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Abstract

Background: Common bean is a significant grain legume in human diets. However, the lack of a complete reference genome for
common beans has hindered efforts to improve agronomic cultivars.

Findings: Herein, we present the first telomere-to-telomere (T2T) genome assembly of common bean (Phaseolus vulgaris L., YP4) using
PacBio High-Fidelity reads, ONT ultra-long sequencing, and Hi-C technologies. The assembly resulted in a genome size of 560.30 Mb
with an N50 of 55.11 Mb, exhibiting high completeness and accuracy (BUSCO score: 99.5%, quality value (QV): 54.86). The sequences
were anchored into 11 chromosomes, with 20 of 22 telomeres identified, leading to the formation of 9 T2T pseudomolecules. Further-
more, we identified repetitive elements accounting for 61.20% of the genome and predicted 29,925 protein-coding genes. Phylogenetic
analysis suggested an estimated divergence time of approximately 11.6 million years ago between P. vulgaris and Vigna angularis.
Comparative genome analysis revealed the expanded gene families and variations between YP4 and G19833 associated with defense
response.

Conclusions: The T2T reference genome and genomic insights presented here are crucial for future genetic studies not only in com-

mon bean but also in other legumes.
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Background

The common bean (Phaseolus vulgaris L., NCBI:txid3885; 2n=22)
is an essential protein source that complements carbohydrate-
rich foods such as rice, maize, and cassava [1]. It is globally sig-
nificant as the most widely consumed legume, contributing sub-
stantially to daily caloric and protein intake, particularly in Africa
and the Americas. In some regions, it accounts for up to 15%
of total daily calories and 36% of daily protein intake [2]. Over
200 million people in sub-Saharan Africa rely on it as a staple
food. Furthermore, the common bean is rich in health-beneficial
nutrients, and their concentrations are heritable [3, 4]. Breeding
programs aim to enhance these nutrient concentrations globally
[5]. As a representative of the legume family, the common bean
plays a vital role in global food security and offers significant
potential for further nutritional enhancement through breeding
efforts.

Extensive molecular genetics research has focused on the com-
mon bean. Common bean is organized in 2 geographically isolated
and genetically differentiated wild gene pools: the Mesoameri-
can gene pool and the Andean gene pool [6]. In 2014, the genome
of the Mesoamerican gene pool material (G19833) was decoded,
revealing a scaffold length of 521.08 Mb with a contig N50 of
39,053 [2]. In 2016, the Andean gene pool (BAT93) was sequenced,

yielding a genome size of 549.60 Mb and a contig N50 of 10,795
[7]. A 2020 study utilized 4.8 million single nucleotide polymor-
phims (SNPs) to conduct whole-genome association analysis on
20 agronomic traits, identifying over 500 genetic loci [8], provid-
ing precise markers for key traits in molecular breeding. Advance-
ments in sequencing and assembly programs have resulted in a
more contiguous common bean genome with a contig N50 size of
19.79 Mb [9]. Furthermore, a pan-genome study identified approx-
imately 234 Mb of additional sequences containing 6,905 protein-
coding genes [10]. Comparative genomic analysis revealed 376
nucleotide-binding site leucine-rich repeat (NLR) genes in com-
mon bean, compared to 319 NLR genes in soybean [11, 12]. This
discrepancy may be attributed to the stronger adaptive capacity
of common bean to ecological environments, leading to the evo-
lution of more resistance mechanisms and thus more resistance
genes [7]. Besides, numerous transcriptomic studies shed light on
the genetic regulation and molecular mechanisms underlying var-
ious traits in this important crop, such as the GATA transcrip-
tion factor, MADS-box gene family, and WOX gene family [13-15].
These highlight the significant interest in common beans and the
importance of ongoing studies in this field.

Denovo genome assembly is a crucial tool in genomics research,
but it has been hindered by assembly errors, large gaps, unplaced
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Figure 1: The YP4 plant sequenced in this study. (A) The plant of YP4. (B) The beans of YP4.

