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Abstract
The characterization and preservation of genetic variation in crops is critical to meet-
ing the challenges of breeding in the face of changing climates and markets. In recent 
years, the use of single nucleotide polymorphisms (SNPs) has become routine, allow-
ing us to understand the population structure, find divergent lines for crosses, and 
illuminate the origin of crops. However, the focus on SNPs overlooks other forms of 
variation, such as copy number variation (CNVs). Lentil is the third most important 
cold- season legume and was domesticated in the Fertile Crescent. We genotyped 324 
accessions that represent its global diversity, and using both SNPs and CNVs, we dis-
sected the population structure and genetic variation, and identified candidate genes. 
Eight clusters were detected, most of them located in or near the Fertile Crescent, 
even though different clusters were present in distinct regions. The cluster from South 
Asia was particularly differentiated and presented low diversity, contrasting with the 
clusters from the Mediterranean and the northern temperate. Accessions from North 
America were mainly assigned to one cluster and were highly diverse, reflecting the 
efforts of breeding programs to integrate variation. Thirty- three genes were iden-
tified as candidates under selection and among their functions were sporopollenin 
synthesis in pollen, a component of chlorophyll B reductase that partially determines 
the antenna size, and two genes related to the import system of chloroplasts. Eleven 
percent of all lentil genes and 21% of lentil disease resistance genes were affected 
by CNVs. The gene categories overrepresented in these genes were “enzymes,” “Cell 
Wall Organization,” and “external stimuli response.” All the genes found in the latter 
were associated with pathogen response. CNVs provided information about popula-
tion structure and might have played a role in adaptation. The incorporation of CNVs 
in diversity studies is needed for a broader understanding of how they evolve and 
contribute to domestication.
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1  |  INTRODUC TION

Crop diversity is the result of past and current natural and human- 
mediated evolutionary processes, which continue as farmers and 
breeders select traits of interest. Understanding the distribution 
of genetic variation in crops allows us to elucidate these evolution-
ary processes and is critical to our efforts to preserve and harness 
that variation, which is crucial to meet the challenges of breeding 
in the face of rapidly changing markets, climates, and agricultural 
approaches. Landraces also play a role in food security in regions 
where traditional and small- scale agriculture occurs, and are a 
unique source of variation (Camacho- Villa et al., 2005; Mercer & 
Perales, 2010). Domestication, historical human migrations, and dif-
ferent culinary traditions, coupled with mutation, natural selection, 
and breeding, have all crafted crop genetic variation. Often these 
processes have distinct effects since some reduce the diversity, 
meanwhile others mix, isolate or promote variation. Regional vari-
ation is observed in many adaptive traits such as abiotic stress tol-
erance, flowering time, and disease resistance, and selection based 
on these factors further improves the domesticated crops, enabling 
them to adapt to a variety of local environmental conditions (Hoban 
et al., 2016). In many crops, genetic diversity has been eroded over 
time due to small effective population sizes and repeated intercross-
ing, selection, and propagation of uniform and stable cultivars (e.g., 
Gross, 2012; Morrell et al., 2012; Warschefsky et al., 2014). The loss 
of genetic diversity is further aggravated by the increased demand 
for homogeneous monocropping and, due to climate change and 
habitat loss of the wild relatives, the reduction in genetic diversity is 
becoming an acute threat to many crop species.

In contrast to the routine use of Single Nucleotide Polymorphisms 
(SNPs) to examine the evolutionary history of crops and to identify 
causal variants, the role of Copy Number Variation (CNV) in the 
domestication process had been overlooked until recently (Gaut 
et al., 2018). CNVs are polymorphisms that differ in the number of 
copies of a specific sequence present between individuals of one spe-
cies and include deletions, duplications, and insertions of >1 kb size 
Freeman et al., 2006. CNVs are likely to have large effects on phe-
notypes, which make them more likely to be deleterious (Emerson 
et al., 2008; Katju & Bergthorsson, 2013; Zhang et al., 2009). 
Despite this, CNVs might actually be a source of diversity, facili-
tating adaptation since the few CNVs retained could have an im-
portant role in the phenotypic variation (Lye & Purugganan, 2019). 
Therefore, significant variation might not be captured in solely 
SNP- based studies Bai et al., 2016. CNVs have been characterized in 
some major crops, such as maize (Sun et al., 2018; Swanson- Wagner 
et al., 2010), potato (Hardigan et al., 2016; Knaus et al., 2020), to-
mato (Alonge et al., 2020) and grapevine (Mercenaro et al., 2017; 
Zhou et al., 2019), but population genetic studies based on CNVs in 
domesticated crops are still scarce.

Due to their association with nitrogen- fixing bacteria, legume 
crops are an essential part of many agricultural systems. Introducing 
legumes into crop rotations helps to replenish the nitrogen in the 

soil, thereby reducing the use of chemical fertilizers and promoting 
environmentally friendly agricultural systems. Lentil (Lens culinaris 
Medik.) is an annual self- pollinating legume, and one of the oldest 
crops with a domestication history dating back to 11,000 BP in the 
Fertile Crescent (Ladizinsky, 1979). Lentil is the third most import-
ant cool season grain legume and is a source of food in many cul-
tures. It is currently cultivated in about 45 countries, concentrated 
in regions such as temperate North America, the Mediterranean 
coasts, the Middle East, South Asia, and East Africa (Food and 
Agriculture Organization of the United Nations Statistical Database; 
FAOSTAT, 2020).

