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ARTICLEINFO ABSTRACT
Article history: Lentil (Lens culinaris Medikus subsp. culinaris, 2n = 14) is a cool-season legume with high
Received 10 October 2019 production potential for multiple uses. However, limited molecular research has been
Received in revised form 7 March conducted in this species owing to its large genome, which impedes the generation of
2020 genome sequences and the development of molecular markers. In this study, more than 1.37
Accepted 2 June 2020 billion filtered clean reads were collected by RNA-Seq of six diverse lentil accessions and
Available online 19 June 2020 217,836 transcripts and 161,095 unigenes were de novo assembled, yielding respectively 257.1
and 240.6 million nucleotides. The mean transcript length was 1180 bp and the N50 and N90
Keywords: lengths were respectively 2075 and 479 bp. The mean length of the unigenes was 1494 bp and
Lentil their N50 and N90 values were respectively 2203 and 714 bp. The unigenes were annotated
RNA-Seq against seven databases. The FLOWERING LOCUS T (FT) gene homolog in lentil showed high
EST-SSR protein sequence similarity to the FT gene homologs of pea and alfalfa. On the basis of the
KASP RNA-Seq analysis, 26,449 EST-SSR markers were designed in silico, and 276 preliminarily
Genetic diversity screened markers were selected to evaluate polymorphism in 94 diverse lentil accessions. In

total, 125 (45.29%) of 276 EST-SSR markers were found to be polymorphic. A total of 130,073
SNP loci were detected and 78 (61.41%) of 127 SNPs were successfully converted to KASP
markers. Population genetic analyses of the lentil accessions with EST-SSR and KASP markers
revealed similar genetic structures, suggesting that the RNA-Seq-generated resources and the
developed markers are reliable for use in molecular marker-assisted breeding of lentil.
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1. Introduction

Lentil (Lens culinaris Medikus subsp. culinaris) is an annual,
self-pollinated, herbaceous cool-season legume crop. It is a
diploid (2n = 2x = 14) species with a genome size of
approximately 4 Gb [1,2]. Lentil is the fifth most important
pulse crop in the world and the annual production of lentil
worldwide was 6,375,732 t in 2018, ranking behind only
common bean (Phaseolus vulgaris L.), chickpea (Cicer arietinum
L.), pea (Pisum sativum L.), and cowpea (Vigna unguiculata L.) [3].
Lentil is a source of protein, carbohydrates, vitamins, and
micronutrients in the human diet. It also serves as a high-
value feed for livestock. Lentil is often grown on marginal land
and affected by drought, high-temperature stress, and various
diseases such as blight, anthracnose, rust, and root diseases
[4]. The worldwide average yield of lentil is only 1042 kg ha™
[3]. Breeding strategies including molecular approaches offer
potential for increasing the yield of lentil.

Quiality traits have been introduced into the main cultivars
of lentil by conventional breeding methods. However, these
methods are inefficient and time-consuming for the
improvement of quantitative traits, whose expression is
usually strongly affected by environment. Marker-assisted
selection (MAS) in lentil breeding has been limited. In
comparison with other legumes, such as soybean, mung
bean, adzuki bean and pigeon pea, lentil genome research
has progressed slowly [5]. Although a preliminary draft lentil
genome assembly has been released and is available at the
KnowPulse website [6,7], efforts to improve the genome
assembly and annotation are still in progress. Recently,
next-generation sequencing technology (NGS) has been
applied to non-model plants [8-12]. The lentil RNA-Seq
assembly provides valuable genetic resources for lentil
genetic research and molecular breeding [13-16]. Kaur et al.
[13] performed lentil transcriptome sequencing using Roche
454 GS-FLX Titanium system (Roche Diagnostics Corporation)
for large-scale de novo assembly of unigenes and identified
2392 simple sequence repeats (SSRs) containing expressed
sequence tags (ESTs). Based on this study, Kaur et al. [14]
subsequently  identified numerous single-nucleotide
polymorphisms (SNPs) and used subsets of 546 SSRs and 768
SNPs for genetic mappingin lentil. Verma et al. [15] performed
ribonucleic acid sequencing (RNA-Seq) using a different type
of Illumina (http://www .illumina.com) paired-end sequencing
and developed an expressed gene catalog as well as 5673
SSR primer pairs. Sudheesh et al. [16] applied RNA-Seq
to generate a comprehensive assembled and annotated
reference transcriptome for lentil, advancing functional gene
identification and genomic annotation in the species. The
accuracy and sensitivity of fluorescence-labeled SSR markers
using capillary electrophoresis is superior to that of PAGE silver
staining, which is more suitable for genotyping large samples.
Fluorescence labeling of SSR markers wusing capillary
electrophoresis has been used in genetic studies of barley [17],
sugarcane [18], cherry [19], and lentil [13,14].

