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Summary

® (Golden buckwheat (Fagopyrum dibotrys or F. cymosum) and Tartary buckwheat
(F tataricum) belong to the Polygonaceae and the Fagopyrum genus is rich in
flavonoids. Golden buckwheat is a wild relative of Tartary buckwheat, yet golden
buckwheat is a traditional Chinese herbal medicine and Tartary buckwheat is a
food crop. The genetic basis of adaptive divergence between these two
buckwheats is poorly understood.

® Here, we assembled a high-quality chromosome-level genome of golden
buckwheat and found a 1-to-1 syntenic relationship with the chromosomes of
Tartary buckwheat. Two large inversions were identified that differentiate golden
buckwheat and Tartary buckwheat.

® Metabolomic and genetic comparisons of golden buckwheat and Tartary
buckwheat indicate an amplified copy number of FdCHI, FdF3H, FdDFR, and
FdLAR gene families in golden buckwheat, and a parallel increase in medicinal
flavonoid content. Resequencing of 34 wild golden buckwheat accessions across
the two morphologically distinct ecotypes identified candidate genes, including
FdMYB44 and FdCRF4, putatively involved in flavonoid accumulation and
differentiation of plant architecture, respectively.

® QOur comparative genomic study provides abundant genomic resources of
genomic divergent variation to improve buckwheat with excellent nutritional and

medicinal value.

Keywords: golden buckwheat, genome, comparative genomics, flavonoids

biosynthesis, differentiation

Introduction

Golden buckwheat (Fagopyrum dibotrys or F. cymosum) is a famous traditional
Chinese herbal medicine with edible seeds and leaves, rich in flavonoids with
antioxidant and antidiabetic activity (Li et al., 2021; Jing et al., 2016). According to

bencaoshiyi, an ancient monograph on Chinese herbal medicine, the rhizome of
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golden buckwheat was used as folk medicine to treat those with lung diseases,
bacterial dysentery, abdominal pain and rheumatism. Recent studies report its
antioxidant, anti-inflammatory, analgesic, antipyretic and anti-proliferation effects
(Chen and Li, 2016). WeiMaiNing (WMN), a non-toxic Chinese herbal medicine
prepared from dried golden buckwheat rhizomes, has been used to treat different types
of cancer (Chan, 2003; Ke et al., 2021).

Several studies have shown that the rhizome of golden buckwheat contains multiple
bioactive substances that are effective in the treatment of inflammation, cancer and
diabetes (Wang et al., 2005). Among them, proanthocyanidins (condensed tannins) are
the main active ingredients of WMN, with strong antioxidant, anti-tumor, and
immunomodulatory properties and participate in tackling fatal diseases (Li et al., 2021;
Chen and Li, 2016). Epicatechin (a monomer of proanthocyanidins), is a
pharmaceutically relevant flavonoid with significant antioxidant activity, and is
considered as biomarker for evaluation of golden buckwheat quality according to the
Chinese pharmacopoeia (Chen and Li, 2016; Musial et al., 2020). Quercetin is a
flavanol with strong antioxidant activity, and largely utilized to treat a variety of
diseases like inflammation, depression, diabetes, cancer and cardiovascular disorders
(Xu et al., 2019). The extraction of these compounds from golden buckwheat appears
a promising alternative for treatment of multiple ailments. Thus, it is of particular
importance to breed golden buckwheat varieties with increased content of
value-added molecules.

Golden buckwheat is the only outbreeding perennial species in the cymosum group
of Fagopyrum, and recognized as the primitive type and wild ancestor of the closely
related cultivated species, Tartary buckwheat and common buckwheat (Ohnishi, 1998;
Cheng et al., 2020). Due to its relatively large seeds and abundant flavonoids, golden
buckwheat is considered an ideal wild relative for cultivated buckwheat improvement
(Jing et al., 2016; Wang et al., 2018). Spontaneous hybridization between golden
buckwheat and Tartary and common buckwheat, demonstrate that cultivated
buckwheat improvement can take place through interspecific crossing (Cheng et al.,

2020; Chen, 2016). Here, we report a high-quality genome assembly of golden
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buckwheat and characterize the mechanism regulating flavonoid biosynthesis in
golden buckwheat. Resequencing of 34 wild accessions identified two ecotype groups
and quantified their genomic diversity, identifying further candidate genes underlying
important traits. Our comprehensive genomic analyses provide insights into the
evolution of flavonoid synthesis genes in buckwheat and will hopefully facilitate
biological discovery and pharmacological plant genetic improvement in golden

buckwheat as well as other plant species.

Materials and Methods

Plant Materials and Phenotyping

The golden buckwheat (Fagopyrum dibotrys or F. cymosum) accession assembled in
this study was collected in Luoji Mountain (Sichuan province, China) and then
transplanted in the Liangshan Autonomous Prefecture, Sichuan province, and in
Changping District, Beijing. The sample was a diploid accession analyzed by flow
cytometry analysis (Fig. S2). The resequencing accessions were collected from
Sichuan, Yunnan and Guizhou province in China. All the samples were transplanted
and propagated in Liangshan Autonomous Prefecture. Young leaves were used for
flow cytometry analysis. For phenotyping, three plants from each accession were used
for the measurement of plant height, internode number, stem diameter, basal branch
number, branch number, and 1000-grain weight in the middle of July in Liangshan
Autonomous Prefecture.

Whole Genome Sequencing

Genomic DNA was extracted from young leaves using a CTAB extraction method
(Doyle and Doyle, 1987). The short paired-end reads were sequenced on
MGISEQ-2000 platform. Genomic DNA was randomly sheared by ultrasonic
high-performance processing system (Covaris). The 350 bp fragments were screened
for terminal repair to single-strand isolation and cyclization treatment. The original
data obtained by sequencing was converted into raw sequence data (RAW reads) by
Base Calling, and the data stored in FASTQ file format. The raw data was filtered

using SOAPnukel.5.6 (https://github.com/BGI-flexlab/SOAPnuke) with parameters:
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-n0.01-120-q0.1-1-Q2-G-M 2-A0.5—-d, generating 153 Gb clean reads finally.
High molecular weight genomic DNA were extracted, and 20 kb fragments were
selected with BluePippin. Nanopore libraries were constructed with Library Perpare
Kit provided by Oxford Nanopore Technology, and sequenced on ONT Promethion
platform. Finally, 110 Gb long reads were generated, about 101X coverage of golden
buckwheat genome.

