteasome involvement (Gladman et al., 2016). Similarly, rice OsNAC78 interacts
with OsNACIP6 to activate OsGSTU37 expression, thereby enhancing drought tolerance through
ROS scavenging (Yu et al., 2024). These parallel findings across diverse species suggest
evolutionary conservation of functional mechanisms among NAC78 orthologs, including FtNAC?2

in Tartary buckwheat.

Transcriptional regulation primarily occurs through cis-element binding (Ma et al., 2024). Our
DAP-seq analysis revealed strong MDM motif enrichment (Figure 6b), consistent with
NACS3/NAC78 studies (Lee et al., 2012; De Clercq et al., 2013; Gladman et al., 2016). Previous
studies have identified the PRCE element (consensus core: TGGGC) as the preferential binding site
for NAC78 (Yabuta et al., 2010; Nguyen et al., 2013). However, our motif enrichment analysis of
FtNAC2 binding peaks did not significantly enrich this sequence, suggesting potential functional
divergence in DNA recognition among NAC family members. Moreover, our analysis identified
multiple NAC recognition sequence (NACRS) core motifs (Figure 6b), indicating that FtNAC2
likely regulates an extensive network of downstream target genes involved in diverse biological

pathways beyond secondary metabolite biosynthesis.
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In functional genetic studies, Arabidopsis serves as a commonly utilized model system for
heterologous gene expression (Yaschenko et al., 2025). Our results demonstrate that FtNAC?2
overexpression enhances drought tolerance in both Tartary buckwheat (Figure 4c-e, Table S10) and
Arabidopsis (Figure 7a-f, Table S19). However, we unexpectedly observed significantly reduced
seed size in transgenic Arabidopsis lines (Figure 7j-m, S6, Table S20), suggesting FINAC2 may
function as a multifunctional regulator. In addition, we observed that the T-DNA insertion lines
exhibited modest increases in seed size without corresponding changes in seed weight, suggesting
species-specific functional diversification of this NAC regulator. Notably, this uncoupling of size-
weight relationships contrasts with canonical seed development patterns where testa and endosperm
growth are tightly coordinated, as demonstrated in Arabidopsis arf2 mutants where increased testa
cell numbers elevate both size and mass (Okushima et al., 2005; Hughes et al., 2008; Orozco-Arroyo
et al., 2015). The observed phenotypic dissociation may reflect differential regulation of size-
determining pathways (e.g., IKU, ubiquitin-proteasome, G-protein, MAPK signaling, and
phytohormonal networks) versus storage product biosynthesis (starch/protein/lipid metabolism and
transport) (Liand Li, 2015; Li and Li, 2016; Ren et al., 2019; Ren et al., 2023). While most studies
report coupled size-weight changes, our findings highlight an exceptional case meriting further

investigation.

While the current limitations in buckwheat stable genetic transformation efficiency restricted our
seed phenotype analysis to Arabidopsis, we observed that Hap2 accessions with higher quercetin
content exhibited significantly lower thousand-seed weight (TSW) compared to Hapl in Tartary
buckwheat (Figure S8, Table S3), consistent with the Arabidopsis transgenic phenotype showing
reduced seed dimensions in FtNA C2-overexpressing lines (Figure 7a-m, Table S20). Therefore, we
speculated that FtNAC2 may play an important role in the balance between yield and quality of
Tartary buckwheat. While the robust antioxidant capacity of quercetin has been well-documented
in plant stress responses, this metabolic adaptation simultaneously imposes constraints on
reproductive fitness (Fini et al., 2012; Singh et al., 2021). Under natural selection pressures, plants
employ sophisticated regulatory mechanisms to optimize the allocation of finite metabolic resources
between growth and stress response pathways (Ali and Baloch, 2020; Wang et al., 2020),
exemplified by OsNAC120 balancing GA-mediated growth and ABA-induced drought tolerance in
rice (Xie et al., 2024), and CaNAC2c physically interacting with CaHSP70 and CaNACO029 in a
context-specific manner to coordinate fruit development with stress responses in pepper (Cai et al.,
2021). Such physiological trade-offs represent evolutionary adaptations to maximize fitness in
challenging environments. We propose a model wherein FtNAC?2 fine-tunes resource allocation as
an adaptive strategy, preferentially enhancing stress responses at the potential cost of reproductive
growth (Figure 8), though the precise molecular mechanisms underlying this potential growth-

defense trade-off require further elucidation.