Kompetitive Allele-Specific PCR (KASP, from KBioscience
or LGC Genomics), which is based on specific matching of
primer ends, can be employed for SNPs and InDels (insertions
and deletions) genotyping and affords accurate biallelic

identification of SNPs and InDels at specific sites in a wide
range of genomic sample types. KASP is a uniplex SNP
genotyping platform. KASP genotyping technology is used as
both a product and a genotyping service by LGC Genomics
Service Laboratories in North America and Europe [20,21].
KASP technology has been used in crops such as wheat [22,23],
maize [24,25], soybean [26,27], peanut [28,29], and lentil
[4,30-32]. Sharpe et al. [4] designed KASP assays with 28
SNPs and a GoldenGate array (Illumina, Inc.) with 1536 SNPs
for genetic mapping in lentil. Majeed et al. [30] described KASP
requirements in lentil with dry DNA (48 ng) and wet DNA (6 pL
at 5 ng pL™%). Fedoruk et al. [31] applied 56 KASP assays for
genetic mapping and quantitative trait locus (QTL) analysis of
seed quality characteristics in lentil based on the study of
Majeed et al. Rodda et al. [32] combined the GoldenGate assay
with 768 newly developed SNPs and the KASP assay with 200
previously published SNPs along with SSR markers to
genotype a recombinant inbred line (RIL) population for
genetic linkage mapping and perform QTL analysis for boron
tolerance. However, the number of KASP markers shown to be
polymorphic is still limited.

Although previous studies have identified EST-SSR
markers and SNP markers in lentil, the number of markers
that can be directly used in genetic studies of lentil remains
limited. In the present study, we used six lentil accessions
from different origins as experimental materials and
performed RNA-Seq on a mixture of roots, stems and leaves
of lentil seedlings to obtain reference transcriptome
information. We developed EST-SSR and KASP markers and
validated them in several lentil accession to provide a basis
for future lentil molecular breeding.

2. Materials and methods
2.1. Plant materials

Six lentil accessions: A008, A094, A170, A370, A669, and
A677, were selected for RNA-Seq and marker development,
and 88 accessions were used for marker validation. RNA-Seq
was performed with three biological repeats (samples) of each
accession. The 94 accessions originated in seven countries
across eastern Asia, western Asia, North America, and north
Africa and included 79 Chinese germplasm resources from
China (Xinjiang, Inner Mongolia, Ningxia, Qinghai, Shanxi,
Shaanxi, Gansu, Hubei, and Yunnan) (Table S1). Seeds of all
accessions were provided by the National Crop Gene Bank
located in the Institute of Crop Sciences, Chinese Academy of
Agricultural Sciences and planted in a greenhouse at the
institute in Beijing, China in November 2016.

2.2. cDNA library preparation, sequencing, and transcriptome
assembly

Four-week-old seedlings (with root, stem and leaves) of
accessions A008, A094 A170, A370, A669, and A677 were
sampled. Total RNA was extracted from each plant using the
TRIzol-based RNA extraction kit (Novogene Co. Ltd., Beijing,
China). The sequencing library was prepared using the
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NEBNext Ultra RNA Library Prep Kit for lllumina (NEB, Ipswich,
MA, USA) according to the manufacturer’s instruction.
Clustering of the index-encoded samples was performed on
a cBot Cluster Generation System using the TruSeq PE Cluster
Kit v3-cBot-HS (Illumina, SanDiego, California, USA) according
to the manufacturer’s instructions. After cluster generation,
the library preparations were sequenced on the Illumina
Hiseq platform, and paired-end reads were produced. Raw
data were stored in the Sequence Read Archive (SRA) of NCBI
(https://submit.ncbi.nlm.nih.gov/subs/sra/SUB5351043/
overview) with the ID SUB5351043.

The FASTQ-format raw data were first filtered to generate
clean data by deleting reads containing adapter or poly-N
sequences (with an unknown-base proportion greater than
10%) as well as low-quality reads (for which bases with Q
value <20 accounting for more than 50% of the entire read)
using an in-house Perl script. The Q20, Q30, GC content and
sequence repeat levels of the clean sequences were
calculated. All downstream analyses were based on the
high-quality clean sequence. Transcriptome assembly was
performed using Trinity [33], with min_kmer_cov set to 2 and
all other parameters set to their default values. Data
nonredundancy was achieved with Corset (https://
code.google.com/p/corset-project/), which used the number
of reads and expression patterns of the aligned transcripts to
hierarchically cluster transcripts [34]. Finally, the longest
transcript in each cluster was retained as a unigene for
subsequent annotations.

