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ABSTRACT
Glycosyltransferase genes are organised as tandem repeats in the buckwheat genome, yet the functional implications and

evolutionary significance of duplicated genes remain largely unexplored. In this study, gene family analysis revealed that

FtUGT71K6 and FtUGT71K7 are tandem repeats in the buckwheat genome. Moreover, GWAS results for epicatechin suggested

that this tandem repeat function was associated with epicatechin content of Tartary buckwheat germplasm, highlighting

variations in the promoter haplotypes of FtUGT71K7 influenced epicatechin levels. FtUGT71K6 and FtUGT71K7 were shown to

catalyse UDP‐glucose conjugation to cyanidin and epicatechin. Furthermore, overexpression of FtUGT71K6 and FtUGT71K7

increased total antioxidant capacity and altered metabolite content of the epicatechin biosynthesis pathway, contributing to

improved drought tolerance, while overexpression of FtUGT71K6 significantly improved salt stress tolerance. However, over-

expression of these two genes did not contribute to resistance against Rhizoctonia solani. Evolutionary selection pressure

analysis suggested positive selection of a critical amino acid ASP‐53 in FtUGT71K6 and FtUGT71K7 during the duplication

event. Overall, our study indicated that FtUGT71K6 and FtUGT71K7 play crucial roles in drought stress tolerance via mod-

ulating epicatechin synthesis in buckwheat.

1 | Introduction

Glycosyltransferases are the executors of the glycosylation of
secondary metabolites in plants, including flavonoids (Lim
et al. 2004), terpenoids (Caputi et al. 2012), and hormones
(Dong et al. 2014). Glycosylation alters the physical properties
of these compounds, such as hydrophilicity and stability

(Vogt and Jones 2000; Bowles et al. 2005), and influences their
biological activities, including antioxidant capacity (Zheng
et al. 2017), cellular accumulation (Jones and Vogt 2001), stress
tolerance (Zhao et al. 2019), inter‐tissue transport (Bönisch
et al. 2014), and subcellular localisation (Bowles et al. 2006).
Many glycosyltransferases exhibit multisubstrate catalytic
functions, enabling them to influence the synthesis and activity
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of multiple compounds simultaneously (Griesser et al. 2008).
Gene family analyses have revealed that numerous UGTs are
present in plant genomes, often occurring as tandem duplica-
tions,that is, apple (Velasco et al. 2010), wheat (He et al. 2018),
cotton (Xiao et al. 2019), pomelo (Wu et al. 2020), and buck-
wheat (Yang et al. 2024). Despite their abundance, relatively
few UGTs have been functionally characterised in plants
(Gachon, Langlois‐Meurinne, and Saindrenan 2005). For
instance, the function of the UGT71 subfamily is yet
unexplored, which is the largest subfamily of buckwheat UGTs
(Yang et al. 2024).

Flavan‐3‐ols, a class of flavonoids, including compounds
such as catechins and epicatechins (Huda et al. 2021). They
are biosynthesized through the action of leucocyanidin
reductase (LAR) and anthocyanidin reductase (ANR), which
facilitate the formation of anthocyanins and eventually
polymerise to form proanthocyanidins (Tanner et al. 2003).
These compounds possess antioxidant properties, largely
influenced by the number of their phenolic hydroxyl group
(Cos et al. 2004). The phenolic hydroxyl groups donate
electrons that stabilise free radicals, while the aromatic ring
is stabilised by aryl resonance, allowing effective radical
scavenging activity (Riceevans et al. 1995; Cao, Sofic, and
Prior 1997; Fujisawa and Kadoma 2006). The antioxidant
activity of flavan‐3‐ols contributes to plant tolerance against
various environmental stresses (Mierziak, Kostyn, and
Kulma 2014; Nakabayashi et al. 2014), such as salinity
(Mahajan and Yadav 2014), drought (Nakabayashi et al.
2014), water deficit (Yuan et al. 2012), and cold (Meng
et al. 2015). Both anthocyanins and flavan‐3‐ols undergo
glycosylation, a modification that enhances their solubility
and facilitates the formation of proanthocyanidins (Marinova
et al. 2007; Zhao and Dixon 2010; Slámová, Kapešová, and
Valentová 2018).

Buckwheat is well known for its high flavonoid content,
particularly rutin and epicatechin (Martín‐García et al.
2019; Zamaratskaia et al. 2023). Various glycosyltransferases
have been identified in buckwheat that are functionally
distinct and play crucial roles in flavonoid biosynthesis
(Zhou et al. 2016; Yin et al. 2020; Zhang, He, et al. 2021).
However, the function of epicatechin‐related glycosyl-
transferases in Tartary buckwheat remain underexplored.
Metabolite genome‐wide association study (mGWAS) pro-
vides an efficient approach for mining metabolite‐related
genes (Zhang, He, et al. 2021; Zhao, He, et al. 2023).
Based on the mGWAS findings, we identified multiple tan-
dem glycosyltransferases in a highly linkage region of the
epicatechin GWAS leading SNP. Haplotype analysis, en-
zyme function validation, flavonoid content assay, and
resistance phenotype analysis of overexpressed buckwheat
hairy roots and Arabidopsis thaliana were performed to
elucidate FtUGT71K7's role in epicatechin synthesis. We
also found that FtUGT71K6 exhibits similar functional
characteristics. Overall, this study highlights the pivotal
role of tandem glycosyltransferases FtUGT71K6 and
FtUGT71K7 in epicatechin biosynthesis of buckwheat in
response to abiotic stresses. Therefore, our findings provide
new insights into the biosynthesis of epicatechin in
buckwheat.

2 | Methods

2.1 | Identification of UGT71 Subfamily Genes
and Their Chromosomal Position in the Buckwheat
Genome

The genome data for Fagopyrum tataricum, Fagopyrum es-
culentum var. homotropicum, Fagopyrum esculentum, and
Fagopyrum dibotrys were downloaded from the Buckwheat
Genome Project Database (GPDB) (http://47.93.16.146/
home#/home) (Zhang, He, et al. 2021; He et al. 2022; He
et al. 2023a; Zhang et al. 2023). Another study found UGT
family genes in F. tataricum and F. esculentum var. homo-
tropicum (Zhang et al. 2023). UGT71 genes in F. dibotrys, F.
esculentum, F. tataricum, and F. esculentum var. homo-
tropicum were identified by BLAST v2.9.0 with a sequence
identity threshold of over 75%. The Conservative Domain
Search Service (Batch CD‐Search) and SMART tools were
employed to verify conserved domains. Motif analysis in
UGT71 was performed using MEME (http://meme.nbcr.net/
meme/intro.html). Sequence length, molecular weight, and
isoelectric point (pI) of UGT71 proteins were calculated
using tools available on the ExPASy website (https://web.
expasy.org/compute_pi/).

