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Abstract

Background: A comprehensive study of the genome and genetics of superior
germplasms is fundamental for crop improvement. As a widely adapted protein crop
with high yield potential, the improvement in breeding and development of the seeds
industry of faba bean have been greatly hindered by its giant genome size and high
outcrossing rate.

Results: To fully explore the genomic diversity and genetic basis of important agro-
nomic traits, we first generate a de novo genome assembly and perform annotation

of a special short-wing petal faba bean germplasm (VF8137) exhibiting a low outcross-
ing rate. Comparative genome and pan-genome analyses reveal the genome evolution
characteristics and unique pan-genes among the three different faba bean genomes.
In addition, the genome diversity of 558 accessions of faba bean germplasm reveals
three distinct genetic groups and remarkable genetic differences between the south-
ern and northern germplasms. Genome-wide association analysis identifies several
candidate genes associated with adaptation- and yield-related traits. We also identify
one candidate gene related to short-wing petals by combining quantitative trait locus
mapping and bulked segregant analysis. We further elucidate its function through mul-
tiple lines of evidence from functional annotation, sequence variation, expression
differences, and protein structure variation.

Conclusions: Our study provides new insights into the genome evolution of Legumi-
nosae and the genomic diversity of faba bean. It offers valuable genomic and genetic
resources for breeding and improvement of faba bean.
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Background

Faba bean (Vicia faba L., 2n=2x=12) is a widely adapted cool season legume rich in
protein (>26% in 100 g dry seed) and multiple favorable nutrient elements, such as
starch, fiber, iron, zinc, and vitamins, which can be used both as food and feed [1-3].
Faba bean had the highest yield (2.19 Mg ha™!) among legumes after soybean in 2021
(www.fao.org/faostat/en/#data) and was endowed with a significant ecological advan-
tage due to its nitrogen-fixing capacity [4, 5]. However, despite its critical role in human
nutrition and health as well as sustainable agriculture [6, 7], genomic studies and molec-
ular breeding research on faba bean lag far behind those on other legume crops, such as
soybean [8], common bean [9], pea [10] and chickpea [11, 12], due to its giant genome
size (~13 Gb) [6]. The recent accomplishment of high-quality faba genome assembly
provides an excellent genomic platform for faba bean [13]. However, as one of the ear-
liest domesticated food legumes, faba bean (Vicia faba L.) was inferred to have been
domesticated in the Near East more than 10,000 years ago [14, 15]. Although the extant
wild progenitor of faba bean has not been discovered, rich genetic diversity has accumu-
lated in faba bean germplasm, resulting in significant population genetic structure under
long-term domestication and cultivation as well as widespread adaptation [6, 13, 15].
Therefore, genomic analyses using different genotypes with significant genetic diver-
gence and further exploration of genetic diversity are needed for a better understanding
of the population differentiation and phenotypic variation in faba bean [16, 17].

Faba bean is partially allogamous and depends on insect pollination, exhibiting a
high outcrossing rate (mean 30-60%) [18, 19]. The common mixed self- and outcross-
ing habit of faba beans, along with the lack of autofertility, results in a slow and costly
process for controlling pollination to maintain the desired traits in faba bean breeding
[19, 20]. In addition, the yield of faba bean partially depends on the abundance, activity,
and pollination efficiency of pollinators, which are strongly affected by the geographical
environment and climate change [21, 22]. Consequently, breeders often opt for autofer-
tile lines with limited outcrossing rates in order to strike a balance between these fac-
tors and ensure crop productivity [19, 20]. We previously identified a special faba bean
germplasm, VF8137, from China with a rare short-wing petal trait accompanied by a
low outcrossing rate of less than 5% [23]. This germplasm is highly valuable in faba bean
breeding because it serves as a foundational parent for the rapid purification of varieties
and the efficient fixation of excellent target traits. However, the genetic basis of short-
wing petals and other important agronomic traits is still unclear, becoming a serious
obstacle to the development of the molecular breeding of faba beans.

To fully explore the genomic diversity and genetic basis of important agronomic traits,
comprehensive genomic and genetic analyses were carried out on the specific faba
bean germplasms VF8137 and 558 from global faba bean germplasm accessions in this
study. First, we present a high-quality de novo genome assembly of VF8137 via PacBio
HiFi sequencing and chromosome conformation capture (Hi-C) sequencing and reveal
its genomic evolutionary characteristics as well as unique pangenes among the three
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different faba bean genomes. Second, the genome diversity and population genetic struc-
ture of 558 accessions of faba bean germplasm were explored. Third, a 3-year and three-
location genome-wide association study (GWAS) identified several genetic loci associated
with the adaptation and yield-related traits of faba bean. Finally, by integrating genomic
resources, quantitative trait locus (QTL) analysis, bulked segregant analysis (BSA), tran-
scriptome sequencing (RNA-Seq), and haplotype analysis, we identified one candidate
gene related to short-wing petals and elucidated its function through multiple functional
annotations, sequence variations, expression differences, and protein structure variations.
These findings will not only lay a solid foundation for understanding the genome evolu-
tion of Leguminosae and the genomic diversity of faba bean but also significantly acceler-
ate the breeding, improvement, and development of the seed industry of faba bean.

Results

De novo assembly and annotation of a special short-wing petal faba bean

VE8137 is a special short-wing petal faba bean germplasm found in China (Fig. 1a) that
has a low outcrossing rate of less than 5% [23]. In the bee pollination experiment, short-
wing petal VF8137 had a significantly lower visiting frequency and duration than germ-
plasms (such as GF45 and TF29) with normal wing petals did, which was probably due
to the structural variation in its flower organ (Additional File 1: Fig. S1). To determine
the genomic features of this special faba bean germplasm, VF8137 was purified by sin-
gle-seed descent for five generations to construct a genome assembly. The genome size
of VF8137 was estimated to be 11.77 Gb on the basis of 445.12 Gb of Illumina sequence
data (~38 x genomic coverage) using K-mer analysis, with low heterozygosity (0.49%)
and a high proportion of repeat sequences (92.34%) (Additional File 1: Fig. S2). Based
on 490.54 Gb of PacBio HiFi reads (~41.57 x genomic coverage) (Additional File 2:
Table S1), an 11.81 Gb genome assembly of VF8137 was constructed with a contig N50
size of 10.21 Mb. Using Hi-C scaffolding, 11.07 Gb (93.76%) of the initial assembly was
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Fig. 1 Morphological and genomic features of the specific faba bean germplasm VF8137. a Photos of
different tissues. i = plant at the flowering stage, ii = leaf, iii=inflorescence, iv=fresh pods, v =fresh seeds,
vi=dry pods, and vii=dry seeds. Scale bars=2 cm. b Hi-C interaction map. ¢ Genome features. The circular
outer layer with the physical map position and the innermost layer represent the six chromosomes and
interchromosomal synteny, respectively. viii = Copia density, ix=Gypsy density, x=DNA transposon density,

=Gene density, xii=SNP density, and xiii = PAV density, xiv = Genetic marker density. A bin size of 5 Mb is
applied for SNP, PAV, and genetic marker density
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anchored to six chromosome-level pseudomolecules (Fig. 1b and c, Additional File 2:
Table S2). Chrl of VF8137 had the longest length of 3.38 Gb and was characterized by a
satellite (Fig. 1b), and even the shortest Chr5 was 1.34 Gb (Additional File 2: Table S3).
Genome features were compared among two assemblies of faba bean and one assembly
of Pisum sativum as well as Medicago truncatula, which revealed a general trend of high
repeat density, low gene density, and high GC content in the centromere region, espe-
cially for Medicago truncatula (Additional File 1: Fig. S3).

A total of 11.16 Gb of repetitive sequences were identified, accounting for 94.49% of
the VF8137 assembly (Additional File 2: Table S4), which is consistent with the results
of K-mer analysis (Additional File 1: Fig. S2) but larger than that of the existing faba
assembly for Hedin/2 (9.46 Gb, 78.9% of the genome) [13]. The largest group of TEs was
LTR-Gypsy, followed by LTR-Copia, with genome proportions of 74.77% and 14.53%,
respectively (Additional File 2: Table S4).

A total of 47,215 protein-coding genes were identified by using a combination of
ab initio, homology, and transcriptomic evidence-based predictions (Additional File 1:
Fig. S4). Among these, 96.6% were functionally annotated by any of the public databases
(see methods, Additional File 2: Tables S5 and S6). Although the number of predicted
genes for VF8137 is greater than that for the Hedin/2 and Tiffany assemblies[13], it is
comparable to the number of genes reported for other closely related legume species,
such as Pisum sativum [10] and Medicago truncatula [24], which have smaller genome
sizes. The average length of the protein-coding genes was 3533.3 bp, with a mean CDS
length of 979.0 bp (Additional File 2: Table S5). Compared with those in peas, the aver-
age length of genes in faba beans was greater, with a longer mean length of introns but a
shorter mean length of CDS [10].