Collectively, while FtNAC2 shares sequence similarity and conserved domains with Arabidopsis
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ANACO78 and ANAC053, we identified significant divergence in its C-terminal regions (Figure S2),
suggesting that group-specific motifs within the transcription regulatory regions (TRRs) may confer
functional specialization in biological processes (Jensen et al., 2010; Puranik et al., 2012; Xiong et
al., 2025). This specialization pattern potentially mirrors the functional diversification observed
among NAC homologs in other species: OsNAC78-mediated drought tolerance in rice (Yu et al.,
2024), ZmNAC7-regulated iron homeostasis in maize (Yan et al., 2023), and 4ANAC078-dependent
flavonoid induction under high-light stress in Arabidopsis (Morishita et al., 2009). Herein, we
provides the first mechanistic evidence that FtNAC2 promoter polymorphisms drive quercetin
accumulation divergence between Tartary buckwheat subspecies (SL vs. NL), potential linking
genetic variation to adaptive traits including drought tolerance, yield potential, and flavor profiles.
These findings establish a new paradigm for NAC-mediated metabolic adaptation in non-model
crops. Discovery of an distinct regulatory module through the identification of FtNAC52 as a novel
FtNAC?2 interactor, which orchestrates flavonoid biosynthesis independently of known Arabidopsis
(ANACO78) or rice (OsNAC78) pathways. The haplotype-discriminative markers (Hapl/Hap2;
Figure 2) enable precision engineering of stress-resilient, nutritionally enhanced buckwheat

cultivars.
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Figure S1 Genome-wide association study (GWAS) of quercetin content in Tartary buckwheat.



579

580

581
582
583
584

585

586

587
588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

Figure S2 Multiple sequence alignment of NAC transcription factors.
Figure S3 Transcript abundance of FtNAC2 in Tartary buckwheat hairy root overexpression lines.

Figure S4 Distribution of FtNAC2 binding peaks across the whole buckwheat genome using DAP-
seq. Ft1-8 represent the eight chromosomes of buckwheat. NAC-DAP narrowPeak indicates the
distribution of binding gaps compared to the control, and pinku.gff indicates the gene density at

each chromosome position.
Figure S5 Relative expression analysis of gene in transgenic Arabidopsis lines.
Figure S6 Seed morphology analysis of Arabidopsis thaliana.

Figure S7 Gel electrophoresis images of PCR genotyping of Arabidopsis thaliana ANAC078 T-DNA

inserted lines.

Figure S8 Comparison of 1000-grain weight of Tartary buckwheat between Hap1l and Hap2.
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Table S18 LUC/REN of FtNAC2 binding to FtF3'5'H, FtF3'H and FtUFGT promoter.

Table S19 Relative expression, survival rate and root length under 150 mM mannitol treatment of

Arabidopsis.
Table S20 Transgenic Arabidopsis phenotype.
Table S21 Primer list.
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Figure 1 Identification of FtNAC2 in Tartary buckwheat.