For phylogenetic analysis, full‐length amino acid sequences
of UGT71 proteins from Arabidopsis thaliana, Pyrus com-
munis, Pyrus x bretschneideri, Malus sylvestris, Malus do-
mestica, Prunus avium, Prunus mume, Prunus persica,
Prunus dulcis, Prunus yedoensis var. nudiflora, and Prunus
persica were used. After full‐length amino acid sequences of
all UGT71 were aligned using MUSCLE v3.8, a phylogenetic
tree was constructed with the maximum likelihood
method by IQ‐TREE 1.6.12 software with the parameter
‘‐m JTT+G4 ‐b 1000’ (Sleator 2016). The chromosomal distri-
bution of UGT71 genes across the four buckwheat genomes
was retrieved and visualised using TBtools. Potential gene
duplication events among FtUGT71s, FhUGT71s, FeUGT71s,
and FdUGT71s were investigated using the Python Multiple
Collinear Scanning toolkit (JCVI) (Tanenbaum et al. 2010;
Sleator 2016).

2.2 | Genome‐Wide Association Study (GWAS)

The genotyping datasets of 200 mini‐core accessions of
buckwheat were obtained from a previous study (Zhao, He,
et al. 2023). SNPs were filtered based on a minor allele
frequency (MAF ≥ 0.05) and a missing rate of ≤ 0.1 using
VCFtools for subsequent analysis. Whole‐genome associa-
tion analysis on flavonoid metabolite content in Tartary
buckwheat was conducted using the factorial spectral
transform linear mixed model (FaST‐LMM) (Lippert
et al. 2011). Based on the effective number of tests, the
threshold (P = 1/Ne) was set at 1 × 10−5. The Manhattan and
Q‐Q plots were visualised by the R software with the CMplot
package. Candidate genes were identified within a 100‐kb
flanking region of significant loci, determined by the whole‐
genome linkage disequilibrium (LD) decay distance. The
haplotypes of the candidate genes were analyzed using
Candihap software (Li et al. 2023).

2 of 17 Plant, Cell & Environment, 2025

 13653040, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.15412 by B

ibliothecaire E
n C

hef U
ni C

atholique D
e L

ouvain (U
cl), W

iley O
nline L

ibrary on [30/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://47.93.16.146/home#/home
http://47.93.16.146/home#/home
http://meme.nbcr.net/meme/intro.html
http://meme.nbcr.net/meme/intro.html
https://web.expasy.org/compute_pi/
https://web.expasy.org/compute_pi/


2.3 | Establishment of FtUGT71K6 and
FtUGT71K7 Overexpressing Hairy Roots and
Arabidopsis

The method for establishing overexpressed hairy root lines was
adapted from Gabr et al. (2019). Total RNA from Tartary
Buckwheat cv. Pinku leaves were extracted using the FastPure
Universal Plant Total RNA Isolation Kit (Vazyme, China), and
cDNA was synthesised with the HiScript II 1st Strand cDNA
Synthesis Kit (Vazyme, China). PCR amplification of
FtUGT71K6 and FtUGT71K7 was performed by 2×Phanta Max
Master Mix, using primers listed in Supporting Information S2:
Table S5. The FtUGT71K6 and FtUGT71K7 genes were
individually cloned into the pCAMBIA1307‐myc vector
(35S:FtUGT71K6‐cmyc, 35S:FtUGT71K7‐cmyc). Agrobacterium
rhizogenes strain A4, suspended in Murashige & Skoog (MS)
liquid medium, was used to infect Tartary buckwheat cv. Pinku
explants for 12 min. The explants were then incubated in the
dark on MS solid medium for 2 days before being transferred to
MS solid plates containing Hygromycin B. Positive lines were
confirmed by extracting DNA from the hairy roots using the
CTAB method (Irsyadi et al. 2024). On the other hand, the floral
dip method was used for A. thaliana (Col‐0) transformation
(Chen and Murata 2002). The constructed vectors were intro-
duced into Agrobacterium tumefaciens strain GV3101, and
positive clones were selected and cultured in the YEB liquid
medium until reaching an optical density (OD) of 0.6. The
Agrobacterium suspension was prepared in a 5% sucrose solu-
tion containing 0.05% acetosyringone, and 4‐week‐old Arabi-
dopsis (Col‐0) seedlings were transformed using the floral dip
method to obtain overexpression lines.

3 | UHPLC/MS

Flavonoids, anthocyanins, and proanthocyanidins in the over-
expressed hairy root and Arabidopsis samples were quantified
using the 6475 Triple Quadrupole LC/MS System (Agilent, US).
Plant samples were freeze‐dried at −80°C, and the over-
expression of hairy roots was processed according to the
method described by Zhang et al. (2018). Freeze‐dried plant
material was ground to a powder, dissolved in 80% (v/v) aque-
ous methanol, and sonicated for 45 min. The supernatant was
then filtered into vials for analysis. UHPLC was performed
using a 6490 Triple Quadrupole LC/MS System equipped with
an ESI‐triple quadrupole‐linear ion trap (QTRAP)‐MS. The
UHPLC conditions were: Waters X Select HSS T3 (2.1 mm×
100mm× 1.8 μm); 0.1% formic acid purified with water (A) and
acetonitrile (B). The gradient program was as follows: the
starting conditions of 98% A, 2% B, to 4min, turning to 5% A
within 11min, a linear gradient of 20% B, until 13min, 2% B,
and a composition of 98% B were kept for 2 min. Three bio-
logical replicates were measured for each sample.

3.1 | Recombinant Protein Purification and
Enzyme Assay

For protein extraction, overexpressed hairy roots of FtUGT71K6
and FtUGT71K7 were utilised. Freshly weighed overexpressed

hairy roots (5 g) were ground in liquid nitrogen and added to
Tris‐HCl buffer (containing 100mM Tris‐HCl, 250mM NaCl,
1 mM DTT, 0.05% β‐mercaptoethanol, 1 mM PMSF, and Roche
cOmplete Protease Inhibitor Cocktail (EDTA‐free) at pH 7.0).
The mixture was incubated at 4°C for 10 min. BeyoMag™ Anti‐
Myc Magnetic Beads (Beyotime, China) were used for protein
purification, with the beads washed three times with the Tris‐
HCl buffer. The protein was eluted by a buffer containing c‐myc
peptide (Beyotime, China). For the FtUGT71K6 and
FtUGT71K7 activity assays, the reaction buffer comprised
100 mM Tris‐HCl (pH 7.0), 0.5 mM cyanidin/epicatechin (CAS:
528‐58‐5, 490‐46‐0, Shanghai, China), 5 mM UDP‐glucoside,
and 0.1 mM MgCl2. To this, 0.5 μg of purified protein was added
and incubated at 30°C for 30 min. The reaction products were
freeze‐dried at −40°C, redissolved in 80% methanol, and ana-
lyzed by UHPLC‐MS using the 6530 LC/Q‐TOF system
(Agilent).

3.2 | Subcellular Localisation

FtUGT71K6 and FtUGT71K7 genes were cloned into the
pCAMBIA1305‐GFP vector using primers listed in Supporting
Information S2: Table S5. The recombinant vectors were
transformed into Agrobacterium tumefaciens strain GV3101.
The bacterial cells were resuspended in MES buffer (10 mM
MES, 10 mM MgCl2, and 1mM acetosyringone) and incubated
in the dark for 2 h. Following incubation, the suspension was
injected into 4‐week‐old tobacco plants, which were subse-
quently incubated for 24 h in the dark, followed by 24 h in light.
Subcellular localisation was visualised using a Laser Scanning
Confocal Microscope (Zeiss LSM900).