Estimation of the Genome Size and Heterozygosity

The golden buckwheat genome size was estimated with k-mer frequency distribution.
K-mers with 17-31 bp were counted with jellyfish (V2.1.4, Marcais and Kingsford,
2011), and then GenomeScope (http://gb.cshl.edu/genomescope/) was used to
estimate genome size and heterozygosity based on the k-mer frequency with default
parameters.

Genome Assembly and Quality Assessments

The 110 Gb Nanopore long reads were self-corrected and assembled with NECAT
(https://github.com/xiaochuanle/NECAT). The assembled contigs were polished
through three rounds of long reads by Racon (https://github.com/lbcb-sci/racon). To
improve the base accuracy of  the contigs, Pilon v1.22
(https://github.com/broadinstitute/pilon/) (Walker et al., 2014) was used to polish
contigs using short reads with default parameters. The primary assembled genome
size was 1.59 Gb, larger than estimated genome size, 1.08 Gb. Purge Haplotigs was
employed to remove the redundant sequences caused by heterozygote with default
parameters (Roach et al., 2018). The completeness of assembled genome was assessed
by BUSCO (Simao et al., 2015), with the library of embryophyta odb10.

Hi-C Sequencing and Scaffolding

Young leaves were collected for Hi-C library construction. The sample was fixed with
formaldehyde, lysed, biotin-labeled, and purified (Lieberman-Aiden et al., 2009; Van
Berkum et al., 2010), and then sent for sequencing on an MGISEQ-2000 platform. We
removed the adapters and low-quality bases using fastp (v0.12.6; Chen et al., 2018)
with default parameters and then aligned the Hi-C data to the assembled contigs using

BWA-MEM (Houtgast et al., 2018). Hi-C-Pro pipeline (Van Berkum et al., 2010)
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were used to identify the Valid Interaction Pairs with default parameters. The contigs
were anchored into pseudomolecule with 3d-dna (v180922) (Dudchenko et al., 2017;
https://github.com/theaidenlab/3d-dna). In total, 1.08 Gb of sequence was anchored
into 8 pseudomolecules. The heatmap for Hi-C interaction was processed using
3d-dna visualize module.

Genome Annotation

For repeat analysis, we used ab initio prediction and homology-based approach.
RepeatMasker (v4.0.7; http://www.repeatmasker.org) was wused to identify
homologous sequences based on the RepBase (v21.12) library (http://www.girinst.org
/repbase). LTR _FINDER (v1.06; Xu and Wang, 2007; http://tlife.fudan.
edu.cn/ltr_finder/) was used to indentify LTR retrotransposon, and RepeatModeler
(http://www.repeatmasker.org/RepeatModeler/) were used to build ab initio prediction
repeat library. LTRs and the de novo repeat library were combined, and subsequently
used to screen the golden buckwheat genome using RepeatMasker.

For gene structure annotation, we combined RNA-seq evidence, ab initio and
homology-based methods. The ab initio prediction was performed using Augustus
(Stanke and Waack, 2003) (version 3.2.3; http://bioinf.unigreifswald.de/augustus/)
with parameters: -strand = both —genemodel = partial -gff3 = on —species = maize5.
For the RNA-seq used in genome annotation, we collected roots, stems, tubers, and
leaves, obtaining 229,501,400 clean reads. RNA-seq reads were mapped to the
genome by HISAT2 (v2.1) with default parameters (Kim et al., 2015), and the
transcripts were assembled from the read alignments using Cufflinks (Trapnell et al.,
2010). Proteins from Tatary buckwheat (Zhang et al., 2017) and common buckwheat
(http://buckwheat.kazusa.or.jp/) were used as protein homology evidence. Finally, the
high-confidence gene models in golden buckwheat genome were predicted using
MAKER pipline (version 2.31.10) (Campbell et al., 2014). The functional annotation
of the predicted proteins was performed by eggNOG-mapper (Huerta-Cepas et al.,
2019; Huerta-Cepas et al., 2017) and went through BLASTP against different
database, containing GO, KEGG, DOG, NR, and swissprot databases.

Phylogenetic Analysis and Gene Family Analysis
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For the evolutionary history analysis of golden buckwheat, nine Eudicotyledons,
comprising Tartary buckwheat (http://www.mbkbase.org/Pinkul/), Beta vulgaris
(https://www.ncbi.nlm.nih.gov/genome/?term=Beta+vulgaris), Beta patula
(http://bvseq.boku.ac.at/  Genome/Download/Bpat/), Carica papaya (Phytozome
v12.1), Solanum lycopersicum  (Phytozome vI12.1), Solanum tuberosum
(ftp://ftp.ncbi.nlm.nih.gov/genomes/Solanum_tuberosum/),  Arabidopsis  thaliana
(Phytozome v12.1), Populus trichocarpa (Phytozome v12.1), Vitis vinifera
(Phytozome v12.1), Prunus mume (https://github.com/lileiting/prunusmumegenome),
and two monocotyledons, Oryza sativa
(https://genome.jgi.doe.gov/portal/pages/dynamicOrganismDownload.jsf?
organism=0sativa) and Zea mays (https://www.ncbi.nlm.nih.gov/genome/?term
=Zeatmays) were used for orthogroup and clustering using Orthofinder v2.3.3
(Emms and Kelly, 2015) with default parameters. We constructed a phylogenetic tree
with the single copy orthologs using the maximum likelihood approach in RaxML (v8;
Stamatakis, 2014) with JTT+I+G model of sequence evolution and 1,000 bootstrap
replicates. Species divergence times were estimated by PAML (v4.5) and calibrated
from TimeTree database (http://www.timetree.org/). Expanded and contracted gene
families were determined by Computational Analysis of gene Family Evolution
(CAFE v4.2.1) (De Bie et al., 2006). Transcriptions factors were predicted by
comparing the 12 species to PlantTFDB (http://planttfdb.cbi.pku.edu.cn/) with iTAK
(Zheng et al., 2016).