(a) Quercetin content among SL (Southwestern landraces) and NL (Northern landraces) groups. (b) Manhattan plot of Genome-wide
association analysis (GWAS) for quercetin content of 2018zhaotong. The dashed horizontal line indicates the genome-wide significance
threshold (-logioP = 5). (c) drought tolerance indices (membership function value analysis, MVDF) among SL and NL groups. (d) Regional
manhattan map of GWAS for quercetin content. The 0.1 Mb genomic regions on either side of the most significant SNP. The lead SNPis
shown in red. (¢) The heatmap displays expression patterns of GWAS interval genes under osmotic stress (20% PEG-6000), which data
from Huang et al., 2021. The color gradient represents relative expression levels, with warm colors indicating upregulation and cool colors
indicating downregulation compared to untreated controls (0 h). (f) Gene structure information of FtNAC2. (g) Phylogenetic tree of FINAC2
in Tartary buckwheat and NAC TFs in Arabidopsis. Data are presented as mean + standard deviation (SD) and significance levels denoted

as *P < 0.05, **P < 0.01.
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Figure 2 Haplotype differences resulting from promoter variation.

(a) Schematic representation of haplotype-defining SNPs in the FtNAC2 promoter region. (b) Comparative analysis of quercetin content
among the three major haplotypes (Hap1, Hap2, and Hap3). The proportion of the three major haplotypes in SL (c) and NL (d) populations.
The haplotype distribution is color-coded as follows: Hap1 (blue), Hap2 (pink), and Hap3 (green), with each color representing a distinct
haplotype group in the analyzed population. (¢) Promoter fluorescence signals and (f) LUC/REN ratio of Hapl and Hap2 variants using the
0800-LUC system. (g) Relative expression levels of FtNAC2 in Hap1 and Hap2 accessions. Data are presented as mean =+ standard deviation

(SD) and significance levels denoted as **P < 0.01.
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Figure 3 Functional characterization of FtNAC?2 in Tartary buckwheat.

(a) Subcellular localization of FtINAC2-GFP (green) co-expressed with the nuclear marker NLS-mCherry (red) in N. benthamiana. White
scale bar =20 um. (b) Domain architecture of FtNAC?2 truncation constructs. The conserved N-terminal NAC domain (amino acids 1-150)
and variable C-terminal region are indicated. Dotted lines mark the deleted segments used for functional analysis. (c) Transcriptional

activation assay in yeast. Protein domain annotations are indicated as follows: "full" denotes the complete amino acid sequence, while
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numerical ranges (e.g., "1-539") specify the positions of inserted functional segments, with all subsequent constructs following this
consistent numbering convention. (d) Tissue-specific expression profile of FtNAC2 in Tartary buckwheat. (e) Relative expression of
FtNAC2 in Tartray buckwheat under 20% PEG-6000. Transcript levels were normalized to the reference gene FtH3. Data represent mean
+ SD (n = 3 biological replicates). (f) Correlation between quercetin content and MFVD in Tartary buckwheat accessions. Each data point
represents one accession. Data are presented as mean =+ standard deviation (SD) from three independent biological replicates (n = 3), and

significance levels denoted as *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 4 Overexpression of FNAC2 in Tartary buckwheat hairy root.

(a) Total flavonoid content in FtNAC2 overexpressing (OE) hairy roots of Tartary buckwheat. (b) Heatmap representation of differential
accumulation of flavonoid compounds in transgenic lines compared to controls. The heatmap depicts quercetin accumulation levels using
a continuous color gradient from cool blue (#80B1D3) to warm brown (#EA702D), with increasing color intensity corresponding to higher
metabolite concentrations. (c) Hairy root biomass in MS medium (d) without or (e) within 20% PEG-6000. Determination of CAT (f), SOD
(g) and MDA (h) in hairy root under natural drought. A4 indicates non-transgenic control hairy roots. For each transgenic line, three
independent biological replicates were analyzed to ensure experimental reproducibility. Data are presented as mean + standard deviation

(SD) from three independent biological replicates (n = 3), and significance levels denoted as *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 5 Interaction network prediction and functional analysis of FtNAC2.