Lentil is a diploid (2n = 14) organism, but the complexity of its 
large genome (4063 Mbp; Arumuganathan & Earle, 1991) makes this 
important crop difficult to study. An early study demonstrated low 
genetic diversity in cultivated lentils due to bottlenecks associated 
with lentil spread in South Asia Erskine et al., 1998. Later, more 
tools and resources became available for lentils and several stud-
ies addressing its population structure and genetic diversity have 
been conducted (Dissanayake et al., 2020; Ferguson et al., 1998; 
Idrissi et al., 2015; Khazaei et al., 2016; Liber et al., 2021; Lombardi 
et al., 2014; Pavan et al., 2019). Most of these studies are based on 
low- resolution markers, including a relatively low number of loci, and/
or are focused on accessions from a particular region. We recently 
developed an exome capture array for lentils (Ogutcen et al., 2018) 
and generated high- quality genomic data from a lentil panel inte-
grated by accessions that represent the global lentil diversity.

In this study, using both SNPs and CNVs we aim to (i) dissect 
the population structure within and between cultivated lentil popu-
lations from around the world, (ii) examine the effects of domestica-
tion on the genetic diversity of lentils, and (iii) identify the genomic 
basis of adaptation in this legume. This work will provide a foun-
dation for candidate gene search for agronomically important traits 
and can be essential to enrich the cultivated lentil germplasm and to 
further improve lentil breeding programs.

2  |  MATERIAL AND METHODS

2.1  |  Lentil diversity panel and exome capture

We genotyped a lentil diversity panel (LDP), consisting of 324 lentil 
accessions that represented the global diversity of cultivated lentils 
(Haile et al., 2020; Wright et al., 2021). This panel contained samples 
from all of the major areas of lentil domestication and postdomes-
tication divergence (Table S1). The genotypes used were derived 
from a combination of landraces and bred varieties gathered from 
genebanks of the United States Department of Agriculture (USDA), 
the International Center for Agricultural Research in the Dry Areas 
(ICARDA), Plant Gene Resources of Canada (PGRC), and the Crop 
Development Center of the University of Saskatchewan, Canada. 
The exome capture assay developed by Ogutcen et al. (2018) was 
used to genotype one plant per accession of the LDP.
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2.2  |  SNP calling and filtering

An initial quality filter was applied to the raw reads with 
Trimmomatic 0.36 (Bolger et al., 2014) using the following param-
eters: maximum N content error of 10%; minimum base median 
quality PHRED score = 28; minimum per- sequence quality = 25; 
minimum quality in a four- base window = 30; and reads longer 
than 50 bp. The alignment of the trimmed reads to the reference 
genome (Ramsay et al., 2021) was performed with Bowtie2 2.3.3.1 
(Langmead & Salzberg, 2012). In order to remove PCR duplicates, 
we used the rmdup function from SAMtools 1.3.1 (Li et al., 2009). 
Variants were called using SAMtools, setting a minimum number 
of gapped reads to call an indel to 10. After variant discovery, 
SNPs were filtered with VCFtools 0.1.15 (Danecek et al., 2011) 
using a minimum quality = 30, minimum mean depth = 3×, maxi-
mum missingness per site = 0.10, minimum allele count (MAC) = 5, 
the SNPs within the CNV were removed (see Section 3), and only 
biallelic loci were kept.

2.3  |  CNV discovery and characterization

Alignment files were merged using Sambamba (Tarasov et al., 2015) 
and FAI index files were created with Samtools (Li et al., 2009). 
The depth of sequencing coverage was then estimated with the 
DepthOfCoverage tool from the Genome Analysis Toolkit (GATK 
4.1.8.1; McKenna et al., 2010). The discovery and filtering of CNVs 
were performed with the Exome Hidden Markov Model (XHMM; 
McKenna et al., 2010) using a minimum target size of 100 bp, a 
minimum mean target read depth of 3×, and a maximum of 3000×. 
XHMM uses principal component analysis (PCA) to normalize exome 
read depth and a hidden Markov model (HMM) to discover the CNV 
and genotype variation across samples.

In order to test whether there was an association between the 
number of CNV per chromosome and the chromosome size or the 
number of genes within them, Spearman correlation tests were 
performed.

2.4  |  Population structure and genetic diversity

Population structure and genetic diversity were assessed using both 
SNPs and CNVs. Clusters were inferred with the SNPs using the “sim-
ple” prior in fastSTRUCTURE, a variational Bayesian framework for 
posterior inference (Raj et al., 2014). To detect the optimal number 
of subpopulations (K), we ran a series of analyses with increasing K 
from one to ten with five cross- validation runs for each K. The range 
of optimal K was determined using the “chooseK” function in fast-
STRUCTURE. The population structure of lentils was also explored 
through PCA. In the case of the SNPs, the PCA was performed with 
SNPrelate (Zheng et al., 2012). For the CNVs, the prcomp R function 
(R Core Team, 2020) was used, applying the analysis to the normal-
ized read depth of the loci identified as deletions or duplications.