To further assess the quality of the VF8137 assembly, the PacBio HiFi and Illumina
reads were mapped back to the genome assembly. This resulted in 99.86% and 99.73%
alignment rates, with 99.73% and 99.04% of the assemblies covered by at least 10 reads,
respectively (Additional File 2: Table S7). The genome and protein BUSCO completeness
of the VF8137 assembly was 98.7% and 95.1%, respectively, which are close to those of
the Tiffany assembly but greater than those of the Hedin/2 assembly (Additional File 2:
Table S8). Although the consensus quality (48.6) and genome completeness (94.9%) of
the VF8137 assembly were slightly lower than those of the Hedin/2 assembly (Additional
File 2: Table S9), a greater long terminal repeat (LTR) assembly index (LAI) (12.56) indi-
cated greater LTR completeness in the VF8137 assembly (Additional File 2: Table S10).
Taken together, these results indicate a high-quality genome assembly and annotation
of the VF8137 germplasm that provides a strong foundation for obtaining biological
insights into various aspects of faba beans.

Genome evolution of V. faba

To study the genomic evolution of V. faba, a phylogenetic tree was constructed by using
single-copy genes of 27 plant genomes, including 21 species from Leguminosae and four
representative species of core Eudicotyledonous plants (Additional File 2: Table S11).
Consistent with previous studies, V. faba grouped into the Galegoid branch of Papiliona-
tae in Leguminosae, and the divergence time of faba bean and its closely related species
pea was approximately 9.8-15.3 Mya (Fig. 2a). Compared with the Millettoid branch,
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the Galegoid branch presented contraction of 2457 gene families (Additional File 1: Fig.
S5), which were mainly related to molecular functions such as ABC transporters and the
MAPK signaling pathway (Additional File 1: Fig. S6, Additional File 2: Table S12). Simi-
lar to those in Pisum sativum and Medicago truncatula, only two whole-genome dupli-
cation (WGD) events occurred during the evolution of V. faba: one was a triploidy event
(y event) shared by core Eudicotyledonous plants, and the other was a paleopolyploidy
event approximately 55 Mya ago in Papilionatae [25] (Additional File 1: Fig. S7). The
genome of V. faba showed good collinearity with that of P. sativum and M. truncatula;
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Fig. 2 Genome evolution and pangenome analysis of Vicia faba. a Phylogenetic relationships of 21
Leguminosae plants and four other dicotyledonous plants. The purple numbers denote the duration of
species differentiation in million years. b Collinearity among three faba genome assemblies as well as the
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however, large chromosomal rearrangements were observed. For example, compared
with P sativum, the longest Chrl of V. faba appears to be formed by the fusion of
two chromosomes of P sativum and three chromosomes in the case of M. truncatula
(Fig. 2b). In addition, comparative analysis of homologous gene families revealed a total
of 14,637 gene families shared by V. faba, P. sativum, and M. truncatula and the greatest
number of unique gene families in V. faba (Fig. 2c).

Pan-genome analysis of V. faba

The annotated genes of the three faba bean genomes, VF8137, Hedin, and Tiffany,
were clustered into gene families and compared via homologous alignment. A total of
16,157 gene families were shared by all three genomes, accounting for 63.6% of the total
gene families and representing the core gene families of faba bean. In addition, VF8137
exhibited the highest number of unique gene families, which were found to be signifi-
cantly enriched in mRNA processing, the proton-transporting ATP synthase complex,
iron-sulfur cluster binding, and other pathways on the basis of GO enrichment analysis
(Fig. 2d, Additional File 1: Fig. S8, Additional File 2: Table S13). In contrast, Hedin/2
and Tiffany showed lower numbers of unique gene families with different GO enrich-
ment pathways than VF8137 did (Fig. 2d, Additional File 1: Fig. S8, Additional File 2:
Table S13). Besides, fewer common gene families were observed for VF8137 with
Hedin/2 and Tiffany than for Hedin/2 and Tiffany (Fig. 2d). Furthermore, pairwise
genomic polymorphism analyses among the three faba bean genomes revealed a large
number of SNPs (84.6-97.5 Mb), InDels (55.3—-64.0 K) and PAVs (65.3-75.3 K) (Addi-
tional File 2: Table S14). The number of genomic variations between VF8137 and Hedin
as well as between VF8137 and Tiffany were greater than those between Hedin and Tif-
fany (Fig. 2e). Notably, the number of SVs between VF8137 and Hedin/2 or Tiffany is
dominated by INS and DEL (> 85%), spanning a genome length of approximately 0.9 Gb,
whereas a small number of INVs (~0.5%) cover a wider range of genome regions close
to 1.1 Gb. On the other hand, for the SVs detected between Hedin and Tiffany, INSs and
DELs were dominant in both number and length (Fig. 2e; Additional File 2: Table S14).
These results indicate that the genetic background of VF8137 is significantly different
from that of Hedin and Tiffany [26], and the assembly and annotation of VF8137 provide
valuable genomic and genetic resources for pangenomic analysis of Vicia faba.

A high proportion of TEs and their biased insertions in the genome of V. faba

By comparing the genomes of 25 representative species from Fabaceae and Poaceae
(Additional File 2: Table S11), we found that both LTR length and the intron/exon length
ratio were highly positively correlated with genome size, and the correlation among spe-
cies from the same family was even greater (Fig. 3a and b). In addition, the frequency of
TEs upstream and downstream of genes was analyzed, and the results showed that the
frequencies of DNA TEs and LTR-Copia were greater near the 2 kb upstream and down-
stream regions of the genes, whereas the frequency of LTR-Gypsy was greater farther
from the genes (Fig. 3c). In addition, the number and length of TEs in the intron region
were significantly greater than those in the CDS region (Fig. 3d and e). Finally, we com-
pared the five longest homologous genes of V. faba and P. sativum and found that they
did not differ significantly in the number or length of exons, but all of them in faba bean
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Fig. 3 TE analyses revealed its effect on genome size and gene length. a Correlation between LTR length
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had transposon insertions larger than 150 kb in the intron region (Fig. 3f). These results
suggest that a high proportion of TEs and their preferred insertions in intergenic and
intron regions resulted in the expansion of the faba bean genome and an increase in the

average gene length.

Genomic polymorphisms and population genetic structure of 558 faba bean germplasms

To investigate genomic polymorphisms in landrace and faba bean cultivars, a total of
1,332,986 high-quality SNPs were identified from a set of 558 worldwide accessions of
faba bean germplasm based on our previous development of the Faba_bean_130K tar-
geted next-generation sequencing (TNGS) SNP genotyping platform [27] (Fig. 4a, Addi-
tional File 2: Tables S15 and S16). A total of 3.4% and 9.3% of the SNPs were found in
exons and introns, respectively, while 11.5% and 75.8% of the SNPs were located in regu-

latory and intergenic regions, respectively (Additional File 2: Table S16).
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Through population genetic structure analysis using SNPs, three distinct genetic
groups were identified among these 558 faba bean accessions, with some showing
admixture (Fig. 4b). This classification was further supported by phylogenetic analysis
(Fig. 4b). Furthermore, the PCA separated all the samples into three distinct genetic
groups, which corresponded well with the three major genetic groups of the ADMIX-
TURE results (Fig. 4c). There is obvious geographical differentiation of faba beans, as
evidenced by the substantial variation in genetic composition between Asia and Europe
as well as North America. Interestingly, PCA was also conducted using SNPs integrated
with the variation from the three genomes and the 558 faba bean population, resulting
in VF8137 being placed within group 1 and Hedin/2 and Tiffany being classified under

Page 8 of 30
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group 2 (Additional File 1: Fig. S9). Such genetic divergence, in turn, aligns with their
respective geographic origins. In addition, the faba beans in China are composed of all
three genetic groups but are dominated by group 1 (48.9%). The variation pattern in
China exhibits geographical differences between northern and southern China, as indi-
cated by the differences between spring sowing and autumn sowing (Fig. 4a).

