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an important spice
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. Parimalan Rangan, Rakesh Singh(® & Gyanendra Pratap Singh

Trigonella corniculata (L) L. or Nagauri pan /[Kasuri methi, is an important spice crop with high
nutraceutical potential. We report the de novo chromosome-scale assembly of T. corniculata genome

. using high coverage PacBio, lllumina and Hi-C reads. The assembly spans 798 Mb (Megabases) in 282

. scaffolds with a scaffold N50 of 99.6 Mb. More than 98% of the sequence length is captured in eight

. different pseudomolecules with an average length of 98 Mb. A BUSCO score of over 97% is suggestive

. ofthe high degree of completeness and contiguity of the genome. A total of 64,801 protein-coding

: genes are predicted. Genome-wide Simple Sequence Repeats (99,149) have been identified and wet lab

. validated at forty-eight loci. The chromosome-scale genome assembly of T. corniculata and the SSR

© markers identified in this study will provide a strong foundation for future structural and functional

. genomics studies in T. corniculata and other fenugreek species.

Background & Summary
. Trigonella, a genus belonging to the family Fabaceae, is reported to have more than 250 species, with the
. herb fenugreek as the best known member!'~>. Fenugreek, popularly known as “methi” in Hindi is a multi-
. purpose crop, with different species being used for varied purposes®. A few noteworthy edible species are,
. T foenum-graecum (common fenugreek), T. corniculata (Nagauri pan or Kasuri fenugreek), T. caerulea (blue
. fenugreek) and T. suavissima (sweet fenugreek)®-'!. Most species are diploid with 2n =2x =162 The term “fen-
- ugreek” is frequently used to denote T. foenum-graecum, while it extends to other fenugreek species as well.
. InIndia, the species T. foenum-graecum and T. corniculata are one of the oldest commercially cultivated spice
. crops. Unlike T. foenum-graecum where both leaves and seeds are consumed, T. corniculata is primarily used in
© the dried leaf form'?. The two species differ remarkably in their morphology with most prominent differences
. for leaf and seed size, flower colour, etc. The leaves of T. corniculata are wedge shaped, 1-4 cm long and the
. flowers are 6-7 mm long, yellow in color which bloom in clusters of 8-20'>!* (Fig. 1a). Significant differences are
. reported in the genome sizes of T.corniculata and T. foenum-graecum™. Much like T. foenum-graecum, T. cor-
. niculata also has significant nutraceutical potential, being abundant in phytochemicals like diosgenin, trigonel-
- line, fenugreekine, galactomannan, 4-hydroxy isoleucine, isoorientin, orientin, vitexin, isovitexin, etc’>?’. The
: medicinal value of fenugreek has long been known with references dating back to 1500 BC in the Ebers Papyrus,
© an ancient Egyptian medical text'®. Despite their medicinal importance, these two species are largely unexplored
. for the genomic resources availability. There are only a few studies where through transcriptome sequencing,
. genes involved in key metabolic pathways have been identified”®-*. The lack of genome sequence information
. severely impedes the crop improvement endeavours in fenugreek. The absence of sequence information, lim-
: its the availability of molecular markers for the species. Very few DNA-based molecular markers are available
* in fenugreek®-**, more so in Kasuri fenugreek’. Hence, very little progress has been made in the direction of
. genetic improvement in fenugreek®. Here, we report upon a high quality, whole genome sequence (WGS) of
: 798 Mb (Megabases) for the genotype JKM-5 of T. corniculata. The genome has been assembled by using a
. hybrid approach which involves a combination of Illumina short reads, PacBio long reads, and high-throughput
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Fig. 1 (a) The plant morphology of T. corniculata with inflorescence shown. (b) The 23-mer frequency
distribution of sequencing reads of the T. corniculata genome, used for genome size estimation.

