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Abstract
The genetic basis of selection for geographic adaptation and how it has contributed to population structure are unknown 
in tossa jute (Corchorus olitorius), an important bast fibre crop. We performed restriction site-associated DNA (RAD) 
sequencing-based (1115 RAD-SNPs) population genomic analyses to investigate genetic differentiation and population 
structure within a collection of 221 fibre-type lines from across nine geographic regions of the world. Indian populations, 
with relatively higher overall diversity, were significantly differentiated (based on FST and PCA) from the African and the 
other Asian populations. There is strong evidence that African C. olitorius was first introduced in peninsular India that could 
perhaps be its secondary centre of origin. However, multiple later introductions have occurred in central, eastern and northern 
India. Based on four assignment tests with different statistical bases, we infer that two ancestral subpopulations (African and 
Indian) structure the C. olitorius populations, but not in accordance with their geographic origins and patterns of diversity. 
Our results advocate recent migration of C. olitorius through introduction and germplasm exchange across geographical 
boundaries. We argue that high intraspecific genetic admixture could be associated with increased genetic variance within 
Indian populations. Employing both subpopulation (FST/GST-outlier) and individual-based (PCAdapt) tests, we detected 
putative RAD-SNP loci under selection and demonstrated that bast fibre production was an artificial, while abiotic and biotic 
stresses were natural selection pressures in C. olitorius adaptation. By reinferring the population structure without outlier 
loci, we propose ad interim that C. olitorius was possibly domesticated as a fibre crop in the Indian subcontinent.

Keywords  FST outlier · Genotyping-by-sequencing · Population genomics · Population structure · RADseq · Single-
nucleotide polymorphism

Introduction

Corchorus olitorius L. (2n = 2× = 14, Malvaceae s. l.), an 
important bast fibre crop commonly known as tossa or dark 
jute, originated in Africa (Kundu 1951; Benor et al. 2012; 
Kundu et al. 2013) and was supposed to have dispersed 
to Asia via the Mediterranean-Indian trade routes (Benor 
et al. 2012). Interestingly, however, it was domesticated in 
Africa as a leafy vegetable crop (Edmonds 1990; Benor et al. 
2010). It might have been domesticated in India as a fibre 
crop through the development of an ennobled type from its 
African wild type (Kundu et al. 2013). However, not much 
difference in genetic diversity between the cultivated and 
wild accessions underpins a rather recent domestication his-
tory of this species (Benor et al. 2012). Most of the diver-
sity studies have reported a lack of correspondence between 
genetic divergence and geographic diversity in C. olitorius 
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(Basu et al. 2004; Roy et al. 2006), suggesting uncertain 
origins of accessions used or their possible recent migration 
through introduction across geographical boundaries (Roy 
et al. 2006).

Ancestry analyses delineated C. olitorius populations into 
varying numbers of genetic groups (Banerjee et al. 2012; 
Benor et al. 2012; Satya et al. 2014a; Zhang et al. 2015). 
These results are, however, mostly inconclusive because of 
uneven geographic representation by a rather small num-
ber of accessions sampled, inclusion of artificial mutants, 
limited number of DNA-based markers used and the use of 
dominant markers like AFLPs (amplified fragment length 
polymorphisms) that are known to result in ambiguous geno-
types and thus discard potentially valuable information (Foll 
et al. 2010). In one of the most informative AFLP-based 
population structure analyses (Benor et al. 2012), only 11 
accessions represented the Asian population, without a 
single one from India that has a long history of tossa jute 
cultivation (Kundu 1951). Whereas Zhang et al. (2015) did 
sample only two and three accessions from India and Africa, 
respectively, to infer the genetic structure. Thus, the correct 
assignment of C. olitorius accessions representing the main 
gene pool of the species to inferred populations and estima-
tion of the proportion of the genome of an accession that 
belongs to each inferred one are fundamental to elucidat-
ing their ancestries and geographic origins in relation with 
domestication and/or breeding history.

A reduction in genetic diversity in cultivated tossa jute 
is associated with domestication bottlenecks (Kundu et al. 
2013) that are known to cause selective sweeps in genomic 
areas containing genes of agronomic importance (Doebley 
et al. 2006). For most of the C. olitorius landraces are yet 
to be extensively characterized, a lack of knowledge about 
their biological history and value restricts them to be utilized 
in breeding programs. It was not until recently that an Afri-
can origin of the cultivated landraces of C. olitorius grown 
in eastern India has been traced by analyzing the organelle 
genetic diversity (Basu et al. 2016). Parallel with studies 
on geographic patterns of genetic variation in C. olitorius, 
understanding the genetic basis of selection for geographic 
adaptation in relation with population structure is important. 
Without known phenotypes, identifying loci that have under-
gone balancing or directional selection would allow us not 
only to understand how populations have adapted to specific 
environments and agronomic practices, but to detect novel 
alleles and haplotypes to improve productivity, adaptation, 
and quality (Narum and Hess 2011).