3.3 | Total RNA Extraction, cDNA Synthesis, and
qRT‐PCR Analysis

Transcript levels of overexpressed hairy roots were quantified
using fluorescence‐based relative quantification (Livak and
Schmittgen 2001). Total RNA was extracted from plant samples
using RNA Easy Fast Extraction Kits (TIANGEN, China).
Afterward, reverse transcription was carried out using the Pri-
meScript First‐Strand cDNA Synthesis Kit (Takara). For tran-
scriptional analysis, a SYBR Green‐based assay (SYBR Master
Mix Ex Taq, Takara) was used with cDNA and primer mix on a
BIO‐RAD CFX96 real‐time PCR system (Bio‐Rad Laboratories,
Hercules, CA, USA). Primer sequences are provided in Sup-
porting Information S2: Table S5. Relative expression of the
overexpressed lines was calculated using the ∆∆2‐ Ct method
(Livak and Schmittgen 2001).

3.4 | Luciferase Reporter

The pGreenII‐0800‐LUC system was utilised to assess the
activity of the FtUGT71K7 promoter in different haplotypes.
Genomic DNA from Tartary buckwheat material GS163 (Hap 1)
and SX‐37 (Hap 3) served as templates to clone the promoter of
FtUGT71K7. The −2000 bp to −1700 bp promoter regions of
FtUGT71K7 from Hap1 and Hap3 were cloned and transformed
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into Agrobacterium rhizogenes strain GV3101 (ZOMANBIO,
Beijing, China). Primers are listed in Supporting Information
S2: Table S5. Positive clones were selected using rifampicin and
kanamycin, then cultured until reaching an optical density
(OD) of 0.8 and resuspended in 0.2 mM MES buffer (containing
1mM MgCl2 and 0.1 mM acetosyringone). After that, the
resuscitation fluid was injected into tobacco leaves. The Bio‐
Glo‐NL Luciferase Assay System (Promega, US) was used to
detect LUC activity.

3.5 | Abiotic and Biotic Stress Treatments

For drought and salt stress, 10% PEG and 80mM NaCl were
applied, respectively. Overexpressed Arabidopsis seeds were
germinated on MS solid medium, and uniformly germinated A.
thaliana seedlings and hairy roots were then transferred to MS
solid medium containing either 10% PEG or 80mM Nacl. Fresh
weight of hairy roots was weighed after removing the MS solid
medium. Root length of A. thaliana was recorded after 7 days,
and the weight of hairy roots was assessed after 14 days. Soil‐
grown A. thaliana plants were manually watered five times over
20 days, followed by a cessation of watering to measure the
weight of the upper leaves after an additional 21 days. For biotic
stress, isolated leaves of A. thaliana seedlings were inoculated
with Rhizoctonia solani AG4‐HGI 3 (Li et al. 2021) and incu-
bated in the dark at 28°C for 24 h (He et al. 2023b).

3.6 | Determination of Superoxide, Antioxidant
Enzyme Activities, Proline, Soluble Sugar, MDA
Content, and Total Antioxidant Capacity

Rosette leaves of Arabidopsis plants were grown under uniform
growth conditions and used as samples for staining. Hydrogen
peroxide (H2O2) and superoxide radicals were detected using
diaminobenzidine (DAB) and nitroblue tetrazolium (NBT)
staining, respectively (Du et al. 2008; Wang et al. 2011).
Approximately 0.03 g of rosette leaves of Arabidopsis or hairy
root samples were ground in liquid nitrogen, followed by the
addition of extraction buffer provided in respective kits. The
activities of superoxide dismutase (SOD), catalase (CAT), and
peroxidase (POD) were measured using assay kits from Solarbio
(Solarbio, Beijing, China). Malondialdehyde (MDA), proline
(Pro), and soluble sugar content were also determined using
Solarbio assay kits (Solarbio, Beijing, China). Total antioxidant
capacity was measured by Total Antioxidant Capacity Assay Kit
with ABTS method (Beyotime, Shanghai, China). Absorbance
readings were obtained using a Synergy HTX Multi‐Mode Mi-
croplate Reader (BioTek, USA). Each treatment was performed
in three biological replicates.

3.7 | Analysis for Sites and Branches Under
Selection Pressure

The selection pressure on sites and branches was analyzed
using the Codeml program from PAML, which calculated the
non‐synonymous to synonymous substitution rate ratio (dN/dS
or ω) based on codon‐based nucleotide alignments (Erthmann,

Agerbirk, and Bak 2018). To investigate whether specific
branches were subject to positive selection, the branch‐site
model (Model A) was employed, assuming that some sites on
the foreground branch may be under positive selection (ω> 1),
while sites on the background branches experience negative or
neutral selection. A likelihood ratio test (LRT) was conducted to
detect positive selection by comparing the log‐likelihood values
of Model A with the log‐likelihood value of the corresponding
null model, in which the ω2 parameter is constrained to 1 (no
positive selection). The statistical significance of the test was
evaluated by calculating the difference in log‐likelihood values
(2ΔlnL) and performing a χ2 test (p < 0.05).

3.8 | Statistical Analysis

ANOVA was used for statistical evaluations by Graphpad prism
8. The differences were considered significant at *p< 0.05,
**p< 0.01, and ***p< 0.001.

4 | Results

4.1 | Identification and Characterisation of
UGT71 Subfamily Members in Buckwheat Genome

The UGT71 subfamily, the largest in the Tartary Buckwheat
genome, is predominantly organised as tandem repeats (Yang
et al. 2024). To determine the conservation of the UGT71
family across four buckwheat species, including Fagopyrum
tataricum, F. esculentum, F. dibotrys, and F. esculentum var.
homotropicu, a comprehensive gene family analysis was per-
formed. Based on the UGT conserved structural domain, a
total of 62 UGT71 members were identified across these
species, including 18 in Tartary buckwheat, 11 in F. escu-
lentum var. homotropicum, 14 in golden buckwheat, and 19 in
common buckwheat (Supporting Information S2: Table S1).
All identified UGT71 proteins were shorter than 600 amino
acids (AA) (Supporting Information S2: Table S2), with their
conserved domains mostly located near the C‐terminus.
Structural analysis revealed a generally low number of
introns; the majority of UGT71 genes have no introns, with
only five genes containing two introns (Supporting Informa-
tion S1: Figure S1). The lower number of introns is significant
as it may facilitate faster transcription and rapid gene ex-
pression within the UGT71 subfamily (Morgan, Fink, and
Bartel 2019). Gene length distribution showed that most
UGT71 genes were under 2000 bp, with longer genes typically
containing extended intronic regions. Notably, one UGT71
gene in golden buckwheat, which exceeds 6000 bp, may have
unique regulatory functions associated with its extended
length (Supporting Information S1: Figure S1).