Among the three genetic groups, group 2 and group 3 presented equivalent nucleo-
tide diversity (m=0.1E — 03), whereas group 1 exhibited a slightly lower level of diver-
sity (m=0.09E — 03) (Fig. 4d). Furthermore, the genetic differentiation between group 1
and group 3 was the greatest (Fg;=0.07), followed by that between group 1 and group
2 (Fgr=0.06) and that between group 2 and group 3 (Fg;=0.03) (Fig. 4d). In addition,
linkage disequilibrium (LD, R?) was calculated with SNPs for the three genetic groups,
and the LD decay distance increased from 1 kb in group 2 to 3.5 kb in group 1 (Fig. 4e).

Selective signals during population differentiation of faba bean

To identify putative selective genome regions involved in the population differentia-
tion of faba bean, the Fy over 20 kb sliding windows were estimated via comparisons
of the three genetic groups (group 1 vs. group 2, group 2 vs. group 3, and group 1 vs.
group 3). With the first 5% of the Fg value as the threshold, we identified 4466, 3894,
and 4210 selective sweeps for these three comparisons, encompassing 3248, 2848, and
2988 protein-coding genes covering 89.3 Mb, 77.9 Mb, and 84.2 Mb of the assembled
genome, respectively (Additional File 2: Table S17, S18, and S19). Additionally, we ana-
lyzed the number of structural variations (SVs) present in the selective sweep regions
between group 1 and group 2, which detected 676 and 706 SVs in the selective sweep
regions of VF8137 vs. Hedin/2, and VF8137 vs. Tiffany, respectively (Additional File 2:
Table S20). To investigate the functional differentiation between faba beans in China and
those outside of China (Fig. 4a), gene ontology (GO) analysis was performed on the 3248
candidate-selected genes between group 1 and group 2. The results showed enrichment
of genes involved in biological processes such as protein modification and biological
regulation, cellular components of membrane-bound organelles, and molecular func-
tions such as catalytic and kinase activity (Additional File 1: Fig. S10). In addition, the
candidate-selected regions of group 1 and group 3, representing the ecological differen-
tiation of faba bean in North and South China, contained several genes homologous to
FT genes related to the photoperiod pathway in G. max, M. truncatula, and P. sativum
[28-30] (Additional File 2: Table S19).

GWAS analysis of ten agronomic traits of faba bean

To explore the morphological variation of faba bean, 3-year and three-site pheno-
typic identification of nine quantitative traits in Hebei, Qinghai, and Yunnan between
2019 and 2021 as well as identification of the qualitative trait hilum color at Qing-
hai in 2021 were performed on 558 accessions of faba bean germplasm (Additional
File 2: Table S21). A comparison of the character distributions among the different
experiments revealed that year and location had strong effects on flowering time,
plant height, and pod size (Additional File 1: Fig. S10). In addition, the average flow-
ering time for faba bean germplasms in Yunnan, which represents the autumn sow-
ing area, was longer than those in Hebei and Qinghai, which belong to the northern
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spring sowing area of China. The average plant height and pod size in Qinghai were
the greatest of all three sites, while the pod and seed size as well as the pod numbers
of the fruiting germplasms in Yunnan were the smallest (Additional File 1: Fig. S11,
Additional File 2: Table S22).

To determine the genetic basis of the important agronomic traits of faba bean, a
GWAS was conducted on 558 accessions of faba bean in combination with phenotyping
data obtained from seven experiments and genome-wide SNPs identified from genotyp-
ing data. A total of 545 SNPs spanning 222 genes were significantly associated with the
ten agronomic traits (Additional File 2: Table S23). For flowering time, 11 significantly
associated SNPs in the Vfab5G146000 gene on Chr5 were detected via linkage decay
(LD) block analysis in Yunnan in 2019 (YN19) (Fig. 5a, b, ¢). A distinct SNP composi-
tion and haplotype distribution of this gene were observed in different genetic groups
(Fig. 5d, e). In addition, the two different haplotypes of this gene presented significant
differences in flowering time (Fig. 5f). Furthermore, accessions with different haplotypes
exhibit a geographic distribution trend from north—south and significant latitudinal dif-
ferences (Fig. 5g, h). BLAST results suggested that it is an ortholog of the FT gene known
to be related to the photoperiod pathway in G. max, M. truncatula, and P. sativum [28—
30] and is also a candidate gene selected between Group 1 and Group 3, representing the
ecological differentiation of faba bean in northern and southern China mentioned previ-
ously (Additional File 2: Table S19). Notably, collinearity analysis of the FT gene in three
faba bean genome assemblies revealed significant differences in the upstream, down-
stream, and intron regions of the key gene FT for flowering period adaptability between
VEF8137 and Hedin/2 or Tiffany (Additional File 1: Fig. S12). Two unique photoperiod-
related regulatory elements in the upstream region and a long insertion in the intron
region were identified only in the FT gene of VF8137, shedding light on the molecular
mechanism of adaptive differentiation in faba beans.

Plant height plays a vital role in determining the lodging resistance and yield of plants
[31, 32]. In this study, the plant heights of the faba beans at the different test sites over
the 3 years showed relatively consistent trends, except for those in the experiments of
Qinghai in 2019 (QH19) and YN19; the average plant height was greatest in group 3,
followed by group 2 and group 1 (Additional File 1: Fig. S13). A major signal located on
Chrl associated with plant height was repeatedly detected at the Hebei site in 2019 and
2020 (Additional File 1: Fig. S14 a and b). Three candidate genes related to plant height
were further identified, and distinct haplotypes of the three genes showed significant dif-
ferences in plant height (Additional File 1: Fig. S14 ¢, d, e). Vfab1G475000 was predicted
to be an ortholog of the SWEETIE-like gene in P. sativum and M. truncatula; this gene
is related to intercellular sugar transport and involved in a wide range of physiologically
important processes, including plant growth and development, host-pathogen interac-
tions, and abiotic stress responses [33—35]. Vfab1G475700 was annotated as an ortholog
of the SNARE-associated Golgi family protein in Medicago truncatula, which was sug-
gested to involve in mediating the post-Golgi trafficking required for auxin-mediated
development in Arabidopsis [36]. The functions of Vfub1G475900 are uncharacterized,
and further studies are needed to determine its effects on plant height.

Seed size and weight are closely related to crop yield and quality and are regarded
as key traits in crop domestication and breeding [37, 38]. A comparison of the
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Fig. 5 GWAS and genetic analyses of candidate genes associated with flowering time. a SNPs significantly
associated with flowering time in YN19. b QQ plot of flowering time according to GWAS. ¢ LD block analysis
for significant SNPs significantly associated with FT_YN19. d Allelic composition of the candidate gene
Vfab5G 14600 (FT) controlling flowering time. e Haplotype composition of Vfab5G14600 (FT) in different
genetic groups of 558 accessions of faba bean germplasm. f Phenotypic differences in flowering time among
distinct haplotypes of Vfab5G14600 (FT). g Geographic distribution of 558 accessions of faba bean germplasm
with different haplotypes of Vfab5G14600 (FT). h Latitudinal differences in samples with different haplotypes
of Vfab5G14600 (FT)

one-hundred-seed weight (100SW) of different experimental sites across 3 years revealed
that the average value of 100SW in group 3 was greater than that in group 1 and group
2. Considering the geographical differentiation of different genetic groups, the difference
in 100SW may be related to geographical environment adaptability, especially for those
faba bean germplasms from China whose geographic information is clear (Additional
File 1: Fig. S15). A similar trend was observed for the seed size traits, including seed
length (SL), seed width (SW), and seed thickness (ST) (Additional File 2: Table S22).
GWAS analysis repeatedly revealed two loci on Chrl (Chrl: 557,845,769-557,845,769



Liu et al. Genome Biology (2025) 26:62 Page 12 of 30

and Chrl: 862,330,442-862330442) that were significantly associated with SL, SW, and
100SW in four and three experiments (Additional File 1: Fig. S16 and S17, Additional
File 2: Table S23). The genotypes of the two associated SNPs differed significantly among
100SW, SL, and SW in several experiments (Additional File 1: Fig. S16 and S17). These
polymorphisms were further shown to be located upstream of two candidate genes,
Vfab1G141200 and Vfab1G792100 (<100 bp), suggesting that these polymorphisms may
influence the ability of these two genes to control seed size and weight. Vfab1G141200
was annotated as a PRA1 family protein encoding Rab receptors preferentially expressed
in developing tissues in Arabidopsis thaliana [39]; this protein was also reported to
be involved in the trafficking of intercellular vesicles and related to cell wall remode-
ling during fruit maturation [40, 41]. Vfab1G792100 was annotated as a member of the
20G-Fe(Il) oxygenase superfamily and plays diverse roles in plant biological processes,
including DNA demethylation, plant hormone biosynthesis, and the synthesis of vari-
ous specialized metabolites. It is also reported to be involved in the biosynthesis of the
phytohormone gibberellins (GAs), which are important regulators of seed development
(38, 42].