After CNV discovery, the number of deletions and duplications 
per accession within each cluster and their length were estimated. 
Kruskal- Wallis and Wilcox tests with the Holm correction were ap-
plied to compare those attributes among clusters. An R script that 
estimated the frequency of CNVs within each population was used, 
and then a custom Rscript was used to estimate the frequency of 
CNVs and the identification of private CNVs based on the estab-
lished populations. The functional classification of the genes found 
within the CNVs was performed through MapMan4 (Schwacke 
et al., 2019) and a χ2 test computing p- values by Monte Carlo simu-
lation (10,000 simulations) was performed in order to test whether 
the affected genes were randomly distributed among the gene cate-
gories Only genes that were present at a frequency higher than 0.20 
in each cluster were classified.

Pairwise FST (Weir & Cockerham, 1984) comparisons were per-
formed with the SNPs using a sliding window approach in VCFtools 
v0.1.15 (Danecek et al., 2011). For each comparison, the mean FST 
value was calculated in 100 kb sliding windows with a step size of 
50 kb. To estimate genetic differentiation based on the CNVs, we cal-
culated the variant fixation index (VST), which is an analog of FST that 
has been used to evaluate the divergence between populations from 
CNV loci (Dorant et al., 2020; Redon et al., 2006; Rinker et al., 2019). 
For each pairwise population comparison, VST = (VT − VS)/VT, where 
VT is the variance of the normalized read depths of all individuals 
from the two populations, and VS is the weighted mean of the vari-
ance within each population (Redon et al., 2006).

Tajima's D statistic (Tajima, 1989) was calculated from biallelic 
SNPs in 100 kb nonoverlapping windows across the genome of all in-
dividuals in each structure cluster using VCFtools. Since the number 
of polymorphic sites and private alleles is dependent on the sample 
size and the number of accessions per cluster differs, a rarefaction 
approach was applied for allelic richness and private allelic richness 
using ADZE v1.0 (Szpiech et al., 2008).

The Site Frequency Spectrum (SFS) of each cluster was con-
structed with both SNPs and CNVs. The allele count function of 
VCFtools was used for the SNP data and a custom Rscript for the 
count of CNVs. The expected SFS was derived using the Watterson 
estimator �̂W =

s
∑n−1

i=1

1

i

, where i is the number of samples and n is the 
number of SNPs. The two clusters distributed on the Mediterranean 
coast are also distributed in America (see Section 3). For these 
clusters, the rarefaction diversity analysis was performed subdi-
viding according to whether they were from the Americas or the 
Mediterranean region.

2.5  |  Selection tests

Three methods were applied to identify regions under selection. 
The first method, SelectionHapStats (https://github.com/ngaru 
d/Selec tionH apStats), looks for selective sweeps in the genome 
by calculating haplotype homozygosity statistics (H12) to identify 
genomic regions that have undergone recent and strong adaptation. 
We scanned the genome using sliding windows of 50 SNPs with 

https://github.com/ngarud/SelectionHapStats
https://github.com/ngarud/SelectionHapStats


1316  |    GUERRA-GARCIA et al.

intervals of 5 SNPs between window centers and calculated H12 in 
each window. H12 peaks were identified using the “H12peakFinder” 
function in SelectionHapStats, keeping the top 5 peaks per chro-
mosome longer than the average LD decay (150 kb) to avoid false 
positives.

It is expected that the selective sweeps in autogamous species 
will tend to be longer due to the reduction in effective recombina-
tion. To reduce the number of candidate genes under selection and 
the false- positive rate, the other two selected methods are based 
on outlier detection: the R package pcadapt (Luu et al., 2017) and 
BayeScan 2.1 (Foll & Gaggiotti, 2008). For these outlier tests, we 
applied second filtering to the data set: minimum mean depth = 3×, 
minimum allele count = 10, only keeping biallelic variants and re-
moving SNPs closer than 2000 bp and located within CNV regions. 
Pcadapt detects candidate loci under selection that are outliers with 
respect to the population structure inferred through a PCA. It does 
not require grouping samples and can handle admixed individuals, 
which is important when the clusters are not discrete units and pres-
ent mixed ancestry (Luu et al., 2017). BayeScan uses differences in 
allele frequencies of predefined populations. In both outlier analy-
ses, the significance threshold value was set to 0.01.

To avoid false positives, we only considered genes as “true can-
didates under selection” if they were detected by at least two of 
the three methods. The functional classification of these candidate 
genes under selection was performed using MapMan4 and a χ2 test 
computing p- value by Monte Carlo simulation (10,000 simulations) 
to check whether the candidate genes under selection were ran-
domly distributed across the gene categories.

3  |  RESULTS

3.1  |  Genotyping

A total of 324 lentil accessions representing the global diversity 
were genotyped using an exome capture approach. After read map-
ping to a reference assembly, 34,637,608 SNPs were identified, of 
which 3,074,957 variants were kept after applying quality filters. 
The filtered data set presented a mean depth per site of 21.69× and 
a mean missing rate per site of 1.7%. The XHMM method detected a 
total of 2646 CNV regions affected across the lentil diversity panel.