To classify and characterise these proteins, a phylogenetic tree
was constructed using UGT71 proteins from Arabidopsis thali-
ana, Pyrus communis, Malus sylvestris, and others. The analysis
revealed that UGT71 proteins across different species share
similar motif distributions, with motif 3 consistently located at
the C‐terminal and motif 5 at or near the N‐terminal (Figure 1a,
Supporting Information S2: Table S2). This suggests similar
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tertiary structures within the UGT71 subfamily. Buckwheat
UGT71 subfamily proteins are more closely related to
AtUGT71B and PcUGT71K, classifying them as UGT71B/K
(Figure 1a, Supporting Information S2: Table S2). Expression
pattern analysis showed varied expression modes among
UGT71 genes (Figure 1b), with some closely related genes dis-
playing similar expression patterns, such as FtPinG02023
81700.01, FtPinG0202381900.01, Fe2.13764, Fe2.13767, and
Fe2.13767, which are highly expressed in roots, while Fe5.2115,
Fe5.2117, and Fe5.2052 showed higher expression in flowers
(Figure 1b). These consistent expression patterns among similar
genes indicate potential functional similarities. Thus, our
analysis of the UGT71 subfamily across four buckwheat species
revealed conserved secondary structures and identified genes
with similar expression patterns, providing insights into their
potential functional roles.

4.2 | UGT71 Subfamily Gene Duplication

Using genome databases of common buckwheat (F. escu-
lentum), F. esculentum var. homotropicum, Tartary buckwheat
(F. tataricum), and golden buckwheat (F. dibotrys), we gener-
ated physical maps to illustrate the genomic distribution of
UGT71 subfamily members. The FtUGT71 genes were distrib-
uted on chromosomes Ft1, Ft3, Ft5, Ft6, and Ft7; the FdUGT71
genes on chromosomes Chr1, Chr2, Chr5, Chr6, and Chr7; the
FhUGT71 genes on chromosomes Chr1, Chr2, Chr5, and Chr7;

and the FeUGT71 genes on chromosomes Chr1, Chr2, Chr5,
and Chr7. Notably, multiple tandem duplication events were
identified, with conserved chromosomal regions containing
tandem duplications of FtUGT71K3, FtUGT71K4, FtUGT71K5,
FtUGT71K6, FtUGT71K7, FtUGT71K8 (FtPinG0202011800,
FtPinG0202012000, FtPinG0202381100, FtPinG0202381700,
FtPinG0202381900.01 and FtPinG0202382100.01) on chromo-
some 2 and FtUGT71B9, FtUGT71B10, FtUGT71B11 (FtPinG050
5115300, FtPinG0505115700, and FtPinG0505175300) on chro-
mosome 5 among buckwheat species (Supporting Information
S1: Figure S2).

Covariance analysis was conducted on the four buckwheat
species along with Pleuropterus multiflorus and Rheum tangu-
ticum to explore the evolutionary relationships within the
FtUGT71 subfamily across buckwheat species and other mem-
bers of the Polygonaceae family. The analysis revealed that
homologous genes UGT71K5, UGT71K6, UGT71K7, UGT71K8,
UGT71B9, UGT71B10 and UGT71B11 were located in amplifi-
cation blocks at similar chromosomal positions across buck-
wheat species. However, this pattern was absent in Pleuropterus
multiflorus and Rheum tanguticum, indicating that the UGT71
subfamily has been more conserved in buckwheat during
interspecific evolution compared to other Polygonaceae species
(Supporting Information S1: Figure S3). These findings indicate
a high level of conservation for UGT71K5, UGT71K6, UGT71K7,
UGT71K8, UGT71B9, UGT71B10 and UGT71B11 within buck-
wheat species.

FIGURE 1 | UGT71 subfamily identification and expression profiles in F. esculentum, F. esculentum var. homotropicum, F. dibotrys, and F.

tataricum. (a) Unrooted phylogenetic tree indicating the relationship of UGT71 in the genera Asterias tartaricus and Asterias dalianensis. (b)

Expression profiles of different tissues. [Color figure can be viewed at wileyonlinelibrary.com]
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4.3 | Association of UGT71 Tandem Repeats With
Epicatechin Biosynthesis in Tartary Buckwheat

Gene duplication has long been recognised as a driving force of
evolutionary diversity, often leading to novel gene functions
(Birchler and Yang 2022). To understand the role of UGT71
tandem repeats, we analyzed available buckwheat GWAS data
(Zhao, He, et al. 2023). Our analysis identified SNP
Ft2:56627563 as significantly associated with epicatechin con-
tent (Figure 2a). Further analysis showed that this leading SNP
and its locus are close to the tandem repeats FtUGT71K5,
FtUGT71K6, FtUGT71K7, and FtUGT71K8, which were located
within a 27‐kb region near the leading SNP, suggesting a
strongly linked region (Figure 2b). Additionally, SNPs
Ft2:56616116 and Ft2:5661938 were significantly correlated
with epicatechin‐epiafzelechin and procyanidin A3 content,
respectively (Supporting Information S1: Figure S4), suggesting
an association between FtUGT71K5, FtUGT71K6, FtUGT71K7,
and FtUGT71K8 tandem repeats and epicatechin biosynthesis.
Protein sequence similarity among FtUGT71K5, FtUGT71K6,
FtUGT71K7, and FtUGT71K8 was over 75% (Figure 2c), indi-
cating potential functional redundancy.

To further investigate the association between FtUGT71K5,
FtUGT71K6, FtUGT71K7, and FtUGT71K8 tandem repeats and
epicatechin content in buckwheat, we performed haplotype
analysis of the candidate genes. Variants at positions −1906 bp
(Hap1: C/C, Hap3: T/T) and −1895 bp (Hap1: T/T, Hap3: C/C)
in the FtUGT71K7 promoter classified 200 buckwheat samples
into three haplotypes (Figure 2d, Supporting Information S2:
Table S3). Haplotype analysis revealed that the Hap1 group had
significantly higher epicatechin content compared to the Hap3
group (Figure 2e). Correspondingly, the transcription level of
FtUGT71K7 was notably higher in buckwheat seedlings from
the Hap1 group compared to those from the Hap3 group
(Figure 2f). The impact of base variation on promoter activity
was further assessed by cloning the promoter regions of the two
haplotypes (−2000 to −1700 bp) into the pGreenII‐0800‐LUC
vector, which showed significantly higher activity for the Hap1
promoter than for Hap3 (Figure 2g). This indicates that differ-
ences in promoter activity between these two haplotypes
influence FtUGT71K7 expression. Additionally, G‐box, W‐box,
and MYB binding sites are abundant in the UGT71 promoter
(Table S4), suggesting that the UGT71 subfamily in buckwheat
may be regulated by bHLH (Hao et al. 2021), WRKY (Jiang
et al. 2017), and MYB (Liu, Osbourn, and Ma 2015) transcrip-
tion factor families. These regulatory elements likely contribute
to the observed variations in epicatechin content among dif-
ferent Tartary buckwheat haplotypes.

4.4 | Buckwheat Glycosyltransferase FtUGT71K6
and FtUGT71K7 Mediate UDP‐Glucoside Transfer
to Cyanidin and Epicatechin

Given the association of the FtUGT71K gene cluster with epi-
catechin, we hypothesised that these genes might facilitate the
glycosylation of compounds in the epicatechin biosynthesis
pathway. To test this hypothesis, we performed protein
homology modelling for FtUGT71K6 using Alphafold2‐
predicted A0A1P8SFY7.1.A as a template with 77.7% sequence

identity and over 30% concordance, meeting the requirements
for modelling.