Restriction site-associated DNA sequencing (RADseq), 
a reduced-representation sequencing method, is now the 
most widely used low-cost genomic approach for discover-
ing single-nucleotide polymorphisms (SNPs) and genotyp-
ing in population genomic studies (Andrews et al. 2016). It 
is similar to genotyping-by-sequencing (GBS), but requires 

more demanding sample handling and size-selection of 
DNA fragments. In addition to improving the precision of 
demographic inferences, RADseq enables the identification 
of specific loci and/or genomic regions that have been sub-
ject to selection and adaptive evolution (Narum et al. 2013). 
In an increasing number of plant species, RADseq has been 
employed to discover RAD-SNP loci that are found useful 
for population genomic studies, such as geographic popula-
tion structure and gene flow (Pegadaraju et al. 2013; Xu et al. 
2014; Hou et al. 2015; Pan et al. 2016; Valdisser et al. 2016), 
which often require only several hundred to a few thousand 
loci to adequately sample the genome (Andrews et al. 2016).

Here, we used individual-based RADseq to discover 
SNPs across a diverse set of 225 C. olitorius accessions and 
identified a set of 1115 polymorphic RAD-SNP loci, each 
supporting a single SNP with > 0.05 minor allele frequency 
(MAF). We determined how genetic diversity was distrib-
uted across nine geographically delineated C. olitorius popu-
lations that represent the main gene pool and how they were 
structured, with an overreaching objective to trace precisely 
the ancestry and geographic origin of each accession. We 
show that the 1115 RAD-SNP panel is effective in clustering 
the accessions into two ancestral subpopulations (African 
and Indian) with high genetic resolution but not necessarily 
in accordance with their geographic origins and patterns of 
diversity. We applied subpopulation-based outlier tests and 
an individual-based global approach to detect putative RAD-
SNP loci under selection. Finally, we demonstrate that bast 
fibre production was an artificial, whereas abiotic and biotic 
stresses were natural selection pressures in C. olitorius adap-
tation. Our results resolve a longstanding caveat underlying 
the genetic structure of C. olitorius and provide an empiri-
cal framework for subsequent ecological, evolutionary and 
population genomic studies of this species.

Materials and methods

Plant materials, sampling, and DNA extraction

A C. olitorius association mapping panel comprising 225 
accessions was used in this study. They included fibre-type 
cultivars, improved lines, landraces, and varieties from 15 
countries (Mahapatra et al. 2006), and were grouped into 
nine geographic populations based on their sampled loca-
tions (Online Resource 1): AFR1 (Kenya and Sudan), AFR2 
(Tanzania), Central India (CI), East India (EI), North India 
(NI), South India (SI), Nepal and Pakistan (NPPK), East and 
South-East Asia (ESEA; China, Myanmar, Indonesia and 
Thailand), and rest of the world (RoW; Australia, Brazil, 
Germany and Russia). Total genomic DNA was extracted 
from 10-day-old seedling leaves and purified as described 
earlier (Kundu et al. 2015).
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Restriction site‑associated DNA (RAD) sequencing

We used partially methylation sensitive endonuclease 
ApeKI to construct three 75-plex RAD libraries following 
an optimized protocol as described earlier, with similar 
adapters, barcodes, and primers (Kundu et al. 2015). Each 
75-plex library was sequenced to 100 bp on a single lane of 
Illumina HiSeq™ 2000 (Illumina, San Diego, CA) based 
on Illumina’s TrueSeq® Version 3.0 single-end sequencing 
chemistry, and raw sequencing reads were deposited in 
the NCBI Sequence Read Archive (SRA) under the pro-
ject SRP064554 vide BioProject PRJNA207496 (Online 
Resource 2). Non-reference-based universal network-
enabled analysis kit (UNEAK; Glaubitz et al. 2014) as 
implemented in TASSEL 3 (Bradbury et al. 2007) was 
used to analyze the RADseq data, according to Lu et al. 
(2013) and Huang et al. (2014). Raw Illumina data were 
filtered for barcodes and 4-nt ApeKI overhang (CWGC), 
ensuing that there were no adapter–adapter dimers and 
unknown bases (Ns) across the first 72 bp. Reads were 
assigned to individual samples according to their barcode 
sequences and trimmed to 64 bp including the initial 4-nt 
ApeKI restriction-site sequence. A set of unique 64-bp tags 
was generated by retaining reads with a minimum Q score 
of 10 and collapsing identical reads into one tag followed 
by pairwise alignment of tags differing in 1 bp and iden-
tification of reciprocal tag pairs to call SNPs. The error 
tolerance was set at 0.03 to eliminate error tags that were 
assumed to have resulted from sequencing error (Lu et al. 
2013). The tags were collapsed into a tags-by-taxa matrix 
of presence/absence and genotypes were called for all of 
the samples.

Population genomic analyses

We used GenoDive v2.27 (Meirmans and Van Tienderen 
2004) to estimate the mean number of alleles (A), effective 
number of alleles (Ae), observed heterozygosity (Ho) and 
gene diversity (Hs); PowerMarker v3.51 (Liu and Muse 
2005) to calculate the average major allele frequency (P) 
and polymorphism information content (PIC); ADZE v1.0 
(Szpiech et al. 2008) to measure rarefied allelic richness 
(Ar) and private allelic richness (Ap); and PopGenome 
v2.1.0 (Pfeifer et al. 2014) to estimate MAF and the Ts/
Tv ratio. The pairwise estimates of gene flow (Nm) at the 
population level were calculated as Nm = (1 − FST)/4FST 
(Freeland et al. 2011). Statistical significance was esti-
mated by Kruskal–Wallis one-way ANOVA, and asso-
ciations between all parameters including sample size (n) 
were tested by Spearman’s rank-order correlations using 
the R Base v3.4.1 (R Core Team 2017).