2.3. Unigene functional annotation

To obtain comprehensive gene function information,
unigenes were annotated based on seven databases: 1) NCBI
non-redundant protein sequences (NR, using diamond 0.8.22
(https://github.com/bbuchfink/diamond) with an e-value =
1e™) [35]; 2) NCBI nucleotide sequences (NT, using NCBI
BLAST 2.2.28+ (ftp://ftp.ncbi.nlm.nih.gov/blast/executables/
LATEST/) with an e-value = 1e™) [36]; 3) Protein family
(PFAM, using HMMER 3.0 package and hmmscan (https://
www.ebi.ac.uk/Tools/hmmer/) with an e-value = 0.01) [37]; 4)
euKaryotic Ortholog Groups (KOG, using diamond 0.8.22 with
an e-value = 1e7°) [35]; 5) SwissProt (using diamond 0.8.22 with
an e-value = 1e™) [35]; 6) Kyoto Encyclopedia of Genes and
Genomes (KO, using the KEGG Automatic Annotation Server
(KAAS, https://www.genome.jp/tools/kaas/) with an e-value =
1719 [38]; and 7) Gene Ontology (GO, using Blast2GO 2.5
(https://www.blast2go.com) and a custom script with an e-
value = 1e™) [39].

2.4. Alignment of an annotated gene in lentil with homologous
genes in alfalfa and pea

Protein sequences related to those encoded by the FT gene in
the model organism alfalfa (Medicago truncatula) were
searched against the NCBI database. It was found that the
sequence of AET05551.2 was FT and the TFL1-like protein in
alfalfa. The protein sequence was subjected to a BLAST search
against the lentil unigene database using BioEdit 7.0.9.0
(https://bioedit.software.informer.com/) with default
parameters. The lentil sequence with ID Cluster-18821.11917,

for which the alignment score was 3e™*! was most similar.

The gene was functionally annotated as the flowering gene
Tal in pea (Pisum sativum L.). Cluster-18821.11917 was a
homolog of the FT gene in alfalfa and pea. The FT-related
protein sequences in alfalfa and pea were searched against
the NCBI database. FT protein sequences including
AEI99551.1, AEI99552.1, AEI99553.1, AEI99554.1, AEI99555.1 in
and ADZ05704.1, ADZ05700.1, ADZ05701.1, ADZ05702.1, and
ADZ05703.1 were found. Finally, the ClustalW Multiple
function of BioEdit was used to perform multiple alignhment
of these protein sequences.

2.5. Development and validation of EST-SSR markers

Genomic DNA was extracted from the fresh leaves of 4-week-
old seedlings (mixtures of three plants) using a new Plant
Genomic DNA Isolation kit (DP320-03, Tiangen Biotechnology,
Beijing, China) and stored at —20 °C for later PCR.

High-throughput SSR detection was performed with MISA
(MIcroSAtellite identification tool, http://pgrc.ipk-gatersleben.
de/mwasa/mwasa.html) (Table S2). The equipment
parameters were set to minimum SSR repeat motif lengths
of mono-10, di-6, tri-5, tetra-5, penta-5, and hexa-5. For
complex situations, the maximum allowed interval between
two different SSRs was 100 bp. Microsatellite loci were
selected using Primer 3.0 (https:/SourceMemi.net/Projects/
primer3/), and SSR primers were designed based on flanking
conserved sequences [40].

Of all EST-SSRs detected, 480 were selected randomly for
preliminary screening with accessions A036, A158, A376, and
A667 from diverse origins. The primers (Beijing Zixi
Biotechnology Co. Ltd., Beijing, China) and the DL500 DNA
marker (TaKaRa Biotechnology Co. Ltd., Dalian, China) was
used for PCR amplification and electrophoresis. The volume of
PCR system was 10 uL, containing 5.0 uL of 2x Premix Taq
buffer (TaKaRa), 2.0 uL. DNA (10 ng uL™?%), 1.0 pL of the primer
pair (2.0 pmol puL™%), and 2.0 pL ddH,0. The amplification
reaction was performed in a Biometra TAdvanced PCR
Thermal Cycler (Biometra, Jena, Germany) with the program
of 94 °C for 5 min; 35 cycles of 94 °C for 30 s, 52 °C for 45 s, and
72 °C for 1 min; 72 °C for 10 min. The amplification product
was separated on an 8% nondenaturing polyacrylamide gel.