In addition, one significant signal on Chr3 was repeatedly detected to be associated
with pod size and was~ 14 kb away from the long chain acyl-CoA synthetase 6 gene
(Additional File 1: Fig. S18, Additional File 2: Table S23), which is involved in regulating
lipid synthesis and degradation and has multiple roles in plant development and stress
resistance [43]. Furthermore, a PPO gene demonstrated to control hilum color (HC) in a
previous study [13] was also associated with HC in this study (Vfab1G537500), confirm-
ing that the GWAS results are reliable in this study (Additional File 1: Fig. S19, Addi-
tional File 2: Table S23).

Genetic dissection of short-wing petals in VF8137 plants via the combination of QTL
mapping and BSA analysis

To explore the genetic basis of important agronomic traits based on the high-quality
reference genome of VF8137, we reanalyzed some previous phenotypic and geno-
typing data from an F, population consisting of 167 individuals derived from a cross
between VF8137 (short wing-petal) and H3712 (normal wing-petal)[44] (Additional
File 1: Fig. S20, Additional File 2: Table S24). The population was genotyped using
the 130 K TNGS genotyping platform developed by our group [27, 44], and a total
of 255,925 high-quality SNP markers for 167 F, lines were clustered into 3369 bin
markers for genetic map construction. A high-density genetic linkage map was con-
structed into six linkage groups spanning a total length of 1876.92 cM with an average
marker spacing of 0.56 cM (Additional File 1: Fig. S21, Additional File 2: Table S25).
In addition, it exhibited exact consistency with the genome assembly of VF8137,
which provides new evidence for the accuracy of the genome assembly of VF8137
(Additional File 1: Fig. $22). Subsequently, QTL analysis was performed for 12 out of
16 agronomic traits (Additional File 2: Table §26), and nine QTLs were found to be
associated with seven agronomic traits, with LOD values ranging from 4.23 to 78.99
(Fig. 6a, Additional File 1: Fig. S23, Additional File 2: Table $S27). Among the 10 QTLs,
one QTL on chromosome 3 associated with wing petal length (WL) was named wing-
petal length 3 (WL3), which presented the highest LOD (78.99) and PVE (87.9%),
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with sharp QTL peaks in the 15.79 Mb genomic region (Fig. 6b, c, d; Additional File 2:
Table S27).

In addition, a bulked segregant analysis based on whole-genome resequencing
(BSA-Seq) was conducted on the parents of the F, population and two bulks of short-
wing and normal-wing samples (Additional File 2: Table S28). A total of 36,912,642
SNPs and 816,684 InDels were screened for further BSA analysis, which identified
three genomic regions on Chr3 exceeding the 99% confidence level threshold. Among
these regions, one region (BSA3) was further screened for a delta index of 1, which
partially overlapped with WL3 (Fig. 6e, Additional File 1: Fig. S24, Additional File
2: Table S§29). Furthermore, using transcriptome data of flower tissues from the two
parental materials, 30 differentially expressed genes (DEGs) were identified in the
genomic regions of WL3 and BSA3 (Additional File 2: Table S30). One candidate gene
(Vfab3G363000) with no expression in the flowers of VF8137 (Fig. 6f) was found to
be a homolog of the FAF-like gene in Arabidopsis thaliana, which is known to regu-
late meristem size and flower development pathways [45]. Notably, there was also a
significant difference in wing petal length between the mutant and wild type in the F,
population (Fig. 6g). Compared with H3712 (normal wing petal), this gene in VF8137
(short wing petal) has two nonsynonymous SNPs and two InDels in the exonic region
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(Fig. 6h), which probably results in protein structural variation (Additional File 1: Fig.
S25) and zero expression in the flowers of VF8137.

Discussion

With advancements in sequencing technologies and genome assemblies, large-scale
resequencing and pangenome projects have gained momentum in various crop species
[46], including rice [47, 48], wheat [49], maize [50, 51], soybean [8], and chickpea [11,
12]. Faba bean is one of the most important legume crops, having a high yield poten-
tial comparable to that of soybean, as well as high nutritional value and biological nitro-
gen fixation capacity [3]. However, research on the genome of faba bean is still in its
early stages, whereas pan-genome research remains unexplored. To explore the genomic
diversity of faba bean and the genomic characteristics of specific germplasms in-depth,
we constructed a high-quality genome assembly and annotation of the special germ-
plasm VE8137 from China, which has unique morphological characteristics (Fig. 1a,
Additional File 1: Fig. S1). Compared with previously released genome assemblies of
faba bean [13], the genome assembly VF8137 constructed in this study exhibits a signifi-
cant improvement in assembly integrity, as evidenced by higher values of contig N50 and
N90 along with a reduced contig number (Additional File 2: Table 2). Additionally, more
repetitive sequences and a greater number of rigorously screened genes were annotated
in the genome assembly VF8137 (Additional File 2: Table S4, S5), which provides valu-
able genetic resources for comparative genomic and functional genomic studies of faba
bean and other legumes. Furthermore, multiple lines of evidence revealed significant
genetic differentiation between VF8137 and Hedin/2 or Tiffany. First, on the basis of the
three faba genomes, we identified a large number of genome-wide SNPs, InDels, SVs
and PAVs as well as unique genes in VF8137 (Fig. 2b, d, e; Additional File 2: Tables S13,
S14). Second, by integrating with variation from the three genomes and an additional
panel of 558 faba bean germplasms, VF8137 was classified into different genetic groups
from Hedin/2 or Tiffany, which also corresponded to its geographic origin (Additional
File 1: Fig. S9). Third, the upstream, downstream, and intron regions of the key gene
FT for flowering period adaptability exhibited significant differences between VF8137
and Hedin/2 or Tiffany (Additional File 1: Fig. S12). All of these findings indicate the
significant role of new genomes from different populations with remarkable genetic dif-
ferences in crop domestication and improvement, exploration of germplasm resource
diversity, and functional genomics research [52, 53].

Previous research has revealed a significant population genetic structure and geo-
graphical differentiation within faba beans, with European, African, and Asian acces-
sions representing separate genetic groups [26, 54, 55]. Additionally, Chinese faba bean
germplasms have been found to possess a unique genetic background compared with
those from other regions [26, 54]. Using a total of 1,332,986 high-quality genome-wide
SNPs, three genetic groups associated with geographic origin were identified from a set
of 558 accessions of global faba bean germplasm (Fig. 4). Consistent with previous stud-
ies [26, 54, 55], a clear genetic divergence of Chinese and European faba bean germ-
plasms has been confirmed with large-scale genomic diversity analyses. As anticipated,
VE8137 from China and Hedin/2 from Europe were classified into group 1 and group
2, respectively (Additional File 1: Fig. S8). Additionally, a large number of SVs detected
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between VF8137 and Hedin/2 or Tiffany were also found to be located within the selec-
tive sweep regions between group 1 and group 2 (Additional File 2: Table S20), indicat-
ing a strong correlation between these SVs and the observed population differentiation
in faba beans. Furthermore, the ecological differentiation of spring and autumn sowing
areas in northern and southern China has been repeatedly verified [54], which is similar
to the differentiation of faba bean germplasms in northern and southern Europe [55].
Moreover, on the basis of 3 years of phenotypic observations of 558 accessions of global
faba bean germplasm in different ecological regions, it was found that north—south eco-
logical differentiation is also reflected by important agronomic traits, such as flowering
time, plant height, and seed size (Fig. 5, Additional File 1: Fig. S11, S13, S15). This phe-
nomenon of north—south differentiation has also been observed in other legume crop
species, such as common bean and rice bean [9, 56], which is mainly related to photo-
periodic flowering adaptation. However, due to the lack of ancestral genotypes, it is dif-
ficult to determine whether the population differentiation of faba bean originated from
different ancestors or was due to adaptation after domestication.

Genome-wide association studies (GWAS) have been successfully applied in sta-
ple food crops and legume crops for the gene mining of important traits via the use of
diverse germplasm panels [9, 48, 56, 57]. Previous studies have identified QTLs for sev-
eral agronomic traits in faba bean based on biparental populations, MAGIC populations,
or a limited number of accessions [55, 58, 59]. Owing to the small number of markers
and limited genetic recombination, the genetic basis of important agronomic traits has
still not been fully described. Here, a GWAS was conducted on 558 accessions of global
faba bean germplasm in combination with phenotyping data obtained from seven exper-
iments at three locations over 3 years and a total of 1,332,986 high-quality genome-wide
SNPs to identify 545 SNPs involving 222 genes significantly associated with 10 agro-
nomic traits (Additional File 2: Table S23). Eight of these genes were repeatedly detected
across multiple environments or years, indicating that these candidate genes are strongly
associated with plant height, pod length, seed length, and seed weight (Additional File
2: Table S23). These yield-related loci and genes will lay a good foundation for breeding
and improvement of high-yield faba beans.