chromosome conformation capture (Hi-C) data. The final version of the assembled genome consists of 282
scaffolds with a scaffold N50 of 99.6 Mb, and with more than 98% of the sequence length captured in eight
pseudomolecules. The genome size of T. corniculata is estimated to be ~850 Mb'4. This implies that >93% of the
genome has been captured in this assembly. A BUSCO (Benchmarking Universal Single-Copy Orthologs) score
of 97% is indicative of the completeness of the assembled genome. A total of 64,801 protein-coding genes were
predicted. The WGS was further utilized to identify genome-wide SSRs (Simple Sequence Repeats or microsat-
ellites) and a total of 99,149 SSRs were identified. These markers would serve as novel genomic resources for
T. corniculata and can be utilized for various purposes like genetic mapping, marker-assisted selection (MAS)
of traits.

Methods

DNA extraction. Genomic DNA was isolated from the leaves of the genotype JKM-5 (source SKNAU,
Jobner, Rajasthan, India) using the CTAB (Cetyltrimethylammonium bromide) extraction method*. The quality
and quantity of the isolated DNA was checked on a NanoDrop spectrophotometer (DS-11 spectrophotometer,
DeNovix, Wilmington, Delaware) and through agarose gel electrophoresis.

Library preparation and sequencing. We deployed both long- and short-read sequencing chemistries for
sequencing and assembly. Sequencing libraries were prepared according to the recommended protocols provided
by the manufacturer as detailed below.

Ilumina paired-end (PE) genomic libraries were prepared following the NEBNext® Ultra™ II DNA Library
Prep Kit. In brief, genomic DNA was sheared using Covaris® M220 Focused-ultrasonicator TM (Covaris,
Woburn, MA, USA). The sheared DNA was subjected to size selection with insert sizes of 350 and 550 bp, fol-
lowed by adapter ligation and PCR enrichment of adapter ligated DNA. The quality of the libraries was checked
on the Agilent 2100 Bioanalyzer system using the Agilent High Sensitivity DNA Kit and sequenced on Illumina
HiSeqX Ten sequencer as 150 bp PE reads.

For PacBio library preparation, the SMRTbell® Express Template Prep Kit (Pacific Bioscience, catalog
n0.101-357-000) was used. Using the BluePippin Size selection system, the small fragments were removed. After
annealing of the sequencing primer to the SMRTbell template, DNA polymerase was bound to the complex
(Sequel IT binding kit 2.0). The excess of primer and polymerase was removed before sequencing. The library was
sequenced using 2 SMRT cells using the Sequel II Sequencing Kit 2.0.

For Hi-C libraries, the leaf tissue was treated with 1% final concentration fresh formaldehyde for
cross-linking or fixing the chromatin (1 g leaf material per 100 ml) and quenching with 0.2 M final concentra-
tion glycine for 5minutes. The fixed cells were lysed for nuclei isolation by treatment with lysis buffer (10 mM
Tris-HCI (pH 8.0), 10 mM NaCl, 0.2% NP-40, and complete protease inhibitors (Roche). The DNA in the nuclei
was digested by adding 30 ul 10x New England Biolabs (NEB) buffer 2.1 (50 mM NaCl, 10 mM Tris-HCI, 10 mM
MgCl, 100 ug/mL bovine serum albumin (BSA), pH 7.9) and 150 U of Mbol restriction enzyme and incubated at
37°C overnight. The following day, the enzyme Mbol was inactivated at 65 °C for 20 minutes. The cohesive ends
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Statistics Ilumina PacBio Hi-C

No. of reads 201,352,096 1,313,226 970,555,786
No. of bases (Gb) | 60.4 82.3 145.5
Depth (X) 88.1 103 2125

Mean length (bp) | 150 15,451 150

Table 1. The details of sequencing data generated by using three different sequencing chemistries namely
Ilumina, PacBio and Hi-C.

Features Minimum Maximum
Heterozygosity 0.89% 0.89%
Genome haploid length (bp) | 690,465,573 691,164,565
Genome repeat length (bp) | 351,061,443 351,416,840
Genome unique length (bp) | 339,404,130 339,747,725
Model fit 89.35% 96.82%

Table 2. Genome size estimation through K-mer (K= 23) analysis.

were filled with biotinylated nucleotides and universal adapter ligated. After fragmentation and size-selection,
fragments containing biotin were captured to construct the paired-end library. The final library was sequenced
on the Illumina NovaSeq 6000 platform (San Diego, CA, USA).