scaffolds, and strain-specific variants [16]. However, advances in
sequencing and assembly algorithms have make telomere-to-
telomere (T2T) genome assembly feasible, enabling comprehen-
sive genome identification. Currently, over 63 T2T plant assem-
blies have been generated [17], including several essential crops,
such as rice [18], maize [19], soybean [20], and sorghum [21]. Al-
though the common bean holds great significance in agricultural
and nutritional contexts, a T2T genome assembly for this impor-
tant crop has not yet been reported. This study aims to bridge
this gap by integrating Pacific Biosciences (PacBio) HiFi sequenc-
ing, Oxford Nanopore Technologies (ONT) ultra-long sequencing,
and chromosomal conformational capture (Hi-C) technology to
assemble a T2T genome of common bean variety Pinjinyun No.
4 (YP4). YP4 is a new variety of red kidney bean that was suc-
cessfully bred by Shanxi Province in 2020. It has been officially
named “Jinrenyun 202001” and represents a significant addition
to the agricultural biodiversity of the region. It originates from
British red variety seeds irradiated by cobalt-60 and belongs to the
Andean center of cultivation, with a growth period of 99 days, tall
stature, superior branching, and high stalk and seed yield (Fig. 1A).
Its seeds are wide and plump, with a lustrous, vivid seed coat
(Fig. 1B). Significantly, the average weight of 100 seeds is 51.4 g, and
the seed contains 26.4% crude protein and 54.66% starch. This va-
riety boasts a wide range of advantages and promising prospects,
making it suitable for various applications, including grain con-
sumption, processing, export, and a source of mature straw for
feed. The deep sequencing of the YP4 whole genome holds signif-
icant value and importance for genetic research and molecular
breeding development.

Materials and Methods

Sample collection

An individual plant of YP4 from Xiaodian District, Taiyuan, China
(112.579°E,37.778°N), was selected for sequencing. Fresh leaves
were harvested from this individual for genome DNA sequenc-
ing. Additionally, leaf, stem, root, flower, and pod samples were
collected for RNA sequencing (RNA-seq) to facilitate gene anno-
tation. All samples were promptly frozen in liquid nitrogen and
stored at —80°C to ensure their preservation for further analysis.

Sequencing and filtering

High-molecular-weight genomic DNA was extracted from the
sample using a modified cetyltrimethylammonium bromide
method [22] to facilitate subsequent library construction. For
PacBio sequencing, libraries were prepared with an insert size of
15kb using the SMRTbell Template Prep Kits from Pacific Bio-
sciences. The sequencing was conducted in circular consensus
sequencing mode on the PacBio Sequel II platform (RRID:SCR_
017990). Subsequently, the subreads were processed using SM-
RTLink v8.0.0 [23] with the following parameters: “-minPasses 3
-minPredictedAccuracy 0.99 -minLength 500.”

For ONT sequencing, ONT ultra-long insert libraries were gen-
erated utilizing the Oxford Nanopore SQK-LSK109 kit and se-
quenced on the PromethION sequencer (RRID:SCR_017987). The
ONT data underwent processing using NanoFilt v2.8.020 (RRID:
SCR_016966) [24] with a quality threshold of 7.

In addition, Hi-C libraries based on Dpnll restriction
enzymes were generated for Hi-C sequencing, following
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previously described methods [25]. These libraries were se-
quenced on the MGISEQ-2000 platform, generating paired-end
150-bp reads. Clean Hi-C data were obtained using SOAPnuke v2.0
(RRID:SCR_015025) [26] with parameters set as “-n 0.01 -1 20 -q
01-1-Q2-G2-M2-A05"

For RNA-seq, libraries were constructed using the NEBNext
Ultra RNA Library Prep Kit for Hlumina (NEB) following the
manufacturer’s protocol. The libraries were then sequenced
on a MGISEQ-2000 instrument, producing 150-bp paired-end
reads. Quality control of the RNA-seq data was performed
using fastp v0.19.5 (RRID:SCR_016962) [27] with the following
parameters: “~adapter_sequence AAGTCGGAGGCCAAGCGGTCT-
TAGGAAGACAA -adapter_sequence r2 AAGTCGGATCGTAGC-
CATGTCGTTCTGTGAGCCAAGGAGTTG -average_qual 15 -1 150.”

