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Summary
Rutin, a flavonoid rich in buckwheat, is important for human health and plant resistance to

external stresses. The hydrolysis of rutin to quercetin underlies the bitter taste of Tartary

buckwheat. In order to identify rutin hydrolysis genes, a 200 genotypes mini-core Tartary

buckwheat germplasm resource was re-sequenced with 30-fold coverage depth. By combining

the content of the intermediate metabolites of rutin metabolism with genome resequencing

data, metabolite genome-wide association analyses (GWAS) eventually identified a glycosyl

hydrolase gene FtGH1, which could hydrolyse rutin to quercetin. This function was validated

both in Tartary buckwheat overexpression hairy roots and in vitro enzyme activity assays.

Mutation of the two key active sites, which were determined by molecular docking and

experimentally verified via overexpression in hairy roots and transient expression in tobacco

leaves, exhibited abnormal subcellular localization, suggesting functional changes. Sequence

analysis revealed that mutation of the FtGH1 promoter in accessions of two haplotypes might be

necessary for enzymatic activity. Co-expression analysis and GWAS revealed that FtbHLH165 not

only repressed FtGH1 expression, but also increased seed length. This work reveals a potential

mechanism behind rutin metabolism, which should provide both theoretical support in the study

of flavonoid metabolism and in the molecular breeding of Tartary buckwheat.

Introduction

In recent years, buckwheat is becoming a highly popular food

due to its balanced amino acid composition and richness in

resistant starch, vitamins, trace elements, and antioxidants

(Huda et al., 2021; Joshi et al., 2020; Kreft et al., 2020).

Buckwheat is a unique pseudocereal crop, in that it contains

large amounts of flavonoids including rutin, quercetin, isoquer-

citrin, and quercitrin (Li et al., 2020; Zhang et al., 2012), but

does not yet represent an important calorific crop. Rutin, a

flavonoid rich in buckwheat seeds, is widely used in pharma-

ceutical drugs because of its antibacterial and antioxidant

properties, as well as its bioactivity in the reduction of blood

pressure and with respect to its hypoglycaemic function

(Calzada et al., 2017; Kreft, 2016; Lee and Lee, 2010; Wang

et al., 2013; Yang et al., 2008). The hydrolysis of rutin to

quercetin is responsible for the strong bitterness exhibited by

Tartary buckwheat (Suzuki et al., 2021). Hence, studies focusing

on the conversion of rutin to quercetin are of great importance.

In this respect, the inhibition of rutin hydrolase could minimize

quercetin formation, and thereby retain rutin contents, which

would ultimately help in reducing the bitterness of buckwheat

products.

As an important secondary metabolite, rutin is not only of great

benefit to human health, but also has an important role for the

buckwheat plant itself. For instance, rutin can protect the plant

from solar UV radiation, dryness, cold, salinity, and a range of

pests (Gaberscik et al., 2002; Ismail et al., 2015; Kreft et al., 2002;

Sharma et al., 2021; Suzuki et al., 2005; Yang et al., 2022; Zhao

et al., 2021a). However, rutin in buckwheat is unstable and its

accumulation is highly susceptible to environmental influences

such as altitude, light, moisture, and other environmental factors

(Hao et al., 2016; Suzuki et al., 2005; Tsurunaga et al., 2013).

Moreover, it is readily degraded by rutin hydrolase into quercetin

(Jia et al., 2019). Previous studies have made some progress in

understanding rutin metabolism but it remains insufficient. Most

of the current studies on rutin metabolism have focused on its

upstream biosynthesis genes, including rhamnosyltransferases

(RT), glycosyltransferases (GT), and flavonol synthases (FLS)

(Zhang et al., 2017). Currently, studies on rutin hydrolase activity

are mainly focused on its enzyme activity for food processing

applications (Luk�si�c et al., 2016; Wu et al., 2020b; Yoo et al.,

2012). However, there is a paucity of studies on the downstream

genes involved in rutin hydrolysis, probably because the instability

of rutin increases the difficulty in identification of the gene

associated with its hydrolysis.
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In order to identify the genes responsible for rutin hydrolysis,

we have previously performed genome-wide association analyses

(GWAS) by combining the 10-fold deep re-sequencing data and

the contents of rutin and quercetin in a 480 germplasm resources

of Tartary buckwheat (Zhang et al., 2021). However, none of the

genes in the associated regions encodes a rutin hydrolase.

Subsequently, the metabolic genome-wide association study

combining the 10-fold deep resequencing data and the contents

of rutin metabolism intermediates in 200 microcore germplasm

resources were further performed to identify rutin hydrolysis

through the intermediate metabolites of rutin hydrolysis (Zhao

et al., 2023). However, still no rutin hydrolase was identified. We

speculated that this might be due to the influence of the

environment on rutin accumulation and the insufficient sequenc-

ing depth of the earlier studies. In the current study, the rutin

content of the Tartary buckwheat planted in areas with different

altitudes and the >30-fold deep re-sequencing data were used to

further mine SNP variant loci in Tartary buckwheat germplasm

resource. On combination with the content of different

metabolites, GWAS was performed which identified a glycosyl

hydrolase gene (FtGH1) responsible for the different rutin content

in the Tartary buckwheat germplasm resources. The rutin

hydrolytic activity of FtGH1 was experimentally verified. Further-

more, the natural variation in an MYC transcription factor binding

motif in the FtGH1 promoter was identified. The regulatory effect

of the upstream MYC transcription factor on the FtGH1 promoter

was further deciphered. This study thus not only provides clues

for the identification of rutin hydrolase genes in buckwheat

genetic resources, but also contributes to the exploration of key

enzymatic genes involved in metabolic pathways of readily

degradable metabolites.

Results

GWAS of rutin content at different altitudes with 10-
fold depth resequencing data identified a candidate
rutin hydrolase gene

As the accumulation of rutin in Tartary buckwheat seeds is easily

influenced by environmental factors, we planted 480 Tartary

buckwheat germplasm resources at five experimental sites

situated at different altitudes. Only 226 were survived and

produced seeds at all five experimental sites. The contents of rutin

and quercetin in these 226 Tartary buckwheat accessions at five

sites were subsequently investigated. The contents of rutin and

quercetin were varied across the different altitudes (Figure 1a;

Figure S1A; Data Set S1), further confirming that rutin

accumulation is easily affected by environment, which may

increase the difficulty in identification of genes related to rutin

metabolism.

Subsequently, by combining the 10-fold deep whole-genome

resequencing data (Zhang et al., 2021) with the varied content of

the rutin and quercetin of these 226 Tartary buckwheat

accessions planted in different altitudes, GWAS of rutin-related

metabolites was conducted to identify key genes involved in rutin

hydrolysis (Figure 1). The results revealed that there was no

significant locus in GWAS results of rutin content of seeds harvest

at areas at altitudes of 1500 m and 3000 m (Figure 1c,f).

However, there are significant loci associated with rutin content

at 1000 m, 2000 m, and 2500 m altitudes, respectively

(Figure 1b,d,e). Genes in these significant loci were further

analysed but no genes were found annotated to be related to

rutin hydrolysis in the GWAS results of rutin content at 1000 m

and 2000 m (Data Set S2 and S3). Interestingly, a significant locus

on chromosome 2 [�log10(P ) > 5] was identified using rutin

content of Tartary buckwheat seeds obtained at 2500 m altitude

(Figure 1e). Moreover, a gene encoding a beta-glucosidase type

gene/glycosyl hydrolyse (FtPinG0201454200, FtGH1) was identi-

fied within this significant signal interval (Data Set S4). Similar to

rutin, GWAS results of quercetin at five experimental sites with

different altitudes produced significant results at all five test sites

(Figure S1A–F). However, not all significant signalling intervals

within have genes that are likely to be involved in rutin hydrolysis

metabolism (Data Set S5–S8). Only one beta-glucosidase gene in

the GWAS results of 2500 m was identified, which was the same

gene identified by GWAS of rutin at 2500 m (Data Set S9). We

therefore speculated that this candidate gene, encoding a beta-

glucosidase, may be involved in the hydrolytic metabolism of

rutin. These results partly confirm the difficulty of rutin hydrolase

enzyme gene identification, but also endorse the implication that

GWAS needs to be performed using phenotypes observed from

different environmental conditions to explore the regulatory

genes of metabolites that were greatly affected by the

environment (Zhu et al., 2022).