Based on the results of the preliminary screening, the
selected markers were fluorescently labeled for the validation
of polymorphism in 94 lentil accessions and the amplified
products were separated by capillary electrophoresis. The
fluorescent label FAM (6-carboxy-fluorescein) or HEX (5-
hexachloro-fluorescein) was added to the 5’ end of each pair
of primers for amplification of EST-SSR markers. The
fluorescently labeled primers used in the experiment were
synthesized by Beijing Zixi Biotechnology Co. Ltd. (Beijing,
China). The primers were dissolved in sterile ddH,O and
diluted to 10 pmol uL~* for use. Other reagents were purchased
from TaKaRa Biotechnology (Dalian, China) Co. Ltd. Capillary
electrophoresis PCR amplification was performed as described
above and the PCR product was diluted 50-fold.
Autofluorescence detection was performed on an ABI 3730XL
DNA Analyzer (Applied Biosystems, Foster City, USA). Finally,
the size standard and parameters were set up for data
collection and image analysis using Data Collection and
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GeneMapper software (Thermo Fisher Scientific, Inc,
Waltham, Mass, USA). To further verify the quality of the
designed primers, we performed BLAST searches of the
sequences of the polymorphic EST-SSR markers (Table S3)
against the pre-released lentil genome sequence with BLASTn
at the website KnowPulse (https://knowpulse.usask.ca/blast/
nucleotide/nucleotide) [6,7] with a typical cutoff E-value of
1e™® and a similarity level > 90% to search for homologs [41,42].

2.6. Development and validation of KASP markers

Picard-Tools V1.41 (https:/broadinstitute.github.io/picard/)
and SAMtools v0.1.18 [43] were used for sorting, removal of
duplicate reads, and merging alignment results for each
example. GATK 3 software was used to call SNPs [44]. Fltering
of the original VCF file with the GATK standard method and
other parameters was performed as follows: cluster, 3;
WindowsSize, 35; QD <2.0 or FS >60.0; MQ <40.0 or SOR >4.0;
MQRanksum <-12.5 or ReadPosRanksum < -8.0 or DP <10.

KASP primer design followed the standards recommended
by the KASP developer. The 3’ ends of the two specific forward
primers were located at the SNP locus, and fluorescently
labeled FAM (GAAGGTGACCAAGTTCATGCT) and HEX
(GAAGGTCGGAGTCAACGGATT) were added at the 5’ end.
Three primers were included in the primer mix. The basic
KASP reaction system for the 384-well plates consisted of 4 pL
DNA template, 2.0 pL of 2x master mix, 0.064 pL primer mix,
and 1.936 pL ddH,0. The PCR procedure for KASP was as
follows: 94 °C for 5 min; 94 °C for 20 s, 61 °C for 1 min, 10 cycles;
94 °C for 20 s, 55 °C for 1 min, 26 cycles; and 72 °C for 1 min.
Fluorescence-labeled FAM and HEX were used for genotyping.
The main instruments used in the experiment were an ABI
7900HT Real-Time PCR instrument and a GeneAmp PCR
System 9700 (Thermo Fisher Scientific, Inc., Waltham, Mass,
USA). Fluorescently labeled primers were synthesized by
Beijing Zixi Biotechnology Co. Ltd. (Beijing, China).

2.7. Data analysis

GeneMapper 4.0 software provided the value of each allele
according to each fluorescent label. The size of each allele was
recorded and values below 500 were considered invalid data.
The input files for different software platforms were prepared
according to the formatting requirements of each type of
software used subsequently. The genetic diversity parameters
of each EST-SSR were calculated using PowerMarker 3.25 [45],
including major allele frequency (MAF), genotype number
(NG), allele number (NA), gene diversity (GD), heterozygosity
(He), and polymorphic information content (PIC). Principal
component analysis (PCA) was performed using NTSYSpc
2.10e (https://downloadbull.com/portable-ntsyspc-v2-10e-
free-download/). PowerMarker 3.25 was used to calculate the
genetic distance [46] and MEGA 6.0 [47] was used to construct
a phylogenetic tree using the UPGMA method. The population
genetic structure of the test materials was analyzed using
STRUCTURE 2.3.4 [48,49]. The parameters were set as follows:
length of burn-in period = 10,000, number of MCMC reps after
burn-in = 10,000, number of populations (K) = 1-20, number of
iterations = 20. The optimal population structure and
subgroup number were determined according to the delta K

(AK) value [50] with the website program STRUCTURE
HARVESTER  (http://taylor0.biology.ucla.edu/struct_harvest/)
[51].

3. Results
3.1. Illumina sequencing and transcriptome assembly of lentil

Using the Illumina HiSeq system, a total of 1415.2 million
reads were obtained from the 18 lentil samples (six accessions
with three replicates) with a mean of 78.6 million, of which
1377.4 million were clean reads. These reads were assembled
into 217,836 transcripts and 161,095 unigenes. The mean
lengths of transcripts and unigenes were 1180 and 1494 bp,
respectively (Table 1). The N50 values of transcripts and
unigenes were 2075 and 2203 bp, respectively.

3.2. Gene function annotation

Gene function annotation revealed 161,095 unigenes. Among
the seven databases, the largest number of genes were
annotated by NT, 117,830 (73.14%), and the fewest were
annotated by KOG, 32,244 (20.01%) (Fig. 1a). Venn plots of
annotation results for five databases including NR, NT, PFAM,
GO, and KOG showed that 25,974 genes could be annotated
with the five databases (Fig. 1b).