Genome assembly and Hi-C scaffolding

The de novo genome assembly of YP4 comprised 4 steps: pri-
mary assembly, Hi-C scaffolding, gap filling, and optimization.
At first, the primary contigs were generated via Hifiasm v 0.15.1
(RRID:SCR_021069) [28] with the recommend command “hifiasm
-0 YP4.asm -t32 —ul ul.fq.gz -h1 read1l.fq.gz —-h2 read?2.fq.gz HiFi-
reads.fq.gz.” Subsequently, we used Bowtie2 v 2.2.9 (RRID:SCR_
016368) [29] to align the Hi-C clean data to the primary contigs
for anchoring contigs onto chromosomes. Low-quality reads were
eliminated using the HiC-Pro pipeline (RRID:SCR_017643) [30] with
default parameters. The remaining valid reads were utilized to an-
chor chromosomes with Juicer v 1.6 (RID:SCR_017226) [31] and 3D-
DNA pipeline v 180419 (RRID:SCR_017227) [32]. Referring to the
methods described in the gap-free genome of Neosalanx taihuensis
[33], we applied the LR_Gapcloser (RRID:SCR_017021) [34] program
to close gaps in the assembled chromosomes. To further enhance
the genome quality, a polishing procedure described by Mc Cart-
ney et al. [35] was implemented. Briefly, Winnowmap?2 v 2.03 [36]
was used to align the HiFi reads to the chromosomes, followed by
filtering of alignments to exclude secondary alignments and those
with excessive clipping using the “falconc bam-filter-clipped” tool.
Finally, racon v 1.5.0 (RRID:SCR_017642) [37] was performed with
the filtered alignments.

The completeness of the assembly was evaluated utiliz-
ing BUSCO v 5.5.0 (RRID:SCR_015008) [38] based on the em-
bryophyta_odb10 database (1614 orthologs). The quality value
was generated by Merqury program v 1.3 (RRID:SCR_022964) [39]
with 17-mer.

Genome annotations

We followed methods similar to those described by Qu et al. [40]
for annotating repetitive sequences. Tandem Repeats Finder v4.10
(RRID:SCR_022065) [41] was used to identify the tandem repeat
elements. To detect interspersed repetitive sequences, we em-
ployed a strategy that combined de novo prediction and known
repeat searching. RepeatModeler v 1.0.8 (RRID:SCR_015027) [42]
and LTR_FINDER v 1.0.6 (RRID:SCR_015247) [43] were used to pre-
dict de novo repeat sequences. Subsequently, RepeatMasker v 4.0.7
(RRID:SCR_012954) [44] was applied to screen the YP4 genome
against the combined de novo transposable element library. Ad-
ditionally, RepeatMasker v 4.0.7 (RRID:SCR_012954) [44] and the
Repbase database (RRID:SCR_021169) [45] were utilized to iden-
tify known transposable element repeats.

Similar to the method described for the wild blueberry T2T as-
sembly [46], telomeric sequences and the centromeres region in
the YP4 genome assembly were identified using quartet v 1.0.3 [47]
with the “-c plant” option. The telomere repeat monomer identi-
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fied by the TeloExplorer module in quarTeT program was “AAAC-
CCT.” To identify the repeat unit, tandem repeats ranging from 30
to 500 bp with a copy number greater than 10 were scanned within
the centromeric regions. The cd-hit v 4.8.1 (RRID:SCR_007105) [48]
program was utilized to cluster the candidate repeats, and the
representative sequences with the highest copy number were se-
lected as the repeat unit.

The gene prediction process involved a comprehensive ap-
proach that integrated transcriptome-based, homology-based,
and ab initio prediction methods. Initially, RNA-seq clean reads
were assembled using Trinity v 2.15.1 (RRID:SCR_013048) [49] with
parameters “-max_memory 200 G -CPU 40 -min_contig length
200 -genome_guided_bam merged_sorted.bam —full_cleanup -
min_kmer cov 4 -min_glue 4 -bfly_opts -V 5 —edge-thr=0.1 -
stderr’ -genome_guided_max_intron 10000.” The resulting assem-
bled transcripts were then aligned to the assembly utilizing Pro-
gram to Assemble Spliced Alignment (PASA) v 2.4.1 (RRID:SCR_
014656) [50]. Gene structures were generated from valid transcript
alignments (PASA-set). Additionally, RNA-seq clean reads were
mapped to the assembly via Hisat2 v 2.0.1 (RRID:SCR_015530) [51].
Subsequently, Stringtie v 1.2.2 (RRID:SCR_016323) [52] and Trans-
Decoder v 5.7.1 (RRID:SCR_017647) were employed to assemble
the transcripts and identify candidate coding regions, resulting in
the creation of gene models (Stringtie-set). Homologous genomes
from 6 assemblies, including Glycine max (Zhonghuang 13) [53],
Glycine max (Wm82-NJAU) [54], Arabidopsis thaliana [S5], Phaseolus
vulgaris L. (G19833) [2], Vigna angularis (ensemble release-57), and
Medicago truncatula (ensemble release-57) were downloaded and
used as queries to search against the assembly using GeMoMa v
1.9 (RRID:SCR_017646) [56]. These homology predictions were re-
ferred to as “Homology-set.” For ab initio prediction methods, AU-
GUSTUS v 3.2.3 (RRID:SCR_008417) [57] was used to predict coding
regions in the soft-masked genome. The gene models from these
3 sources were then merged using EvidenceModeler v 2.1.0 (RRID:
SCR_014659) [58], with different weight parameters assigned to
evidence from different sources (10 for PASA-set, 5 for Stringtie-
set, 5 for Homology-set, and 1 for AUGUSTUS gene prediction).
Finally, the generated gene models underwent further refinement
with PASA v 2.4.1 (RRID:SCR_014656) [50] to obtain untranslated
regions and alternative splicing variation information.