Previous studies have demonstrated that the UGT71 subfamily
in strawberries catalyses glycosyl transfer using anthocyanins as
substrates (Song et al. 2015). Based on this, cyanidin and epi-
catechin were selected as substrates for molecular docking with
FtUGT71K6. The docking results revealed that the glycosyl
donor UDP‐glucoside and the acceptors cyanidin and epica-
techin were spatially proximate within the protein model,
facilitating efficient reaction (Figure 3a,b). Specifically, UDP‐
glucoside formed a hydrogen bond with His‐168 and hydro-
phobic interactions with Asn‐172 in the PSPG box (HCGWNS)
of FtUGT71K6. Additionally, Gln‐52 and Glu‐176 interacted
with all three substrates, highlighting the importance of these
four sites for the catalytic activity of FtUGT71K6. The binding
energies of the substrates to FtUGT71K6 were all negative,
suggesting that the catalytic reaction occurs spontaneously
without the need for external energy (Figure 3c–e). UHPLC/MS
analysis verified that FtUGT71K6‐myc and FtUGT71K7‐myc
catalysed the formation of cyanidin‐3‐O‐glucoside (Figure 3f–h)
and also utilised epicatechin as a substrate for reaction
(Figure 3i–k). These findings indicate that FtUGT71K6 and
FtUGT71K7 proteins share similar catalytic functions, facili-
tating glycosylation of both epicatechin and cyanidin.

4.5 | Functional Validation of FtUGT71K6 and
FtUGT71K7 in Epicatechin Biosynthesis and
Metabolite Accumulation

To determine where FtUGT71K6 and FtUGT71K7 proteins
function within the cell, subcellular localisation was performed
in tobacco leaves and identified FtUGT71K6 and FtUGT71K7
localised to the cytoplasm and nucleus, respectively (Figure 4a).
The subcellular localisation of flavonoid synthesis‐related pro-
teins is usually located in the nucleus and cytoplasm of the cell
(Yang et al. 2022; Chen et al. 2024). To validate the role of
FtUGT71K6 and FtUGT71K7 in the epicatechin biosynthesis
pathway, we generated transgenic buckwheat hairy root and
Arabidopsis lines (Figures 4b,c, S5). Overexpression of
FtUGT71K6 or FtUGT71K7 in both hairy roots and Arabidopsis
resulted in significantly increased levels of cyanidin‐3‐O‐
glucoside and epicatechin, confirming their involvements in the
epicatechin biosynthesis pathway. In FtUGT71K6‐OE and
FtUGT71K7‐OE hairy roots, procyanidin C1 and B1 levels also
rose, while cyanidin and kaempferol levels were significantly
decreased (Figure 4d), suggesting that kaempferol and epica-
techin compete for the intermediate compound dihy-
drokaempferol and that procyanidins are downstream
metabolites of the epicatechin synthesis pathway (Figure 4e).
These results demonstrated that overexpression of FtUGT71K6
or FtUGT71K7 alters metabolite levels in the epicatechin syn-
thesis pathway in Arabidopsis and hairy roots, promoting the
accumulation of downstream compounds of this pathway.

Remarkably, this alteration in metabolite flow did not signifi-
cantly affect plant growth, as FtUGT71K6‐OE, FtUGT71K7‐OE,
and wild‐type (WT) Arabidopsis plants exhibited similar growth
under normal conditions (Supporting Information S1: Figure S6).
However, total flavonoid content was significantly higher in
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FIGURE 2 | GWAS results of FtUGT71K5, FtUGT71K6, FtUGT71K7, and FtUGT71K8 tandem repeat genes related with the content of epica-

techin in 200 accessions of Tartary buckwheat. (a) Manhattan plot illustrating the GWAS result of Epicatechin content. GWAS had two repeats (left)

and signal Significance Analysis (right). (b) Regional Manhattan Map. The 0.2 Mb genomic regions on either side of the most significant SNP. The

lead SNP is shown with a red arrow. The tandem repeats were shown by the black arrow. (c) The protein similarity of UGT71K tandem repeats. (d)

Haplotype located in the FtUGT71K7 promoter. (e) The epicatechin content in 3 haplotypes in two biological replicates. Numbers of Hap1 is 140,

Hap2 is 42, and Hap3 is 15. (f) Relative expression of FtUGT71K7 in the Hap1 and Hap3 of Tartary buckwheat germplasm. (g) Identification of the

activity of the FtUGT71K7 promoter in Hap1 and Hap3 of Tartary buckwheat germplasm. Data are shown as mean ± SD from three biological

replicates (n= 5). *p < 0.05, **p < 0.01, and ***p< 0.001, significant different analysis based on two‐tailed Student's t‐test. [Color figure can be viewed

at wileyonlinelibrary.com]
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FIGURE 3 | Legend on next page.
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FIGURE 3 | FtUGT71K6 and FtUGT71K7 catalyse the glycosylation of epicatechin and cyanidin. (a) The map of donor UDP‐glucoside and receptor

epicatechin autodocking with UGT71K6 protein. (b) UDP‐glucoside and cyanidin autodocking with UGT71K6 protein. (c) Detailed presentation of the

UGT71K6 protein and epicatechin binding site. (d) Detailed information about UDP‐glucoside binding with protein. (e) Detailed information about cyanidin

binding with protein. Site selection is based on the design of sites that require less binding energy and the possibility of spatial binding of donor and acceptor.

Yellow dashed lines indicate hydrogen bonds. The green dashed line indicates hydrophobic interactions, and the data on the side indicate bond distances (Å).

(f) UPLC analysis of reaction products from cyanidin. C‐myc protein as the control, FtUGT71K6‐myc and FtUGT71K7‐myc extract from overexpressed hairy

root, purified by myc‐beads. 1. the peak of cyanidin; 2. the product peak from cyanidin and FtUGT71K6. (g and h) Specific mass spectrometry in (f),

electrospray ionisation is performed in negative ion mode. (i) UHPLC analysis of reaction products from epicatechin. FtUGT71K6‐myc and FtUGT71K7‐myc

extract from overexpressed hairy root, purified by myc‐beads. (j and k) Specific mass spectrometry in (i), electrospray ionisation is performed in negative ion

mode. 3. the peak of epicatechin; 4. the product peak from epicatechin and FtUGT71K6 and FtUGT71K7. [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 4 | Overexpressed FtUGT71K6 and FtUGT71K7 in buckwheat hairy root and Arabidopsis influencing contents of compounds in epicatechin

synthesis pathway. (a) Subcellular localisation of FtUGT71K6 and FtUGT71K7. (b) Overexpressed hairy root. A4 as the control, K6‐OE (FtUGT71K6‐OE), K7‐
OE (FtUGT71K7‐OE). (c) Overexpressed Arabidopsis. Wild type Arabidopsis (WT) as control, K6‐OE (FtUGT71K6‐OE), K7‐OE (FtUGT71K7‐OE). (d) Heatmap

displaying the compounds content about the epicatechin synthesis pathway in K6‐OE and K7‐OE. overexpressed buckwheat hairy roots (left), overexpressed