After KO annotation, 48,384 unigenes of lentil were
classified according to their participation in KEGG metabolic
pathways, including cellular processes (2434), environmental
information processing (1759), genetic information processing
(9789), metabolism (21,743), and organismal systems (1448)
(Fig. 2a). The largest number of genes were involved in the
metabolism branch, under which the most common pathway
was the carbohydrate metabolism, with the most genes
(4435).

After GO annotation, the successfully annotated 85,585
unigenes were classified according to the three levels of gene
function: biological process, cellular component, and
molecular function (Fig. 2b). The greatest numbers of
unigenes (51,049) were associated with cellular processes.
Among the cellular components, the numbers of unigenes
associated with cells were greatest and reached 30,325. For
molecular function, the greatest numbers of unigenes (49,117)
were associated with binding.

A total of 32,244 KOG-annotated unigenes were classified
according to KOG groups and divided into 26 groups (Fig. 2c).

Table 1 - Characteristics of the de novo assembly of lentil
using the Trinity software.

Item Transcript Unigene
Total nucleotides (bp) 257,080,794 240,633,780
Sequence number 217,836 161,095
Max length (bp) 33,174 33,174
Mean length (bp) 1180 1494
Median length (bp) 698 1113
Min length (bp) 201 201
N50 (bp) 2075 2203
N90 (bp) 479 714
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Fig. 1 - Unigene annotation results. (a) Frequency distribution of the annotation results of unigenes in GO, KO, KOG, NR, NT,
PFAM, and SwissProt databases. (b) Venn diagram of gene annotation for the NR, NT, PFAM, GO, and KOG databases.

Among these genes, the number associated with
posttranslational modification, protein turnover, and
chaperones was highest, at 4393; the number in the general
function prediction category ranked second, at 4131; and the
number associated with translation, ribosomal structure, and
biogenesis ranked third, at 2895.

To verify the accuracy of assembly and annotation, we
selected an unigene annotated as a FT homologous gene in
lentil to compare with those of pea and alfalfa. The lentil RNA-
Seq analysis and gene function annotation revealed that the
Cluster-18,821.11917 was the FT gene homolog of lentil.
Protein sequence alignment showed that the FT gene homolog
of lentil displayed high similarity with the FT gene families of
pea and alfalfa (Fig. 3).

3.3. Development and validation of EST-SSR and KASP
markers

A total of 26,449 pairs of EST-SSR primers were designed
based on the RNA-Seq results (Table S2). A total of 480 primer
pairs were randomly selected for verification (Tables S3 and
S4). EST-SSR primers were identified in accessions A036
(Shanxi, China), A158 (Yunnan, China), A376 (Canada), and
A667 (Turkey). The results showed that 276 pairs of primers
(Tables S3 and S4) amplified clear products. The remaining
204 primers (Table S4) showed no amplification products. The
276 primer pairs were further verified with fluorescently
labeled EST-SSR markers using capillary electrophoresis for
94 lentil accessions. The results showed that among the 276
primer pairs, 125 were polymorphic (Table S3) and 43
monomorphic (Table S4), accounting for respectively 45.29%
and 15.58% of the 276 pairs. The remaining 108 primer
products were poorly separated by capillary electrophoresis

and were classified as primers that amplified complex
products (Table S4). Fig. S1 shows the results of
electrophoresis of some test samples with the fluorescently
labeled marker P233. To further verify the quality of the
screened markers, sequences of the selected 125 polymorphic
markers were aligned with the pre-released lentil genome
sequence, showing that 123 of the 125 markers could be
mapped to the reference genome, with 110 (88%) mapping to
unique positions (Table S3).

Based on RNA-Seq analysis, a total of 130,073 SNPs were
identified (Table S5). Of these, 127 were selected for KASP
marker development with 127 pairs of designed KASP primers
(Table S6). Of the 127, 78 (61.41%) could be successfully
transformed into KASP markers. Seventy-eight KASP markers
were verified in 94 lentil accessions, among which 76 markers
were polymorphic and only two monomorphic, accounting for
respectively 59.84% and 1.57% of markers. Fig. S2 shows the
results of the detection of the WD_SNP1 primer based on
Sequence Detection Systems.

3.4. Genetic diversity evaluation

For EST-SSR markers, MAF ranged from 0.1882 to 0.9946,
with a mean of 0.7143; GD ranged from 0.0107 to 0.8836, with
amean of 0.3800; He ranged from 0 to 1, with a mean of 0.2541;
and PIC ranged from 0.0106 to 0.8727 with a mean of 0.3407
(Table S7). For KASP markers, MAF ranged from 0.5172 to
1.0000, with a mean of 0.8198; GD ranged from 0 to 0.4994,
with a mean of 0.2665; He ranged from 0 to 0.9524, with a
mean of 0.0846; and PIC values ranged from 0 to 0.3747, with a
mean of 0.2229 (Table S8). A total of 727 genotypes and 608
alleles were obtained for EST-SSR markers, while 215
genotypes and 154 alleles were generated with KASP markers
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Fig. 3 - Alignment between the protein sequences of FT homolog unigene Cluster-18821.11917 in lentil and FT gene homologs

in pea and alfalfa.