Genomic Comparisons and Whole Genome Duplication Analysis

The genomes of golden buckwheat and Tartary buckwheat were screened to identify
syntenic blocks by McscanX (https://github.com/tanghaibao/jcvi/wiki/MCscan,
Python-version; Tang et al., 2008) with default parameters. For a block to be
identified it must contain at least five collinear gene pairs. The synonymous
substitution values (Ks) were calculated using KaKs calculator (version 2.0) with the
PAML yn00 model (http://abacus.gene.ucl.ac.uk/software/paml.html).  The
self-collinearity of golden buckwheat was performed by jcvi (v0.84,

https://github.com/tanghaibao/jcvi).
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Chromosome Structural Variation Analysis

For the inversion analysis, we aligned the genomes of golden buckwheat and Tartary
buckwheat using minimap2 (v2.17) with parameters: -ax, asm5, --eqx. The variations
were measured using syri with parameters: -k, -F, S and annotated using ANNOVAR
(Goel et al., 2019; Wang et al., 2010).

For the insertion, deletion and duplication analysis, the genome alignment was
performed by nucmerV4.0 (Marcais et al., 2018) and structural variations were
identified using Assemblytics (Nattestad and Schatz, 2016) with parameters: unique
length required: 500, min size: 50, max size: 1000000 and annotated using
ANNOVAR.

RNA Sequencing Data Analysis

Seedlings were grown on MS plates in the dark, and in red light and blue light for ten
days. Three replicates of each were collected and RNA-seq carried out using an
[Mlumina sequencing platform by Annoroad Company. The adaptor and low-quality
sequences were removed by Trimmomatic (v0.33, default paramaters) and leaving a
total of 341,721,934 clean reads which were mapped to the genome using HISAT2
v2.1.0 (Kim et al., 2015). The mapped reads referring to each transcript were
assembled and merged by Cufflinks v2.2.1 (Trapnell et al., 2010). FPKM values were
calculated by Htseq-count v0.6.0 (Anders et al., 2015), with FPKM > 0.1 was
considered as expressed gene. Differentially expressed genes (DEGs) were identified
using DESeq2 v1.20.0 (Love et al., 2014), with q<0.05 and |log2 ratio|>1.

For the different tissue RNA-seq, we collected old leaves, young leaves, flowers,
steam, rhizomes, and roots from plants growing in Changping base, Beijing in
mid-July and RNA-seq performed as above, obtaining 856,753,554 clean reads. The
reads were analyzed similar to the above description. The WGCNA was performed as
reported in Kang et al., 2021. The co-expression network was constructed with a
soft-thresholding power of 19 and default parameters. The minimum module size and
the minimum height for merging modules were set to 30 and 0.27, respectively. The
co-expression network analysis was visualized using Cytoscape.

Sequencing and Variant Calling
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Genomic DNA was used to construct a sequencing library according to
vendor-provided instructions (Illumina) as reported (Zhang et al., 2021). The library
was sequenced on Illumina NovaSeq 6000 platform by Annoroad in paired-end mode
and 350bp insert size. Using the manufacturer’s adapter sequences, we used
Trimmomatic v0.33 to remove adapters to generate clean reads.

The clean paired-end reads were mapped to the golden buckwheat genome using
the Burrows-Wheeler Aligner program (BWA 0.7.5a; Houtgast et al., 2018) with
default parameters. We removed the low mapping quality reads (MQ < 30) according
to mapping coordinates in samtools (0.1.19) (Li et al., 2009). SNPs and indels (1-50
bp) were called using GATK (v3.4-46-gbc02625) UnifiedGenotyper module for
diploids with -stand call conf 50-stand emit conf 10-dcov 1000 (McKenna et al.,
2010). For SNPs we used the population filter: (a) QUAL > 30.0; (b) QD > 5.0; (c) FS
< 60.0; (d) MQ 0 > 4 && (MQO/(1.0*DP)) > 0.1); (e) DP > 5. We chose Hard
Filtering instead of the Variant Recalibration (VQSR) method to filter our variants
callset, following GATK best practice. All SNPs and indels were assigned to specific
genomic coordinates and the corresponding genes using ANNOVAR (Wang et al.,
2010) based on golden buckwheat genome annotations. To ensure that SNPs called
from the whole-genome resequencing data are reasonable, site frequency spectrum
(SFS) (Xue and Hickerson, 2015) was applied with the callset at population level
based on MAF > 0.05 and missing rate <0.1.

Phylogenetic Analysis

The golden buckwheat resequencing panel neighbor-joining tree was constructed with
300,000 filtered SNPs by TreeBest 1.9.2 with 100 bootstrap replicates (Li et al., 2006).
The principal component analysis was carried out by SNPRelate (1.18.1) with default
parameters (Zheng et al., 2012). The eigenvectors were extracted to create a plot in
two dimensions.

Identification of Genomic Differentiation (Fsr)

Genetic differentiation (Fst) was determined between the decumbent group and the
erect group in 200 kb window and a step size of 10 kb using PopGenome (Pfeifer et

al., 2013). Windows corresponding to the top 5% of Fsr values were assumed to be
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those with the strongest differentiation and explored further.

Metabolome Analysis

The samples of golden buckwheat root, golden buckwheat tuber and Tartary
buckwheat root were collected from mature plants. The samples were ground into a
powder using a mixer mill (MM 400, Retsch). The sample powder (0.2 g) was
extracted with 10 ml of 80% methanol. The mixture was treated with ultrasound for
45 min and centrifuged at 10,000 g for 10 min. The extracts were diluted with the
initial mobile phase and passed through a 0.22 um hydrophobic PTFE needle filter.
The extracts were analyzed using the HPLC-qToF-MS system (Agilent G6500 Series
HPLC-QTOF, Agilent MassHunter Workstation Date Acquisition, and Qualitative
Analysis B.07.00). The chromatographic conditions were as follows: water (0.1%
formic acid), methanol solution (0.1% formic acid); flow rate, 0.5 ml/min;
temperature, 40 °C; injection volume, 5 pl; and detection wavelength, 350 nm. The
Electrospray ionization (ESI) Turbo lonspray interface operated in positive ion mode
was used to perform spectrometry analysis. The ESI source conditions were as
follows: gas, N2; gas temperature, 300 °C; gas flow rate, 8.0 L/min; curtain gas, 35
psi; capillary voltage, 3.5kV; capillary outlet voltage, 175V, cone hole voltage, 65V;
collision energy, 10V, 30V, 50V; scanning range of MS, m/z 100 ~ 1000. The
Qualitative Analysis B.07.00 was used to control instruments and collect data. The
software EZinfo V3.0.1 was used for data processing and multivariate analysis.
Measurement of the Flavonoids Content

As reported (Zhang et al., 2021), seedlings from the different light treatments were
ground and filtered after dried at 105 °C. The powder (0.2 g) was extracted with
ultrasound for 45 min in 20 ml of 80% methanol at 50 °C. The solution was filtered
through a 0.22 um hydrophobic PTFE needle filter and analyzed using HPLC (Agilent
G6500 Series HPLC-QTOF). The CAS number of kaempferol, quercetin, rutin,
epicatechin, and cyaniding was 520-18-3, 117-39-5, 153-18-4, 490-46-0, and
528-58-5, respectively. The contents were calculated by comparing the HPLC peak
area with authentic standards (Sigma-Aldrich).