Arabidopsis (right). The data treated with min‐max normalisation, A4 as the control in hairy root, Col‐0 as the control in Arabidopsis, and the contents of

compounds in K6‐OE or K7‐OEwere uniformly analyzed by the student's t‐test; each line has three biological repeats *p<0.05, **p<0.01 and ***p<0.001, (e)

Epicatechin biosynthesis pathway. CHI, chalcone isomerase; F3H, flavanone 3‐hydroxylase; F3′H, flavonoid 3′‐hydroxylase; FLS, flavonol synthase; DFR,
dihydroflavonol‐4‐reductase; ANS, anthocyanidin synthase; ANR, anthocyanidin reductase; LAR, Leucoanthocyanidin reductase; UGT, glycosyltransferase. (f)

Total flavonoids in K6‐OE and K7‐OE buckwheat hairy roots (left), K6‐OE and K7‐OE Arabidopsis (right). Each line contains three biological repeats. *p<0.05

(one‐way ANOVA, Tukey's post‐test). [Color figure can be viewed at wileyonlinelibrary.com]
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FtUGT71K6‐OE and FtUGT71K7‐OE (Figure 4f), indicating that
overexpression of FtUGT71K6 or FtUGT71K7 enhances the
accumulation of epicatechin and cyanidin‐3‐O‐glucoside in
plants, thereby increasing total flavonoid contents without
affecting plant growth.

4.6 | FtUGT71K6 and FtUGT71K7 Enhance
Drought Tolerance

UGT family genes are known to contribute to abiotic and biotic
stress resilience (Dong et al. 2020; Zhang, Sun, et al. 2021; Gharabli,
Della Gala, and Welner 2023). Flavonoids, synthesised via UGT
pathways, are recognised for their role in enhancing plant anti-
oxidant capacity (Di Ferdinando et al. 2012). To assess the role of
FtUGT71K6 and FtUGT71K7 in drought tolerance, we evaluated the
drought resistance of FtUGT71K6‐OE and FtUGT71K7‐OE. Under
non‐stressed conditions, no differences were observed in the growth
status of FtUGT71K6‐OE and FtUGT71K7‐OE compared to the wild
type (Supporting Information S1: Figures S6 and S7). However,
under drought stress, the root length (cultured in MS medium) or
above‐ground biomass (cultured in soil) of FtUGT71K6‐OE and
FtUGT71K7‐OE Arabidopsis were significantly higher than those of
controls (Figures 5a,b, and S7). Under PEG treatment, the fresh
weight of FtUGT71K6‐OE and FtUGT71K7‐OE hairy roots was
approximately 3.1 and 1.57 times that of the A4 control, respectively
(Figure 5c,d).

To further investigate the mechanisms underlying the observed
drought tolerance, we measured various physiological indicators.
DAB and NBT staining in Arabidopsis detected hydrogen peroxide
(H2O2) and superoxide levels, respectively. Results revealed that
FtUGT71K6‐OE and FtUGT71K7‐OE Arabidopsis exhibited lighter
staining under drought conditions, indicating enhanced reactive
oxygen species (ROS) scavenging ability (Figures 5e and S8).
Additionally, malondialdehyde (MDA) content, an indicator of lipid
peroxidation in plants, was significantly lower in overexpressed
Arabidopsis and hairy roots, indicating less stress‐induced plant
damage compared to controls (Figure 5f,g). Conversely, antioxidant
enzyme activities (SOD, CAT and POD), proline, and soluble sugar
content were significantly decreased in the transgenic lines
(Supporting Information S1: Figure S9), suggesting that the
observed ROS scavenging ability might not be directly linked to
increased antioxidant enzyme activity. Additionally, the content of
cyanidin‐3‐O‐glucoside and procyanidins significantly increased in
FtUGT71K6‐OE and FtUGT71K7‐OE under drought stress
(Figure 5h). FtUGT71K6‐OE or FtUGT71K7‐OE showed higher
total antioxidant capacity, whether stressed or not (Figure 5i). These
findings suggest that this altered metabolite profile in FtUGT71K6‐
OE and FtUGT71K7‐OE enhanced plant antioxidants, ultimately
improving drought tolerance.

4.7 | FtUGT71K6‐OE Has a Positive Effect on
Salinity Tolerance, but Neither FtUGT71K6‐OE nor
FtUGT71K7‐OE Responds to Rhizoctonia solani
AG4‐HGI 3

The accumulation of flavonoids is known to enhance anti-
oxidant capacity, which often increases plant resilience to

various stresses (Gharabli, Della Gala, and Welner 2023).
Therefore, we analyzed FtUGT71K6‐OE and FtUGT71K7‐OE for
salt tolerance and disease resistance. Under salt stress,
FtUGT71K7‐OE Arabidopsis did not exhibit significant changes
in root length. In contrast, we found that FtUGT71K6‐OE hairy
roots and Arabidopsis plants demonstrated notable improve-
ments in salt tolerance compared to wild‐type controls. How-
ever, the overexpressed hairy roots did not show an increase in
antioxidant enzyme activity or osmoregulatory substances
(Supporting Information S1: Figures S10, S11, S12). The MDA
content in FtUGT71K6‐OE was lower than in controls, indi-
cating that FtUGT71K6 overexpression can mitigate plant per-
oxide damage under salt stress (Supporting Information S1:
Figure S12). Furthermore, FtUGT71K6‐OE showed a higher
total antioxidant capacity compared to the control (Supporting
Information S1: Figure S11), which may explain the lower MDA
levels observed. Under salt stress, FtUGT71K6‐OE hairy roots
also displayed significantly elevated levels of cyanidin‐3‐O‐
glucoside and procyanidin A1 compared to controls, both of
which are potent antioxidants (Supporting Information S1:
Figure S13). Therefore, we concluded that increased levels of
cyanidin‐3‐O‐glucoside and procyanidin A1 likely enhance total
antioxidant capacity and reduce oxidative damage in
FtUGT71K6‐OE buckwheat hairy roots.

In terms of disease resistance, FtUGT71K6‐OE and FtUGT71K7‐OE
did not exhibit significant resistance to Rhizoctonia solani infection
(Supporting Information S1: Figure S14), suggesting that the
metabolite changes in FtUGT71K6‐OE and FtUGT71K7‐OE do not
significantly influence pathogen tolerance.

4.8 | Positive Selection Sites in FtUGT71K6 and
FtUGT71K7: GLN‐34, ASP‐53 and ILE‐266

Gene duplication is proposed as a primary mechanism driving
the evolution of UGT family genes (Erthmann, Agerbirk, and
Bak 2018; Yang et al. 2024). We hypothesised that positive
selection might have influenced the evolution of the UGT71K5,
UGT71K6, UGT71K7, and UGT71K8 gene cluster. Therefore, we
analyzed evolutionary selection pressures on the UGT71K5,
UGT71K6, UGT71K7, and UGT71K8 tandem repeat genes. The
FtUGT71K5, FtUGT71K6, FtUGT71K7, and FtUGT71K8 cluster,
located on the distal end of chromosome 2, is conserved across
F. dibotrys, F. esculentum, and F. tataricum. Notably, there are
no gene insertions within the UGT71K tandem duplication
region in F. esculentum and F. tataricum, although a 254‐bp
sequence between FtUGT71K5 and FtUGT71K6, resembling a
UGT71K sequence, may function as a pseudogene. Additionally,
a short sequence is found upstream of the FeUGT71K5 gene in
F. esculentum (Figure 6a). Sequence conservation analysis of
UGT71K5, UGT71K6, UGT71K7, and UGT71K8 in buckwheat
revealed similarity levels exceeding 77%, leading to the con-
struction of a homology tree that divided these sequences into
three distinct branches (Figure 6b).