(a) Protein-protein interaction (PPI) network of FtNAC?2 identified through pull-down assays, showing only interactions associated with
FtNAC2. (b) Co-cluster pattern of FtNAC2 and FtNACS52 within 20% PEG-6000 transcriptome. (c) Predicted three-dimensional interaction
interface between FINAC?2 (blue) and FtNACS52 (brown-red) generated by AlphaFold Server, prominently showing only part of the densely
binding area due to too much binding sites. (d) Fluorescence complementation detection of the interaction between FtNACS52 and FINAC2.
The relative expression levels of (e) FtNACS52 and (f) FtNAC2 in FtNACS52 overexpression hairy roots in Tartary buckwheat. (g) Statistics
of the number of predicted SNPs-related binding element sequences. (h) Predicted molecular interaction between FtNAC2 protein and
binding sequence at SNP#°. Structural modeling of FINAC2 (gray/left and pink/right surfaces) binding to binding sequence (color/left and
blue/right surfaces). Yellow dashed lines indicate hydrogen bonds with interatomic distances (A) labeled. (i-j) Fluorescent quote detection
of the activation ability of FtNACS52 on promoters of different haplotypes. Data are presented as mean + standard deviation (SD) from three

independent biological replicates (n = 3), and significance levels denoted as *P < 0.05.
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Figure 6 Identification of FtNAC?2 target genes.
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(a) Genomic distribution of F1NAC2 binding peaks identified by DAP-seq, showing the percentage of peaks located in various gene regions.

(b) Representative DNA binding motifs significantly enriched in F#NAC2 binding promoter regions. (¢) KEGG pathway enrichment analysis

of genes containing FtNAC2 binding peaks in their promoter regions. (d) Schematic representation of key enzymatic steps in quercetin

biosynthesis and modification pathways. (e-g) Expression analysis of quercetin metabolic genes in FtNAC2 overexpressing hairy roots:

relative transcript levels of (€) FtF3'H (FtPinG0302524300), (f) FtF3'S'H (FtPinG0707657000), and (g) FtUFGT (FtPinG0707621700).

A4 indicates non-transgenic control hairy roots. (h-j) Regulatory effect of FtNAC2 on the (h) FtF3'H, (i) FtF3'5'H, and (j) FtUFGT

promoters using luciferase signal and LUC/REN ratio. Data are presented as mean + standard deviation (SD) from three independent

biological replicates (n = 3), and significance levels denoted as *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 7 Phenotypic and physiological characterization of FtNAC2-related transgenic Arabidopsis lines.

(a) Visible phenotypes and (b) survival rates of Arabidopsis following natural drought stress. Root length measurements on 1/2 MS medium
(c-d) without or (e-f) with 150 mM mannitol osmotic stress (white scale bars = 1 cm). Antioxidant enzyme activities under drought
conditions: (g) Catalase (CAT), (h) Superoxide dismutase (SOD), and (i) Malondialdehyde (MDA) levels. Seed morphology analysis: (j)
Representative images (black scale bars = 0.5 mm), (k) seed length, (1) seed width, and (m) hundred-seed weight. Col-0 (Columbia wild-
type) shown as gray columns, FtNAC2-overexpressing (OE#) lines as orange-brown, and knockout (KO#) lines as light blue. Data are
presented as mean + standard deviation (SD) from three independent biological replicates (n = 3), and significance levels denoted as *P <

0.05, **P < 0.01, and ***P < 0.001.
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Figure 8. Regulatory model of FtNAC2.

Polymorphisms in the F1NAC2 promoter region regulate gene expression by modulating promoter activity through both direct and indirect
mechanisms. Here, we revealed stronger promoter activity in the Hap2 haplotype, and the interacting partner FINAC52 of FtNAC2
preferentially binds to the Hap2 promoter, collectively enhancing FtNAC2 expression relative to Hapl. Subsequently, FINAC?2 activates
flavonoid hydroxylase genes FtF3'H and FtF3'5'H through potentially binding to their NAC recognition sequences (NACRS), ultimately
increasing quercetin accumulation and conferring improved antioxidant capacity and drought tolerance. The finding in Arabidopsis position

FtNAC2 as a multifunctional regulator potentially mediating trade-offs between yield and quality traits in Tartary buckwheat.