As a key agronomic trait, flowering time has an important impact on crop adapta-
tion and yield, and determining the mechanism of flowering time is highly important
for molecular crop breeding [60—67]. Photoperiodic flowering regulation has been well
studied, and complex signaling networks have been identified in Arabidopsis thaliana,
rice, soybean, and many other crop species [63—66]. Although the photoperiodic regula-
tory pathway of soybean is different from that of Arabidopsis thaliana and rice [67, 68],
the FT gene tends to be conserved in most plants, functioning as a molecular trigger of
flowering downstream of photoperiodic regulatory networks[30, 69, 70]. In this study,
we identified a QTL significantly associated with flowering time harboring an ortholog
of the FT gene (Vfab5G146000). This gene contains 11 SNPs in the intron region, form-
ing two major haplotypes (Hap 1 and Hap 2) in all the samples. Group 1, which is mainly
distributed in southern China, is dominated by Hap 1, whereas group 3, which repre-
sents northern China, is dominated by Hap 2. In addition, the two haplotypes also exhib-
ited significant differences in flowering time. Interestingly, this gene was also found to
be located in the region selected for North—South population differentiation. The above
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results revealed the molecular mechanism of North—South differentiation in faba beans
to a certain extent and could be exploited to develop wide adaptability of faba beans in
China.

Unlike other mainly self-pollinated legume crops, faba bean has a high outcrossing rate
because of its well-developed nectary, which can attract pollinators such as bees [19, 22,
71]. However, a high outcrossing rate affects the consistency and stability of faba bean
varieties as well as yield due to pollinator abundance and activity, restricting the devel-
opment of the faba bean breeding process and the seed industry [19, 22, 71]. Consider-
ing the above problems as well as the difficulty in hybrid breeding of faba bean, VF8137,
which possesses a specific short-wing petal germplasm along with a low outcrossing rate
is almost an ideal parent for eliminating dependence on pollinators and avoiding yield
fluctuations caused by pollinators [72], providing a new mode of self-breeding for faba
bean. According to our field observations, compared with that of flowers with normal-
wing petals, the rate at which bees visit flowers with short-wing petals is almost zero
(Additional File 1: Fig. S1). It was speculated that the shortened wing length increased
the difficulty of frontal flower visitation, thus reducing the outcrossing rate. In this study,
by integrating genomic resources, quantitative trait locus (QTL) analysis, bulked seg-
regant analysis (BSA), transcriptome sequencing (RNA-Seq), and haplotype analysis, we
identified one candidate gene related to short-wing petals and elucidated its function
through multiple functional annotations, sequence variations, expression differences,
and protein structure variations (Fig. 6). Based on these results, short-wing petals will
become a visible characteristic of varieties with low outcrossing rates in faba beans, and
molecular markers of short-wing petal genes provide technical support for the efficient
screening of varieties with low outcrossing rates in faba beans. The application of these
results will not only promote the rapid fixation of excellent target traits and shorten the
purification cycle of varieties but also greatly improve the breeding efficiency and accel-
erate the molecular breeding and development of the seed industry of faba beans.

Conclusions

In summary, the high-quality genome assembly of VF8137, genomic diversity of global
faba bean germplasms, and floral and yield trait-related genetic loci in faba bean pre-
sented in this study not only reveals new insights into the genome evolution of Legu-
minosae and faba bean but also provides valuable genomic and genetic resources for
accelerating the breeding and improvement of faba bean [7, 13].

Methods

Sampling and genome sequencing

The Chinese-specific faba bean germplasm VF8137, which has special short-wing petals,
was purified by single-seed descent for five generations. Genomic DNA was extracted
from young leaves of VF8137 plants using a DNeasy Plant Mini Kit (Qiagen, German-
town, CA, USA). A 15 kb library was constructed and sequenced using the PacBio
Sequel II platform (Pacific Biosciences, Menlo Park, CA, USA), which generated a total
of 490.54 Gb of CCS HiFi reads with an N50 size of 16.65 kb using ccs software (v3.0.0)
(https://github.com/Pacific Biosciences/University/, —min-passes 3 —min-length 10,000
—max-length 1,000,000 —min-rq 0.99). In addition, Hi-C libraries were constructed using
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fresh leaf tissue fixed in 1% formaldehyde to extract chromatin, which was subsequently
digested using the Dpnll restriction enzyme (New England Biolabs, USA). After qual-
ity control, the Hi-C libraries were sequenced on an Illumina NovaSeq Xten platform
(Ilumina, San Diego, CA, USA), and a total of 632.04 Gb of Hi-C data was obtained.
Furthermore, a total of 652.06 Gb of Illumina sequence data were produced using the
NovaSeq Xten platform (Illumina, San Diego, CA, USA). For RNA-seq, seven samples
from different tissues, including roots, stems, leaves, buds, flowers, fresh pods, and fresh
seeds, were collected at the flowering and pod-setting stages and stored at — 80 °C. Total
RNA was isolated using the RNAprep Pure Plant Kit (TTANGEN, Beijing, China) to
construct RNA-seq libraries, which were subsequently sequenced on the NovaSeq Xten
platform (Illumina, San Diego, CA, USA). A total of 73.57 Gb paired-end reads were
generated for the seven RNA-seq libraries (Additional File 2: Table S1).

Genome size estimation

The genome size of the 17-mer was estimated by K-mer frequency analysis with Jelly-
fish (v2.2.6) [73] using a total of 445.12 Gb of Illumina sequence data (~38X). Based on
the K-mer distribution, the genome size, heterozygosity ratio, and percentage of repeat
sequences (Additional File 1: Fig. S2) were estimated using a GCE (ftp://ftp.genomics.
org.cn/pub/gce).

Genome assembly and assessment

A total of 490.54 Gb (~41.57 x) of HiFi reads were assembled into contigs using hifiasm
[74, 75] with the parameters “-1 2 -k 51 -w 51”. The contigs were then anchored to chro-
mosomes with the aid of Hi-C data (Additional File 2: Table S3). Hi-C reads were aligned
to contigs using HICUP (v0.7.3) [76], yielding an alignment BAM file. The contigs were
subsequently clustered using the ALLHIC [77] algorithm (ALLHIC_partition -e GATC
-k 7). Finally, the assembled genome was manually corrected with Juicebox Assembly
Tools (JBAT) (v1.11.08) [78].

In addition, several methods have been applied to assess the genome assembly qual-
ity of faba beans. First, the filtered Illumina reads and PacBio HiFi reads were realigned
to the genome assembly VF8137 for mapping statistics (Additional File 2: Table S7)
using BWA-MEM (v0.7.15) [79] and Minimap2 (v2.1) [80], respectively. Second, bench-
marking universal single-copy orthologs (BUSCO) (v5.0.0) [81] were used to assess
the genome completeness of the three genome assemblies of faba beans based on the
Embryophyta Plant database (Additional File 2: Table S8). Third, Merqury (v1.3) analy-
sis was performed to evaluate the K-mer completeness and heterozygosity of the three
faba bean genome assemblies (Additional File 2: Table S9) [82]. Finally, the LTR assem-
bly index (LAI) was used to determine the completeness of the full-length long terminal
repeat retrotransposon via a standard process [83—86] (Additional File 2: Table S10).

Genome annotation

Repeat element prediction was conducted with de novo and homology-based
approaches (Additional File 2: Table S4). For de novo annotation, LTR_FINDER_parallel
(v1.0.7) [86], RepeatScout (http://www.repeatmasker.org/), RepeatModeler (http://www.
repeatmasker.org/RepeatModeler.html) and RepeatMasker (http://repeatmasker.org/)
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were used to construct a VF8137-specific repeat library by identifying repeat families
and masking repetitive sequences in the genome assembly VF8137. For homolog evi-
dence, repetitive sequences were predicted using RepeatProteinMask (http://www.repea
tmasker.org/) based on alignment searches against the RepBase database (http://www.
girinst.org/repbase).