Based on the influence of selection pressure on tandem repeat
genes (Erthmann, Agerbirk, and Bak 2018), we conducted
selection pressure analysis on UGT71K5, UGT71K6, UGT71K7,
and UGT71K8 sequences from F. dibotrys, F. esculentum, and F.
tataricum using the Branch‐Site model. The log‐likelihood ratio
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FIGURE 5 | Phenotype of drought‐tolerant overexpressed FtUGT71K6 and FtUGT71K7 Arabidopsis and buckwheat hairy roots. (a) K6‐OE
(FtUGT71K6‐OE) treated with 10% PEG 7 days (left), root length measurement (right). (b) K7‐OE (FtUGT71K7‐OE) treated with 10% PEG 7 days. (c)

10% PEG‐treated K6‐OE and K7‐OE hairy roots for 14 days in MS medium. (d) Fresh weight of (c). (e) DAB staining. Arabidopsis grown in soil for

21 days with a cessation of watering. (f) MDA content in FtUGT71K6‐OE and FtUGT71K7‐OE hairy roots. (g) MDA content in FtUGT71K6‐OE and

FtUGT71K7‐OE Arabidopsis. The values are means ± SD (n= 3 biological replicates). *p< 0.05, **p< 0.01, ***p< 0.001 one‐way ANOVA, Tukey's

post‐test was used to calculate the significant differences relative to the control. (h) The contents of compounds in the epicatechin synthesis pathway.

Each line has three biological replicates (n= 3). Min‐Max Normalisation was used in the heat map. (i) Total antioxidant capacity of FtUGT71K6‐OE
and FtUGT71K7‐OE overexpressed hairy roots (left) and overexpressed Arabidopsis (right). *p< 0.05, **p< 0.01, significant differences analysis based

on two‐tailed Student's t‐test. [Color figure can be viewed at wileyonlinelibrary.com]
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test between models yielded a value of 4.45 with a p‐value of
0.03 (Figure 6c), suggesting significant positive selection on
genes in branch 2, as compared to background branches 1 and 3
(Figure 6c). The results indicated that FtUGT71K6,
FtUGT71K7, and other branch 2 proteins with GLN‐34, ASP‐53,
and ILE‐266 may have been positively selected compared to
branch 1 and 3 counterparts, which have LYS‐114, LYS‐133,
and VAL‐347 at corresponding positions (Figure 6d).

5 | Discussions

The UGT71 subfamily represents a large glycosyltransferase
gene family in the buckwheat genome (Yang et al. 2024). Genes
within the buckwheat UGT71 subfamily, which share over 75%
similarity with Arabidopsis UGT71 genes, were identified based
on the conserved structural domain of glycosyltransferase
(Supporting Information S2: Table S1, Supporting Information

FIGURE 6 | Selection pressure analysis of UGT71K5, UGT71K6, UGT71K7, and UGT71K8 tandem repeats in buckwheat. (a) Detailed map of

UGT71K5, UGT71K6, UGT71K7, and UGT71K8 genomic regions. (b) UGT71K5, UGT71K6, UGT71K7, and UGT71K8 homology tree. (c) Branch site

model selection pressure analysis. The grey line represents 2Δl = 3.84, p= 0.05, and the dark red line represents p= 0.01, 2Δl = 5.59. The red line

represents 2Δl = 4.45, p = 0.03, computed by branch 2 as the foreground branch 1 and 3 as the background branches. (d) Visualisation of positively

selected amino acid sites. The model of the control was built with FtUGT71K5 (belonging to branch 2), whose template was consistent with that of

the experimental group, while the model consistency was 100%. [Color figure can be viewed at wileyonlinelibrary.com]
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S1: Figure S1). The UGT gene family often exists as tandem
duplication in plant genomes (Kuzina et al. 2011), and
covariance analysis suggested that the UGT71 subfamily is po-
sitionally conserved with tandem duplications in the buckwheat
genome (Supporting Information S1: Figure S3). The
FtUGT71K5, FtUGT71K6, FtUGT71K7, and FtUGT71K8 gene
cluster gained our attention due to its location within a region
highly correlated with epicatechin content in Tartary Buck-
wheat, as identified by GWAS (Figure 2a), and eventually this
gene cluster was found to be associated with epicatechin con-
tent (Figure 2b).

Catechin and epicatechin are the most abundant bound phe-
nolic compounds formed when buckwheat seeds are processed
into flour (Martín‐García et al. 2019). To further understand the
influence of tandem gene duplications on epicatechin content
across various buckwheat germplasms, we performed a haplo-
type analysis of the FtUGT71K7 promoter. Hap1, which corre-
lates with higher epicatechin content, constitutes a significant
proportion of the 200 Tartary buckwheat accessions (Figure 2e),
suggesting it may have undergone a subtle selection process.
And only two bases difference in Hap1 enhances the promoter
activity and expression level of FtUGT71K7 compared to Hap3
(Figure 2g,f). Interestingly, this 14‐bp haplotype's sequence 5′‐
GCCGTTGACCTCTC‐3′ contains the W‐box core sequence
(TGACCA/T), crucial for WRKY transcription factor binding
(Lim et al. 2022). Therefore, the variations in epicatechin con-
tent among haplotypes may be associated with WRKY tran-
scription factors.

Plant glycosyltransferases exhibit multi‐substrate catalytic
functions (Cui et al. 2016). For instance, UGT71 subfamily
members in strawberries catalyse reactions using flavonoids as
substrates, with unique properties depending on the sequence
(Song et al. 2015). In buckwheat, we localised the FtUGT71K6,
FtUGT71K7 gene cluster using GWAS data and demonstrated
their role in influencing epicatechin synthesis in both in vivo
and in vitro (Figures 2, 3, and 4). GWAS data also indicated
that the genomic region of FtUGT71K6, FtUGT71K7 corre-
sponds to procyanidin A3 and epicatechin‐epiafzelechin con-
tent (Supporting Information S1: Figure S4). Procyanidin A3 is
a polymer formed with epicatechin monomers and is a part of
the proanthocyanidin (PA) pathway (Debeaujon et al. 2003),
where TT12 is a membrane protein involved in proanthocya-
nidin (PA) synthesis and facilitates the accumulation of pro-
cyanidins in vesicles (Debeaujon et al. 2001). TT12 transports
cyanidin‐3‐O‐glucoside but not catechin‐3‐O‐glucoside and does
not translocate free cyanidin or epicatechin directly into vesicles
(Marinova et al. 2007). Rather, the glycosylated form of epica-
techin is potentially transported by TT2 to vesicles, either as a
precursor cyanidin or as cyanidin glycosylated form, which then
undergoes hydrolysis for subsequent polymerisation reactions
for PA synthesis (Marinova et al. 2007; Zhao and Dixon 2010).
Thus, the association of FtUGT71K5, FtUGT71K6, FtUGT71K7,
and FtUGT71K8 with procyanidin A3 content in the GWAS
data suggests that these genes may influence procyanidin A3
levels. Although FtUGT71K6 and FtUGT71K7 utilised both cy-
anidin and epicatechin as substrates, their overexpression lines
exhibited increased epicatechin content, consistent with the
general multi‐substrate catalytic nature of glycosyltransferases
(Xu et al. 2021; Ren et al. 2023), which may have complex