Transgenic Hairy Root Culture
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The FdFRSI CDS sequence was cloned and constructed into the pCAMBIA 1307
vector with the following primers: F: 5’-acgggggactcttgaccatggATGGAAAATCAAC
CCGAAATAGAC-3’ and R: 5’-aagttcttctectttactagt TCAATGTTTCAGTATCAAGTG
AACGT-3". The vectors were transformed into Agrobacterium A4 to generate

transgenic hairy roots as reported (Zhou et al., 2017).

Results

Genome Assembly and Annotation of Golden Buckwheat

We sequenced and assembled a diploid accession of golden buckwheat from Luoji
Mountain (Sichuan province, China) (Fig. 1a-f), using a combination of
MGISEQ-2000, Oxford Nanopore Technology and Hi-C technology (Table S1). The
estimated genome size of golden buckwheat was 1.08 Gb and heterozygous ratio was
1.02% (Table S2). For high heterozygous, the primary assembled genome size was
1.59 Gb (Table S3). After removed the redundant sequences, the final genome size
was 1.08 Gb, with a contig N50 of 2.84 Mb, matching the genome size based on flow
cytometry analysis (1.07 Gb) and k-mer analysis (1.08 Gb; Fig. S1-4 and Table S3).
The contigs was anchored on 8 pseudomolecules with HiC sequencing data (Table
S4). BUSCO assessment indicated that about 92.9% of the core conserved plant genes
were complete in assembled golden buckwheat using embryophyta odb10 database
(Table S5). A total of 38,919 genes were predicted using RNA-seq, ab initio
prediction and homology-based methods (Fig. 1g and Table S6-8). We evaluated the
completeness of predicted genes with embryophyta odb10, and 91.1% BUSCOs were
complete (Table S9).

Repetitive sequences accounted for the largest proportion of the golden buckwheat
genome; in total, 0.74 Gb (68.21%) of the genome was identified as repeats (Table
S10). The long terminal repeat retrotransposons (LTR-RTs) are the most abundant
repeat type, occupying 48.35% of the genome. The total length of the largest LTR-RT
superfamilies, Gypsy and Copia, was about 0.5 Gb, or 46.23% of the genome. The
frequency distribution of the Gypsy and Copia insertion times showed a burst at

0.8~1.0 Mya, compared with a more scattered distribution over the past 1 Mya in
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Tartary buckwheat (Fig. S5). The golden buckwheat genome is more than twice the
size of the closely related Tartary buckwheat genome (0.48 Gb) (Zhang et al., 2017),
but the number of genes is similar (38,919 vs. 33,366 in Tartary buckwheat)
collectively indicating that the large-scale amplification of repetitive sequences is the
main reason for the difference in genome size between golden buckwheat and Tartary

buckwheat.

Genomic Structure Variation and Whole-genome Duplication

Golden buckwheat is a wild relative of Tartary buckwheat (Ohnishi and Zhou, 2018),
despite the significantly different genome sizes. We aligned the two genomes and
detected a 1-to-1 syntenic relationship at the whole-chromosome level, including 114
blocks and 20,676 collinear genes, which further confirmed that golden buckwheat
has a diploid genome (Fig. 2a).

The Tartary buckwheat genome showed more deletions compared with golden
buckwheat genome since their divergence (Fig. S6), further consistent with the larger
genome size of golden buckwheat. Two larger inversions were identified in
chromosome (Chr) 3 (29.5 Mb) and Chr4 (23.8 Mb), containing 1,673 genes and 759
genes, respectively (Fig. 2b and Fig. S7-8, and Table S11-12). The GO enrichment
analysis of the 200 genes near the breakpoint regions of Chr3 showed that the GO
terms of ‘shoot apical meristem development’, ‘carbohydrate metabolic process’ and
‘metabolic process’ were significantly enriched (Fig. 2¢). Nine flavonoid
3'.5'-hydroxylases were identified in the genes annotated with the term ‘metabolic
process’ (Table S12), which play a crucial role in anthocyanin and catechin
biosynthesis (Seitz et al., 2015; Jin et al., 2018). Genes near the breakpoint regions of
Chr4 were mainly enriched in the GO terms related to the cell wall biosynthesis,
including pectin and polysaccharide biosynthesis, and cell wall organization (Fig. S9).

Whole-genome duplication (WGD) is one of the most important forces driving the
expansion of genome size. Therefore, we analyzed the paralogous syntenic genes
based on self-comparison and found 2,953 and 5,184 collinear genes in golden

buckwheat and Tartary buckwheat, respectively (Table S13). The Ks peak for putative
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orthologous gene pairs indicates the speciation event and genes corresponding to this
Ks peak (i.e., gene pairs with Ks<0.3, Table S13) were significantly enriched in
metabolic and development processes, including lipid metabolism, flavonoid
metabolism, fruit development, as well as lateral root formation (Fig. 2d and e). Only
one Ks peak of the paralogous syntenic gene pairs was identified within both golden
buckwheat and Tartary buckwheat, at Ks = ~0.99. This suggests an ancient WGD
event at around 71.1 Mya predating the speciation event, without recent WGDs (Fig.
2d), which was supported by self-synteny analysis (Fig. S10).

We analyzed the different origins of gene duplicates and found a similar
distribution of duplicate type in both the golden buckwheat and Tartary buckwheat
genomes, with three main types of dispersed duplication, WGD, and transposed
duplication, although golden buckwheat showed a higher proportion of dispersed
duplicate type (Fig. S11). Gene duplicates that originated through dispersed
duplication, proximal duplication, and tandem duplication were significantly enriched
in GO terms related to flavonoid biosynthesis process (Fig. S12-14). Tandem gene
duplicates were also enriched in cell wall biosynthesis, as reported in Miscanthus
lutarioriparius (Miao et al., 2021). Transposed duplicates were enriched in GO terms
related to protein phosphorylation modification and response to biotic and abiotic
stress (Fig. S15). The WGD genes were mainly enriched in abiotic and biotic stress

and development-related terms (Fig. S16).