Population structure analyses

Pairwise FST values were calculated between all pairs of 
nine populations based on 80,000 randomization tests fol-
lowed by strict Bonferroni correction for multiple compari-
sons (Meirmans and Hedrick 2011). The average pairwise 
FST values were used to perform neighbor-joining cluster-
ing of populations using Past v3.14 (Hammer et al. 2001). 
We also inferred the population relationships based on the 
DA distance (Nei et al. 1983) using POPTREEW (Takezaki 
et al. 2014). We tested a higher level of population struc-
ture using an AMOVA based on infinite allele model with 
10,000 permutations, performed a PCA with an associated 
permutation test among populations based on 10,000 rep-
licates and assessed the overall population structure using 
k-means clustering of individuals, with 1,000,000 steps and 
100 random starts for several values of k that ranged from 1 
to 15 (Meirmans 2012).

Next, we used STRU​CTU​RE v2.3.4 (Pritchard et  al. 
2000) to infer the population structure based on both admix-
ture and non-admixture ancestries and the correlated allele 
frequencies, with the burn-in and MCMC (Markov chain 
Monte Carlo) iterations of 20,000 each and 10 replicates 
for each of several values of K that ranged from 1 to 15. We 
also performed STRU​CTU​RE analysis separately on each 
population using the admixture model, with K that ranged 
from 1 to 5. The results were collated by STRU​CTU​RE  
HARVESTER v0.6.97 (Earl and vonHoldt 2012), and the 
optimal K for each analysis was identified using deltaK 
(Evanno et al. 2005) and deltaFST (Campana et al. 2011) 
followed by the estimation of K solution’s overall stability 
and the significance of correlation between individual pairs 
of replicates based on Q matrix correlations using CorrSieve 
v1.6-8 (Campana et al. 2011). We also used sNMF v1.2 (Fri-
chot et al. 2014) to infer the population structure, without 
assuming predefined populations, with default run param-
eters and 10 independent replicates for each of several values 
of K (1–15). The optimal alignments of clusters were opti-
mized and graphed using CLUMPP v1.1.2 (Jakobsson and 
Rosenberg 2007) and DISTRUCT v1.1 (Rosenberg 2004), 
respectively. Accessions were assigned to corresponding Q 
groups based on their maximum membership probabilities 
(q) or ancestry coefficients (Remington et al. 2001) and cat-
egorized as admixed employing an arbitrary cut-off value 
of ≤ 80% probability (Vigouroux et al. 2008). The Q-group 
membership of each accession was evaluated further by per-
forming frequency-based assignment test, with 10,000 per-
mutations for the MCMC test (Paetkau et al. 1995). Finally, 
we applied discriminant analysis of principal components 
(DAPC) to analyze the population structure using Adegenet 
v2.0.0 (Jombart 2008). Accessions were assigned to clus-
ters based on posterior membership probabilities, and the 
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contribution of individual RAD-SNP alleles to population 
structure was estimated using the function loadingplot.

Estimations of relative kinship (Fij) and linkage 
disequilibrium (LD)

We estimated pairwise Fij using SPAGeDi v1.5 (Hardy 
and Vekemans 2002), with an associated permutation 
test based on 10,000 replicates. All negative Fij estimates 
between accessions were set to zero (Yu et al. 2006). We 
used GENEPOP v4.3 (Rousset 2008) to test departures from 
Hardy–Weinberg equilibrium (HWE) across all loci and 
samples for heterozygote deficiency, with default MCMC 
parameters and sequential Bonferroni adjustments over all 
loci (P < 0.00004). We used TASSEL to estimate the LD 
as r2 between each RAD-SNP pair, with a corresponding P 
value < 0.001 based on two-sided Fisher’s exact test. With 
a set of 112 loci with known chromosomal locations, intra-
chromosomal LD was calculated, and the decay of r2 as a 
function of physical distance was estimated by nonlinear 
least squares (Marroni et al. 2011) using the nls function of 
the R package Stats v3.4.1.

Detection of RAD‑SNP loci under selection

To detect RAD-SNP loci under selection between the two 
ancestral subpopulations (African and Indian) resolved in 
this study, we used two population-based FST-outlier meth-
ods as implemented in LOSITAN v1.44 (Antao et al. 2008) 
and BayeScan v2.1 (Foll and Gaggiotti 2008). For LOSI-
TAN, simulations were run for 100,000 iterations using 
an infinite allele model at 99% confidence interval and 5% 
FDR, with forced and neutral mean FST. Loci that deviated 
from an expected distribution of neutral expectations outside 
the 99 and 1% confidence areas were detected as outliers 
affected by positive and balancing selection, respectively. 
For BayeScan, we used the default model parameters to 
run simulations for 100,000 iterations and identified outli-
ers based on the FST distribution (FDR < 0.05). The prob-
ability that a given locus is under selection was estimated 
by calculating the posterior odds (PO), and inferences were 
drawn using the Bayes factor (BF) in accordance with Jef-
freys’ (1961) scale of evidence. We performed ten independ-
ent runs for each method and considered only those loci 
that were consistently identified as outliers across all runs. 
We further performed a GST-based EOS (extreme-outlier 
set) test as implemented in HacDivSel v1.2 (Carvajal-
Rodríguez 2017). For each extreme positive outlier (EPO), 
the LK (Lewontin and Krakauer 1973) test was performed 
to calculate its P value, which was adjusted for multiple 
testing for the number of outliers by strict Bonferroni cor-
rection. Finally, we used PCAdapt v3.0.2 (Luu et al. 2017) 
to detect RAD-SNP loci involved in biological adaptation. 