GWAS of the content of rutin-related flavonoids with
>30-fold depth resequencing data further confirmed
rutin hydrolase gene is necessary in rutin metabolism

The above results demonstrated that using 10-fold deep

resequencing data to associate rutin and quercetin content at

different altitudes only identified a single possible rutin hydrolase

gene at 2500 m. This prompted us to use other methods to more

accurately identify genes responsible for rutin hydrolase. Deep

resequencing can improve the completeness of SNP mining in the

whole genome, thus increasing the accuracy of key gene

identification (Li et al., 2021; Shao et al., 2022; Zhao et al.,

2018). In order to find more accurate SNP signals across the

whole genome, thus providing a stronger support for

the identification of the rutin hydrolase genes, we re-sequenced

a 200 microcore germplasm resource at 30-fold depth (Data

Set S10). These 200 microcore germplasm resources have a wide

range of genetic diversity and represent the largest population of

Tartary buckwheat similar to 480 germplasm resources (Figure S2)

(Zhang et al., 2021; Zhao et al., 2023). By combining the 10-fold

depth resequencing data from 480 core germplasm resources

(Zhang et al., 2021) and the 30-fold depth resequencing data

illustrated in this study, a higher depth (average depth > 40)

resequencing data was used to analyse the SNPs associated with

rutin hydrolysis (Data Set S10). A total of 1 363 970 SNPs were

used for this associated study, exhibiting a significant increase in

the number of SNPs compared to 10-fold (1 103 732 SNPs;

Figure 2; Data Set S11). These increased SNP numbers were

unevenly distributed across the eight Tartary buckwheat chro-

mosomes. The most pronounced increase in SNP number appears

to be around the approximately 6.9 Mb position on chromosome

7. This range does not appear to be found for any SNPs in the 10-

fold depth resequencing (Figure 2a), whereas there are SNPs

found in this range that were exploited in the 30-fold depth

resequencing (Figure 2b). There were also increases in the

number of SNPs on other chromosomes, and the exact statistics

of their increases are presented in Data Set S11. In terms of

different chromosomes, the highest total increase in SNPs was

found on chromosome 1 (increasing 45 723 SNPs) and the lowest
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on chromosome 5 (increasing 19 647 SNPs). Interestingly, the

increase in the number of SNPs was also exhibited in the exons:

the most on chromosome 1 and the least on chromosome 5.

As the GWAS using the 10-fold resequencing data identified a

significant locus associated with the rutin content at 2500 m

altitude, we analysed the changes in the number of SNPs in this

region within roughly 120 kb compared with that after 30-fold

resequencing data. It was found that the total number of SNPs in

this region increased by 258, which is 27.71% higher than that of

the previous study (Data Set S12). The increase was mainly

concentrated in upstream, downstream, intergenic, intronic, and

exonic regions. The number of SNPs in UTR5 and UTR3 remained

unchanged. However, the most interesting thing is that the

number of SNPs in this exonic region is decreased after 30-fold

genome resequencing. The above results showed that 30-

fold genome resequencing significantly improved the accuracy

of SNP mining, which can reduce the number of false negatives

for subsequent GWAS results and thus enhance the accuracy of

key genes identification for rutin metabolism.

To further identify genes responsible for rutin metabolism,

GWAS was further performed by combining the 30-fold deep

whole-genome resequencing data of 200 minicore germplasm

resources obtained in this study and the content of rutin,

quercetin, and their related flavonoids obtained from metabo-

lomic profiling of a 200 minicore germplasm resource (Zhao

et al., 2023) (Figure S3, Data Set S13). There was, however, no

significant signal found in rutin (Figure S4A). That said, there was

a significant signal on chromosome 6 of quercetin GWAS

(Figure S4B); in-depth analysis of this signal interval did not find

any potential genes that might be involved in the hydrolytic

metabolism of rutin (Data Set S14). For this reason, we

broadened the substances analysed by association study,

including isoquercitrin, quercitrin, hyperin, isohyperoside, and

quercetin-7-O-glucoside, which are metabolites related to rutin

and quercetin (Figure S3). Interestingly, all five of these

metabolites exhibited associations in the same region of

chromosome II (Figure 3a–e; Data Set S15–S19). A significant

SNP is located on FtGH1 (Figure 3f,g). In-depth analysis of the

genes in this region revealed that FtPinG0201454200 was still

present in it. This gene belongs to glycosyl hydrolase family 1, and

evolutionary tree clustering analysis also revealed a high degree of

similarity to several known enzymes (rutinosidase, rutin hydrolase,

Figure 1 Genome-wide association analysis of rutin content at different altitudes. (a) Distribution of rutin content at different altitudes in 226 accessions

of Tartary buckwheat. (b–f) Genome-wide association analysis results of rutin content with 109 depth whole-genome resequencing data in different

environments. (b–f) The GWAS results of rutin content at altitudes of 1000 (b), 1500 (c), 2000 (d), 2500 (e), and 3000 (f) meters, respectively. The red

arrow points to areas where GWAS have significant signals. The distribution of genes within the significant signal interval is shown in Data Set S2–S4.
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and b-glucosidase) (Figure S5). FtGH1 consists mainly of a glycosyl

hydrolase domain, which is 477 amino acids long, in addition to a

transmembrane region at the N terminus (Figure 3g). The Pearson

correlation analysis showed that all four substances were

significantly correlated with rutin except for quercitrin, further

confirming these metabolites were closely associated with rutin

metabolism (Figure 3h; Data Set S20). This is further evidence that

the above five metabolites identified to the genes are more

accurate. These results furthermore strongly suggest that this

gene may be involved in the rutin catabolic pathway.

As the metabolic pathway of rutin-related flavonoids is

extremely complex, and there are mutual transformation relation-

ships between different substances. In order to exclude the

influence of genes responsible for other reactions, GWAS with

the ratio of the content of five key metabolites associated

with rutin or quercetin were conducted. GWAS of the ratios of

five key metabolites to rutin showed that the ratios of three of

them (isoquercitrin, quercitrin, hyperin) to rutin were able to re-

identify FtGH1 (Figure S6A–E; Data Set S21). The above results

imply that FtGH1 is very important in the metabolic pathway of

rutin. In addition, the same method was used for the GWAS of

the ratios of the five key metabolites to quercetin content, and

surprisingly, all their ratios could be identified to FtGH1

(Figure S6F–J; Data Set S21). This result suggests that FtGH1 is

essential for the interconversion between the five key metabolites

and quercetin.