Genome Evolution of Golden Buckwheat

To reveal the evolutionary history of the golden buckwheat genome, we analyzed
gene orthologues among golden buckwheat, Tartary buckwheat, nine other
Eudicotyledons, and two monocotyledons, and characterized 37,025 genes into
14,549 families (Table S14). Through comparing the gene families among
Caryophyllales (golden buckwheat, Tartary buckwheat, Beta vulgaris, and B. patula),
10,338 shared gene families and 7,277 one-to-one orthogroup gene families between
golden buckwheat and Tartary buckwheat were identified (Table S15). Comparing

golden buckwheat to Tartary buckwheat revealed 8 plant self-incompatibility protein
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S1s unique to golden buckwheat (Table S16), coinciding with the self-incompatibility
of golden buckwheat (Zhou et al., 2018). We constructed a phylogenetic tree with 344
single-copy genes shared among the 13 species, revealing that Caryophyllales
(buckwheat and sugar beet) were grouped on a branch outside of Brassicales and
Rosales and diverged from other dicotyledons at about 138 Mya (Fig. 3a).

The evolution of gene families can play important roles in plant phenotypic
diversification. In golden buckwheat, we identified 739 expanded and 528 contracted
gene families from the 14,549 gene families (Table S17). The GO enrichment
analysis of the expanded gene families revealed that they were mainly enriched in
regulation of cellular, biosynthetic, and metabolic processes (Fig. 3b). Among the
genes of expanded gene families in golden buckwheat, we identified 85 cytochrome
P450 (CYP) enzymes (FdCYPs; Table S18), which are involved in secondary
metabolism and hormone metabolism (Bak et al., 2011). We further found that 54 out
of these 85 FACYPs possessed a flavonoid 3'-monooxygenase domain (Fig. S17 and
Table S18) and 12 were related to Tartary buckwheat FtF3’5’H (Fig. 3c¢), key factors
regulating anthocyanin and catechin biosynthesis in other plants (Seitz et al., 2015; Jin
et al., 2018). Some of these 54 FACYPs were differently expressed under red light and
blue light treatments, consistent with the change of flavonoids accumulation (Fig.
3d-3f).

Several families of MYB-related genes were expanded, which comprised 52 golden
buckwheat FdMYB genes. Twenty-four of these clustered with a single Arabidopsis
MYB, AtMYBO91 (Fig. S18), which plays critical role in growth immune response and
asymmetric leaf formation (Byrne et al., 2000; Nurmberg et al., 2007). Among the
expanded gene families, we also found 55 FdLRRs (Leucine rich repeats) and 11
FdTIFYs (transcription factors possessing a TIFY motif) (Table S17), both of which
play crucial roles in plant growth and development process and biotic and abiotic
stress processes (Liu et al., 2017; Xie et al., 2019).

We found the copy number of the FAR transcription factor genes to be expanded in
golden buckwheat compared with that of Tartary buckwheat (Table S19), which play

critical role in plant growth and development, and metabolic processes
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(Fernandez-Calvo et al., 2020; Lin and Wang, 2004). We found that 13 FdFARs were
clustered on a branch with the single Arabidopsis AtFRSI (Fig. 3g), suggesting this
subgroup of FAR genes has a significant role in golden buckwheat. Overexpression of
one of these, FD04G006530 (named FdFRSI), in hairy root culture elevated the
content of rutin (Fig. 3h and Fig. S19 and 20), an important flavonoid with potential
health benefits (Ganeshpurkar and Saluja, 2017).

Flavonoid Biosynthesis Genes and Metabonomic Analysis of Golden Buckwheat
and Tartary Buckwheat

Golden buckwheat and Tartary buckwheat both accumulate value-added molecules,
especially flavonoids, such as procyanidins, epicatechin, quercetin, and rutin (Joshi et
al., 2020; Zhang et al., 2021). However, only the rhizomes of the golden buckwheat,
and not the root of the Tartary buckwheat, are used in traditional Chinese medicine.
To explore the genetic basis, we performed metabolomics analysis and compared the
flavonoid biosynthesis genes between golden buckwheat and Tartary buckwheat.

In total, 491 annotated metabolites were tentatively identified in golden buckwheat
root (GBR), golden buckwheat tuber (GBT) and Tartary buckwheat root (TBR; Fig.
4a and Table S20). A principal component analysis of all the metabolites revealed
independent grouping of the GBR, GBT and TBR samples (Fig. 4b), which was
further supported by correlation analysis (Fig. S21). We found that the content of 304,
331, and 357 metabolites were significantly different between TBR and GBT, TBR
and GBR, and GBT and GBR (p < 0.05), respectively (Fig. 4¢, Fig. S22 and Table
S20) which included the flavonoids, rutin, quercetin, astragalin, jaceosidin,
procyanidins, and catechin. Overall, flavonoid content was higher in golden
buckwheat than that in Tartary buckwheat. The content of rutin, quercetin, and
jaceosidin were highest in GBT, and astragalin, procyanidin B1, procyanidin A2, and
catechin were highest in GBR (Fig. 4d-4g and Fig. S23). We found significant
differences in the content of specific flavonoids between GBR and GBT, the GBT
accumulated more rutin, quercetin, jaceosidin, taxifolin, and catechol than GBR,

which appeared richer in proanthocyanidins (Fig. S22 and 23).
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Based on the KEGG database and previous reports (Zhang et al., 2017; Katsu et al.,
2017; Liu et al., 2013), we examined the generalized flavonoid metabolic pathway
(Fig. 4h). By combing gene functional annotation and homology searching, 169 genes
belonging to 16 gene families involved in flavonoid biosynthesis in golden buckwheat
were identified, which was almost 2.5-fold the number of genes in Tartary buckwheat
(71 genes; Table S21). Almost all of the genes related to flavonoid biosynthesis
displayed variable expression levels across six tissues (Fig. 4h) and under different
light treatments (Fig. S24).