3.2  |  Population structure and genetic diversity 
characterization using SNPs

We found eight clusters with fastSTRUCTURE (Figure 1). K was 
estimated between one and ten, and we picked K = 8 as the best 
description based on the method described by Evanno et al. (2005). 
Even though most of the clusters presented mixed ancestry, there is 
a clear separation between the clusters found to the East and West 
of the lentil center of origin (Figure 1a). This pattern is also observed 
in the first principal component of the PCA (Figure 1b). Despite the 

fact that lentil clusters were not tightly defined geographically, there 
were distinct patterns in their distribution and some clusters are 
more common in particular regions (Table 1, Figure 1a, Figure S1). 
Several clusters were found within or close to the Middle East, 
which is the center of origin (Table 1, Figure S1), and the diversity 
in the number of clusters decreases with increasing distance from 
this region.

The clusters that had the highest number of segregating sites 
were 1 (distributed in the Middle East), 8 (Mediterranean and North 
America; northern temperate climates) and 7 (Mediterranean coast 
and South America; Mediterranean climates), and 5 (East African 
highlands, South Levant and Egypt; Figure S2a). The highest ge-
netic diversity in terms of allelic richness was found in clusters 7, 
5, and 1 (Figure S3a). It is worth noting that the allelic richness of 
clusters 7 and 8 was relatively high among the accessions from the 
Mediterranean but dropped among the accessions distributed in the 
Americas (Figure S2a). This reduction in diversity is dramatic in the 
case of cluster 7A (mainly from South America), contrasting with the 
low loss of diversity in the accessions from cluster 8A distributed 
mostly in North America.

The clusters with the lowest diversity in terms of allelic richness 
and segregating sites were located in Central Asia South Asia and 
Iran (clusters 6, 4, and 3; Figure S3a). Cluster 2 also exhibited low 
levels of diversity; however, fewer accessions were included in this 
group in comparison with other clusters so this may not be truly 
representative of this cluster. The greatest private allele richness 
(Figure S3b) and the highest levels of differentiation (Figure S4) were 
found in cluster 5. Clusters 3, 4, and 6 also presented relatively large 
FST values compared with the rest of the populations (Figure S4). 
Conversely, the lowest differentiation levels were estimated in clus-
ter 1.

The genomic patterns of Tajima's D estimation varied across the 
clusters (Figure 2a). Cluster 8 (Temperate Mediterranean and North 
America), 6 (Central Asia), 3 (Iran), and 4 (Southeast Asia) had neg-
ative values; the last two having the lowest Tajima's D estimates. 
Positive peaks were found for clusters from the Middle East region 
(clusters 1 and 2), 5 (East African highlands), and a less conspicu-
ous positive peak is observed in cluster 7 (Mediterranean region and 
South America).

A deficit of low- frequency SNPs variants compared with the ex-
pected SFS was detected in all the clusters. Furthermore, an excess 
of high- frequency alleles was observed in most of the populations 
(clusters 2, 3, 4, 5, and 6; Figure 2c).

3.3  |  CNV diversity in the LDP

Of the 2646 CNV regions identified, 1949 were duplications and 
1827 were deletions. Some of the CNV regions were identified as 
duplications in some accessions and as deletions in other lentil sam-
ples. Therefore, the sum of the duplications and deletions did not 
correspond to the total number of CNV regions. On average, each 
genotype had 48 regions affected by a CNV -  both deletions and 
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duplications (Figure S5a). The median lengths of deletions and dupli-
cations across all clusters were 21.87 kb and 25.96 kb, respectively 
(Figure S6). Clusters 1, 3, 6, 7, and 8 had longer deletions compared 
with the other clusters, but no differences in the length of duplica-
tions were found (Figure S6).

The count of CNVs within the clusters was highly dependent on 
the number of accessions and the cluster where we detected the 
most CNVs was cluster 8 (97 accessions), followed by cluster 7 (50 
accessions; Figure S2b). Nevertheless, clusters 3 (24%) and 4 (23%) 
showed the highest proportions of private CNVs (Figure S5b).

The first principal component of the normalized read depth of 
CNVs explained 29.6% of the variance and no correspondence with 
the genetic clusters was observed (Figure S7a). Adding the second 
and third principal components, which explained the 11.4% and 
the 6.8% of variance, respectively, reflected a similar population 
structure to the one shown by the SNP data set (Figure 2b). The 
pattern observed in the pairwise VST was also congruent with the FST 

estimation, with clusters from the Middle East, South Asia, and East 
Africa being highly differentiated (Figure S7b). The highest differen-
tiation was found in clusters 3, 5, and 7 (Figure S7b).

An excess of low- frequency variants and a lack of high- frequency 
ones were a constant pattern across all the SFS constructed with the 
CNV data set for all population clusters (Figure 2c).

There was no correlation between the chromosome size nor 
the number of genes in the chromosomes and the number of CNVs 
found (p = 0.24 and p = 0.84, Figure S8). Chromosome 3 contained 
the highest number of CNVs, despite being the second shortest 
chromosome. Furthermore, chromosome 2, which is the largest one 
and contains the greatest number of genes, did not contain a large 
number of CNVs (Figure 3 and Figure S8).