Functional analysis of Tartary buckwheat rutin hydrolase
gene FtGH1

To gain further insight into the function(s) of FtGH1 in plants, we

overexpressed FtGH1 in Tartary buckwheat hairy roots and

analysed the flavonoid metabolite content in different over-

expression lines (Figure S7). The content of rutin was significantly

reduced in overexpression lines compared with the EV (empty

vector) control, and the content of quercetin was significantly

increased (Figure 4a,b), confirming the hydrolytic effect of FtGH1

on rutin. Furthermore, FtGH1 was identified in the regions

associated with the contents of isoquercitrin, quercitrin, hyperin,

isohyperoside, and quercetin-7-O-glucoside (Figure 3a–e). And

these substances are all derived from quercetin and have a

glycosyl group added to quercetin. This suggests that FtGH1, as

a glucosidase, may hydrolyse these metabolites to produce

quercetin. Therefore, detecting the content of these metabolites

in the hairy roots is equally important. In addition, other

flavonoids also showed significant changes in the hairy root

overexpression lines. For example, the content of isoquercitrin

was significantly reduced (Figure S8A). These substances are

closely related to key compounds such as rutin and quercetin, and

the substances associated with FtGH1 according to GWAS. These

results, therefore, indicate that our GWAS results are reliable and

the associated genes can significantly affect the associated

substances. In addition, FtGH1 was transiently overexpressed

into tobacco (Nicotiana benthamiana) leaves, and its protein was

able to be expressed to detectable levels in tobacco leaves

(Figure 4c,d; Figure S8). Then, the content of flavonoid

metabolism in tobacco leaves was examined using LC–MS, with

the results revealing that the content of rutin in tobacco leaves

injected with FtGH1 transient overexpression bacterial solution

was significantly decreased compared to both the empty vector

and non-injected control groups. By contrast, the quercetin

content was significantly increased. This result is similar to that of

Tartary buckwheat overexpressing hairy roots, further supporting

the hydrolytic activity of FtGH1 on rutin. Further analysis of the

changes in other substances in tobacco showed that the levels of

hyperin and quercetin-7-O-glucoside were also significantly

reduced in transiently overexpressed leaves (Figure S8B,C). For

which substrate is catalysed by FtGH1, we performed an in vitro

enzyme activity assay of FtGH1. The results showed that FtGH1

was able to catalyse the generation of quercetin from rutin in

vitro (Figure 4e, Figure S9). However, we have not found the

function of FtGH1 on other compounds for the moment, and

perhaps more future efforts need to be devoted to the functional

expansion of FtGH1. The above results confirm the key role of

FtGH1 in rutin metabolism.

Ser382 and Ser472 was responsible for hydrolysis activity
of FtGH1

To better understand the function of FtGH1, we used a

homologous protein of FtGH1 as a model for molecularly docking

studies using different compounds. This was used to simulate

their binding and in attempt to find the key active sites. Rutin is

able to enter the active pocket of FtGH1 protein (Figure 4F).

Figure 2 High depth whole-genome resequencing of Tartary buckwheat and the distribution of SNPs in chromosomes. (a) and (b) indicate the distribution

profiles of different chromosomal SNPs after whole-genome resequencing of Tartary buckwheat with 109 and 309 depth, respectively.

ª 2023 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 22, 1206–1223

Key genes involved in Tartary buckwheat rutin metabolism 1209



Moreover, amino acid residues of the FtGH1 protein are able to

form hydrogen bonds, p-bonds, and hydrophobic interactions

with rutin. The implicated residues include: Glu-206, Phe-207,

Thr-342, Phe-344, Leu-367, and Ser-382. Among which, the

residues that bind to rutinoside are Glu-206, Phe-207, and Ser-

382. In addition, we predicted the docking of other substrates

(hypericin, quercetin, isoquercetin, quercetin-7-O-glucoside) with

the FtGH1 protein. The results showed that certain residues (Phe-

207, Ser-382, Trp-384, and Ser-472) appeared more frequently in

these compounds (Figure S10A–D, Data Set S22), and thus were

selected for site-directed mutagenesis to investigate the critical

active sites of the FtGH1 protein. We obtained overexpression

materials of these mutant sites in Tatary buckwheat hairy roots

(Figure S11A) and detected the corresponding flavonoid con-

tents. The results showed that the rutin content in the hairy roots

of the S382A and S472A mutation sites was significantly

up-regulated compared with that of the original FtGH1, and

its up-regulation level was similar to that of the empty

vector (Figure 4g). In contrast, the rutin content in the hairy

roots of the F207A and S384A mutation sites was not

significantly different compared with that of the original FtGH1.

Their mutations did not affect the function of FtGH1. It is also

interesting that the quercetin content in the hairy roots of these

mutant sites showed a correspondence with the rutin content

(Figure S11B). The wild-type and mutated FtGH1 were then

independently transiently transformed into tobacco leaves.

Western blots were then performed to detect the expression of

all forms of FtGH1 protein, with the results demonstrating that

expression was detected for all proteins (Figure S11C). Further-

more, the rutin content of these leaves was measured, and

compared to the wild-type FtGH1, with the rutin content

being significantly increased in S382A and S472A mutants

Figure 3 GWAS of 30-fold buckwheat whole-genome resequencing data with rutin metabolism-related substances. (a–e) Manhattan plots of genome-

wide association analysis of rutin metabolism-related substances using 309 depth whole-genome resequencing data. The GWAS were performed using the

content of quercitrin (a), isoquercitrin (b), quercetin-7-O-glucoside (c), isohyperoside (d), and hyperin (e) in 200 mini-core germplasm resources,

respectively. The red arrow points to the significant GWAS signals where FtGH1 located. (f) Distribution of loci information on the significant signal of

GWAS in chromosome 2 for hypericin. (f) Gene structure information of FtGH1. (h) Pearson correlation analysis of rutin, quercetin, quercitrin, isoquercitrin,

quercetin-7-O-glucoside, isohyperoside, hyperin, quercetin, and rutin. The small dots in the upper right corner represent the correlation coefficients.
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(Figure 4h). These results suggest that the enzymatic activity was

disrupted after mutation at these two positions, identifying them

as critical sites for FtGH1 activity.

As the subcellular localization alteration of protein often occurs

alongside protein function changes (Barberis et al., 2021; Lund-

berg and Borner, 2019), exploring the subcellular localization of

FtGH1 is essential for studying its function. We next constructed

fusion expression vectors of GFP with FtGH1 or its mutant form,

and co-transformed it with the cell membrane maker fused with

mCherry protein into tobacco leaves. The results showed that the

signal of FtGH1 overlaps with the cell membrane maker signal

(Figure 4i). Thus, FtGH1 is cell membrane localized and it

functions at the cell membrane. For the four mutations in FtGH1,

where the subcellular localization of F207A and S384A was not
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altered. Interestingly, there is a slight change in the localization of

S382A and S472A, whose GFP signals seem to be located in the

cellular cytoskeleton as well. This seems to imply the existence of

abnormal localization in the cell, and this particular situation

seems to interfere with their normal function.

Natural variation in FtGH1 promoter was responsible for
FtGH1 expression regulation

By analysing the sequence of FtGH1, a T/C mutation was found at

the �172 bp of the FtGH1 promoter (Figure 5a). Haplotype

analysis revealed the content of isoquercitrin, hyperin, isohypero-

side, and quercetin-7-O-glucoside in accessions of Hap. T was

significantly lower than in accessions of Hap. C (Figure S12A,C–
E), while the content of quercitrin exhibited no significant

difference (Figure S12B). Rutin hydrolase activity analysis illus-

trated that accessions in Hap. T has higher hydrolase activity

compared to accessions in Hap. C (Figure 5b; Figure S13).