In total, we obtained 82.3 Gb of PacBio sequencing data (coverage: 103x) with an average read length of
15.45 Kb and 60.4 Gb of (coverage: 88.1x) short read data. A total of 145.5 Gb (coverage: 212x) of Hi-C data was
generated (Table 1).

Genome size estimation. The Illumina paired-end (PE) reads were utilized for estimation of genome size
by counting the K-mers. The abundance of 23-mer K-mer was calculated using Jellyfish 2.2.3%”. The histogram was
used as an input for estimating various genome characteristics such as repeat content, heterozygosity, genome size
and duplications using Genomescope (v2.0)*, to obtain K-mer frequency peaks (Fig. 1b). In the histogram, the
middle and right peak which represent the heterozygous and homozygous fractions of the genome, respectively,
showed depths at ~25 and 52, respectively. Based on this analysis, the haploid genome length for T. corniculata
was estimated to be 691 Mb (691,164,565 bp) and the heterozygosity fraction was 0.89% (Table 2).

De novo genome assembly. The reads obtained were checked for quality in terms of base quality, adapter
and GC content, number of unambiguous bases. Only the reads which confirmed to the desired quality standards
were used for assembly. The initial assembly was done using PacBio reads. The raw subreads generated by the
PacBio Sequel II were converted to HiFi reads using CCS (Circular Consensus Sequencing, v6.2.0) and assembled
using HiFiasm tool v0.16.1-r375 where excessive purging options were specified®. The duplicate contigs and con-
tig regions arising due to haplotypes were purged from the primary contigs using purge_dups v1.2.5. To assess the
contiguity and quality of genome assembly QUAST v5.2.0 was used to generate basic statistics*’. The preliminary
assembly consisted of 1738 contigs with a N50 of 1.2 Mb, and the largest contig length of 8 Mb (Table 3). This
assembly was then polished using 88x Illumina reads via two iterations of Pilon v1.23*'. Each iteration consisted
of first the alignment of Illumina short reads to the assembly with BWA-MEM v0.7.17-r1188*. The resulting SAM
file was converted to a BAM file and indexed with SAMtools v1.9%.

The 970.5 million Hi-C reads were used for ordering and scaffolding the contigs of the polished assembly
using the YaHS (https://github.com/c-zhou/yahs.git) tool. YaHS requires two input files: a FASTA format file
with contig sequences which need to be indexed and a BAM file with the alignment results of Hi-C reads to
the contigs. Juicer 1.6 tool was used for generating Hi-C maps from fastq raw data files and command line
tools for feature annotation on the Hi-C maps**. It was observed that there were relatively independent Hi-C
signals observed between the 8 scaffolds and the density of interactions was confirmed through heatmap anal-
ysis (Fig. 2). This indicated high degree of contiguity in the assembly. The final assembly consisted of 798 Mb
captured on 282 scaffolds, with more than 98% of sequence scaffolded into eight pseudomolecules representing
the eight chromosomes, which is the haploid chromosome number of T. corniculata®' (Fig. 3a,b). The length
of these eight scaffolds ranged from 77 Mb (scaffold 8) to 114 Mb (scaffold 1). The scaffold N50 was 99.6 Mb
and L50 value was 4, which is indicative of the good quality and contiguity of the assembled genome. The aver-
age scaffold length was 2.8 Mb which implies a higher probability of generating complete gene models for the
genome (Tables 3, 4).

Completeness of genome assembly. The completeness of the assembled genome was estimated by
using Benchmarking Universal Single-Copy Orthologs* (BUSCOs; v 5.4.2, http://busco.ezlab.org/) based on
single-copy orthologs selected from Viridiplantae OrthoDB v10. Its results are simplified into categories of
‘Complete and single-copy, ‘Complete and duplicated, ‘Fragmented; or ‘Missing’ BUSCOs. A BUSCO score value
of 97.1% was obtained, which depicts the high quality of the genome (Table 5).