The integrated gene set was translated into amino acid se-
quences and annotated using the method described in Zhou et al.
[33]. Furthermore, we employed the RGAugury pipeline [59] to
screen the whole gene set for resistance gene analog (RGA) gene
prediction with a method similar to that described in the eggplant
genome study [60]. The default P value cutoff for initial RGA gene
filtering was set to le-5 for BLASTP.

Gene families and phylogenomic analysis

The OrthoMCL v2.0.9 (RRID:SCR_007839) [61] program, with de-
fault settings except for an inflation factor set at 1.5, was applied
to determine gene families among 8 plants: A. thaliana [55], Ci-
cer arietinum (GCF_000331145), Cajanus cajan (GCF_000340665.1),
G. max [54], M. truncatula (ensembl release-57), Lupinus angusti-
folius (ensembl release-57), P. vulgaris (YP4, this study), and V. an-
gularis (ensembl release-57). The input for OrthoMCL comprised
the results of an all-versus-all BLASTP with an E-value cutoff
of le-5. The outcomes of gene family clustering were summa-
rized using UpSet (RRID:SCR_022731) [62]. A total of 1,296 single-
copy gene families among these species were aligned using mus-
cle v 5.1 [63] (RRID:SCR_011812). Subsequently, the alignments
were concatenated into a super alignment matrix to reconstruct
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Table 1: Comparison of 3 common bean assemblies

Assembly feature YP4 G19833* BAT93" Flavert*
Size of assembly 560,297,700 521,076,696 549,748,340 615,703,893
Contig N50 55,110,595 39,053 10,795 19,791,875
Scaffold N50 55,110,595 50,367,376 39,037,607 54,932,568
Longest scaffold 62,894,056 59,662,532 50,710,336 63,359,058
Number of gaps 0 40,860 45,300 34
Number of protein-coding genes 29,925 28,134 30,491 29,549
Repetitive elements 61.20% 45.42% 35.50% —
Quality value 54.86 — — —
Complete BUSCOs (N = 1,614) 99.50% 99.40% 99.40% 99.19%
*(G19833 from Ensembl database (release-56).

TBAT93 from NCBI database under accession GCA_001517995.1.

#Flavert from NCBI database under accession number GCA_029448765.1.

the phylogenetic tree via the maximum likelihood method using Results

igtree2 v 2.2.0 [64] with parameters of “-m MFP -B 1000.” The pro-
gram MCMCtree v 4.4 in the PAML package (RRID:SCR_014932) [65]
was used to estimate the divergence times among the 8 species,
with the JC69 nucleotide substitution model and an independent
rates clock. Two standard divergence time points from the Time-
Tree database (RRID: SCR_021162) [66] were used for calibration:
(i) A. thaliana-C. cajan 102.0-112.5 million years ago (MYA) and
(ii) M. truncatula-C. arietinum 24.9-51.0 MYA. CAFE v 4.2.1 (RRID:
SCR_005983) [67] was used to measure the expansion and con-
traction of gene families. Based on the maximum likelihood mod-
eling of gene gain and loss, we analyzed gene families for signs
of expansion or contraction. Gene Ontology (GO) enrichment of
YP4-specific genes, as well as genes in the expansion gene fami-
lies, was conducted using clusterProfiler v4.2.2 (RRID:SCR_016884)
[68].

Comparative genomic analysis

We performed whole-genome alignment between YP4 and G19833
[2] using mummer v 4.0.0rc1 (RRID:SCR_018171) [69] with the fol-
lowing parameters: ““mum -g 1000 -c 90 -1 40.” The delta-filter
program was used to identify alignment blocks with the setting
“-1.” Subsequently, the show-snps program was utilized to detect
SNPs and insertions/deletions (indels) with the settings “-Clr -x 1
-T.” SNPs and indels were annotated using the ANNOVAR package
(RRID:SCR_012821) [70].