A comprehensive strategy combining homology-based, transcriptome-based, and
ab initio prediction was employed to annotate the protein-coding genes. The protein
sequences of Pisum sativum, Cicer arietinum, Lotus japonicus, Cajanus cajan, Glycine
max, and Medicago truncatula were aligned to the genome assembly VF8137 using
BLAST (E-value<1e™°) [87], and the hits were joined by Solar software [88]. The exact
gene structure of the corresponding genomic regions for each WUblast hit was pre-
dicted by GeneWise [89] and denoted as a homology-based prediction gene set (Homo-
set). The RNA-seq data were mapped to the genome assembly VF8137 using TopHat
(v2.0.8) [90] and Cufflinks (v2.1.1) [91] and then used to assemble the transcripts into
gene models (Cufflinks-set). In addition, the RNA-seq data were also assembled by Trin-
ity (v2.6.6) [92, 93], and gene models from Trinity-assembled transcripts were predicted
by PASA [94] to obtain the PASA Trinity set. Gene models created by PASA were used
as training data to predict coding regions in the repeat-masked genome for ab initio gene
prediction programs, including Augustus (v2.5.5) [95], Genscan (v1.0) [96], Geneid [97],
GlimmerHMM (v3.0.1) [98], and SNAP [99]. Finally, EVidenceModeler (EVM) [100] was
used to combine all the gene models from the Homoset, Cufflinks-set, PASA Trinity set,
and ab initio programs into a nonredundant set of protein-coding genes (Additional File
2: Table S5).

Gene function annotation was performed using BLAST [87] (E-value<le™) for
homology-based searches against the NR, KEGG [101], and SwissProt databases [102],
as well as InterProScan (v5.0) [103] (-f TSV -dp -gotermes -iprlookup) for potential
functions against the InterPro and GO databases (Additional File 2: Table S6).

Genome evolution

To elucidate the genome evolution of Vicia faba and its closely related species, 27 plant
genomes were selected for comparative analyses, including 21 species from Legumi-
nosae and four representative species of core Eudicotyledonous plants (Additional File
2: Table S11) [104—134]. The genes of each species were filtered to retain the longest
transcript for each gene and to exclude protein sequences of less than 30 amino acids.
The protein sequence similarity of the 27 plant genomes was obtained through BLASTP
(v2.5.0+) [135] with an E value less than 1le™°. After that, the protein datasets of all the
species were clustered into paralogous and orthologous groups using OrthoMCL [136]
with an inflation parameter of 1.5 (http://orthomcl.org/orthomcl/).

The sequences of single-copy orthologous genes from the 27 plant genomes were
aligned together using MUSCLE (v5) [137] software. A maximum-likelihood tree was
subsequently constructed using RAXML (v8.0.19) [138] with 100 bootstrap replicates.
Divergence times between different species were estimated under a relaxed clock model
using the Mcmctree program in PAML (v4.9¢) [139] (JC69 model, nsample = 1,000,000,
burnin=10,000). Six calibration points were obtained from the TimeTree database

(http://www.timetree.org/), including the divergence times between Arabidopsis
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thaliana and Populus trichocarpa (102—-112 Mya), Chamaecrista fasciculata and Faid-
herbia albida (11-61 Mya), V. faba and P. sativum (11-31 Mya), M. truncatula and Tri-
Sfolium pretense (10—-37 Mya), and Vigna radiata and Vigna angularis (2-3 Mya).

To investigate the expansion and contraction of gene families, we used the likelihood
model originally implemented in the software package CAFE (v3.1) [140] to infer gene
gain and loss rates among the genomes of the most recent common ancestor (MRCA).
The topology and branch length of the phylogenetic tree were taken into account to infer
the significance of gene family size changes in each branch. KEGG enrichment analysis
was performed for candidate genes from the specific gene families using KOBAS (v2.0)
[141] with filtering criteria of P<0.05 and FDR <0.05.

To detect syntenic blocks for V. faba/M. truncatula and V. faba/P. sativum, the pro-
tein sequences in one genome were searched against another genome using BLASTP
(v2.5.0+) (E-value < 1e~°) to identify the orthology of the best hit. The results were then
subjected to MCScanX [142] to determine syntenic blocks. In addition, 4DTv (fourfold
degenerate synonymous sites of the third codon) and Ks were calculated for syntenic
segments.

Variation calling and annotation

To determine the population genetic structure of the landrace and cultivars of faba bean,
a set of 558 worldwide accessions of faba bean germplasm were genotyped using the
Faba_bean_130K TNGS SNP genotyping platform [27] (Additional File 2: Table S15),
including 410 accessions used in a previous study [143]. A total of 3151 Gb of clean data
were obtained after removing adapters and low-quality 150 bp paired-end Illumina raw
reads using fastp (v0.23.2) [144], and two accessions were excluded from further analy-
ses because of low data volume. The clean reads were mapped to the reference genome
of VF8137 using BWA-MEM (v0.7.15) [79] with the command “mem -t 4 -k 32 -M".
Duplicated reads were removed using SAMtools (v0.1.1) [145] to reduce mismatches
generated by PCR amplification. Variant calling was performed using the Sentieon
DNAseq software package [146], and identified variants were filtered using VCFtools
(v0.1.15) [147] with the following criteria: (1) only two alleles, (2) missing rate<0.2, (3)
minor allele individuals>5.0, and (4) minor allele frequency <0.05. Finally, a total of
1,332,986 SNPs were retained for annotation using ANNOVAR [148], with an average
SNP detection rate of 91% for the 558 accessions of faba bean germplasm (Additional
File 2: Table S15 and S16).

Population genetic analyses of 558 faba bean germplasm accessions

To investigate the population variation pattern of 558 accessions of faba bean germplasm,
we first estimated the population genetic structure using the program ADMIXTURE
(v1.23) [149] with K values ranging from 2 to 10. The best clustering was determined by
the K values with the maximized marginal likelihood and the smallest CV error. Indi-
viduals whose g value of the primary genetic component was less than 60% were identi-
fied as having admixture. In addition, an individual-based neighbor-joining (NJ) tree was
constructed based on the p-distance by the software TreeBest (v1.9.2) [150] with 1000
bootstrap replications. In addition, principal component analysis (PCA) was conducted
using GCTA (v1.93.2 beta) [151] to obtain the genetic relationship matrix (GRM) with
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the parameter “—make-grm,” and the top three principal components were estimated
with the parameter “—pca3”

Nucleotide diversity (1) and the fixation index (Fgy) between populations were investi-
gated using VCFtools (v0.1.15) [147] with a 20 kb window and a step size of 10 kb based
on the best clustering result of population genetic structure. The threshold was set at the
first 5% of Fgp value in the selective sweep identification.

The squared correlation coefficient (r*) between pairwise SNPs and the pattern of link-
age disequilibrium (LD) of different genetic groups in faba bean was estimated using the
PopLDdecay [152] pipeline with the following parameters: —MaxDist 500 —-MAF 0.05
—Miss 0.2.

Genome-wide association study

Three-year and three-location phenotyping of 10 agronomic traits was conducted on
558 accessions of faba bean germplasm from a diverse geographic origins (Additional
File 2: Tables S14 and S20). Ten seeds of each accession were grown in rows 40 cm apart
in the fields of Qinghai (N 36.72°, E 101.75°), Hebei (N 41.68°, E 115.66°), and Kunming
(N 40.17°, E 115.24°) in China from 2019 to 2021. The plants were sown in April and har-
vested in September every year at the Qinghai and Hebei sites in the spring-sowing area,
whereas they were grown in October each year and harvested in April of the next year at
the Yunnan site in the autumn-sowing area. Five plants of each accession were surveyed
for 10 agronomic traits based on the descriptions and methods detailed in a previous
study [153]. Briefly, flowering time was recorded as days from the sowing date to the
date of first flowering. The dry pod length and width were measured with five individu-
als of each accession using a Vernier caliper during the maturity stage at each site. The
seed traits, including seed size and 100-seed weight, were measured after harvest via
an automatic seed counting and analysis instrument (Model SC-G, Hangzhou Wanshen
Detection Technology Co., Ltd., Hangzhou, China, http://www.wseen.com/).

Statistical analyses, including ANOVA and Pearson correlation analysis, of the agro-
nomic traits were performed and visualized using R (v3.5.3) (https://www.r-project.org/).
In combination with the genotyping data, a genome-wide association study (GWAS) was
performed for ten agronomic traits using EMMAX software [154]. The threshold of sig-
nificance was estimated as — Log;, (1/Total # of SNPs) based on Bonferroni correction
and 584,294 independent SNPs were used in the GWAS analysis, resulting in a threshold
P value of 5.77 for significant association signals [155, 156]. The kinship matrix of pair-
wise genetic similarities calculated by EMMAX was used as the variance—covariance
matrix of the random effects.