SCIENTIFIC DATA| (2025) 12:509 | https://doi.org/10.1038/s41597-025-04858-4 3


https://doi.org/10.1038/s41597-025-04858-4
https://github.com/c-zhou/yahs.git
http://busco.ezlab.org/

www.nature.com/scientificdata/

Contig assembly YaHS assembly
(PacBio) Preliminary | (Scaffolding) Final
Assembler assembly assembly
(>=0bp) 1738 282
(>=1Kb) 1738 282
(>=5Kb) 1738 282
(>=10Kb) 1737 281
(>=25Kb) 1668 211
(>=50Kb) 1373 8
Contigs/Scaffolds 1738 282
Largest (bp) 8083617 114574750
Total length (bp) 799108466 798664075
GC (%) 35.56 35.24
N50 (bp) 1293154 99641310
N70 (bp) 709802 94651279
L50 177 4
L70 344 6

Table 3. The descriptive statistics for the preliminary (contig) assembly and the final assembly.

Scaffold1
| scaffold2
Scaffold3
Scaffold4
| ScaffoldS
Scaffold6
Scaffold7
Scaffold8

Scaffoldl | 3

Scaffold2 |

Scaffold3

Scaffold4

Scaffolds |

Scaffold6

Scaffold7

Scaffold8

Genome annotation. This included annotation of the repeat sequences followed by gene structure and
functional annotation. Tandem repeat finder was utilized to identify tandem repeats in the final assembled
genome. RepeatModeler v2.0.1 (http://www.repeatmasker.org/RepeatModeler/) was used to create a repeat
library de novo which was then used to predict transposable elements in the unannotated genome assembly*.
We used three different de novo repeat-finding programs, namely RECON v1.08*, RepeatScout v1.0.5* and
LTR _retriever v2.9.0* in order to identify the boundaries of repetitive elements and to build consensus models
of interspersed repeats. LAI (LTR Assembly Index), a metric for assessing assembly continuity, was calculated
by LTR _retriever®. The LAI score of 9.93 for the assembled genome, which is very close to the threshold value
of 10 for reference genomes™. For most of the sequenced genomes of the Fabaceae family, the LAI values are
reportedly less than 10 except for the genomes of Trifolium pratense (GCA_020283565.1), Medicago truncatula
(GCA_003473485.2) and Vigna unguiculata (GCA_004118075.2), suggestive of the good quality of the assem-
bled genome in this study®!. The interspersed repeats were annotated using RepeatMasker v 4.1.0 (https://www.
repeatmasker.org/). The repeat content in the genome was estimated to be 42.1% with LTR (long terminal repeat)
retrotransposons accounting for 38% of the repeats (Fig. 3b). The Gypsy (17.12%) and Ty1- Copia (16.26%) ele-
ments were most abundant LTR retrotransposons (Table 6).

This was followed by gene prediction and annotation. Seqping (https://sourceforge.net/projects/seqping/,
version 0.1.48.1) was used for gene prediction of the masked sequence. It is an automated pipeline that performs
gene prediction using self trained HMM (Hidden Markov model) models and transcriptomic data®. The pro-
gram processes the genome sequences of a target species through GlimmerHMM?>?, SNAP>*, and AUGUSTUS*
training pipeline. MAKER?2 was used to combine the predictions from the three models. Input data for the
pipeline included genome sequence in FASTA format, transcriptome for generating training set (PRJNA544308,
transcriptome assembly of T. foenum-graecum), reference protein file containing full length protein sequences
of 20 species. Additionally, transcriptome data for four different tissues of Kasuri fenugreek (unpublished) was
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Fig. 3 The chromosome scale assembly of T. corniculata. (a) Descriptive statistics of the de novo assembled
genome. (b) Circos plot depicting genomic features at window size of 100 Kb for the genome, with track A
representing the gene density; track B transposon density and track C depicting the GC content.