At the gene level, a pairwise synteny search was conducted us-
ing LAST v1270 (RRID:SCR_006119). The alignment results were
refined using the JCVI utility libraries in MCScan (RRID:SCR_
017650) (Python version) [71] with parameter “~cscore =0.99,” fol-
lowed by visualization of the syntenic regions.

The method employed in the Sorghum T2T study [72] was
used to investigate the YP4-specific genes. Initially, a sliding win-
dow strategy was applied to segment the YP4 genome, with a
window size of 500 bp and a step of 100 bp. Subsequently, all
segmented sequences were aligned to the G19833 genome us-
ing the BWA tool v 0.7.13-r1126 (RRID:SCR_010910) [73] with the
MEM algorithm (-w 500 -M -t 16). Sequences that either failed to
align with the G19833 genome or exhibited less than 25% cover-
age were classified as YP4-specific sequences. To determine YP4-
specific genes, the longest coding sequence (CDS) for each gene
was extracted. Genes with over 75% of their CDS covered by
these specific sequences were designated as putative YP4-specific
genes.

Assembly of T2T common bean reference
genome for YP4

The genome assembly of YP4 utilized multiple sequencing tech-
nologies, including PacBio HiFi reads, ONT ultra-long reads, and
Hi-C reads. In summary, 31.75 Gb (~56.67x coverage) of PacBio
HiFireads, 177.04 Gb of ONT ultra-longreads (~315.97 x coverage),
and 144.79 Gb (~258.42x coverage) of Hi-C data (Supplementary
Table S1) were generated. The N50 length of the HiFi reads ex-
ceeded 15 kb, while the N50 length of the ONT reads was over 57 kb
(Supplementary Table S1, Supplementary Fig. S1, Supplementary
Fig. S2). The contigs were assembled using hifiasm, resulting in
558 contigs with a total size of 606.25 Mb and an N50 length of
32.18 Mb (Supplementary Table S2). Notably, the contig N50 of
our assembly was significantly longer than that of the previously
published genome versions, being 1.63-, 823.96-, and 2,980.83-fold
longer than the Flavert (contig N50: 19.79 Mb), G19833 (contig
N50: 39.05 kb), and BAT93 (contig N50: 10.80 kb) assemblies, re-
spectively (Table 1, Supplementary Table S2). This substantial im-
provement establishes a solid foundation for the creation of a T2T
genome assembly. Subsequently, the initial contigs served as the
backbone to scaffold contigs into chromosomes with Hi-C data.
Our result showed that the hifiasm assembly consisted of con-
tinuous sequences spanning the entire lengths of chromosomes
2 and 9, with 17 gaps distributed across 9 of the chromosomes
(Supplementary Table S3). After gap filling and polishing, the final
assembly achieved a total size of 560.30 Mb with an N50 of 55.11
Mb, comprising 11 gap-free chromosomes ranging from 38.04 to
62.89 Mb in length (Fig. 2A, Table 1).

To validate the accuracy and completeness of the YP4 T2T
genome assembly, multiple approaches were employed. First, the
Hi-C heatmap displayed a high level of consistency across all
chromosomes, providing evidence for the accurate sequencing,
ordering, and orientation of contigs in the YP4 genome assem-
bly (Fig. 2B). Second, 100% of ONT reads and 99.95% of HiFi reads
were effectively mapped to the YP4 genome assembly, result-
ing in genome coverage of 99.49% and 98.90%, respectively. Fur-
thermore, the Merqury-estimated quality value of YP4 was 54.86,
confirming the high accuracy of the assembly (Table 1). Third,
all 11 centromeres were predicted in the YP4 genome assembly,
with lengths ranging from 611,691 to 3,362,683 bp (Fig. 2C). Re-
markably, 20 of the 22 telomeres were detected, leading to 9 T2T
pseudomolecules for the entire genome (Fig. 2C, Supplementary
Table S4). Finally, the BUSCO test indicated that the YP4 assem-
bly successfully identified 99.5% of the 1,614 embryophyta gene
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set (Fig. 2D, Table 1). Overall, these findings demonstrate the high
quality and reliability of the YP4 genome assembly.