Pollination experiment

To investigate the effect of variation in wing petal length on the flower visitation rate of
bees, three varieties of faba bean, namely, VF8137 (short wing petal), GF45 (normal wing
petal with black spot), and TF29 (normal wing petal without black spot), were selected
for bee pollination experiments in a screen house in Zhangjiakou (N41.67°, E115.65°),
Hebei Province, China, in 2023. Twenty plants per row of each variety were grown, and
this process was repeated three times. After all three varieties entered the flowering
stage, the existing flowers were removed, and a box of bees with a population density of
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8000-10,000 bees was placed in the screen house. Observations were made from 8:00
am to 18:00 pm using three video cameras (ORDRO HDR-AC5 PLUS) to record the
number of bees visiting the flowers of the three varieties over 3 days [157]. Statistical
analysis of bee visit frequency and time was performed using R (v3.5.3) (https://www.r-
project.org/).

Genetic linkage map construction and QTL mapping

A biparental population was developed consisting of 167 F, individuals from a cross
between VF8137 (short-wing petal) and H3712 (normal-wing petal), and 16 agronomic
traits, including two qualitative traits and 14 quantitative traits, was developed surveyed
in 2020 [44] (Additional File 2: Table S24). Correlation analysis of different traits was
performed using SPSS version 16.0 (SPSS Inc., Chicago, IL, USA), and four traits that
were strongly correlated with other traits were excluded from further QTL analysis
(Supplementary Data 8). The frequency distribution of wing petal length (WL) in the F,
population was determined using R (v3.5.3) (https://www.r-project.org/).

Genotyping data obtained through targeted next-generation sequencing were mapped
to the reference genome VF8137 using BWA-MEM (v0.7.15) [79]. SNP calling was per-
formed using GATK 4 (https://gatk.broadinstitute.org) with default parameters, and
the raw SNPs were filtered with a two-step filtration method as previously described.
The ABH-format mapping data file was prepared for R/qtl [158] to select suitable mark-
ers and construct a genetic linkage map using the Perl script run_pipline.pl in Tassel (v
5.2.40) [159]. After that, SNPbinner [160] was used to calculate breakpoints and con-
struct genotype bins (a -min ratio of 0.01 in the “crosspoints” command and a -min bin
size of 5000 in the “bins” command). QTL analysis was conducted using R/qtl with the
interval mapping method to identify QTLs with logarithm of odds (LOD) values higher
than the threshold, which were estimated via 1000 permutations at « =0.05 and a =0.01
for each trait using R/qtl (Additional File 2: Table S27). LinkageMapView [161] and
CMplot (https://github.com/YinLiLin/CMplot) were used to visualize the results of the
genetic map and QTL analysis.

BSA analysis

To investigate the genetic basis of WL, bulked segregant analysis based on whole-
genome sequencing (BSA-Seq) was conducted on the parents of the F, population and
two pools of 30 individuals with short-wing petals and 30 individuals with normal-wing
petals. Genomic DNA was extracted from dry leaves of the two parents and 60 individu-
als of the F, population using the DNeasy Plant Mini Kit (Qiagen, Germantown, CA,
USA). DNA samples from the two pools were mixed with DNA samples from 30 indi-
viduals with different WLs. Four BSA libraries were constructed and sequenced on the
NovaSeq Xten platform (Illumina, San Diego, CA, USA), yielding a total of 1135.11 Gb
paired-end raw reads (Additional File 2: Table S28). Variant calling was performed
using the Sentieon DNAseq software package [146], and two-step filtration was applied
as described previously. The homozygous SNPs/InDels between two parents were
extracted from the final VCF files, and the read depth information for the homozygous
SNPs/InDels above in the offspring pools was obtained to calculate the SNP/InDel index
[162]. The genotype of one parent was used as the reference, and the read number for
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this parent’s genotype or the other’s genotype in the offspring pool was counted to calcu-
late the ratio of the different read numbers to the total number as the SNP/InDel index
of the site. Variations with SNP/InDel indices less than 0.3 in both pools were filtered
out. Sliding window methods were used to determine the SNP/InDel index of the whole
genome with a 10 Mb window size and a 1 Mb step size. The difference in the SNP/
InDel indices of the two pools was calculated as the delta SNP/InDel index and visual-
ized using R (v3.5.3) (https://www.r-project.org/).

Candidate gene analysis

To identify candidate genes associated with WL, six samples from the flower tissues of
VF8137 and H3712 (three replicates for each genotype) were collected on the day before
flowering and stored at— 80 °C. Total RNA was isolated using the RNAprep Pure Plant
Kit (TIANGEN, Beijing, China) to construct RNA-seq libraries, which were subse-
quently sequenced on the NovaSeq Xten platform (Illumina, San Diego, CA, USA). The
gene expression levels were calculated via the same methods as HISAT2 (v2.0.5) [163],
StringTie (v1.3.3b) [164], and featureCounts (v1.0-p3) [165] as previously described.
Then, differential expression analysis of the genes was performed using DESeq2 [166]
with a standard workflow. The resulting P values were adjusted using the Benjamini-
Hochberg (BH) method [167] to control the false discovery rate. Genes with an adjusted
P value less than 0.05 were considered differentially expressed genes.

To verify the distribution of different genotypes of the candidate gene (Vfab3G363000)
in the F, population and its relationship with WL, two primer pairs for Vfab3G363000
were designed through Primer-BLAST (https://www.ncbinlm.nih.gov/tools/primer-
blast/) (Additional File 2: Table S31) to obtain gene sequences from the two parents and
167 F, individuals via an Applied Biosystem'" 3730XL DNA sequencer (Thermo Fisher
Scientific Inc., Massachusetts, USA). The sequences were assembled, aligned, and refined
in turn with ContigExpress (Informax Inc., North Bethesda, MD), ClustalX (v1.83) [168],
and BioEdit (v7.2.5) [169]. Haplotypes were generated by DnaSP (v6) [170] for further
analysis. SWISS-MODEL [171] and PSIPRED (v4.0) [172, 173] were used to predict the
three-dimensional structure and secondary structure of the two Vfab3G363000 proteins
from VF8137 and H3712, respectively.
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Additional file 1. Fig. S1 Differences in the visiting frequency (a) and time (b) of bees for three varieties of faba beans
with different wing petal lengths. *, P< 0.05; **, P <0.01; ***, P < 0.001; ****, P < 0.0001. Fig. S2 Depth distribution of
17-mers in the genome of VF8137 according to K-mer analysis. Fig. S3 Genome features of two assemblies of faba
bean including VF8137 (a) and Hedin/2 (b) and one assembly of Pisum sativum (c) and Medicago truncatula (d). Bin
size of 5 Mb, TMb and 500 Kb were applied for two genome assemblies of faba bean including VF8137 and Hedin/2,
Pisum sativum and Medicago truncatula, respectively. Fig. S4 Gene annotation pipeline for genome assembly VF8137
of Faba bean. Fig. S5 Expansion and contraction of gene families during the evolution of Leguminosae plants. Green
and red indicate expanded and contracted gene families, respectively. Fig. 56 KEGG enrichment of the contracted
gene family in Galegoids (a) and Millettoids (b). The circle color and size indicate padj values and the number of
genes involved, respectively. Padj value less than 0.05 is considered statistically significant. Fig. S7 WGD estimation
for V. faba, P sativum and M. truncatula using 4dTv distance (a) and Ks analysis (b). Fig. S8 GO analysis of the unique
genes identified in one of the three genome assemblies VF8137 (a), Hedin/2 (b), and Tiffany (c). The circle color and
size indicate padj values and the number of genes involved, respectively. Padj value less than 0.05 is considered sta-
tistically significant. Fig. S9 PCA analysis using SNPs integrating with the variation from the three genome assemblies
of VF8137, Hedin/2, and Tiffany and the 558 faba bean germplasms. Green, pink and blue represent Group 1, Group
2 and Group 3, respectively, which is corresponded to the three genetic groups obtained from ADMIXTURE results.



https://www.r-project.org/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://doi.org/10.1186/s13059-025-03532-7