(Table 2). The information contents of EST-SSR and KASP
markers were classified into slight (PIC <0.25), moderate
(0.25 < PIC <0.5), and high (PIC >0.5). According to these
standards, there were 30 highly and 49 moderately
informative EST-SSR markers, and 27 KASP markers were
classed as moderately informative (Table 2). In general, the
genetic diversity of SNP markers was lower than that of EST-
SSR markers.

3.5. Population genetic structure analyses

The cumulative contribution rates of the first three principal
components were 98.45% and 79.35% for the EST-SSR and
KASP markers, respectively. PCA based on EST-SSR markers
(Fig. 4a) showed that the spatial distributions of the Chinese
accessions (red ellipse) clustered together and were clearly
separated from the foreign accessions (blue ellipse) except for
several accessions, indicating that the genetic basis of
Chinese accessions was significantly different from that of
exotic accessions. Only one sample from Japan of the exotic
accessions was clustered into the Chinese group, indicating
that this sample was closely related to the Chinese
accessions. PCA analysis with KASP markers displayed a
similar genetic variation pattern with those of EST-SSR
markers despite the different marker system (Fig. 4b). The
Chinese resources were more prominently clustered with the
exception of two accessions, while the distribution of the

exotic materials was broader. These results indicated that the
two types of markers showed essentially identical
effectiveness for classifying genetic materials.

The UPGMA dendrogram based on EST-SSR markers
divided 94 lentil accessions into two major groups (Fig. 4c).
The first group was composed mainly of Chinese lentil
accessions, whereas most members of the second group
were from outside China. The first group was further divided
into two subgroups, of which one small subgroup included
three genotypes from western Asia and the second subgroup
consisted Chinese accessions with one Japanese accession.
The UPGMA dendrogram based on KASP markers also
identified two major groups in the 94 lentil accessions mainly
corresponding to Chinese and foreign accessions (Fig. 4d),
which were highly consistent with the classification using
EST-SSR markers. The first group was also split into two
subgroups. In slight contrast with EST-SSR, the first subgroup
consisted of all Chinese samples and the second subgroup of
only two accessions, one from Japan and the other from Syria.

Structure analysis based on EST-SSR markers divided all
the samples into two groups (Fig. 4e), when the AK value was
highest at K = 2 (Fig. S3a). Red represents the first group,
consisting mostly of samples from China and one Japanese
sample (A677). Green indicates the second subgroup,
consisting mostly of exotic germplasm, and two Chinese
accessions (A170 and A491). The structure analysis of the
KASP markers was consistent with the results obtained from

Table 2 - Summary of alleles and diversity indices of the EST-SSR and KASP markers tested in 94 lentil accessions.

Marker Marker Total genotype Total allele Mean Mean Mean Mean Informative type
type number number number MAF GD He PIC 3 :
Slight Moderate High
EST-SSR 125 727 608 0.7143 0.3800 0.2541 0.3407 46 49 30
KASP 78 215 154 0.8198 0.2665  0.0846 0.2229 51 27 0

Markers were classified as highly informative (PIC >0.5), moderately informative (0.25 < PIC <0.5), and slightly informative (PIC <0.25). MAF,
major allele frequency; He, heterozygosity; GD, gene diversity; PIC, polymorphic information content.
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Fig. 4 — Results of population genetic structure analyses of 94 lentil accessions using EST-SSR and KASP markers. Three-
dimensional PCA of 94 lentil accessions based on 125 EST-SSR markers (a) and 78 KASP markers (b). UPGMA dendrograms
showing the genetic relationships among 94 lentil accessions based on 125 EST-SSR markers (c) and 78 KASP markers (d).
STRUCTURE analyses of 94 lentil accessions based on 125 EST-SSR markers (e) and 78 KASP markers (f).
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EST-SSR markers in general. When the AK value was highest
atK =2 (Fig. S3b), two genetic groups were identified (Fig. 4f). The
first group in red contained all the Chinese samples and two
foreign accessions (A677 from Japan, A279 from Syria). The
second group in green consisted mostly of exotic germplasm
along with the same two Chinese accessions (A170 and A491)
with the results of EST-SSR markers. In summary, the results
of population genetic structure analyses were consistent
among different approaches and markers.