Of the ~58,200 genes predicted in lentils (Ramsay et al., 2021), 
6722 (11.6%) were affected by CNVs. Using MapMan4, 5979 of 
these genes were classified into 29 categories, including a “Not as-
signed” one (Figure 4). Genes affected by CNVs were not randomly 

F I G U R E  1  (a) Global distribution of the lentil diversity panel (LDP). The size of the circles represents the number of accessions from 
different countries, and the colors indicate the clusters to which they belong. (b) Principal component analysis (PCA) for the first three 
principal components using the single nucleotide polymorphism (SNP) data set. (c) Ancestry plot of the LDP. The distributions of the lentil 
genetic clusters are: 1 = the Middle East (Iran, Turkey); 2 = the Middle East (Syria, Turkey); 3 = Iran; 4 = South Asia (India, Pakistan) and 
Syria; 5 = East African highlands and South Levant (Ethiopia, Jordan, and Egypt); 6 = Central Asia (Afghanistan, Iran); 7 = Mediterranean 
costs (Spain) and South America (Chile); 8 = Temperate Mediterranean (France) and North America (Canada).
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distributed among the MapMan4 gene categories (p < 0.001) and the 
top overrepresented categories were “enzymes,” “nucleotide metab-
olism,” “external stimuli response,” and “Cell Wall Organization.”

The most abundant category among the genes affected by CNVs 
was “Enzymes,” except in cluster 8, in which “RNA biosynthesis” 
was the most common (Figure 4). Within this “Enzymes” class, the 
transferase transferring phosphorus- containing group was the most 
abundant but is also the most common among the enzymes present 

in lentil genes in general (Figure S9c). In the case of the “External 
stimuli response,” all the genes found in this category were related 
to pathogen response (Figure S8a), and in “Cell Wall Organization” 
the genes were mostly associated with the presence of xylan in the 
cell wall (Figure S9d).

Approximately 1150 (2.0%) of the lentil genes in the reference 
genome are predicted to be related to disease resistance (Ramsay 
et al., 2021) and 240 of them (20.8%) were associated with CNV 

Population 
cluster Distribution n

n (>80% 
ancestry)

1 The Middle East (Iran, Turkey) 37 27

2 The Middle East (Syria, Turkey) 14 8

3 Iran 29 23

4 South Asia (India, Pakistan) and Syria 42 29

5 East African highlands and South Levant (Ethiopia, 
Jordan and Egypt)

32 21

6 Central Asia (Afghanistan, Iran) 23 22

7 Mediterranean costs (Spain); 7A South America 
(Chile)

50 23

8 Temperate Mediterranean (France); 8A North 
America (Canada)

97 51

Note: In clusters 7 and 8, indicates the main country in Europe and in the Americas, where lentil 
was more recently introduced.

TA B L E  1  Distribution of the lentil 
accessions included in this study

F I G U R E  2  (a) Tajima's D distribution 
estimated for each of the eight 
population clusters estimated for the 
lentil diversity panel (LDP). (b) Principal 
component analysis (PCA) inferred from 
the normalized depth of copy number 
variation (CNV) loci with each population 
cluster represented by dots in different 
colors. (c) Site frequency spectrum 
(SFS) of the individual LDP clusters. The 
observed SFS constructed from single 
nucleotide polymorphisms (SNPs) and 
from CNVs is indicated with different 
bar colors. Black dots and lines show the 
expected SFS.
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regions (Figure 3), which is many more than expected by chance 
(p < 0.001).

3.4  |  Identifying regions under selection

Three methods were used to detect regions under selection in the 
lentil genome. Two of these are outlier approaches (pcadapt and 

BayeScan) and the third one is based on the detection of selec-
tive sweeps (SelectionHapStats). BayeScan detected 1312 SNPs 
located across 487 genes. Using the package pcadapt, the first five 
principal components were assessed since they best reflected the 
population structure and 799 SNPs, located across 485 genes, ap-
pear to be under selection. Finally, the top five selective sweeps 
per chromosome identified using SelectionHapStats included 516 
genes.

F I G U R E  3  Distribution of copy number 
variation (CNV) loci along the lentil 
chromosomes. Green indicates the CNV 
density, and gray indicates the disease 
resistance gene frequency, in 1 mb 
windows.

F I G U R E  4  MapMan classification 
of the genes in copy number variation 
(CNV) regions. The first column shows 
the classification of all lentil genes, while 
the rest of the columns indicate the 
classification of genes affected by CNV 
loci that were presented within each 
cluster in a frequency higher than 0.20. 
The “Not assigned” category was not 
included in the figure. Asterisks show the 
categories that were overrepresented 
in the genes affected by CNVs. See 
Figure S9 for more details about 
subcategories of enzymes, nucleotide 
metabolism, external stimuli response, 
and Cell Wall Organization.
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In order to reduce false positives, only genes that were detected 
by at least two methods were considered true candidates under se-
lection. Thirty- three genes met this condition (Figure S10), which 
were then classified using MapMan into 14 categories (Figure S11) 
and no overrepresented category was found (p > 0.05). Protein mod-
ification was the category that contained the highest proportion of 
candidate genes under selection (Figure S11; Table S2). Three of the 
33 candidate genes were not annotated. Among the annotated genes 
were a long- chain fatty acid hydroxylase (Lcu.2RBY.7G006750, “Cell 
Wall Organization” category), which is involved in sporopollenin syn-
thesis in pollen (Dobritsa et al., 2009); a component of chlorophyll 
B reductase (Lcu.2RBY.7G021070, “Coenzyme metabolism” cat-
egory); protein TIC 22 (Lcu.2RBY.3G061880); and the component 
FtsH12 of a translocation ATPase motor complex in the chloroplast 
(Lcu.2RBY.7G021140). The last two genes were classified within the 
“Protein translocation” category (Table S2).