Annotation of repetitive elements and
protein-coding genes

Approximately 342.40 Mb of the assembled YP4 genome was clas-
sified as repetitive sequences, constituting 61.20% of the genome
(Supplementary Table S5). This proportion is higher than that in
G19833 (45.42%) and BAT93 (35.50%; Table 1). Among the repet-
itive sequences, most were long terminal repeats (LTRs), which
comprised 36.48% of the genome (Supplementary Table S6). The
DNA, long interspersed nuclear element (LINE), and short in-
terspersed nuclear element (SINE) classes accounted for 4.24%,
2.58%, and 0.11% of the genome, respectively (Supplementary
Table S6).

To facilitate genome annotation of the YP4 assembly, RNA se-
quencing was conducted on various tissues, including root, stem,

leaf, flower, and pod, yielding a total of 118.68 Gb of clean reads
(Supplementary Table S7). A combined prediction strategy iden-
tified 29,925 protein-coding genes, with mean lengths of 4,042 bp
for the gene, 710 bp for the intron, and 1,241 bp for the coding
sequence (Supplementary Table S8). The BUSCO assessment of
the predicted gene sets showed 98.7% completeness with only
0.37% missing genes, indicating the robustness of the gene anno-
tation (Supplementary Table S9). The length distribution of mes-
senger RNA, coding sequences, exons, and introns among related
species further supported the reliability of the annotation results
(Supplementary Fig. S3). Of the predicted genes, 29,426 (98.33%)
carried at least 1 conserved functional domain (Supplementary
Table S10). Additionally, 1,339 RGAs were identified in the YP4 as-
sembly, surpassing the 852 RGAs found in the BAT93 genome [7]
(Fig. 3A). The largest category among the RGAs was receptor-like
kinases (RLKs), comprising a total of 720 genes. Notably, 96.57%
of the RNA-seq reads aligned to the predicted exons (Fig. 3B).
Moreover, 23,006 (78.18%) of the genes exhibited a fragments per
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kilobase of transcript per million mapped reads (FPKM) value
above 1.0 in at least 1 RNA-seq sample (Supplementary Fig. S54).
These results confirm the completeness and accuracy of gene pre-
diction across the YP4 genome.

Detection of centromeres

The centromeric sequences of the 11 chromosomes were pre-
dicted, with an average length of 2.54 Mb. The longest centromeric
sequence was 5.47 Mb on chromosome 7, while the shortest was
0.61 Mb on chromosome 9 (Table 2). The average repeat content
in the centromeric sequences was 88.89%, significantly higher

than the genome-wide repeat content of 61.20%. In most plants,
centromere regions are characterized by a high abundance of
retrotransposons and tandem repeats. In the case of YP4, tan-
dem repeats comprised an average of 46.99% of the centromeric
sequences, with LTR-Gypsy being the predominant interspersed
repeat type (Table 2, Supplementary Table S11). A total of 400
genes overlapped with the centromeric regions, of which 377 had
homologs in public databases. GO analysis indicated that these
genes were significantly enriched in 7 terms, including “nucleic
acid binding,” “sucrose transmembrane transporter activity,” “su-
crose transport,” “DNA integration,” “zinc ion binding,” “plasma
membrane,” and “endonuclease activity” (Supplementary Fig. S5).

” o«
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Table 2: The characteristic of centromeres in YP4 assembly
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Chromosomes Start End Centro length  Repeat content (%) Tandem repeats content (%) LTR-Gypsy (%) Gene number
Chr01 13,328,531 16,691,213 3,362,683 98.20 47.42 46.76 23
Chr02 6,817,424 7,789,605 972,182 89.28 69.75 9.22 28
Chr03 18,427,633 21,069,777 2,642,145 96.82 31.08 60.78 20
Chro4 17,673,363 20,755,122 3,081,760 95.35 38.33 48.26 22
Chr05 22,263,001 24,704,779 2,441,779 99.22 61.46 38.69 10
Chr06 227,300 1,666,213 1,438,914 66.82 37.00 19.35 39
Chr07 15,175,230 20,645,715 5,470,486 92.31 31.18 48.27 77
Chr08 23,748,882 28,008,021 4,259,140 93.89 30.97 53.06 55
Chr09 3,289,103 3,900,793 611,691 89.63 71.30 10.17 10
Chr10 32,420,713 33,554,620 1,133,908 88.27 40.52 30.39 25
Chr11 54,078,975 56,597,072 2,518,098 68.01 57.84 0.74 91

Notably, nucleic acid binding activity was significantly enriched
among the rice centromeric genes [74], while DNA integration was
significantly enriched among the grapevine centromeric genes
[75]. Within the centromeric regions, 11 tandem repeat units
were identified (Supplementary Table S12). Among them, 7 re-
peat units located on chromosome 1, chromosome 2, chromo-
some 4, chromosome 7, chromosome 8, chromosome 9, and chro-
mosome 10 could be clustered together using cd-hit with a se-
quence identity threshold of 85%. To validate the authentic cen-
tromere locations, additional experiments such as fluorescence
in situ hybridization and chromatin immunoprecipitation will be
required.