4. Discussion

4.1. A high-quality transcriptome assembly and annotation
for lentil

As a global food legume crop, the harvest area and
consumption demand of lentils are expanding year by year
according to FAO statistics [3]. With the increasing in global
agronomic importance, more and more attentions were paid
to the development of genomic and genetic resources for crop
improvement of lentils. Except that a preliminary draft
genome assembly of lentil has been released [6,7], several
studies using transcriptome analysis have also provided
valuable genetic resources for lentils [13,15,16,52]. An earlier
study of transcriptome sequencing generated a total of 15,354
contigs ranging between 114 bp and 6479 bp with a mean of
717 bp, as well as 68,715 singletons ranging between 101 bp
and 560 bp, with an average of 286 bp. A total of 20,419 unique
matches were identified when the lentil unigene set was
compared against the EST sequence databases of Glycine max
[13]. Verma et al. performed RNA-Seq in lentil (cv. Precoz) and
obtained 42,196 nonredundant high-quality transcripts with
an average length of 810 bp and an N50 of 1432 bp [15].
Sudheesh et al. [16] conducted RNA-Seq in the lentil variety
Cassab and obtained a high-quality reference unigene set
containing 58,986 contigs and scaffolds with N50 length of
1719 bp. A total of 46,372 transcripts were annotated in at least
one of five databases, while 22,621 transcripts were annotated
in all five databases. When a drought-sensitive lentil cultivar
(cv. Sultan) was subjected to de novo RNA-Seq analysis after
the establishment of drought conditions, de novo assembly
generated 207,076 transcripts with a mean length of 950 nt
[52]. In this study, a new reference transcriptome assembly
including 217,836 nonredundant high-quality transcripts was
obtained with N50 value of 2075 bp (Table 1), which is better in
total numbers and transicript average length than that of
previous studies [13,15,16,52]. In addition, more unigenes
(25,974) were annotated in all five databases (Fig. 1) than
previous studies [13,16].

To verify the accuracy of assembly and annotation, we
selected an unigene annotated as a FT homologous gene in
lentil and performed sequence alignment with those FT
homologous genes of pea and alfalfa. Flowering time is an
agronomic trait closely related to adaptation and
productivity [53]. Phenological adaptation is considered to
be the major evolutionary force underlying the ecological
differentiation of lentil [54,55]. The FT gene encodes a small
protein that binds to the protein domain (PEBP) of
mammalian  phosphatidyl ethanolamine analogues,

promoting flowering and initiating grain production [56,57].
Hecht et al. showed that FT gene homologs and the flowering
induction function are highly conserved among model
legumes including soybean (Glycine max), crowtoe (Lotus
japonicus), alfalfa (Medicago truncatula) and pea (Pisum sativum)
[58]. Tadege et al. suggested that the five FT genes of the
leguminous plant alfalfa exhibit different expression
patterns and responses to environmental cues [59]. However,
little is known about the FT gene homologs of lentil, and
direct comparisons among lentil, pea and alfalfa are lacking.
In the present study, the Cluster-18,821.11917 annotated as
an FT gene homolog in lentil, showed high sequence
similarity to those FT homologous genes of pea and alfalfa.
To sum up, a high-quality lentil reference transcript was
obtained and comprehensively annotated in this study,
which can provide a powerful tool for lentil gene mining.

4.2. EST-SSR marker development and validation in lentil

SSR markers are codominant markers with abundant
polymorphisms in many eukaryotic genomes [60]. SSR
markers are widely used in major crops for genetic and
genomic analyses such as DNA fingerprinting, genetic linkage
mapping, genetic diversity assessment, QTL mapping, and
gene mining [61-65]. The reported research on lentil involving
SSR markers has included the development of SSR markers,
association analysis based on SSR markers, and genetic
diversity analysis [66-68]. Kaur et al. [13] performed
transcriptome sequencing in six distinct lentil varieties and
designed 2393 EST-SSR primer pairs, 192 of which were
screened for validation in 12 lentil cultivars and one wild
relative. A total of 166 (86.4%) EST-SSR primer pairs showed
successful amplification, among which 47.5% revealed genetic
polymorphism. Verma et al. [15] designed 5673 pairs of EST-
SSR primers using RNA-Seq, 96 of which were randomly
selected to amplify the parental genotype, and 82 pairs (85.4%)
were successfully amplified. Of these, 54 primer pairs were
selected to genotype 24 lentil cultivars and plants of the
related species Medicago, Glycine, and Vigna for genetic
diversity analysis, and 23 pairs (43%) were found to be
polymorphic. In the present study, the transcriptomes of six
lentil accessions from different regions were sequenced from
roots, stems and leaves, and 26,449 EST-SSR markers were
generated based on the sequencing results. A total of 480 pairs
were first selected for validation in four lentil genotypes using
PAGE, among which fluorescent labels were added to 276 pairs
with clear bands, and the marker pairs were then verified in
94 lentil accessions using capillary electrophoresis. The
results showed that 125 (45.29%) markers were polymorphic,
43 (15.58%) markers were monomorphic, and 108 (39.13%)
markers were complex and unrecognizable (Tables S3 and
S4). BLAST alignment of the 125 polymorphic EST-SSR
markers with the preliminary genome of lentil [6,7] showed
that 123 could be mapped to the reference genome and that
110 exhibited unique mapping positions, resulting in a
unique mapping rate of 88.00% (Table S3). These results
were similar to those of a study in chickpea showing a
unique mapping rate of 91% [41]. Such results further
verified the reliability of the EST-SSR markers developed in
the present study. These 125 polymorphic EST-SSR markers
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will greatly benefit molecular marker-assisted breeding
in lentil.