The function pcadapt, with default parameters, was applied 
with K = 20, and the presence of outliers was confirmed by 
plotting the histograms of P values and the Mahalanobis 
(D2) test statistic, with FDR controlled at < 0.05 using the 
R package qvalue v2.5.2.

Annotations of RAD‑SNP loci

We mapped our 1115 RAD-SNP loci to the draft genome of 
C. olitorius cv. JRO-524 (Sarkar et al. 2017a) and its seven 
chromosome-scale pseudomolecules using BWA v0.7.13 
(Li and Durbin 2009) followed by BLASTn v2.7.1+ search 
(E value < 10−10) of the RAD tags against the predicted 
genes (Sarkar et al. 2017b). They were also mapped to the 
draft genome of C. olitorius cv. O-4 (Islam et al. 2017) and 
searched against the genes predicted from it. We obtained 
the gene ontology (GO) annotations of coding loci using 
Blast2GO Pro v4.0.7 (Conesa et al. 2005) and retrieved their 
functional classifications using WEGO (Ye et al. 2006). Pro-
tein domains associated with candidate genes were anno-
tated against the HMMs profile database Pfam v31 using 
HMMER v3.1b2 as implemented in DoMosaics (Moore 
et al. 2014). We used REViGO (Supek et al. 2011) to sum-
marize the GO terms based on their P value-guided semantic 
similarity measures and retrieved a representative subset of 
GO terms associated with candidate genes.

Results

Discovery of RAD‑SNP loci in C. olitorius

RADseq generated 568,217,847 clean reads with 57.98 Gbp 
of nucleotide sequences from 225 genotypes (Online 
Resource 2) across three RAD libraries (Online Resource 
3). Since we required each locus to be present in all nine 
geographic populations and in at least 95% of individuals of 
each one, a set of 1115 informative loci was finally retained 
across 221 accessions, with a call rate of > 0.95, MAF of 
> 0.05 and a Ts/Tv ratio of 1.62 (Online Resource 4a). In 
total, 1110 loci (99.6%) were mapped to our C. olitorius cv. 
JRO-524 draft genome (Sarkar et al. 2017a; Online Resource 
4b), of which 798 (72%) were present in 563 genes (Online 
Resource 4c). By comparison, 1062 loci (95.2%) were 
mapped to the C. olitorius cv. O-4 draft genome (Islam et al. 
2017), of which 766 (69%) were present in 552 genes (BWA 
and BLASTn mapping data available on Figshare: https​://
figsh​are.com/s/05b13​e169a​8f5ae​8e634​); however, 49% of 
them were associated with hypothetical proteins based on 
O-4 genome annotations. In contrast, our manually curated 
JRO-524 genome annotations (Sarkar et al. 2017b) showed 
only 3.6% of the loci being associated with hypothetical pro-
teins (Online Resource 4c). The Blast2GO mapping of 563 
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genes supporting 798 loci resulted in 2292 GO-term annota-
tions (Online Resource 4c) summarized into three main GO 
categories and 42 sub-categories (Fig. 1). However, only 112 
loci were mapped to the seven C. olitorius pseudomolecules 
(Online Resource 4d). This was expected, because though 
99.6% of the RAD-SNPs from the C. olitorius genetic map 
(Kundu et al. 2015) were mapped to the JRO-524 draft 
genome, seven chromosome-scale pseudomolecules covered 
only a fraction of the genome (Sarkar et al. 2017a).

Genetic diversity within C. olitorius geographic 
populations

At the population level, there were significant (P < 0.0001) 
differences for all genetic diversity parameters (Online 
Resource 5a). The four Indian populations showed mini-
mum P but maximum MAF and PIC values. The distribu-
tion of P was markedly variable across populations, with a 
higher number of loci fixed (P = 1.0) within each population, 
except CI, EI and NI (Online Resource 6). The SI and ESEA 
populations had P values distributed more or less uniformly 
with those of AFR1 and AFR2, respectively. However, the 
NPPK and RoW populations had a skewed distribution of P 
toward 1.0. The Hs estimates (0.192–0.310), with an average 
of 0.258, were maximum for Indian and minimum for the 
RoW and NPPK populations. The four Indian populations 
were characterized by the highest A, Ae and Ar. Both Ar and 
Ap, when measured across geographic regions, were higher 
for Asia (Ar 1.75 ± 0.01/Ap 0.220 ± 0.009) than for Africa (Ar 

1.59 ± 0.01/Ap 0.088 ± 0.005). There were strong negative 
correlations between P and all diversity measures, except A 
and Ho (Online Resource 5b). However, Ar and Ap had strong 
positive correlations with PIC and Hs. The population size 
(n) had a strong positive correlation only with A.