Moreover, the expression level of FtGH1 in seeds germinated for

4 days is much higher in Hap. T accessions than that of Hap. C

accessions (Figure 5c), suggesting this T/C mutation may be the

key factor affecting the activity of rutin hydrolase. To investigate

whether the T/C mutation could change the activity of the

promoters, they were cloned into pGreenII-0800-LUC to detect

the activity of LUC. The luciferase reporter system showed that

the luciferase activity of Hap. T was indeed significantly higher

than that of Hap. C (Figure 5d). The above results suggest that

these two haplotypes affect the expression of FtGH1 by

influencing the difference in FtGH1 promoter activity.

The different binding activities of FtbHLH165 on FtGH1
promoters of the two haplotypes results in varied
FtGH1 expression

As the T/C mutation on FtGH1 promoter altered FtGH1

expression, we next analysed the cis-acting elements in the 1.5-

kb promoter region of FtGH1 for two haplotypes (Data Set S23).

Interestingly, the T/C mutation was located on the MYC cis-acting

elements (Figure S14). For this reason, the upstream MYC

transcription factor was further screened. Previous studies, using

transcriptome and proteomics, have demonstrated that flavo-

noids are gradually accumulated during seed development (Deng

et al., 2022; Gao et al., 2017). So transcriptome data of Tartary

buckwheat seed development stages were used for co-expression

clustering analysis (Liu et al., 2018), and the expression pattern of

FtGH1 showed an increase with the extension of seed develop-

ment time (Figure S15). All MYC transcription factors identified in

Tartary buckwheat transcriptomes were used for expression

pattern identification, and seven MYC transcription factors

showed decreasing expression patterns with the extension of

seed development time (Figure S15). This situation implies that

the upstream MYC transcription factor may negatively regulate

FtGH1 expression. As JA signalling plays positive roles in flavonoid

metabolism (Ding et al., 2022; Zhou et al., 2017), and MYCs and

JAMs are important members of the JA signalling pathway (Ruan

et al., 2019). To screen for the most likely MYC transcription

factors regulating FtGH1, a phylogenetic tree was constructed

using the known positive regulatory transcription factors of JA

signalling in Arabidopsis, MYC2, MYC3, and MYC4 (Cheng

et al., 2011; Fern�andez-Calvo et al., 2011; Niu et al., 2011), and

negative regulatory transcription factors of JA signalling, JAM1,

JAM2, and JAM3 (Nakata et al., 2013; Sasaki-Sekimoto et al.,

2013). The results revealed that FtbHLH165 (FtPinG0201231100)

is most closely related to JAM1, JAM2, and JAM3 based on the

phylogenetic tree (Figure 5e). Therefore, FtbHLH165 is the most

likely candidate to regulate the expression of FtGH1, and as such

was used for subsequent functional validation.

First, yeast one-hybrid was used to validate the binding of

FtbHLH165 to the promoter of FtGH1. The results revealed that

FtbHLH165 binds to both haplotype promoters, and they were

able to grow normally on triple-deficient medium containing 3-AT

(Figure 5f; Figure S16). At 6 mM/L 3-AT, the growth status of Hap.

C yeast was better than that of Hap. T, which may indicate that

FtbHLH165 has a stronger ability to bind to Hap. C than Hap. T.

Secondly, a luciferase reporter assay was used to validate the

inhibitory effect of FtbHLH165 on the FtGH1 promoter.

FtbHLH165 was able to produce a repressive effect on both

haplotype promoters (Figure 5g). Furthermore, considering the

LUC/REN ratio data, FtbHLH165 showed significantly stronger

inhibition on Hap. C compared to Hap. T. This result corresponds

with the difference in rutin hydrolase activity and the gene

expression level between the two haplotypes. Therefore, the

inhibition of FtbHLH165 on the two haplotype promoters is also

one of the key factors leading to the differential rutin hydrolase

activity in different accessions.

To gain a deeper understanding of the regulation of FtGH1 by

FtbHLH165 in genetics, we overexpressed FtbHLH165 into Tartary

buckwheat hairy roots (Figure S17). This overexpression material

was also used for transcriptome sequencing to verify whether the

overexpression of FtbHLH165 suppressed the expression of FtGH1

and the effect on some other genes involved in flavonoid

metabolism (Data Set S24). In FtbHLH165 overexpressing lines,

FtbHLH165 itself was significantly up-regulated, but FtGH1

was significantly repressed (Figure 5h, Figure S18). A Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway enrich-

ment analysis revealed that many differentially expressed genes

Figure 4 Functional analysis of FtGH1 involvement in rutin metabolic pathway. (a,b) The content of rutin (a) and quercetin (b) in FtGH1 overexpressed

buckwheat hairy roots. Data are shown as mean � SD from three biological replicates (n = 5). Analyse the significance of differences between EV and

others. Asterisk indicates significant difference between EV and others. P < 0.001 and P < 0.0001 are designated by *** and ****, respectively (one-way

ANOVA, Tukey’s post-test). (b,c) The rutin (c) and quercetin (d) content in FtGH1 transient overexpressed tobacco leaves. Data are shown as mean � SD

from three biological replicates (n = 3). *P < 0.05 and **P < 0.01 (one-way ANOVA, Tukey’s post-test). (e) FtGH1 in vitro enzyme activity assay. HPLC

showed different reaction curves. The pD2P empty vector extract was used as a negative control. (f) Molecular docking of rutin with FtGH1 homologous

protein. The green dashed line represents hydrogen bonding, the yellow dashed line represents hydrophobic interaction, and the blue dashed line

represents p-bonding. (g) Rutin content in Tatary buckwheat hairy roots after stable expression of FtGH1 and its mutants. Data are expressed as

mean � SD of three biological replicates (n = 3). Significant differences between FtGH1 and other genes were analysed. *P < 0.05 and **P < 0.01 (one-

way ANOVA, Tukey’s post-test). (h) Rutin content of in tobacco leaves after transient expression of FtGH1 and its mutant version in tobacco leaves. Data are

shown as mean � SD from three biological replicates (n = 3). FtGH1 was analysed for significance of difference with others. *P < 0.05 and **P < 0.01, as

calculated using two-tailed Student’s t-test. (i) Subcellular localization of FtGH1 and its mutant protein after transient expression in tobacco leaves.

ª 2023 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 22, 1206–1223

Dili Lai et al.1212



are involved in secondary metabolic biosynthesis and the

phenylpropanoid biosynthesis pathway (Figure S19). This provides

further evidence that FtbHLH165 is involved in the flavonoid

synthesis pathway in Tartary buckwheat. In addition, some other

flavonoid metabolism genes were significantly up- or down-

regulated, such as flavonoid synthase (FtFLS ), a gene known to
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be involved in the conversion of dihydroquercetin to quercetin

(Li et al., 2013). A large number of glycosyltransferase genes were

found to be significantly affected, with three glycosyltransferase

genes significantly down- or up-regulated, respectively. In

addition, the content of rutin in FtbHLH165 overexpressing hairy

roots was significantly elevated (Figure 5i), further confirming

FtbHLH165 is an important regulator in rutin metabolism.

We also investigated the co-linear genes of FtGH1 and

FtbHLH165 in representative plants of the genus Fagopyrum, as

well as in other monocotyledonous (rice, maize, and sorghum)

and dicotyledonous plants (soybean, Arabidopsis thaliana, and

tobacco). In order to explore whether they are conserved in this

regulatory relationship. Interestingly, FtGH1 has a single copy of

the co-linear gene only with golden buckwheat (Fagopyrum

dibotrys) and common buckwheat (Fagopyrum esculentum).