effects on the compound content across the entire metabolic
pathway. Overexpression of FtUGT71K6 and FtUGT71K7 led to
increased epicatechin and procyanidin accumulation while
reducing cyanidin levels, likely due to the need to replenish
epicatechin (Figure 4). Though overexpression of FtUGT71K6
or FtUGT71K7 in plant species affects the flow of metabolites, it
enhances the total flavonoid content in the plant (Figure 4).
Overexpression of glycosyltransferases has been shown to pro-
mote flavonoid accumulation. For example, overexpression of
the glycosyltransferase UGT71C4 enhanced the enrichment of
several flavonoids (Cao et al. 2024).

Plants employ antioxidant mechanisms like increased enzyme
activity (Gechev et al. 2003), flavonoid and procyanidin accu-
mulation (Ahmed et al. 2021), and osmotic adjustment
(Mahmood et al. 2020) to counter oxidative stress from abiotic
and biotic sources. The specific antioxidant responses vary
among plant species and stress type (Mahmood et al. 2020).
Flavan‐3‐ols, anthocyanidins, and procyanidins are examples of
potent antioxidants (Youn et al. 2006; Khan and Abbas 2023;
Zhao, Jiang, et al. 2023). In the context of drought tolerance,
FtUGT71K6‐OE and FtUGT71K7‐OE enhance the levels of
procyanidins and anthocyanins, while DAB and NBT staining
showed lower accumulation of hydrogen peroxide and super-
oxide (Figures 5, S8). The activities of SOD, POD, CAT, and the
levels of proline and soluble sugar in the overexpressed lines
were all lower compared to controls under drought treatment
(Supporting Information S1: Figures S8, S11). Typically, anti-
oxidant enzyme activities and osmoregulatory substances are
upregulated in response to stress (Ozturk et al. 2021; Iqbal
et al. 2023). These results suggest that the overexpressing lines
experienced less damage during drought treatment, resulting in
lower antioxidant enzyme activity and osmoregulatory sub-
stance levels.

The antioxidant activity of flavan‐3‐ols and procyanidins results
from phenolic hydroxyl groups stabilising free radicals, thereby
reducing oxidative damage (Fraga et al. 2010; Verstraeten,
Fraga, and Oteiza 2015). Therefore, we hypothesised that
overexpression of FtUGT71K6 or FtUGT71K7 increases natural
antioxidants, such as flavan‐3‐ols, that directly scavenge ROS,
reducing oxidative stress. Consistent with this, FtUGT71K6‐OE
and FtUGT71K7‐OE showed higher total antioxidant capacity
than controls under normal and drought conditions (Figure 5i),
indicating that overexpression of FtUGT71K6 and FtUGT71K7
in plants improves antioxidant capacity and reduces oxidative
stress.

Distinct steady‐state levels of ROS in various cellular compart-
ments (e.g., chloroplasts, peroxisomes, mitochondria, cyto-
plasm, nuclei) collectively contribute to an overall ROS
signature that reflects cellular redox status. Drought and
salinity stress generate specific subcellular ROS and redox sig-
natures and contribute to the signalling pathways that mediate
their distinct stress responses (Choudhury et al. 2017).
FtUGT71K6‐OE Arabidopsis and hairy roots showed significant
salt tolerance, while FtUGT71K7‐OE Arabidopsis did not
exhibit significant salt tolerance (Supporting Information S1:
Figures S10, S11, S12). Differences in amino acids between the
similar proteins FtUGT71K6 and FtUGT71K7 (Figure 6) may
explain their functional discrepancies, as reflected in the
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varying flavonoid content between FtUGT71K6‐OE and
FtUGT71K7‐OE (Figure 4d). The level of accumulated anti-
oxidants affects the ROS scavenging capacity by phenolic
hydroxyl groups that stabilise free radicals (Martinez et al. 2016;
Ma et al. 2022). We therefore hypothesised that the contrasting
phenotypes of FtUGT71K6‐OE and FtUGT71K7‐OE under salt
stress might be related to antioxidant accumulation. Although
fungal infestation can influence flavonoid levels, osmor-
egulators, and antioxidant enzyme activity (Chen et al. 2023;
Zhang, Feng, et al. 2023), we did not observe significant disease
resistance in FtUGT71K6‐OE and FtUGT71K7‐OE Arabidopsis
(Supporting Information S1: Figure S14). Therefore, we specu-
late that the minor metabolite changes observed are insufficient
to confer disease resistance.

Tandem gene duplications contribute to genome evolution by
altering gene regulation and optimising biosynthetic pathways
(Zhang et al. 2024). Differences among duplicated genes can
lead to altered enzyme functions (Copley 2020). Gene family
analysis showed that UGT71K5, UGT71K6, UGT71K7, and
UGT71K8 tandem duplications are conserved across multiple
buckwheat species (Figure 2). The neighbouring genes to
FtUGT71K6 and FtUGT71K7 exhibit similar expression patterns
(Figures 1 and S2). According to GWAS analysis and functional
validation, FtUGT71K6 and FtUGT71K7 tandem duplication
genes are functionally similar (Figures 2, 3, 4, and 5). However,
there are still discrepancies in the amino acid sequences of
UGT71K5, UGT71K6, UGT71K7, and UGT71K8 (Supporting
Information S1: Figures S1 and 6b). Functional divergence and
altered functional constraints on amino acid residues after gene
duplication may contribute to their distinct functions (Wu
et al. 2019). Selection pressure analysis identified LYS‐114, LYS‐
133 and VAL‐347 as three potential sites of evolutionary
selection (Figure 6c,d). Remarkably, ASP‐53 has been previ-
ously identified as a key site for substrate binding based on
molecular docking studies (Figure 3), and changes at these key
amino acid sites lead to altered catalytic function (Xu
et al. 2021). We therefore believe that the change of key amino
acids largely contributes to differences in the catalytic function
of FtUGT71K5, FtUGT71K6, FtUGT71K7, and FtUGT71K8.

Taken together, our findings suggest that FtUGT71K6 and
FtUGT71K7 are present as tandem duplicates in the buckwheat
genome and exhibit evolutionary selection pressure by gene
family analysis and detection of selection pressure. GWAS
results of epicatechin and functional studies of FtUGT71K6 and
FtUGT71K7 demonstrate that overexpression of these tandem
duplicate genes enhances the total antioxidant capacity of the
plant by altering the flow of metabolites in the epicatechin
synthesis pathway, thereby improving drought tolerance. The
results provide key candidate genes of the UGT71 subfamily for
future molecular breeding of abiotic stress resistance and
potential metabolic engineering of flavonoid compounds of
buckwheat and its related species.
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