Genetic relatedness of C. olitorius geographic 
populations

The four Indian populations that clustered together (Fig. 2) 
were significantly (P < 0.05) differentiated (FST) from both 
the African populations (Table 1). The EI and SI popula-
tions showed minimum and maximum genetic divergence 
from African populations, respectively. The other two Asian 
populations were, however, genetically related to both the 
African populations, but significantly differentiated from all 
Indian populations. The majority of the genetic variation 
(85.4%) was partitioned across individuals within popu-
lations (FIS), whereas only 5.7 and 6.7% of the variations 
were due to differences among populations nested within 
(FSC) and across (FCT) regions, respectively (Table 2). Con-
sequently, the overall amount of gene flow among popula-
tions was rather high (Nm = 2.83). The highest magnitude of 
Nm was observed between AFR2 and ESEA or RoW (18.78) 
followed by those between AFR1 and ESEA (8.08), AFR2 
and NPPK (6.51), and AFR1 and RoW (5.70) or NPPK 
(3.17). By comparison, the average estimates of Nm were 
much lower in the four Indian populations vs. AFR1 (1.37) 
or AFR2 (1.71), with the minimum and maximum amounts 

Fig. 1   Gene ontology (GO) 
classification of functional 
RAD-SNP loci of C. olitorius 
obtained with Blast2GO and 
WEGO. C cellular component, 
F molecular function, P biologi-
cal process
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detected in the SI (0.88) and EI (2.47) populations, respec-
tively. This is further reflected in our PCA results, where 
the first PC that was only significant (P ≤ 0.0001) explained 
62.0% of the total genetic variation (Table 3) and differenti-
ated the four Indian populations from African and the other 
Asian populations (Fig. 3). The second PC that accounts for 
11.5% of genetic variation had also some explanatory power.

Genetic population structure of C. olitorius

The k-means identified two clusters that best explain the 
overall population structure of C. olitorius (Online Resource 
7). With STRU​CTU​RE, a model with K = 2 best fitted the 
complete data for both admixture and non-admixture mod-
els (Online Resource 8). However, not a single K solution 
was stable for the non-admixture model (Online Resource 
9), which was further confirmed by analyzing the signifi-
cance of Q matrix correlations (Online Resource 10). Cod-
ing (798) and non-coding (317) RAD-SNPs also inferred 
two genetic groups (data available on Figshare: https​://
figsh​are.com/s/05b13​e169a​8f5ae​8e634​) under admixture. 
The plot of posterior probabilities clearly shows these two 
groupings (Fig. 4), dubbed as Indian (Q1) and African (Q2), 
with mean q of 0.518 and 0.482, respectively (Table 4). 
We assigned 125 and 96 accessions to Indian and African 
groups, respectively (Table 4), 96% of which were concord-
ant with that inferred with frequency-based assignment test 
(Online Resource 1). Indian populations were characterized 
by rather high levels of admixture (an average of 49.7%), 
with > 50% of the individuals in CI and EI populations iden-
tified as admixed (Table 4). When analyzed separately, each 
of these nine populations except RoW had two genotypic 
classes (Online Resource 11).

Individual-based sNMF analysis also inferred K = 2 under 
admixture and clustered 221 accessions into two ancestral 
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Fig. 2   Neighbor-joining (NJ) tree of clustering of nine geographic C. 
olitorius populations constructed using the average pairwise FST val-
ues (a) and the DA distance (b), with 1000 bootstrap replicates. For 
population acronyms, see Table 1

Table 1   Pairwise comparison 
of genetic distance (FST) among 
nine geographic populations 
of C. olitorius based on 1115 
RAD-SNP loci

Boldface FST values are significantly different from 0 at P < 0.05, according to 80,000 randomization tests 
followed by a strict Bonferroni correction for multiple comparisons
AFR1 Africa 1 (Kenya and Sudan), AFR2 Africa 2 (Tanzania), CI Central India, EI East India, NI North 
India, SI South India, NPPK Nepal and Pakistan, ESEA East and South-East Asia (China, Myanmar, Indo-
nesia and Thailand), RoW rest of the world (Australia, Brazil, Germany and Russia)
a The sole Nigerian accession was removed from the AFR1 population due to > 50% missing RAD-SNP 
genotypes

AFR1a AFR2 CI EI NI SI NPPK ESEA

AFR2 0.017
CI 0.145 0.119
EI 0.105 0.082 0.013
NI 0.189 0.167 0.012 0.031
SI 0.235 0.209 0.028 0.036 0.017
NPPK 0.073 0.037 0.123 0.079 0.174 0.231
ESEA 0.030 0.013 0.102 0.067 0.152 0.195 0.025
RoW 0.042 0.013 0.083 0.047 0.145 0.190 0.014 0.011

https://figshare.com/s/05b13e169a8f5ae8e634
https://figshare.com/s/05b13e169a8f5ae8e634
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groups Indian and African, with mean ancestry coefficients 
of 0.492 and 0.508, respectively (Online Resource 1). We 
assigned 118 and 103 accessions to Indian and African 
groups (Table 4), respectively, with 96.8% concordance 
with the STRU​CTU​RE groupings. The DAPC also identi-
fied two clusters using sequential k-means (Online Resource 
12). The correspondence between the geographic popula-
tions and k-means-inferred clusters (Online Resource 13) 
mostly reflected the STRU​CTU​RE groupings (Table 4). For 
k = 2, DAPC retained a single discriminant function (Online 
Resource 14) and assigned 129 and 92 accessions to two 
clusters, dubbed as C1 (Indian) and C2 (African), with 
mean coordinates of -2.333 and 3.272, respectively (Online 
Resource 1). We showed that 94.6 and 96.7% of accessions 

that were assigned to the STRU​CTU​RE groups Q1 and 
Q2, respectively, were correctly assigned to corresponding 
DAPC clusters (Table 4). There was also high concordance 
(94.1%) between the sNMF and DAPC groupings. A total 
of 39 loci were identified as the most contributing to group 
differentiation (Online Resource 15). Except for CoRAD33, 
510, 655 and 946, all loci contributed both alleles. Blast2GO 
mapping assigned nine of these loci to mostly ‘cell’, ‘cell 
part’, ‘catalytic’, ‘biological regulation’, ‘cellular process’ 
and ‘metabolic process’ sub-categories.