There are no co-linear genes for FtGH1 in any of the above

monocotyledonous and dicotyledonous plants. FtbHLH165 has

two co-linear genes in both golden buckwheat and common

buckwheat. FtbHLH165 has no co-linear genes in any of the

above monocotyledonous and dicotyledonous plants except for

three co-linear genes in soybeans (Figure S20, Data Set S25). We

also analysed the promoter sequences of genes that are co-linear

with FtGH1 in golden buckwheat and common buckwheat. The

results showed that in common buckwheat, the promoter

sequence of the FtGH1 co-linear gene contained very few MYC

cis-acting elements (only two). Moreover, at the postion of the

key MYC element in the FtGH1 promoter, the MYC element is

absent in common buckwheat at its same position (Figure S21,

Data Set S26).

FtbHLH165 is a multi-functional gene that regulates the
balance between the yield and quality in Tartary
buckwheat

In order to further understand the gene function of FtbHLH165,

we searched all GWAS results accumulated by our group in the

previous period. We found FtbHLH165 in the GWAS results for

seed perimeter, an agronomic trait (Data Set S27). The results of

this experiment revealed that the significant locus interval on

chromosome 2 contained FtbHLH165 (Figure S22). Within the

200 kb range of the significant signal, FtbHLH165 is tightly linked

to the lead SNP (Figure 6a; Data Set S28). This suggests that

FtbHLH165 may be involved in regulating seed perimeter.

Therefore, seeds of FtbHLH165 overexpressing Arabidopsis were

used to observe the phenotype (Figure 6b, Figure S23). The seed

perimeter, length, and width of all three FtbHLH165 over-

expressing Arabidopsis lines were further measured. The perim-

eter of the seeds overexpressing FtbHLH165 in Arabidopsis is

significantly larger than that of wild-type Arabidopsis seeds

(Figure 6c). Moreover, it was found that the seed lengths of all

three FtbHLH165 overexpressing Arabidopsis were longer than

wild-type Arabidopsis seeds (Figure 6d). However, the seed width

did not change significantly (Figure 6e). The above results showed

that the main factor contributing to the longer perimeter was the

significant increase in their seed length. In addition, the thousand

seed weight of Arabidopsis seeds overexpressing FtbHLH165 was

significantly increased (Figure 6f). The above results suggest that

in addition to regulating the rutin content, FtbHLH165 is able to

regulate seed length.

Previous studies have shown that the accumulation of

flavonoids in Tartary buckwheat can increase plant resistance to

Rhizoctonia solani (He et al., 2023). As the overexpression of

FtbHLH165 could increase the content of flavonoids in Tartary

buckwheat hairy roots (Figure 5i), the disease resistance of

FtbHLH165 was further investigated. The leaves of transgenic

plants with heterologous overexpression of FtbHLH165 in

A. thaliana were used to identify the resistance of R. solani.

Overexpression of FtbHLH165 in A. thaliana significantly

enhanced disease resistance compared with the wild type

(Figure 6g). In addition, FtbHLH165 was transiently overexpressed

in tobacco leaves and inoculated with R. solani. The results also

showed that overexpression of FtbHLH165 significantly increased

the disease resistance of leaves compared with the empty vector

(Figure S24). We additionally detected flavonoids in A. thaliana

plants overexpressing FtbHLH165. Our results revealed that some

flavonoids including nicotiflorin, afzelin, and rutin accumulated in

FtbHLH165 overexpression lines (Figure 6h). As these metabolites

were previously shown to enhance plant disease resistance (He

et al., 2023; Yang et al., 2016), we speculate that FtbHLH165

might enhance plant resistance to R. solani through increasing

flavonoid biosynthesis.

Discussion

More and more methods have been used for the identification of

key genes in recent years, such as transcriptomics, QTL

(quantitative trait locus) mapping, GWAS, and many others.

However, each of these methods has its own advantages and

disadvantages, and sometimes it is necessary to combine various

techniques to achieve our objectives. The use of QTL analyses has

made great progress in gene identification, for example,

identifying cotton fibre development-related genes (Wang

et al., 2020), barley flowering time genes (Afsharyan et al.,

2020), and wheat yield-related trait genes (Yang et al., 2021).

However, the difficult and laborious construction of QTL mapping

Figure 5 Genetic diversity analysis of FtGH1 and regulation of FtGH1 by FtbHLH165. (a) The T/C mutation of on FtGH1 promoter in two haplotypes. (b,c)

Rutin hydrolase activity (b) and relative expression (c) level of the FtGH1 gene in two haplotypes of FtGH1 accessions. (d) Identification of the activity of the

Hap. T and Hap. C promoters of two haplotypic materials of FtGH1. Data are shown as mean � SD from three biological replicates (n = 6). *P < 0.05, as

calculated using two-tailed Student’s t-test. (e) Evolutionary tree construction of seven buckwheat MYC transcription factors with three positively regulated

bHLH (MYC2/3/4) and three negatively regulated bHLH (JAM1/2/3) in Arabidopsis thaliana. Multiple sequence proteins are aligned using the MUSCLE

algorithm. IQ-TREE was used to construct a phylogenetic tree. The optimal model for constructing the maximum likelihood (ML) unrooted evolutionary tree

was JTT + F + G4. (f) Yeast one-hybrid assay of transcription factor FtbHLH165 with the promoter of FtGH1. (g) Luciferase assay to validate the binding of

transcription factor FtbHLH165 to the FtGH1 promoter and repress LUC expression. Data are shown as mean � SD from three biological replicates (n = 5).

*P < 0.05, as calculated using two-tailed Student’s t-test. (h) Analysis of differentially expressed genes for flavonoid synthesis in the transcriptome of

FtbHLH165 overexpressing buckwheat hairy roots (log2 fold changes >2 or <0.5, q value <0.05). (i) Rutin content in FtbHLH165 overexpressed buckwheat

hairy roots. Data are shown as mean � SD from three biological replicates (n = 3). Analyse the significance of differences between EV and others.

*P < 0.05, **P < 0.01, and ***P < 0.001 (one-way ANOVA, Tukey’s post-test).
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populations, somewhat limited number of detections, and low

accuracy have limited the development of this method. Tran-

scriptome analysis, a method that has flourished in recent years,

also plays an important role in selecting candidate genes.

However, transcriptome analysis is more focused on detecting

genes related to plant growth and development and stress

responses, such as Arabidopsis response to intense light

stress (Huang et al., 2019), wheat inflorescence development

(Feng et al., 2017), rice growth and development (Zhao

et al., 2020), and moso bamboo underground shoot growth

(Wei et al., 2017). In addition, transcriptome data are generally

used as co-expression analysis to screen for genes that are co-

expressed with the target gene (Chang et al., 2019; Xiao

et al., 2023). Transcriptome analysis seems to be limited for the

screening of key genes of plant secondary metabolites, so it is

essential to select suitable methods to identify secondary
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metabolite genes. The rapid development of bioinformatic

technologies, alongside the torrent of genome sequencing and

resequencing data GWAS, has been widely applied and proven

highly effective in plants (Fang and Luo, 2019), and it is widely

used for the localization of key genes. For example, it was highly

useful in identifying key genes controlling oil content in oilseed

rape (Tang et al., 2021) and the genes related to powdery mildew

resistance in cotton (Zhao et al., 2021b). In addition, GWAS has

made great progress in defining secondary metabolism related

genes. For example, many genes regulating glucosinolate content

in Arabidopsis (Francisco et al., 2016; Wang et al., 2022),

flavonoid and steroidal glycoalkaloid content in tomato (Alseekh

et al., 2015), and vitamin contents in maize (Albert et al., 2022;

Diepenbrock et al., 2021) were defined by this approach.

Furthermore, GmMPK1, a gene related to isoflavone content,

was identified by combining GWAS and linkage analysis (Wu

et al., 2020a). GmMYB29 was identified involved in the soybean

isoflavone anabolic pathway by GWAS (Chu et al., 2017).