4.3. KASP marker analysis is cost-effective in lentil

KASP is a commonly used technique for SNP genotyping. It is
used in several research areas, including plant breeding,
disease identification, and species identification [69]. KASP
genotyping offers several advantages over other genotyping
methods. KASP detection is fast and cost-effective [69-71].
Multiple genotyping can be performed simultaneously in a 96-
well plate using KASP, increasing the likelihood of detecting
rare hybrids. KASP is very flexible and can genotype
sequences containing multiple SNPs if degenerate or mixed
bases are added to the primer sequences. KASP marker
development and validation have been reported in some
cool-season legumes such as grass pea and lentil. Hao et al.
[72] identified 50 KASP markers and validated them in 43 grass
pea accessions, with 42 (84%) KASP markers showing
polymorphism and displaying PIC values from 0 to 0.375,
with a mean of 0.246. For lentil, Sharpe et al. [4] designed KASP
assays based on 28 SNPs within a unique contig using a
targeted transcriptome profiling strategy, and validation in 11
genotypes showed four failed assays. Fedoruk et al. [31]
applied 56 KASP assays for genetic mapping and QTL analysis
of seed quality characteristics in lentil based on the above
study. Rodda et al. [32] used 200 KASP markers to genotype 178
Fg lines and the parents of a RIL population for genetic linkage
mapping and found that 106 KASP markers were polymorphic.
However, the number of KASP markers verified to be
polymorphic was still limited. In the present study, 127 KASP
markers were designed and validated in 94 lentil accessions.
The results showed that 78 (61.42%) KASP markers were
available, among which 76 (59.84%) markers were
polymorphic, and 2 (1.57%) were monomorphic, and the PIC
values ranged from 0 to 0.3747, with an average of 0.2229.
These 76 polymorphic KASP markers are novel markers for
molecular-assisted breeding in lentil.

4.4. Comparison of SSR and SNP markers

Both SSR and SNP markers are commonly used tools for
studying crop genetic diversity and population structure. Li et
al. [73] performed genetic diversity analysis of 303 cultivated
and wild soybean accessions using 99 SSR markers and 554
SNP markers, and the genetic diversity of 0.77 for SSR markers
was significantly higher than that of 0.35 for SNP markers. In
the present study, 125 EST-SSR markers and 78 KASP markers
were used to analyze the genetic diversity and population
structure of 94 lentil accessions. The mean genetic diversity
was 0.3800 and the mean PIC value was 0.3407 for the EST-SSR
markers, greater than the values of 0.2665 and 0.2229 obtained
for the KASP markers. These results were consistent with
previous research reports. SNP markers carry only two alleles
and SSR markers carry multiple alleles. Comparison of the
EST-SSR markers used in this study revealed that their genetic
diversity was lower than that of the SSR markers developed in
previous studies. The reason for this disparity is that EST-
SSRs are located in coding regions, which are more conserved
than non-coding regions. Comparison of the EST-SSR and

KASP markers via PCA, cluster analysis, and population
structure analysis of 94 lentil accessions showed that the
two types of markers were fairly consistent with each other,
further demonstrating that RNA-Seq analysis and the two
types of markers developed were reliable and effective for
application in molecular marker-assisted breeding in lentil.
However, the lentil samples used for marker validation were
diverse. We suggest that future studies should investigate a
wider range of germplasm.

5. Conclusions

Six lentil accessions from different regions were used for
RNA-Seq with three replicates for each accession. The total
sequencing data of the 18 samples consisted of 206.64 Gb of
clean bases, with a mean of 11.48 Gb per sample. The
sequencing data were de novo assembled, yielding 217,836
transcripts and 161,095 unigenes. In addition, 26,499 EST-SSR
markers and 130,073 SNP loci were identified. After validation
in 94 lentil accessions from different areas of the world, 125 of
276 (45.29%) EST-SSR markers and 78 of 127 (61.42%) KASP
markers were found to be polymorphic. The results of the two
marker verification analyses of population structure were
highly consistent. The EST-SSR and KASP markers obtained in
this study will assist in the molecular marker-assisted
breeding of lentil. Future studies should investigate a wider
range of lentil germplasm.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.cj.2020.04.007.
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