Relative kinship (Fij) and LD in the C. olitorius 
diversity panel

The average Fij between two accessions was 0.0582. About 
52% of Fij estimates were equal to 0, while 27% ranged from 
0 to 0.1 (Fig. 5). The frequency of an Fij estimate of 0.5 
was only 0.1%. Significant (P < 0.00004) departures from 
HWE were detected globally across all loci and samples 
and for both Indian and African subpopulations, suggesting 
evidence of LD. For 1115 loci (621,055 pairs), we observed 
that only 23,853 pairs were significantly (P < 0.001) in LD. 
When measured separately, 6484 and 5642 pairs of loci were 
significantly (P < 0.001) in LD for the Indian and African 
gene pools, respectively. Intrachromosomal LD across 
112 chromosomally mapped loci (6216 pairs) was found 
to extend over a distance of ~ 489 kb (decay50). In all, 409 
(6.6%), 271 (4.4%) and 200 (3.2%) pairs of loci were sig-
nificantly (P < 0.001) in intrachromosomal LD for the total, 
Indian and African gene pools, respectively.

RAD‑SNP loci under selection in C. olitorius

In the pairwise comparison between African vs. Indian sub-
populations, which were significantly (P < 0.001) divergent 
with an average FST value of 0.147 (Nm = 1.45), the majority 
of loci (48.7%) had FST values < 0.1 (Fig. 6). About 10% of 
loci had negative FST values, implying that they are char-
acterized by more variation within than across subpopula-
tions. Only 2.3% of loci had very high FST (> 0.5) values. 
LOSITAN detected the presence of outliers against neutral 
expectations outside the 99% CI (Online Resource 16). Four-
teen outliers (1.3%) were consistently identified through 10 
independent iterations (FDR < 0.05; Online Resource 17). 
However, BayeScan through 10 independent iterations 

Table 2   Analysis of molecular 
variance (AMOVA) partitioning 
the genetic variation across nine 
geographic populations of C. 
olitorius over the three regions 
based on 1115 RAD-SNP loci

Source of variation Nested in Variance F stat Standard deviation P value

Within individual – 0.0227 FIT 0.0005 –
Among individual Population 0.8537 FIS 0.0005 0.0001
Among population Region 0.0568 FSC 0.0032 0.0001
Among region – 0.0668 FCT 0.0041 0.0465

Table 3   Eigenvalues of principal components of genetic variation of 
1115 RAD-SNP loci

Axis Eigenvalue Variance (%) Cumulative P value

1 31.83 61.96 61.96 0.000100
2 5.88 11.45 73.41 1.000000
3 3.66 7.13 80.54 0.999500
4 3.20 6.23 86.76 0.999800
5 2.49 4.85 91.62 0.999700
6 2.15 4.19 95.80 0.999600
7 1.22 2.38 98.18 1.000000
8 0.93 1.82 100.00 1.000000

Fig. 3   Bivariate plot of average scores along the first two principal 
axes (PC1 and PC2) of genetic variation for each of nine geographic 
populations of C. olitorius. For population acronyms, see Table 1
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(FDR < 0.05) consistently detected only one (0.09%) out-
lier (CoRAD959) at log10 BF of 1.5-2.0 that corresponds to 
very strong evidence of selection based on Jeffreys’ scale of 
evidence. HacDivSel detected 19 outliers (1.7%), of which 
9 represented the K-means EPOs, while 10 were non-EPOs 
(Online Resource 17). However, none of these EPOs were 
significant (P < 0.05) when assessed by the LK test followed 
by strict Bonferroni correction. With K = 2, PCAdapt identi-
fied 63 outliers (5.7%) at FDR < 0.05 (Online Resource 18), 
of which 25 (39.7%) and 38 (60.3%) were assigned to PC1 
and PC2, respectively (Online Resource 19). None of these 
outliers were common to those detected by FST-outlier tests, 
except the one identified by BayeScan (Fig. 7); however, 26 

of them were also identified by DAPC as the most contribut-
ing to group discrimination.

Functional classification of outlier RAD‑SNP loci

Of the 77 outliers detected by LOSITAN and PCAdapt, 38 
had significant (E value < 10− 10) BLASTn hits, with 20 of 
them mapped to the bast transcriptome (Chakraborty et al. 
2015) of C. capsularis cv. JRC-212 (Online Resource 20). 
They were mostly within candidate genes encoding bHLH, 
FAR1, GRAS and zinc finger RING-type families of tran-
scription factors including SCARECROW 22, TIP-type 
aquaporins (AQPs), late embryogenesis abundant D-34 
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Fig. 4   Plots of posterior probabilities of group membership of each 
individual into two clusters (K = 2) across nine geographic popula-
tions of C. olitorius inferred with STRU​CTU​RE using 1115 RAD-
SNP loci, with (top) and without (bottom) the 77 outlier RAD-SNP 

loci detected by LOSITAN and PCAdapt. Each vertical bar represents 
an individual, with its color proportion constituting the posterior 
probability of assignment to one of two clusters of genetic similarity. 
For population acronyms, see Table 1