Moreover, many genes involved in flavonoid modification were

also identified in wheat seeds by mGWAS (Chen et al., 2020).

Increased resequencing depth can result in a significant increase

in genome-wide coverage of sequencing reads from individual

samples and an increased potential for sequencing reads from

different samples to be aligned to the same location in the

reference genome, and the above results lead to an increase in

the number of SNPs detected in population samples. The

increased depth of whole-genome resequencing enables

the mining of more SNPs, providing a contribution to the

identification of complex genes (Li et al., 2021; Shao

et al., 2022; Zhao et al., 2018). Our association analysis based

on high-depth whole-genome resequencing combined with key

metabolite content resulted in significant signals detected in both

the key metabolites (rutin, quercetin) and their upstream or

downstream multiple substances (isoquercitrin, quercetin,

hyperin, isohyperoside, and quercetin-7-O-glucoside). Thus, this

also demonstrated GWAS-based identification of key genes of

secondary metabolites is also effective for Tartary buckwheat.

This is a reference source for similar studies in the future—
particularly those associated with readily degradable metabolites.

The identification of key genes for secondary metabolites is

often extremely difficult because of the minimal metabolite

content, the influence of the external environment, the complexity

of their metabolic pathways, and other factors. First, the minimal

content of secondary metabolites may also lead to difficulties in

the identification of key genes. Tartary buckwheat contains

relatively high levels of rutin compared to tomato (Verhoeyen

et al., 2002), Sophora japonica flowers (Chen and Hsieh, 2010),

amaranth (Amaranthus spp.) (Kalinova and Dadakova, 2009), olea

europaea leaf (Lee and Lee, 2010), asparagus (Asparagus

officinalis) (Yi et al., 2019), and other rutin-containing plants.

However, in Tartary buckwheat, the rutin content is minimal

compared to nutrients such as starch. Secondly, the rutin content is

affected by the environment. Previous studies have demonstrated

that flavonoids in Tartary buckwheat are generated as protective

substances against UV-B radiation (Huang et al., 2016; O�zbolt

et al., 2008; Tsurunaga et al., 2013). Overall, there is a decreasing

trend in the content of rutin with increasing altitude and UV

intensity (Figure 1a). This indicates that not just rutin hydrolase, but

environmental factors such as UV radiation are important factors

influencing the content of rutin. This also explains why the content

of rutin and quercetin varies greatly at different altitudes, with

significant signals identified by rutin and quercetin GWAS only at

an altitude of 2500 m. It could be that environmental factors such

as UV light in different environments greatly affect the content of

flavonoids such as rutin and quercetin (Figure 1a, Figure S1A).

Interestingly, observation of the metabolites isoquercitrin, querci-

trin, hyperin, isohyperoside, quercetin-7-O-glucoside, and rutin

revealed that they all possess a glycosyl. The rutin hydrolase is a

glucoside hydrolase, which implies that it may be involved in the

degradation pathway of multiple metabolites and has the ability to

hydrolyse the glycosidic bonds of multiple metabolites (Kalinov�a

et al., 2018). Finally, rutin metabolism is a complexity pathway.

Rutin is produced through the phenylalanine synthesis pathway

which is highly regulated at multiple key upstream enzyme genes

including RT, GT, and FLS (Zhang et al., 2017). It is known that it

can be hydrolysed to isoquercitrin (de Araujo et al., 2013) or

quercetin (Jia et al., 2019), which in turn can be glycosylated to

produce several other compounds including quercitrin, hyperin,

and isohyperoside. The complexity of the metabolic pathway of

rutin leads to difficulties in the identification of its key genes;

however, this explains why it took us multiple efforts to locate the

rutin hydrolase gene. Namely, the initial identification of this gene

by rutin and quercetin content at 2500 m altitude, as well as high-

depth resequencing combined with rutin-related metabolites

(isoquercitrin, quercitrin, hyperin, isohyperoside, and quercetin-

7-O-glucoside) re-identified this gene.

Plants often face a wide variety of adversities such as UV,

drought, disease, and other stresses in their natural environment.

However, rutin, as a flavonoid produced by secondary metabo-

lism, is of great importance to both the plant itself (He

et al., 2023) and to humans (Ola et al., 2015; Xu et al., 2014).

As an important factor for balancing rutin metabolism, rutin

hydrolase is not agriculturally favoured. Indeed, in agriculture,

people hope to breed as many high-rutin Tartary buckwheat

varieties as possible since this would not only reduce the

bitterness of Tartary buckwheat products but also maximize their

benefits in the human diet. At this point, two strategies are being

considered for the breeding of high-rutin Tartary buckwheat

Figure 6 GWAS analysis of FtbHLH165 and its regulation of seed size and disease resistance in Arabidopsis thaliana. (a) GWAS results in seed

circumference with 30-fold whole gene resequencing data on chromosome 2 identified FtbHLH165. GWAS significant signal 200 kb range gene linkage

analysis. (b) Phenotypic characterization of Arabidopsis seeds overexpressing FtbHLH165. (c–f) Seed perimeter (c), seed length (d), and seed width (e), and

thousand seed weight (f) of FtbHLH165 overexpressing Arabidopsis seeds were determined. Seed perimeter, seed length, and seed width data are shown

as the mean � SD of three biological replicates (n = 15). ****P < 0.0001 (one-way ANOVA, Tukey’s post-test). Seed thousand weight data are shown as

the mean � SD of three biological replicates (n = 3). *P < 0.05 and **P < 0.01 (one-way ANOVA, Tukey’s post-test). (g) Phenotypes of Arabidopsis lines

heterologously expressing FtbHLH165 and infected with R. solani AG4-HGI 3. Two-week-old Arabidopsis leaves in vitro were inoculated with subcultured R.

solani for 24 h. The leaves of wild-type (Col-0) were used as negative control to study the morphological characteristics of Arabidopsis leaves. These

phenotypes were observed in the leaves of 3 Arabidopsis seedlings (n = 3). Different batches of Arabidopsis leaves were tested three times. A photo shows

typical experimental results. Scale bar, 1 cm. (h) Heat map analysis of differential flavonoid metabolites in FtbHLH165 overexpressing Arabidopsis compared

to Col-0.
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varieties. One is to synthesize as much rutin as possible, and the

other is to minimize rutin hydrolysis. Research on rutin synthesis is

already quite extensive (Ding et al., 2021; Li et al., 2019; Lin et al.,

2023; Zhang et al., 2018), but research on rutin metabolism is

relatively scarce. For this reason, we identified the rutin hydrolase

gene FtGH1 in this study. Moreover, molecular docking predicted

possible key sites of enzymatic activity of FtGH1, and mutations in

these key sites resulted in abnormal subcellular localization of the

protein (Figure 4i), which may lead to loss of enzymatic activity

(Figure 4g,h). In addition, the repression of FtGH1 by upstream

transcription factors could also serve the purpose of reducing

rutin hydrolysis. To this end, the transcriptome was used to

explore possible transcription factors with FtbHLH165 being

shown to repress FtGH1 expression (Figure 5f,g), thereby

increasing the content of rutin (Figure 5h). Interestingly, the

transcriptional regulatory relationship of FtbHLH165 to FtGH1

may be conserved in Fagopyrum. This regulatory relationship may

not exist in other plants because no collinear genes for FtGH1

have been identified in other plants. In addition, for common

buckwheat, the absence of the MYC element in the promoter of

the FtGH1 collinear gene seems to explain why the rutin content

of common buckwheat is lower than that of Tatary buckwheat

and golden buckwheat (Jiang et al., 2007; Kreft et al., 2006). The

underlying molecular mechanism may be the lack of transcrip-

tional repression of the related rutin hydrolase by a bHLH-like

transcription factor. Of course, its reality needs to be verified in

depth by future molecular experiments. Overall, our study can

provide theoretical guidance for future molecular breeding of

high rutin containing crops. We suggest that mutations in the key

active sites S382 and S472 of FtGH1 are advantageous for

cultivating high-rutin Tatary buckwheat varieties. Moreover, the

Hap. C type promoter, which binds more strongly to

the transcriptional repressor FtbHLH165, can likewise provide

assistance in the development of high-rutin varieties. That said,

challenges to achieving these goals exist, such as the limited

current availability of genetic transformation systems in Tatary

buckwheat. Although successful overexpression or knockout of

genes in Tatary buckwheat has been reported and stable

genetically transformed plants have been obtained (Pinski and

Betekhtin, 2023). However, this process is very time-consuming

and requires a high degree of patience from collaborators.