Examining gene copy numbers, the FdCHI, FdF3H, FdDFR, and FdLAR families
showed the greatest gene family expansion, with six times more copies in golden
buckwheat than Tartary buckwheat (Table S21), which were involved in the
accumulation of proanthocyanidin, quercetin, anthocyanin and catechin (Jiang et al.,
2015; Reuben et al., 2013; He et al., 2021). Expansion of FdCHI, FdF3H, FdDFR,
and FdLAR families might be pivotal for the higher content of procyanidins and
catechin in golden buckwheat. Analyzing their positions in the golden buckwheat
genome revealed that 93 out of these 169 genes (55.03%) were in clusters separated
by at most 500 kb, likely resulting from tandem duplication, compared with 29 out of
71 genes (40.85%) in Tartary buckwheat (Fig. S25 and 26).

To elucidate co-expression networks of genes related to flavonoid biosynthesis in
golden buckwheat, we performed weighted correlation network analysis with the
differentially expressed genes across six tissues and obtained 14 modules (Fig. S27
and 28). Some key flavonoid synthesis related genes were grouped into two modules
(grey60 and brown; Table S22), which were closely associated with tuber and root,
respectively (Fig. S29). We carried out homology searching with Arabidopsis and
identified some candidate genes that regulate flavonoids accumulation in the two
modules (Fig. S30), including FD03G014500 (REF 1, involved in formation of ferulic
acid and sinapic acid), FD05G020950 (COMT, encoding a flavonol
3-O-methyltransferase), FD06G015940 (NINJA, involved in glucosinolate
biosynthesis), FD05G043040 (JARI, encoding a jasmonate-amido synthetase),
FD04G011550 (MYC4, activating jasmonate response), FD02G039370 (TIRI,
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encoding an auxin receptor), and FD04G014950 (GHYC2, encoding a glycosyl
hydrolase). These results provide insights on potentially candidate genes for further

study of flavonoid metabolism in buckwheat.

Population Structure and Genetic Diversity Analysis of Golden Buckwheat
Golden buckwheat varies greatly in morphology with two main ecotypes, the erect
growth type (EGT) and the decumbent growth type (DGT) (Zhou et al., 2018). All
buckwheat from high altitudes, including the Tibetan Plateau and Yunnan-Guizhou
plateau in China, were of the DGT type, while both DGT and EGT were found at
lower altitudes, i.e., Yun Nan, Si Chuan and Gui Zhou in China. High altitude
accessions appear to accumulate greater amounts of flavonoids than those from lower
altitudes (Cheng et al., 2019). We collected 34 diploid golden buckwheat accessions
from Yun Nan, Si Chuan and Gui Zhou, comprising 17 EGTs and 17 DGTs (Fig.
S31-32 and Table S23). The DGTs displayed a significantly greater flavonoid content,
while EGTs displayed overall greater height, branching, stem diameter and grain
weight (Fig. Sa and Fig. S33).

We performed resequencing for the 34 samples, generating 26.75 Gb of sequence
data, with an average sequencing depth of 6.25x (Table S23). By aligning to the
reference genome generated above, we identified 2,201,413 SNPs and 254,271 indels
(insertions and deletions, 1-50 bp in length; Table S24). Most of the SNPs and indels
were located in the intergenic regions, only 12.03% of SNPs were presented in the
coding sequence, consisting of 136,969 synonymous SNPs and 125,173
nonsynonymous SNPs. The ratio of nonsynonymous to synonymous SNPs (0.91) was
lower than that of Tartary buckwheat (1.69) (Zhang et al., 2021). According to the
phylogenetic analysis, the two ecotypes form distinct clades, which is further
supported by principal component analysis (Fig. Sb and c¢). To explore the genetic
mechanisms underlying growth and metabolic differentiation between two ecotypes,
pairwise fixation statistic (Fst) was calculated in windows across the genome. We
identified 361 genomic regions (46.8 Mb) with the greatest genetic divergence, which

contained 2,200 genes (top 5% Fst, Fig. 5d and Table S25). Among these genes, we
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found a series of putative Arabidopsis orthologues that are involved in the regulation
of growth, development and metabolism, including FD0I1G021970 (KOB1, encoding
a glycosyltransferase), FD0I1G027140 (CRF4, a member of the ERF/AP2
transcription factor family), FD02G037460 (F5H, encoding a ferulate 5-hydroxylase),
FD03G046410 (MYB44, a member of the R2R3 factor MYB gene family; Fig. S34a),
FD03G003530 (UGT78D2, encoding an anthocyanidin 3-O-glucosyltransferase), and
other related genes (Fig. 5d).

We found an indel located at the end of the first exon and the beginning of the
intron of FD03G046410 (named as FdMYB44, Fig. Se) in some accessions.
FdMYB44 is orthologous to AtMYB44 that has been reported to negatively regulate
flavonoid accumulation (Jung et al., 2010). The indel leads to a loss of six amino
acids at the intrinsically disordered region (Fig. S34b), which performs a crucial role
in coordinated cellular responses by mediating dynamic interactions with different
partners (Wright and Dyson, 2015). The FdMYB44 genotype was classified into three
haplotypes dependent on this indel. Hap.1 (CTCCGGTTACTG/CTCCGGTTACTG),
Het. (CTCCGGTTACTG/-), and Hap.2 (-/-) (Fig. 5e and Table S26). Hap.1 was
fixed in the DGT clade (100% of 16 accessions) and only present in one accession of
the EGT clade. Hap.2 was most common in the EGT clade (75% of 16 accessions)
(Fig. 5a and 5f). We found the expression level of FdMYB44 was variable under dark
light, red light and blue light treatments (Fig. 5g), implying a potential relationship
with secondary metabolism. We performed co-expression analysis of FAMYB44 with
other flavonoid biosynthesis genes and found a higher coefficient with some members
of the FdF3°5’H, FAF3GT, FART, Fd4CL, FdADRF, and FdF3H gene families, which
possess MYB binding site at the promoter (Fig. S35 and Table S27). Taken together,
we suggest that FdMYB44 might play an important role in regulating flavonoid
accumulation and the indel might be critical for the differences in flavonoid content
between the two ecotypes.

In addition, we identified a nonsynonymous SNP at Fd1:82879067 (G/A), leading
to the loss of the initiation codon ATG of FD0IG027140 (named as FdACRF4) (Fig.

S36 and Table S28), and orthologues of this gene positively regulate root and shoot
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growth in cold stress (Zwack et al., 2016). The nonsynonymous SNP yielded three
haplotypes, Hap.1 (A/A), Het. (G/A), and Hap.2 (G/G). Hap.1 represents the allele
with an intact start codon and was only present in the DGT accessions (9 of 16),
whereas Hap.2, lacking the start codon, was fixed in the EGT accessions (Fig. S36).
FAdCRF4 might be a key gene regulating differentiation of growth phenotypes and
requires follow-up.