also generated and utilized for gene prediction. The pipeline generated species-specific HMMs and is able to
predict genes that are not biased to other model organisms. Genes were clustered using CDHIT v4.6 (http://
cd-hit.org) software at a sequence similarity of 90%. Subsequently, functional annotation was performed and
the predicted genes were mapped against known public databases Nr (updated December 2023) using NCBI
blastx v 2.2.29 (e-value < le—5), SwissProt, Pfam, GO*® (Gene Ontology) and KEGG*’ (Kyoto Encyclopedia of
Genes and Genomes). A total of 64,801 protein-coding genes were predicted, with an average length of 5.6 Kb.
The gene annotation results depicted that out of the 64,801 genes predicted, 62079 genes (95.8%) were annotated
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Statistics Description
Total (bp) 798664075
Chromosome (bp) 790185390
Number of scaffolds 282
Largest scaffold (bp) 114574750
Anchoring ratio (%) 98.93
Gaps 1595

N50 (bp) 99641310
GC (%) 35.24
BUSCO (%) 97.00

LAI 9.93
Mapping rate (NGS) (%) 98.12

Table 4. The summary statistics for the de novo assembled genome of T. corniculata.

Category Percentage (%) Gene number
Complete BUSCOs (C) 97.0 412

Complete and single-copy BUSCOs (S) 87.1 370

Complete and duplicated BUSCOs (D) 9.9 42
Fragmented BUSCOs (F) 0.2 1

Missing BUSCOs (M) 2.8 12

Total BUSCO groups searched — 425

Table 5. BUSCO assessment of genome assembly (Database used: Viridiplantae).

Category Type Number of elements Length Occupied (bp) | Percentage (%) of sequence

Retrotransposons 320759 336936283 42.19
Non- LTR Retrotransposon:
LINEs: 57018 32172762 4.03
CRE/SLACS 2333 672636 0.08
L2/CR1/Rex 113 66400 0.01
RTE/Bov-B 7999 2083303 0.26
L1/CIN4 46570 29349621 3.67
LTR Retrotransposon: 263741 304763521 38.16
BEL/Pao 1833 369718 0.05
Ty1/Copia 96608 129874255 16.26
Gypsy/DIRS1 87933 136718324 17.12

DNA transposons 41464 13930803 1.74
hobo-Activator 14280 3025708 0.38
Tc1-1S630-Pogo 2121 1085684 0.14
Tourist/Harbinger 2678 851667 0.11

Table 6. The summary of the repetitive DNA sequences identified across the assembled genome.

Database Number Ratio (%)
Nr 62079 95.8
Pfam 33890 52.3
Swiss-Prot 23911 36.9

GO 33186 51.2
KEGG 4013 6.19

All 64801 100

Table 7. The statistical analysis of the predicted genes for the assembled genome depicting the number of genes
annotated through various databases.

in the Nr database, followed by 33890 (52.3%) in Pfam and 23911 (36.9%) in SwissProt databases (Table 7). The
GO term binding (GO:0005488) was most abundant (Fig. 4a). KEGG analysis depicted the highest number of
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Fig. 4 The annotation of the assembled genome. (a) GO analysis depicting the distribution of the predicted
genes across the GO terms of cellular component, molecular function and biological process. (b) The KEGG

analysis of the predicted genes.

genes involved in metabolic pathways (1666) followed by biosynthesis of secondary metabolites (896) (Fig. 4b).
A total of 1,716 tRNA genes were identified using tRNAscan-SE (v.1.3.1, http://lowelab.ucsc.edu/tRNAscan-SE/).