4  |  DISCUSSION

4.1  |  Genetic diversity and the geographic spread 
of lentil

We examined the genetic variation of lentils using both SNPs and 
CNV loci generated from an exome capture array in a lentil diversity 
panel, consisting of 324 accessions from 48 countries, representing 
global lentil diversity. Our results were consistent with most of the 
conclusions from previous work, and we were able to further detect 
population structure and to estimate diversity levels of accessions 
from different regions. Khazaei et al. (2016) identified three major 
clusters of cultivated lentil that reflected its domestication history 
and the agro- ecological zones where this legume is produced: sub-
tropical savannah, Mediterranean, and northern temperate. Our 
results from an expanded set of germplasm followed this general 
pattern and we identified further population structures resulting 
in eight clusters. Most of the clusters were located in or near the 
Fertile Crescent, the center of origin of lentils and from where lentils 
spread with the rise of agriculture. Many of the accessions had a 
mixed ancestry, and in the case of the highly diverse accessions from 
North America might reflect the breeding efforts over time. Mixed 
ancestry can also be due to gene flow and/or incomplete lineage 
sorting, which is likely in populations that diverged as recently as do-
mesticated lentils. It is worth noting that lentil clusters were not dis-
crete geographic units, but instead the predominant clusters change 
gradually throughout the geographic space. Different factors, both 
natural and human- mediated, might have contributed to this, such as 
incomplete lineage sorting and gene flow due to natural factors and/
or to the human seed exchange. The distribution patterns observed 
in the lentil clusters were: clusters 1 and 2 were mainly in the Middle 
East, cluster 3 in Iran, cluster 4 in South Asia, cluster 5 in Eastern 
Africa, cluster 6 in Central Asia, cluster 7 in the Mediterranean re-
gion and South America, and cluster 8 was mainly found in temper-
ate climates around the Mediterranean and in North America.

Several genetic clusters were found in the Middle East and the 
genetic diversity in this area, particularly in cluster 1, was the high-
est in terms of the number of segregating sites and allele richness 
(Figures S2a and S3a). Cluster 2, which is also distributed in the 
Middle East, presented a relatively high number of segregating sites 
considering its low number of accessions (Figure S2a). By contrast, 
the clusters distributed mainly in South Asia (cluster 4), Iran (cluster 
3), and Central Asia (cluster 6) had the lowest amount of variation, as 
was also observed by Khazaei et al. (2016), and were highly differen-
tiated. Nonetheless, the cluster with the highest FST was from the 
East African highlands (cluster 5; Figures S4 and S7b). We found less 
differentiation among lentil clusters from the Middle East (clusters 1 
and 2). This is expected since the latter clusters are distributed in the 
center of origin and probably represent older gene pools, whereas 
the other clusters resulted following the spread of lentils to new 
production areas and contain a subset of the variation found in this 
region.

Lentil is thought to have moved into South Asia from the Fertile 
Crescent with the arrival of Aryan people around ~4000– 3500 years 
ago (Cubero et al., 2009) and several factors might have contributed 
to the decline in genetic variation such as bottlenecks associated 
with the spread, and nonoverlapping distributions with wild relatives 
(Ferguson et al., 1998), avoiding gene flow from wild lentil species. 
These factors might also be related to the low proportion of mixed 
ancestry observed in the cluster distributed in this area (cluster 4; 
Figure 1c). Non- neutral evolutionary processes have probably also 
shaped the diversity, and strong selection in a novel climate zone 
could contribute to the decrease in variation. Photoperiod and tem-
perature sensitivity have been suggested as key for lentil production 
(Summerfield et al., 1985; Wright et al., 2021), therefore it is likely 
that these environmental factors have played an important role in 
the variation of lentils.

Similar values of genetic variation to the clusters within or close 
to the center of origin of lentils were observed in the accessions 
from the Mediterranean region (clusters 7 and 8; Figure S3). A pos-
sible explanation for the maintenance of diversity in clusters 7 and 
8 is a less severe bottleneck during the spread to these regions and/
or several introductions from the center of origin due to intentional 
breeding efforts. Furthermore, sympatric distribution with the wild 
lentil species might have facilitated introgression from wild relatives 
around the Mediterranean. These clusters were also distributed in 
America (clusters 7A and 8A), but a reduction in diversity was ob-
served in these accessions (Figure S3a).

Even though both clusters were distributed in the Mediterranean 
region, accessions from cluster 8 were mainly found in temperate 
regions, where the lentil production occurs during the summer, and 
cluster 7 was located in true Mediterranean climates with winter 
production. This result agrees with the patterns reported by Khazaei 
et al. (2016) and their distribution in the Americas since cluster 8 is 
cultivated in North America and cluster 7 in South America regions 
with a Mediterranean climate.