Phylogenetic relationship analysis

The protein-coding genes of 7 plant species, including A. thaliana,
C. arietinum, C. cajan, G. max, M. truncatula, L.angustifolius, and V. an-
gularis, were clustered into 25,888 gene families together with the
protein-coding genes of YP4 (Fig. 4A). Specifically, 294 gene fami-
lies containing 1,755 genes were identified as specific to YP4 when
compared with the other 7 plant species (Supplementary Table
S13). Among these YP4-specific genes, 1,557 (88.72%) were sup-
ported by functional annotation (Supplementary Table S14), and
they were significantly enriched in 23 GO terms. The top 10 most
significantly enriched GO terms included “nucleic acid binding,”
“zinc ion binding,” “inositol catabolic process,” “inositol oxyge-
nase activity,” “nutrient reservoir activity,” “structural constituent
of cell wall,” “manganese ion transmembrane transporter activ-
ity,” “cellular manganese ion homeostasis,” “response to auxin,”
and “ribonuclease P complex” (Supplementary Fig. S6). A phyloge-
netic tree was constructed for the 8 plant species, with A. thaliana
serving as an outgroup (Fig. 4B). The estimated divergence time
between YP4 and V. angularis was around 11.6 MYA. Comparing
with the most recent common ancestor (MRCA), YP4 showed 73
expansion events and 14 contraction events of each gene fam-
ily (Fig. 4B). The expanded gene families of YP4 were mainly en-
riched in functions such as “ADP binding,” “defense response,”
“signal transduction,” “terpene synthase activity,” “lyase activity,”
“magnesium ion binding,” “manganese ion binding,” “hydrolase
activity, hydrolyzing O-glycosyl compounds,” “phosphoric diester
hydrolase activity,” “carbohydrate metabolic process,” and others
(Supplementary Fig. S7).

” o«

Comparison of YP4 and G19833 genomes

YP4 exhibited a longer assembly length compared to G19833,
with 20 telomeres assembled in YP4 but none in G19833 (Table 1,
Fig. 5A). Additionally, all 40,860 gaps present in the G19833 assem-
bly were successfully filled in the YP4 assembly, achieving com-

plete gap closure (Table 1, Fig. S5A). The JCVI analysis showed high
collinearity between YP4 and G19833 (Fig. 5B). The syntenic re-
gions contained 23,539 orthologous pairs, with 78.66% in YP4 and
83.43% in G19833. Given that the contig N50 of G19833 was only
39,053, indicating a lack of genomic continuity in the assembly,
our focus was on the variations of SNPs and indels (2-50 bp) be-
tween YP4 and G19833. A total of 1,203,386 SNPs and 317,537 in-
dels were detected between the 2 genomes (Supplementary Fig.
S8). Among these variations, 44,734 (3.72%) SNPs and 3,126 (0.98%)
indels were located in exonic regions (Supplementary Table S15,
Supplementary Table S16). Specifically, there were 23,753 SNPs
and 2,008 indels that potentially affected gene function, associ-
ated with 6,930 genes (Supplementary Table S17). GO enrichment
analysis highlighted significant enrichments in 11 terms, includ-
ing “ADP binding,” “defense response,” “ATP binding,” “protein ki-
nase activity,” “protein phosphorylation,” “protein binding,” “pro-
tein serine/threonine kinase activity,” “sulfotransferase activity,”
“oxidoreductase activity, acting on paired donors, with incorpora-
tion or reduction of molecular oxygen,” “monooxygenase activity,”
and “recognition of pollen” (Supplementary Fig. S9). Furthermore,
we identified 135 YP4-specific genes (Supplementary Table S18),
which included 3 RGAs and 11 transcription factors. These YP4-
specific genes were associated with various biological processes,
such as “DNA binding,” “DNA repair,” “base-excision repair,” “regu-
lation of RNA metabolic process,” and “positive regulation of DNA-
binding transcription factor activity” (Supplementary Table S19).
This indicated that YP4 possesses stronger resistance and a more
intricate regulatory network compared to G19833. Notably, RNA-
seq analysis revealed that 84 of these genes exhibited expression
levels of FPKM >1, providing further evidence for their functional
significance.