In summary, a large number of putative candidate genes have been unveiled and
these may be useful to improve agronomic and quality traits of golden buckwheat in

the future.

Discussion

Buckwheat comprises a small group of species rich in pharmacologically relevant
molecules, especially flavonoids, making these dual-purpose, with both considerable
edible and medicinal values. Golden buckwheat, belonging to the cymosum group of
Fagopyrum, has traditionally been used as Chinese herbal medicine to treat a variety
of human disorders because the content of value-added molecules is significantly
greater than other cultivated species, including Tartary buckwheat and common
buckwheat (Zhao et al., 2018). Here, we assembled and annotated the genome of a
diploid golden buckwheat with a total length of 1.08 Gb, over twice the size of the
closely related Tartary buckwheat (0.48 Gb). Proliferation of TEs, especially
LTR-retrotransposons, is the main cause for this difference and not a polyploid event.
Genome enlargement caused by LTR amplification is common in plant genome.
Bursts of LTR-retrotransposon proliferation in Oryza australiensis and Australian
cotton have similarly given rise to genome size increases, relative to the closely
related O. sativa and American cotton, respectively, suggesting LTR proliferation is
broadly involved in plant genome size variation across plants (Piegu et al., 2006;
Hawkins et al., 2006). Two large inversions were found on chromosome 3 and
chromosome 4, relative to Tartary buckwheat. Chromosomal inversions can establish
and maintain favorable combinations of alleles, facilitating local adaptation and

speciation, and genes in these inversions can underlie ecologically relevant traits,
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including flowering time (Todesco et al., 2020), and annual/perennial life-history
divergence (Lowry and Willis, 2010). Thus, we speculate that the genome size
variation induced by repeats amplification and these large inversions might be
responsible for the difference of adaptability, plant architecture between golden
buckwheat and Tartary buckwheat as well as the unique adaptability and reproductive
isolation for golden buckwheat.

The abundance of flavonoids in the rhizome of golden buckwheat focused our
attention on the genetic basis of flavonoid biosynthesis and rhizome development.
Chromosomal inversions could modulate gene dosage and the epigenetic environment
near breakpoints (Mérot et al., 2020) and the duplications of specific gene families
could be involved in divergence of adaptive traits. We found that genes near the
inversion breakpoints, multiple duplicate genes and genes unique to golden
buckwheat were associated with metabolic processes (including flavonoid
biosynthesis), cell wall biosynthesis, root morphological development, and stress
response. These results lead us to speculate that these large inversions and other
aspects of gene content evolution are associated with the increased flavonoid
accumulation and the unique root architecture of golden buckwheat. In addition, CYP,
a plant gene family catalyzing versatile oxidation process in secondary metabolism
(Mizutani and Ohta, 2010), and a well-known transposase-derived transcription factor
FAR, involved in JA signaling and glucosinolate biosynthesis (Fernandez-Calvo et al.,
2020; Liu et al., 2019), were expanded in golden buckwheat. As flavonoid
accumulation is regulated by CYP and JA signaling (Shan et al., 2009; Qi et al., 2011;
Ni et al., 2020; Sun et al., 2020), we speculated that the expansion of CYP and FAR
was responsible for the increased flavonoid accumulation in golden buckwheat. The
overexpression of FdFRSI resulted in elevated rutin content, helping support the role
of this gene in flavonoid biosynthesis in golden buckwheat. Previous research has also
found that the expansion of key genes involved in secondary metabolite biosynthesis
can be beneficial to the accumulation of bioactive components and is common in
plants genome evolution. Some gene families essential for flavonoid biosynthesis,

including FdCHI, FdF3H, FADFR and FdLAR, were expanded and appeared in
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clusters across the golden buckwheat genome. Similar results were found in camphor
tree and azalea, in which the expansions of terpenoid synthase and flavonoids
synthesis genes were associated with the mass production of terpenoids and
anthocyanins, respectively (Chaw et al., 2019; Yang et al., 2020). This provides
further evidence for our suggestion that the expansion of these structural and
regulatory genes might be responsible for the increased flavonoid accumulation in
golden buckwheat. Co-expression network analysis demonstrated that some of the
modules of genes were correlated with specific tissues, including two modules with a
high number of genes putatively involved in flavonoid biosynthesis. This potentially
provides new possibilities for resolving the genetic basis of tissue-specific flavonoid
metabolism regulation in golden buckwheat and other species.

The Himalayan region is the center of origin for Tartary buckwheat (Zhang et al.,
2021), raising the possibility of a similar golden buckwheat origin, however, recent
overexploitation has dramatically reduced the golden buckwheat wild resources (Chen
and Li, 2016). We investigated buckwheat germplasm resources from southwest
China. Thirty-four diploid golden buckwheat accessions were collected and
resequencing led to the confirmation that the two morphological types are also
genetically differentiated. Previous research illustrated that most of the golden
buckwheat growing at low altitude are of the erect ecotypes, while decumbent
ecotypes usually grow at high altitude (Cheng et al., 2019). By comparing the
genomes of these ecotypes, we identified some candidate genes potentially
responsible for divergence phenotypes of the two ecotypes. For instance, CRFs are
involved in lateral root initiation under cold stress (Zwack et al., 2016; Jeon et al.,
2016) and in our study, we found loss of the predicted start codon of a CRF gene in
the erect ecotype, which, if this causes loss of expression, or expression of a mutant
protein, could prevent this ecotype from inhabiting the colder high altitude
environments, restricting its presence to the warm environment at low altitude.

Genes involved in cellulose biosynthesis (e.g., KOBI) and syringic lignin
biosynthesis (e.g., F5H) were also significantly differentiated between the two

ecotypes and might be responsible for the difference in plant architecture in the two
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ecotypes (Pagant et al., 2002; Wang et al., 2015; Wu et al., 2019). A flavonoid
3-O-glucosyltransferase gene UGT78D2 involved in both flavonoid biosynthesis and
shoot polar auxin transport were also divergent between two ecotypes, which could be
responsible for not only the different flavonoids content but also the differences in
plant height and branching that we identified (Yin et al., 2012; Yin et al., 2014). In
addition, differentiation of MYB44 (an indel affecting the coding region and an
exon-intron boundary), which is a universal transcription factor involved in flavonoid
biosynthesis, was also identified (Wei et al., 2020). The alteration of the intrinsically
disordered region might play a role in the different value-added flavonoids
accumulation of two distinct ecotypes.