Clusters 7A and 8A showed similar values of private alleles 
to the accessions of the same clusters from the Mediterranean. 
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Nonetheless, a significant decrease in allelic richness occurred in 
cluster 7A (South America; Figure S3a). The introductions of lentils 
in these two areas of the Americas have different characteristics. 
Lentil was introduced by the Spanish to South America in the XVI 
century via Chile (Khazaei et al., 2016). In Spain, 7 is the predom-
inant cluster, the same as in Chile and Argentina. It is likely that a 
strong genetic bottleneck resulted from this introduction, leading 
to a decline in variation. In the case of North America (cluster 8A), 
a strong reduction in allelic richness was not observed (Figure S3a). 
The introduction of lentil in this region is more recent since it was 
first introduced into the United States in the 1930s, and then into 
the temperate prairies of this region in the 1960s (Muehlbauer 
et al., 1995). Contrary to our results, Khazaei et al. (2016) reported 
low genetic diversity in Canadian lines. In Canada, most of the reg-
istered varieties are related to the first two cultivars used to start 
the lentil production: Laird (Slinkard & Bhatty, 1979) and Eston 
(Slinkard, 1981). However, the Canadian breeding program has inte-
grated variation from different provenances, leading to the recovery 
of genetic diversity and a reduction in private variation. We believe 
this is consistent with the activities of lentil breeders, particularly 
Fred Muelbauer at Washington State and Albert Vandenberg in 
Saskatchewan (with similar efforts from William Erskine at ICARDA 
for other regions) who were very intentional about making wide 
crosses to increase diversity in lentil.

The genomic distribution of Tajima's D can be used to infer de-
mographic processes (Tajima, 1989; Fu, 1997). A particularly high 
peak in the negative part of the Tajima's D distribution was observed 
for clusters 3 (Iran) and 4 (South Asia), which might suggest a demo-
graphic expansion despite the low genetic diversity in these clusters. 
Possibly not enough time has occurred to accumulate new variation 
through mutation that counteracts the diversity lost during the 
spread bottleneck. On the other hand, clusters 2 (Middle East) and 5 
(Eastern Africa) showed a peak on the positive side of the Tajima's D 
distribution, indicating a demographic bottleneck, despite the high 
genetic variation found in those clusters. A demographic reduction 
(suggested by Tajima's D distribution) accompanied by high diver-
sity can at least partially be explained if admixture between clusters 
of cultivated lentils has taken place. Furthermore, accessions from 
Eastern Africa and nearby areas (cluster 5) had high levels of differ-
entiation in terms of both FST (Figure S4) and VST (Figure S7b), and its 
high level of private variation stands out (Figure S3b). A scenario that 
can lead to high genetic diversity, high differentiation, and a possible 
genetic bottleneck is the introduction of alleles from a wild relative 
through gene flow. Hybridization between L. culinaris and its closest 
wild relative L. orientalis can easily occur, but the crossability with 
other relatives is highly dependent on the involved parents and is 
less common (Guerra- García et al., 2021). Further analyses evaluat-
ing introgression from wild relatives need to be conducted in order 
to estimate the possible effect that gene flow has had in the history 
of the lentil genetic pools, in particular in lentils from Eastern Africa, 
southern Arabia, Egypt, and the Southern Levant.

The population structure of the LDP and how genetic diversity is 
distributed, therefore, are the result of the initial variation from which 

the domestication started, the spread from its center of origin, the 
human management and cultural preferences, and the adaptation to 
different environmental conditions. Moreover, the results presented 
here agree with the key role of environmental factors, such as pho-
toperiod and temperature, previously suggested by Summerfield 
et al. (1985), Khazaei et al. (2016), and Wright et al. (2021) since the 
clustering patterns reflect the different environmental conditions 
where lentil is grown.

4.2  |  SNPs and CNVs provide different information 
about the lentil genome

Contrasting the widespread use of SNPs in evolutionary crop stud-
ies, population genomics analyses based on CNVs are still limited. 
We find that SNPs and CNVs have broadly similar patterns of ge-
netic variation in lentils, showing that CNVs are not just important 
because of their phenotypic effects, but they also provide informa-
tion about how the genetic diversity of the populations is structured. 
CNVs showed patterns and information not detected with the SNPs; 
however, the latter showed greater resolution for population struc-
ture inferences.

Gene duplication is a mechanism by which new functions and 
phenotypic novelties might arise (Ohno, 1970). Despite this, most 
duplicated genes are eventually lost (Lynch & Conery, 2000). Several 
models have been proposed to explain the retention of duplicated 
genes, such as neofunctionalization (Ohno, 1970) and subfunction-
alization (Force et al., 1999). Absolute dosage and dosage- balance 
constraints, which do not involve a change in function, have also 
been proposed (Birchler & Veitia, 2012; Gout et al., 2010; Qian 
et al., 2010). These models are not mutually exclusive and can be 
occurring simultaneously throughout a genome. Furthermore, nu-
merous studies have found that CNVs could be an important source 
of adaptive variation in crops and/or affect domestication traits 
(e.g. Alonge et al., 2020; Bai et al., 2016; Todesco et al., 2020), and 
disease resistance genes are a classic example of this (e.g. Chavan 
et al., 2015; Cook et al., 2012). We found that 11% of all lentil genes 
were affected by CNVs, but an overrepresentation of resistance 
genes was detected (21% of resistance genes). As many resistance 
genes have arisen from tandem duplications, the higher incidence is 
not surprising.