In the current study, GWAS was performed by combining high

depth whole-genome resequencing with the analysis of flavonoid

secondary metabolites. Following this route, the key gene of rutin

hydrolysis metabolism FtGH1 was identified, and the downstream

pathway of rutin catabolism was elucidated with the transcription

factors regulating this gene being identified. These research

results represent a reference for the molecular design of rutin

breeding in Tartary buckwheat, and can furthermore provide a

theoretical basis for the cloning of complex genes and even the

analysis of catabolic pathways of readily degradable metabolites.

Methods

Plant materials

The 226 Tartary buckwheat materials were planted at five different

elevations: Sichuan Province (Hagan Township, Zhaojue County,

103.180 E, 28.100 N, 1006.4 m; Lamuajue Township, Meigu

County, 103.100 E, 28.130 N, 1520.5 m; Xincheng Township,

Zhaojue County, 102.840 E, 27.980 N, 2010.7 m; Saladipo

Township, Zhaojue County, 102.610 E, 27.920 N, 2530.2 m; and

Riha Township, Zhaojue County, 103.080 E, 27.960 N, 3065.6 m).

Detailed information on these Tartary buckwheat materials, and

how they were grown, managed, and harvested, has been

presented previously (Zhang et al., 2021). The method of

constructing 200 micro-core germplasm resources of Tatary

buckwheat and the cultivation method refer to previous research

(Zhao et al., 2023).

Flavonoid content analysis

The 226 Tartary buckwheat seedswere dried at 105 °C for 30 min,

and keeping constant weight at 65 °C, the seeds were smashed

and filtered through a 40-mesh sieve. 0.2 g of the sample was

dissolved in 20 mL of 80% methanol and then extracted at 50 °C
for 45 min under ultrasound at 40 KHz. The obtained solution was

filtered through a 0.22 lm organic microporous membrane and

analysed by high-performance liquid chromatography (LC–MS,

Agilent G6500 series HPLC-QQQ). The chromatographic column

was HSS T3 (2.1 mm 9 100 mm 9 1.8 lm), and the mobile

phases were (A) water/formic acid (99.9/0.1, v/v) and (B)

acetonitrile/formic acid (99.9/0.1, v/v). The elution gradient was

referenced to the previous method (Zhang et al., 2021). Three

biological replicates were measured for each sample. The growth

of positive hairy roots of Tartary buckwheat refer to previous

studies (Zhang et al., 2021). Transiently expressing tobacco leaves

andArabidopsis leaves were freeze-dried at�40 °C. The flavonoid
content of hairy roots and Arabidopsis leaves was assayed with

reference to the LC–MS method described above.

DNA preparation and 30-fold depth re-sequencing

Young Tartary buckwheat leaves during the nutritional growth

period were used to extract genomic DNA with reference to the

CTAB method (Murray and Thompson, 1980). The concentration

and quality of whole genomic DNA were detected by Qubit 3.0,

and genomic DNA was sent to ANOPOAD GENOME Technology

(Beijing) Co. for whole-genome resequencing. At least 1 lg
genomic DNA was used to construct the library. The Burrows-

Wheeler Aligner program (Li, 2013) with default parameters was

used to map all sequencing reads to the assembled genome

(Zhang et al., 2017). The detailed SNP calling method is based on

previous research (Zhang et al., 2021).

SNP calling

Tartary buckwheat 109 depth resequencing data of 226

germplasm were taken from a previous study (Zhang et al.,

2021; Zhao et al., 2023). Besides, 309 highly depth whole-

genome resequencing of the 200 micro-core accessions was

completed in this study. All the clean reads were mapped to the

reference genome (Zhang et al., 2017) using the BWA-MEM

program of the BWA software (Li, 2013) with the default

parameter. Then, the aligned reads were sorted by samtools

software (Li, 2011; Li et al., 2009) and removed duplicates by

Picard (https://broadinstitute.github.io/picard/). Final alignment

file was used for the SNP detection through Haplotyper function

with the GATK pipeline (McKenna et al., 2010). The population

variants were filtered with the following criteria: (a) QUAL >30.0;
(b) QD >5.0; (c) FS < 60.0; (d) MQ0 ≥ 4 and ((MQ0/(1.0*DP))
> 0.1); (e) DP >5. All variants were remapped to the reference

genome and annotated in the genomic position using ANNOVAR

software (Wang et al., 2010a).

Genome-wide association study (GWAS)

Population SNPs with minor allele frequency (MAF) ≥ 0.05 and

missing rate ≤0.1 were used for GWAS, which generated
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1 103 732 and 1 363 970 SNPs in 10-fold and 30-fold resequen-

cing data sets, respectively. The Efficient Mixed-Model Associa-

tion eXpedited program (EMMAx) (Kang et al., 2010) was used

for association analysis. After evaluated by Linkage disequilibrium

and effective number of SNPs, the significance threshold was

estimated to be approximately P = 10�5. The 100 kb flanking

region of peak SNPs were considered as candidate region

associated with target phenotype. Based on the significant loci

determined by GWAS, the candidate regions were further

analysed and annotated for all related genes.

Construction of overexpressed materials

Total RNA was extracted using the RNApre Pure Factory Plus Kit

(DP441, Beijing, China) and HiScript III RT SuperMix for qPCR

(R323-01, Vazyme, Nanjing, China) was used for reverse

transcription. The CDSs of FtGH1 and FtbHLH165 were inserted

into the pCAMBIA 1307 vector and then transformed into

Agrobacterium A4 to obtain transgenic hairy roots, respectively,

according to the method described previously (Li et al., 2019;

Zhou et al., 2017). The methods of obtaining of hairy roots were

referred to the previous method of the group (Zhang et al.,

2021). The pCAMBIA 1307-FtbHLH165 vector plasmid was

transformed into Agrobacterium tumefaciens GV3101 to obtain

overexpressing Arabidopsis seeds (Clough and Bent, 1998).

Subsequently harvested seeds were screened on MS solid

medium containing 30 lg/mL hygromycin B, and overexpression

of FtbHLH165 was verified in combination with PCR as well as

qRT-PCR. PCR was performed to amplify whether FtbHLH165

was inserted into the Arabidopsis genome using DNA from

different Arabidopsis lines of FtbHLH165 as a template. RNA

from different Arabidopsis lines of FtbHLH165 was used as a

template for qRT-PCR to detect FtbHLH165 expression. qRT-PCR

was performed using ChamQ Universal SYBR qPCR Master Mix

(Q711, Vazyme, Nanjing, China). Primer sequences are given in

Data Set S29.