The assembled genome sequence

Microsatellite or simple sequence repeat (SSR) identification.
was searched for presence of simple sequence repeats (SSRs), with the core motif lengths of di to hexa nucleo-

tides, following the default parameters of MISA (MIcroSAtellite identification tool;http://pgrc.ipk-gatersleben.de/
misa/)’8. The search criteria was set to include a minimum of six repeats for dinucleotides, minimum five repeats
for trinucleotides, tetranucleotides, pentanucleotides and hexanucleotides. A total of 99,149 SSRs were identified
across the genome. The most abundant repeat type was dinucleotide repeat (54,330) and least abundant was hex-
anucleotide (242) (Fig. 5a). The highest number of SSRs were identified on scaffold 1 while the least number of

SSRs were identified on scaffold 8 (Fig. 5b).
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Fig. 5 In silico mining of SSRs and their distribution. (a) Frequency of SSR repeats identified. (b) Distribution
of the SSR repeats across the eight different scaffolds.

M  KmSSR1 KmSSR2 KmSSR3 KmSSR4 KmSSR5 KmSSR6 KmSSR7 KmSSR8 KmSSR9 KmSSR10 KmSSR11 KmSSR12

M KmSSR13 KmSSR14 KmSSR15 KmSSR16 KmSSR17 KmSSR18 KmSSR19 KmSSR20 KmSSR21 KmSSR22 KmSSR23 KmSSR24|

M KmSSR37 KmSSR38 KmSSR39 KmSSR40 KmSSR41 KmSSR42 KmSSR43 KmSSR44 KmSSR45 KmSSR46 KmSSR47 KmSSR48

Fig. 6 SSRvalidation through PCR amplification. Gel image depicting PCR based amplification of the SSRs and
resolution of the products on a 3% metaphor agarose gel. M: 100bp DNA ladder; KmSSR1-KmSSR48 are the
various Kasuri methi (Km) SSR markers used for amplification. Genomic DNA of the samples JKM-5 and JKM-6,
were used for amplification with each of the 48 KmSSRs.
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Wet lab validation of SSR markers. Following the identification of SSRs, the flanking sequences of the
SSRs were used to design primers for PCR amplification using Primer 3°%°. Primer pairs were synthesized for
a subset of 50 SSR loci for PCR amplification of genomic DNA of two samples of T. corniculata, namely JKM-5
and JKM-6 (Fig. 6). The reaction was carried out in a total volume of 20 pl, composed of 1X PCR buffer, 2.5 mM
MgCl,, 1 uM primer, 0.2 mM of each dANTPs, 1U Taq DNA polymerase (NEB) and 15 ng template DNA. The
standard PCR amplification conditions were used®', with standardization done for annealing temperatures for
the PCR program.

Data Records

The raw sequence data (Illumina, PacBio and Hi-C) used for genome assembly have been deposited in the NCBI
Sequence Read Archive (SRA) under the accession number SRP513070%, with the BioProject accession num-
ber PRINA1122319. The assembled genome has been deposited at the NCBI genbank with accession number
JBLEBMO000000000. The version described in this paper is version JBLEBM010000000%. The genome anno-
tation file and FASTA sequences of the predicted genes, proteins, and transcripts have been deposited in the
Figshare database®.

Technical Validation

The quality of the genome assembly was analysed in the following aspects: (1) The BUSCO score of 97% depicted
the degree of completeness of the assembled genome. (2) The LAI score of 9.93 for the genome, which is almost
10, depicts the high quality of the assembled genome, very close to the reference genome standards. (3) Most
of the SSRs selected for wet laboratory validation through PCR produced sharp and reproducible amplification
profiles with the desired product sizes, which is an indication of the high degree of genome integrity. (4) The
high degree of mapping (98.1%) and anchoring rate (98.9%) of the reads, validates the contiguity of the assem-
bled genome. (5) We used SeqKit v 2.8.2 to identify the presence of telomeric repeats across the eight pseu-
domolecules. For two pseudomolecules (5 and 8) telomere repeats were identified at both ends while for two
pseudomolecules (2 and 6) telomeres were identified at only one end. This shows that the assembled genome is
of a good quality and high integrity.

Code availability

All software employed for data processing was executed following the guidelines of the bioinformatic software
cited above. If no detailed parameters are mentioned, the default parameters were used. Versions of the software
have been described in Methods.
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