In most of the clusters, the “Enzyme” category was present in 
a higher proportion of CNV compared with its fraction in the total 
lentil genes. This is a wide and complex category, and it is difficult 
to infer the effects of the presence of CNVs in these enzymes. Two 
other gene categories affected by CNVs in most of the clusters 
were “External Stimuli Response” and “Cell Wall Organization.” All 
the genes found in the first category were associated with patho-
gen response, and the latter category was primarily related to xylan 
synthesis (Figure S9), which is important for cell wall integrity and 
increases cell wall recalcitrance to enzymatic digestion thus, it helps 
plants to defend against herbivores and pathogens (Faik, 2013). The 
overrepresentation of these last two gene categories may suggest 
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that CNVs have played a role in adaptation and acquired resistance 
in different environments. In the particular case of the cluster from 
South Asia, which presented the highest proportion of genes af-
fected by CNV related to external stimuli response, the transition to 
the subtropical climates of that region would have led to exposure 
to a range of new pathogens. South Asia is a center of domestication 
of several tropical legumes like Vigna radiata and Cajanus cajan that 
thrive in monsoonal conditions. Year- round legume production may 
have further increased exposure to potential pathogens in South 
Asian lentils. By contrast, in temperate growing regions lentils are 
in the field for a shorter amount of time and often in regions that 
have a cold winter, both of which help control pathogens. Our results 
show that CNV approaches are needed to examine how this kind of 
variation is evolving.

Although CNVs are a source of variation, they affect longer re-
gions of the genome compared with SNPs, and so, it is expected 
that they generally would be deleterious and subject to purifying 
selection, resulting in an excess of CNVs at low frequency (Katju & 
Bergthorsson, 2013). Our results are consistent with this prediction 
and a high proportion of low- frequency CNVs was observed in the 
SFS compared with the expected and SNP- based SFS. This pattern 
has also been reported in crops such as grapevine (Zhou et al., 2019), 
rice (Bai et al., 2016; Fuentes et al., 2019), and tomato (Alonge 
et al., 2020). The observed SNP- based SFS showed a very different 
shape, since in all clusters, there was a lack of low- frequency vari-
ants (Figure 2c). This could be reflective of the autogamous repro-
duction system of lentils combined with the bottlenecks associated 
with domestication and spread of the crop.

It is worth noting that we have no doubt underestimated 
CNV variation since they are less likely to occur in coding regions 
due to their deleterious nature (Emerson et al., 2008; Katju & 
Bergthorsson, 2013; Zhang et al., 2009). Despite this, we were able 
to describe patterns related to the genes affected by the CNVs.

4.3  |  Loci under selection in lentil

Thirty- three genes met the condition of being detected by at least 
two of the selection tests. Candidate genes under selection were 
classified into 14 categories, none of which were among the most 
abundant categories in the lentil genome, and three of the candidate 
genes under selection were not annotated. This might suggest that 
the candidate genes under selection were not randomly identified, 
but they were reflecting regions in the genome under selection. The 
category with the highest proportion of candidate genes under se-
lection was “Protein Modification” (Figure S11), comprising differ-
ent types of kinases (Table S2). Among the annotated genes are a 
long- chain fatty acid hydroxylase (Lcu.2RBY.7G006750), which is in-
volved in the sporopollenin synthesis in pollen (Dobritsa et al., 2009); 
a component of chlorophyll B reductase (Lcu.2RBY.7G021070) that 
has an effect regulating the amount of chlorophyll present in the 
cells and partially determines the antenna size (Jia et al., 2015); the 
protein TIC 22 (Lcu.2RBY.3G061880), which is transported to the 

inner envelope membrane of chloroplasts (Herrmann, 2018); and 
the component FtsH12 of the translocation ATPase motor complex 
in the chloroplast (Lcu.2RBY.7G021140) that is associated with TIC 
(Kikuchi et al., 2018; Mielke et al., 2020). The last two candidate 
genes under selection are located in different chromosomes, there-
fore they are not physically linked, but both are related to the import 
system of the inner membrane of the chloroplast.

Regional linkage disequilibrium (LD) can be used to find signa-
tures of selection, high LD across the genome might obscure the 
identification of regions under selection. Because lentil is a self- 
pollinated species, it harbors long blocks of LD. Furthermore, long 
structural variants (SV) have been discovered in the lentil genome 
(Ramsay et al., 2021). These factors and the complexity and size of 
the lentil genome hamper the identification of the causal genes as-
sociated with important traits. Due to the long blocks of LD, it is 
possible that we detected genes linked to the genes under selection 
and not the causal genes themselves. The selection tests detected 
regions that overlapped, for example in chromosomes 3, 5, and 7, 
where the three methods detect loci under selection around the 
same area (Figure S11) but did not concur in a particular gene. The 
regions linked to the candidate genes under selection found in this 
study can be further examined in order to discern the causal genes.
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