FtGH1 transient transformation of tobacco leaves and
protein expression assay

The pGreen-62SK is a transient overexpression vector which is

capable of transient overexpression in tobacco leaves. FtGH1

fusion his tag was constructed together into the pGreen-62SK

vector. Successfully transformed Agrobacterium GV3101 was

used to inject 4-week-old tobacco leaves of uniform size, with a

full area of each leaf injected. Three replicates were incubated in

dark for 24 h. Samples were taken at 70 h after injection and

freeze-dried at low temperature for 24 h. Meanwhile the tobacco

leaves were used to extract FtGH1 protein, and then western

blotting was performed to detect the expression of FtGH1-his.

The same mass was weighed for flavonoid extraction and then

assayed by LC–MS (QQQ).

Recombinant protein purification and enzyme assay

The full-length cDNA of FtGH1 was amplified and constructed

into the pD2P_1.08e-8His expression vector. Positive cloned DNA

templates were added directly to ProteinFactory RXN to a final

template concentration of 20 ng/lL. Protein production was

accomplished by the reaction of 5 mL of ProteinFactory RXN

reaction solution in a 12-well plate container at 28 °C on a 150

rpm shaker for 6 h. The ProteinFactory RXN reaction solution was

then centrifuged at 1986 g for 3 min at 4 °C and the supernatant

was collected. His-Monster Beads were used to purify recombi-

nant proteins. Immunoblotting of FtGH1-His was performed with

anti-His (1 : 3000; CW0082A, CWBIO, Taizhou, Jiangsu, China)

and anti-mouse IgG (1 : 8000; CW0102, CWBIO) antibodies.

For FtGH1 activity assay, 0.1lgpurified proteinwas added to the

reaction buffer (20 mM ammonium acetate buffer, pH 5.0, 0.5 mM

rutin (SR8250; Solarbio, Beijing, China), 1 mM ATP) and incubated

at 37 °C for 30 min. After terminated by freeze dryer at�40 °C, the
dried reaction products were re-dissolved in 80% methanol for

analysed by HPLC–MS (Nexera XR UHPLC/HPLC System).

Molecular docking

Molecular docking studies were performed with the AutoDock4

program (Bitencourt-Ferreira et al., 2019). We docked rutin,

hyperin, isohyperoside, quercitrin, isoquercitrin, and quercetin-

7-O-glucoside into the binding pocket of FtGH1 homologous

protein. The best docking mode was chosen based on the lowest

binding free energy calculated by AutoDock4, and the resulting

complexes of these compounds bound to FtGH1 were obtained.

Subcellular localization of FtGH1

The full-length CDS of FtGH1 was constructed into pCAMBIA

1300 vector and the successful vector was transformed into

Agrobacterium tumefaciens GV3101. pJIT-mCherry-Mem was

injected into N. benthamiana leaves as a cell membrane maker

together with FtGH1::GFP. A laser confocal microscope (Zeiss

LSM900) was used to observe the subcellular localization at 561

(excitation)/590–640 nm (emission) for mCherry and 488

(excitation)/500–530 nm (emission) for GFP. Primer sequences

are listed in Data Set S26.

Cloning of FtGH1 promoter and dual luciferase
reporter assay

DNA of Tartary buckwheat material sx140 (Hap. C) and SX-342

(Hap. T) was used as a template to clone the promoter of FtGH1.

The promoter analysis was performed using PlantCARE (Lescot

et al., 2002). The promoters of both haplotypes were constructed

into the pGreenII 0800-LUC vector, respectively. In addition,

FtbHLH165 was constructed into pGreen-62SK for detecting the

regulation of FtGH1 promoter. All the above vectors were

transformed into Agrobacterium tumefaciens GV3101 and

infiltration assays were performed on two mature leaves of 4-

week-old tobacco plants using a needleless syringe. Luc

fluorescence imaging was detected with a plant live imager

(Night SHADE LB985). A multifunctional enzyme marker (Biotek

Synergy Mx) was used to detect LUC/REN activity levels.

Phylogenetic tree construction and determination of
rutin hydrolase activity

Phylogenetic trees of FtGH1 and FtbHLH165 were performed by

MEGA X based on the neighbour-joining method and the

maximum-likelihood method, respectively (Kumar et al., 2018;

Saitou and Nei, 1987; Tamura et al., 2011). Forty buckwheat

seeds were used for the rutin hydrolase activity assay. Defatted

Tartary buckwheat powder (2 g) was extracted in 30 mL 200 mM

acetate buffer (pH 4.0) at 4 °C for 3 h. The rutin hydrolase

activity of different materials of Tartary buckwheat was measured

by the method of Chen and Gu (2011).

Yeast one-hybrid assays

Yeast one-hybrid using the pHIS2 and pGADT7 systems. The

target cis-element in FtGH1 was inserted into the pHIS2 vector as

a reporter, and FtbHLH165 was inserted into the pGADT7 vector

containing the GAL4 transcriptional activation structural domain
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as an effector. The effector and reporter were co-transformed

into the Y1H Gold strain. The transformants were plated on

minimal synthetic definition (SD)-deficient Leu(�L) and Trp(�T)

glucose medium, and then on three-deficient medium containing

3-AT (SD-LTH) to verify whether the transcription factors bind cis-

acting elements. The Y187 yeast strain (Cat.NO. ZC1603) was

purchased from Beijing Zoman Biotechnology Co., Ltd. Y1H

experiments were performed according to the method of the

manufacturer (http://www. zomanbio.com/).

Transcriptome assays

FtbHLH165-OE1 overexpressing hairy roots and empty vector

hairy roots were used for transcriptome analysis. The above hairy

roots were transferred to MS liquid medium containing

100 mg/mL cefotaxime and grown in the dark at 22 °C,
160 r/min for 2 weeks with shaking. Three independent biolog-

ical replicates were performed for each sample. The transcrip-

tome sequencing of hairy roots was performed by Shanghai OE

Biotech. Differential expression analysis was conducted using

DEGseq (Wang et al., 2010b) and DESeq2 (Love et al., 2014).

Adjusted P-values ≤0.05 for genes (Benjamini–Hochberg method)

with fold change <0.5 or >2 (FtbHLH165 compared to EV). The

functional enrichment of these differentially expressed genes was

analysed using the KEGG database. We performed a co-clustering

analysis of gene expression patterns using R package TCseq on

the transcriptome of buckwheat seeds with different develop-

ment (Liu et al., 2018).

Phenotypic observation of Arabidopsis seeds

Mature dry Arabidopsis seeds were photographed under a Zeiss

stereomicroscope (Carl Zeiss Microscopy GmbH). Fifteen seeds of

each line were randomly selected to be measured and three

independent replicates were performed. For seed weight, 100

seeds were weighed with an analytical balance. Seed phenotype

images are measured in seed circumference, seed length, and

seed width using ImageJ (Schneider et al., 2012).

Evaluation of disease resistance of FtbHLH165
overexpression lines

For R. solani infected A. thaliana, isolated leaves of two-week-old

Arabidopsis seedlings were inoculated with sub-cultured mycelial

disks and incubated with 28 °C for 24 h according to methods

described previously (He et al., 2023). For R. solani infected

tobacco leaves, FtbHLH165 was transiently overexpressed in

tobacco leaves for 48 h. And the isolated leaves were inoculated

with R. solani according to methods described previously (He

et al., 2023). The phenotypes were observed after 24 h. Three

biological replicates were performed and the experiment was

carried out three times.

Statistical analysis

Histograms were plotted using Origin 2019b. Pearson correlation

was analysed using SigmaPlot 12.0 (P < 0.05). Significant differ-

enceswere assessed using two-tailed Student’s t-tests andone-way

analysis of variance (ANOVA, P < 0.05) performed by GraphPad

Prism 8 software. Statistical data are provided as Data Set S30.
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