Liu et al. Genome Biology (2025) 26:62 Page 23 of 30

Fig. S10 GO analysis of the 3248 candidate selected genes between group 1 and group 2. Blue, red and orange
represent Molecular function, Cellular component and Biological process, respectively. Fig. S11 Distribution of
nine quantitative traits of 558 accessions of faba bean germplasm used in the seven phenotyping experiments
(HB19, HB20, HB21, QH19, QH20, QH21, and YN19) at Hebei, Qinghai and Yunnan sites between 2019 and 2021.
FT = Flowering time, PH = Plant height, DPL = Dry pod length, DPW = Dry pod width, PPP = Pods number

per plant, HSW = 100-seed weight, SL = Seed length, SW= Seed width, ST = Seed thickness. Fig. S12 Collinear-
ity analysis of FT gene in three faba bean genome assemblies of VF8137, Hedin/2, and Tiffany. Blue and orange
boxes represent UTR and CDS of FTgene, whereas the red star and triangle represent the two unique photoperiod
related regulation elements of the FT gene in VF8137. Fig. S13 Phenotypic differences among different genetic
groups (a, b, ¢, d, e f, g) and correlations (h) of PH in seven experiments. a, b, ¢, d, e, f, g, Pink, green, blue and pur-
ple represent Group 1, Group 2, Group 3 and Admixture, respectively. h, The darker the color intensity, the higher
the correlation; whereas the weaker the color intensity, the lower the correlation.*, P< 0.05; **, P<0.01; *** P<0.001;
**¥% P<0,0001. Fig. S14 GWAS and genetic analyses of candidate genes associated with PH. a and b, GWAS results
of PHin HB19 (a) and HB20 (b). ¢, d, and e, Genotype distribution in three genetic groups and phenotypic differ-
ences of distinct haplotypes in Vfab1G475000 (), Vfab1G475700 (d), and Vfab1G475900 (e). Fig. S15 Phenotypic
differences among different genetic groups (a, b, ¢, d, e, f, g) and correlations (h) of T00SW in seven experiments.
a, b, ¢, d, e f g, Pink green, blue and purple represent Group 1, Group 2, Group 3 and Admixture, respectively. h,
The darker the color intensity, the higher the correlation; whereas the weaker the color intensity, the lower the
correlation.*, P< 0.05; **, P<0.01; *** P<0.001; **** P<0.0001. Fig. 516 GWAS and genetic analyses of the candidate
gene Vfab1G141200 associated with seed size and seed weight. a, GWAS results of seed size and seed weight at
different sites across years. b, LD block analysis for the SNPs significantly associated with 100SW. ¢, Genotype of
the SNP significantly associated with 100SW. d, Phenotypic differences in distinct haplotypes of 100SW. e and f,
Haplotype composition in different genetic groups of 558 accessions of faba bean germplasm. Fig. 517 GWAS
and genetic analyses of the candidate gene Vfab1G792100 associated with seed size and seed weight. a, GWAS
results of seed size and seed weight at different sites across years. b, LD block analysis for the SNPs significantly
associated with T00SW. ¢, Genotype of the SNP significantly associated with 100SW. d, Phenotypic differences in
distinct haplotypes of 100SW. e and f, Haplotype composition in different genetic groups of 558 accessions of
faba bean germplasm. Fig. S18 GWAS and genetic analyses of variations and genes associated with pod size. a,
GWAS results of dry pod length (DPL) and dry pod width (DPW) across years. b, LD block analysis for the SNPs sig-
nificantly associated with DPL. ¢, Genotype of the SNP significantly associated with DPL. d, Phenotypic differences
in DPL among distinct haplotypes. e and f, Haplotype composition in different genetic groups of 558 accessions
of faba bean germplasm. Fig. S19 GWAS analyses and genetic dissection of candidate genes associated with HC.
a, SNPs significantly associated with HC according to GWAS. b, QQ plot of HC in GWAS analysis. ¢, LD block analysis
for SNPs significantly associated with HC. d and e, Haplotype composition of Vfab1G537500 (PPO) in different
genetic groups of 558 accessions of faba bean germplasm. f and g, Phenotypic differences in HC among distinct
haplotypes of Vfab1G537500 (PPO). Fig. S20 Frequency distribution of 16 agronomic traits in 167 F, population of
faba beans. The black and red arrows indicate the parents (VF8137 and H3712) of the F, population, respectively.
HC = Hilum color, WT = Wing type, WL = Wing length, VL = Vexil length, FBN = First bud node, FPN = First pod
node, BN = Branch number, EBN = Effective branch number, PPP = Pods per plant, PH = Plant height, SNPP =
Seeds numer per plant, SWPP = Seeds weight per plant, 100SW = 100-Seed weight, SL = Seed length, SW =
Seed width, ST = Seed thickness. Fig. 521 Genome distribution (a) and estimated recombination fractions (b) for
3369 bin markers in faba beans. A bin size of 1 Mb is applied for genetic marker density. Fig. S22 High consist-
ency between the assembly of VF8137 and the genetic map. a, Chr1; b, Chr2; ¢, Chr3; d, Chr4; e, Chr5; f, Chré. Fig.
S23 LOD distribution across the genome for 12 agronomic traits in QTL analyses of faba bean. The red solid and
broken lines indicate thresholds of 0.01 and 0.05, respectively. HC = Hilum color, WL = Wing length, VL = Vexil
length, FBN = First bud node, BN = Branch number, PPP = Pods per plant, PH = Plant height, SWPP = Seeds
weight per plant, 100SW = 100-Seed weight, SL = Seed length, SW = Seed width, ST = Seed thickness. Fig. S24
Delta index distribution across the genome for WL in the BSA analysis (a) and LOD score of WL across the genome
in QTL mapping (b) of faba beans. a,The red and grey lines indicate confidence intervals of 99% and 95%, respec-
tively. b, The red solid and broken lines indicate thresholds of 0.01 and 0.05, respectively. Fig. 525 Differences in
three-dimensional structure and secondary structure prediction of FAF3 protein in H3712 (a and ¢) and VF8137 (b
and d). The black arrows in a & b depict disparities in three-dimensional configuration, whereas the red and blue
asterisks in ¢ &d illustrate variations in secondary structure.

Additional file 2. Table S1. Summary of the data used for genome assembly and annotation. Table S2. Summary
of the genome assembly VF8137. Table S3. Genome length of six chromosomes and anchored percentage in
Vicia faba. Table S4. Summary of transposon elements in the VF8137 genome assembly. Table S5. Statistics of the
predicted protein-coding genes of the VF8137 genome assembly. Table S6. Statistics of gene functional annota-
tion of VF8137. Table S7. lllumina and PacBio Hifi sequence coverage depth and mapping rate for realigning to
the genome assembly VF8137. Table S8. Assessment of genome completeness in faba genomes using BUSCO.
Table S9. Merquury analysis of the VF8137 genome assembly of Vicia faba. Table S10 LTR-RT completeness assess-
ment of the three genome assemblies of Vicia faba using LAl Table S11. Information on the 37 representative
sequenced plant genomes used in the comparative genomic analyses of Vicia faba. Table S12. KEGG enrichment
of expanded and contracted gene families in the Galegoid and Millettoid clades of Leguminosae. Table S13. GO
enrichment analysis with the unique genes found in only one of the three genome assemblies VF8137, Hedin/2,
and Tiffany in pan-genome analysis. Table S14. Genome variations among the three genome assemblies of Vicia
faba. Table S15. Information on 558 accessions of faba bean germplasm. Table S16. Annotation of SNPs identified
in 558 accessions of faba bean germplasm. Table S17. Population differentiation across the genome (F¢;) between
group 1 and group 2 of 558 accessions of faba bean germplasm. Table $18. Population differentiation across the
genome (Fsp) between group 2 and group 3 of 558 accessions of faba bean germplasm. Table S19. Population
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differentiation across the genome (Fs;) between group 1 and group 3 of 558 accessions of faba bean germplasm.
Table 520. SV number present in the selective sweep region between group1 and group2. Table S21. Description of
ten agronomic traits used in GWAS analysis of 558 accessions of faba bean germplasm. Table S22. Descriptive statis-
tics of the nine quantitative agronomic traits used in seven phenotyping experiments of 558 accessions of faba bean
germplasm. Table S23. GWAS results of ten agronomic traits for 558 accessions of faba bean germplasm. Table S24.
Description of 16 agronomic traits used in the QTL analysis of faba beans. Table $25. Summary of the genetic linkage
map of the F, population from VF8137 and H3712. Table S26. Correlation analysis of 16 agronomic traits in faba
beans. Table S27. Results of the QTL analysis of 12 agronomic traits of the F, population from VF8137 and H3712.
Table $28. Summary of data used for BSA analysis. Table S29. Exonic variations in VF8137 and H3712 within BSA3
(Chr3:990,200,000-1,019,300,000). Table S30 Information on 30 DEGs located in WL3 or BSA3.Table S31 Information
of two pair primers of Vfab3G363000 (FAF3).
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