Table 4   Proportions of membership probabilities (q) of two different genotypic classes across nine geographic populations of C. olitorius 
inferred with STRU​CTU​RE (shaded) based on 1115 RAD-SNP loci, with corresponding sNMF group and DAPC cluster assignments

Population Q1a Q2 SNMFa DAPCb Admixture (%)

q Accessions q Accessions Q1 Q2 C1 C2 STRUCTURE sNMF

AFR1c 0.048 0 (0)d 0.952 10 (9) 0 (0)d 10 (9) 0 10 10.0 (1)d 10.0 (1)

AFR2 0.088 0 (0) 0.912 17 (14) 0 (0) 17 (14) 0 17 17.6 (3) 17.6 (3)

CI 0.679 41 (16) 0.321 10 (0) 38 (9) 13 (0) 45 6 68.6 (35) 82.3 (42)

EI 0.543 21 (12) 0.457 20 (8) 21 (11) 20 (10) 23 18 51.2 (21) 48.8 (20)

NI 0.835 48 (32) 0.165 1 (0) 45 (24) 4 (0) 47 2 34.7 (17) 51.0 (25)

SI 0.865 12 (9) 0.135 0 (0) 11 (6) 1 (0) 11 1 25.0 (3) 50.0 (6)

NPPK 0.095 1 (1) 0.905 16 (14) 1 (1) 16 (15) 1 16 11.8 (2) 5.9 (1)

ESEA 0.122 2 (1) 0.878 16 (14) 2 (1) 16 (14) 2 16 16.7 (3) 16.7 (3)

RoW 0.090 0 (0) 0.910 6 (5) 0 (0) 6 (5) 0 6 16.7 (1) 16.7 (1)

Overall 0.518 125 (71) 0.482 96 (64) 118 (52) 103 (67) 129 92 38.9 (86) 46.1 (102)

a Accessions are assigned to STRU​CTU​RE and sNMF groups (Q) based on maximum posterior probabilities and ancestry coefficients, respec-
tively
b Accessions are assigned to DAPC clusters based on their membership probabilities. Q1 (C1) and Q2 (C2) represent Indian and African sub-
populations (clusters), respectively. For details, see Online Resource 1
c The population codes are the same as expanded in Table 1
d Values within parentheses represent the number of accessions when they are assigned to corresponding Q groups if their posterior probabilities 
or ancestry coefficients are higher than an arbitrary cut-off value of 80%, with others classified as admixture
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(LEA34) and serine carboxypeptidase-like (SCPL) proteins. 
In all, 42 protein domain families organized in 23 unique 
arrangements were associated with 24 of these candidate 
genes (Online Resource 21). Blast2GO mapping assigned 30 
of these candidate genes to 88 GO-term annotations across 
the three main GO categories and 23 sub-categories (Online 
Resource 22). REViGO semantic analysis identified over-
represented subsets of GO functional categories (Online 
Resource 23).

Inference of population structure without outlier 
loci

Without 77 outliers, we reinferred two subpopulations with 
STRU​CTU​RE using deltaK, deltaFST (Online Resource 24) 

and the Q matrix correlations (Online Resource 25). With 
mean q of 0.435 and 0.565, 102 and 119 accessions were 
assigned to Indian and African subpopulations, respectively 
(Online Resource 26a; Fig. 4). However, 23 accessions 
swapped groups from Indian to African in the regrouping 
retrieved with 1038 loci, of which 22 (95.7%) represent the 
four Indian populations. The CI accessions (54.5%) were 
most affected followed by those in NI (31.8%). A 14.5% 
increase in admixture was due entirely to an increase in 
the level of admixture (23.0%) in the four Indian popula-
tions (Online Resource 26a). There were no changes in the 
level of admixture within the other geographic populations 
(Fig. 4). A revised AMOVA with 1038 loci showed that FIS 
increased by 2.7%, while FSC and FCT decreased by 1.3% 
and 1.6%, respectively (Online Resource 26b). Without 63 
outliers detected by PCAdapt, the STRU​CTU​RE grouping 
as well as the level of admixture were exactly the same as 
that retrieved with 1038 loci (STRU​CTU​RE analysis data 
available on Figshare: https​://figsh​are.com/s/05b13​e169a​
8f5ae​8e634​).

Discussion

We report individual-based RADseq for discovering 
genome-wide SNPs and their application for inferring the 
population structure in C. olitorius by using a large col-
lection of 225 accessions representing all of the important 
fibre-type ecotypes (Mahapatra et al. 2006). Most of these 
accessions have no or very weak kinship, reflecting not only 
their broad range of collection but also effective exclusion 

Fig. 5   Distribution of pairwise relative kinship (Fij) estimates 
between 221 C. olitorius accessions across nine geographic popula-
tions based on 1115 RAD-SNP loci

Fig. 6   Distribution of pairwise FST values between the two  
STRU​CTU​RE-inferred Indian and African C. olitorius subpopula-
tions based on 1115 RAD-SNP loci