In conclusion, the genome sequence presented in this study lays the foundation
for elaboration of the synthesis and regulatory mechanisms underlying
pharmaceutically relevant molecules in golden buckwheat and will facilitate the
breeding and/or genetic engineering of buckwheat and other medical plant species
containing value-added molecules. The resequencing panel comprising broad genetic
variation could greatly facilitate the study of golden buckwheat population structure
and provide knowledge regarding the better utilization of the natural genetic variation

resource for buckwheat breeding in the future.
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Figure legends

Fig. 1. Golden buckwheat morphology and genomic features. (a) Decumbent
growth type of golden buckwheat. (b) and (¢) Erect growth type of golden buckwheat.
(d) to (f) The inflorescences, immature fruit, and rhizome of golden buckwheat. (g)
The genomic landscape, with the following features indicated: (1) the 8
pseudochromosomes, (2) to (6) the density of TEs, genes, Gypsy elements, Copia
elements, LTRs, respectively, (7) GC content, and (8) the colored links represent
syntenic blocks in golden buckwheat genome. The window size for the tracks was 500
kb.

Fig. 2. Genome comparison between golden buckwheat and Tartary buckwheat.

(a) Syntenic analysis of golden buckwheat and Tartary buckwheat genomes. (b)
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Inversions of chromosome 3 and chromosome 4. Horizontal lines indicate golden
buckwheat (blue-grey) and Tartary buckwheat (red) chromosomes. The yellow lines
indicate the inverted regions. The grey lines indicate syntenic regions. (¢) Gene
Ontology (GO) enrichment of genes involved in the large inversion on chromosome 3
of golden buckwheat. The color of the box represents —log10 (p-value) and the size of
the box represents the gene count for each GO term. (d) The frequency distributions
of Ks of homologous gene pairs in the collinearity block of golden buckwheat (GB)
versus Tartary buckwheat (TB), GB versus GB, and TB versus TB, respectively. (e)
GO enrichment of genes located in the collinearity block of GB versus GB with Ks <
0.3.

Fig. 3. Genome and gene family evolution of golden buckwheat. (a) Phylogenetic
tree based on single copy orthologues of two buckwheats, and nine other species
showing divergence times based on single-copy gene. The estimated divergence
timings were indicated at the internodes. The number of expanded and contracted
gene families was shown in blue next to the specie names, indicated by plus and
minus, respectively. (b) GO enrichment results of golden buckwheat expanded gene
families. (¢) Neighbor-joining tree of expanded FJCYPs with flavonoid
3'-monooxygenase domains. The gene IDs of golden buckwheat, Tartary buckwheat,
and Arabidopsis were shown in red, blue, and black, respectively. The branches
marked in blue, orange, yellow, and red represented F3H, C4H, F3’H, and F3’5’H
families, respectively. (d) The expression of expanded FdCYPs in seedlings grown
under different light conditions. DL, RL, and BL represent dark, red light, and blue
light, respectively. Genes were clustered according to expression levels. Genes
clustered with F3'5'H in (¢) were marked in red color. The color of the box represents
logl0 (FPKM+1). (e) Images of golden buckwheat seedlings treated with different
light conditions for 10 days. Bar = 1 cm. (f) Flavonoid content of 10-day golden
buckwheat seedlings grown under different light conditions. (g) Neighbor-joining tree
of FAR transcription factors. The golden buckwheat, Tartary buckwheat, and
Arabidopsis gene IDs were shown in red, blue, and black, respectively. (h) Rutin

content of three FdFRS1 overexpression lines in transgenic hairy roots. Data are mean
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+ SD. ***P < (0.001, student’s ¢-test.

Fig. 4. Metabolomic analysis and genes involved in flavonoid biosynthesis. (a)
Patterns of golden buckwheat rhizome and Tartary buckwheat root. GBR, golden
buckwheat root; GBT, golden buckwheat tuber; TBR, Tartary buckwheat root. (b)
Principal component analysis of metabolites showing the first two components. (c)
Volcano plot of the metabolic differences between GBR and TBR. The red and orange
dots represent differential metabolites and the grey dots represent metabolites with
insignificant differences. The fold change threshold and the P value threshold were set
to 2.0 and 0.1, respectively. Irha, isorhamnetin; Jac, jaceosidin; Rut, rutin; Que,
quercetin; Tax, taxifolin; Ast, astragalin; Dio, diosmetin; Cat, catechol; Pcat,
protocatechualdehyde; Pcy A2, procyanidin A2; Pcy BI, procyanidin B1. (d) to (g)
Boxplots showing the relative content of Cat (catechol), Pcy A2 (procyanidin A2),
Pcy B1 (procyanidin B1), and Ast (astragalin). Boxes represent the 25%, 50%, and
75% values; whiskers represent SD; “x” represent maximum and minimum values;
square dots display the average value. ***P < 0.001, Student’s ¢-test. (h) A simplified
representation of the biosynthetic pathway of flavonoid metabolism. The expression
level of each gene in six tissues was shown in color. Root, R; tuber, T; stem, S; young
leaf, YL; old leaf, OL; flower, F. The color of the box represents logl0 (FPKM+1).
The significantly expanded gene families in golden buckwheat are highlighted in red.
Fig. 5. Population structure and genetic differentiation of golden buckwheat. (a)
Qualification of quality and agronomic traits of erect growth type (EGT) and
decumbent growth type (DGT) groups. n = 17 for both of group EGT and group DGT.
The boxes represent 25%, 50%, and 75% values; whiskers represent SD; “x”
represent maximum and minimum values; square dots display the average value. *P <
0.05, ***P < 0.001, Student’s #-test. (b) Neighbor-joining tree of 35 buckwheat
germplasms, including 34 golden buckwheat accessions and one Tartary buckwheat
accession. Branch colors indicate different groups: group DGT (blue), group EGT
(red), and outgroup (black line). (c¢) Principal component analysis of golden
buckwheat accessions, showing the first two components. Colors correspond to the

neighbor-joining tree grouping in (b). (d) Highly divergent genomic regions between
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EGT and DGT. The horizontal dashed line indicates the top 5% of Fst and red vertical
lines indicate candidate genes in the highly divergent regions. (e) Schematic
representation of FdAMYB44 genomic sequence. Exons and introns are represented by
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and blue light, respectively.
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