” o«

Conclusions

The first T2T genome assembly of a typical common bean, YP4,
was successfully accomplished using PacBio HiFi reads, ONT
ultra-long sequencing, and Hi-C technologies. This assembly is
notable for its exceptional completeness and accuracy. A total of
11 chromosomes were assembled, with 9 chromosomes meeting
the telomere-to-telomere standard. Furthermore, the assembly
predicted 342.40 Mb of repetitive sequences and identified 29,925
protein-coding genes. Evolutionary analysis suggests that inves-
tigating defense responses may be a promising avenue for un-
derstanding the genetic characteristics of common beans, further
supported by comparative genomics analysis. Overall, this dataset
provides a valuable resource for future genetic breeding research
in common beans.
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Supplementary Fig. S1. The histogram illustrating the length dis-
tribution of PacBio HiFi reads.

Supplementary Fig. S2. The histogram illustrating the length dis-
tribution of ONT long reads.

Supplementary Fig. S3. Distribution of the gene components in
the YP4 assembly. Window refers to the length of every point. No
obvious unexpected differences exist among these 3 organisms,
indicating the high quality of gene structure annotation.
Supplementary Fig. S4. The heatmap for log2(FPKM-+1) values of
23,006 expressed genes. BS: branching stage; FL: flower; FS: flow-
ering stage; LF: leaf; PD: pod; PFS: pod formation stage; RT: root;
ST: stem.

Supplementary Fig. S5. GO enrichment analysis of genes within
centromeric regions. Gene ratio (x-axis) is the percentage of the
number of genes present in this GO term over the total number of
genes in this category. Larger size of a GO term represents a higher
gene number.

Supplementary Fig. S6. GO enrichment analysis of YP4-specific
genes. Gene ratio (x-axis) is the percentage of the number of genes
present in this GO term over the total number of genes in this cat-
egory. Larger size of a GO term represents a higher gene number.
Supplementary Fig. S7. GO enrichment analysis of YP4-expanded
genes. Gene ratio (x-axis) is the percentage of the number of genes
present in this GO term over the total number of genes in this cat-
egory. Larger size of a GO term represents a higher gene number.
Supplementary Fig. S8. Genomic variations between YP4 and
G19833. (A) The density plot of SNPs between YP4 and G19833.
(B) The density plot of indels between YP4 and G19833. Window
size is 1 Mb, and the color depth of each window represents the
range of mutations.

Supplementary Fig. S9. GO enrichment analysis of 6,930 genes
affected by variations between YP4 and G19833. Gene ratio (x-axis)
is the percentage of the number of genes present in this GO term
over the total number of genes in this category. Larger size of a GO
term represents a higher gene number.

Supplementary Table S1. Summary of whole-genome sequencing
data of the YP4 genome.

Supplementary Table S2. The statistics of the hifiasm assembly.
Supplementary Table S3. The statistics of the anchored chromo-
some length.

Supplementary Table S4. The identified telomeres in the YP4 as-
sembly.

Supplementary Table S5. General statistics of repeats in the YP4
assembly.

Supplementary Table S6. The summary of interspersed repeat
contents in YP4 assembly.

Supplementary Table S7. The summary of RNA-seq sequencing
quality.

Supplementary Table S8. Summary of gene structure prediction
in the YP4 genome.

Supplementary Table S9. BUSCO analysis of YP4 gene set com-
pleteness.

Supplementary Table S10. Number of functional annotations for
predicted genes in the YP4 assembly.

Supplementary Table S11. Statistics on the main types of inter-
spersed repeats within the centromere.

Supplementary Table S12. Tandem repeat unit sequence within
the centromere.

Supplementary Table S13. Gene families in YP4 and other species.
Supplementary Table S14. The list of YP4-specific genes.
Supplementary Table S15. The annotation of SNPs between YP4
and G19833.

Supplementary Table S16. The annotation of indels between YP4
and G19833.

Supplementary Table S17. The gene list impacted by variation
between YP4 and G19833.

Supplementary Table S18. The YP4-specific gene list.
Supplementary Table S19. GO enrichment of the YP4-specific
gene.
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