Fig. 7   Outlier RAD-SNP loci detected by population- (HacDivSel 
and LOSITAN) and individual-based (PCAdapt) approaches, in com-
parison with those contributing alleles to DAPC-inferred differentia-
tion between African and Indian subpopulations in C. olitorius 

https://figshare.com/s/05b13e169a8f5ae8e634
https://figshare.com/s/05b13e169a8f5ae8e634
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of duplicates in the study. Despite the recent availability of 
draft genomes (Islam et al. 2017; Sarkar et al. 2017a), we 
used the non-reference UNEAK (Glaubitz et al. 2014) to call 
RAD-SNPs (Lu et al. 2013; Huang et al. 2014). A reference 
genome representing a single individual is usually incom-
plete and does not represent the whole genome of a species 
because of technical difficulties and presence/absence (PAV) 
variation (Lu et al. 2013). Non-reference RAD-SNP calling 
not only allowed us to gain access to those missing genomic 
regions, but ensured a stringent selection of loci with a high 
call rate across 221 accessions. Differential mapping of these 
loci to the draft genomes of C. olitorius cvs JRO-524 (Sarkar 
et al. 2017a) and O-4 (Islam et al. 2017) indicates the rela-
tive incompleteness of these genomes. This result is not 
unexpected, because the Bangladeshi cv. O-4 is a pure line 
selection from a local landrace (Akter et al. 2008), whereas 
the Indian cv. JRO-524 represents a cross between African 
and indigenous types (Kar et al. 2010). Non-reference RAD-
SNP calling also ensued strict detection of a single SNP per 
RAD site, because redundant and multiple SNPs are ignored 
by UNEAK (Huang et al. 2014). In the absence of ascertain-
ment bias (Valdisser et al. 2016), our filtered set of RAD-
SNPs afforded more realistic estimates of genetic diversity 
and genetic differentiation, besides an accurate inference of 
population structure.

In agreement with earlier reports (Basu et  al. 2004; 
Banerjee et al. 2012; Benor et al. 2012; Satya et al. 2014a), 
we detected a low level of genetic diversity at species level 
in C. olitorius, with most of the variation distributed within 
populations. Our estimate of RAD-SNP diversity measured 
in terms of gene diversity (equivalent to nucleotide diversity 
for bi-allelic SNPs; Pfeifer et al. 2014) was higher than that 
reported for AFLP diversity (Benor et al. 2012), but com-
parable to that obtained for peroxidase gene-based (POG) 
(Satya et al. 2014a) and microsatellite-based (Banerjee et al. 
2012) diversity estimates. The overall diversity detected 
within Indian populations was relatively higher than that 
within the other populations. Higher sample size of Indian 
populations is unlikely to account for this result, because 
most of the diversity estimates were corrected for sample 
size and had no significant positive correlations with sam-
ple size. That all Indian populations are genetically more 
diverse than African and the other Asian populations are 
also reflected in the frequencies of major alleles (P). Skewed 
distributions of P in the NPPK and RoW populations are 
indicative of young populations, which might have been 
formed by a few founder individuals and are yet to reach the 
evolutionary equilibrium through the acquisition of muta-
tions or migrant alleles (Lewontin and Krakauer 1973). 
Higher allelic diversity in Indian populations implies that a 
good portion of genetic diversity was captured in the founder 
lines of our investigated accessions. Hence, Indian popula-
tions have not only enhanced adaptive potential to cope up 

with future environmental changes, but increased evolution-
ary potential (Greenbaum et al. 2014).

The FST, AMOVA, Nm, and PCA all show that Indian 
populations are significantly differentiated from African 
and the other two Asian populations. The SI population is 
the most differentiated from both the African populations. 
Human Y-chromosome analysis has indicated an African 
origin of Dravidian agriculture in southern India (Winters 
2010). Taken together, it is thus most likely that C. olitorius 
was first introduced in peninsular India together with other 
African crops, perhaps unconsciously as a contaminant. This 
region has recently been identified as one of the most fre-
quent habitats of C. olitorius (Choudhary et al. 2017). C. 
olitorius flowers and fruits throughout the year in peninsular 
India, particularly at a geographical location of 11.02° N 
and 76.96° E (msl 411 m). Here, we provide the first genetic 
evidence that peninsular India may be the secondary centre 
of origin of C. olitorius. The highest concentration of Indian 
Corchorus spp. in Nilgiri and Palani hills, a biodiversity 
hotspot, of peninsular India (Choudhary et al. 2017) argues 
strongly in support of this hypothesis. A peninsular Indian 
origin has been proposed for roselle (Satya et al. 2014b) and 
horsegram (Fuller and Murphy 2018). On the other hand, 
the EI population is the least differentiated from both the 
African populations. This corresponds to our recent evi-
dence that the C. olitorius landraces from eastern India share 
the common organelle group with accessions from Sudan 
(AFR1) and Tanzania (AFR2), indicating their common 
African origin (Basu et al. 2016). Together with the extent 
of gene flows recorded in the CI and NI populations, these 
results point to multiple later introductions of African C. 
olitorius to central, eastern and northern India from different 
source populations. However, the dispersal of peninsular C. 
olitorius to the rest of India (Nm = 6.7–14.5), particularly 
northern India (Nm = 14.5), might have played a significant 
role in population differentiation in the north Indian plains.

Both HWE-assumed (STRU​CTU​RE) and relaxed (DAPC 
and sNMF) methods consistently identified two distinct geo-
graphically isolated Indian and African genetic groups. As 
compared to previous studies (Banerjee et al. 2012; Benor 
et al. 2012; Satya et al. 2014a; Zhang et al. 2015), we une-
quivocally established that the genetic structure of the C. 
olitorius populations is not reflected in the geographical 
contiguity of individuals. RAD-SNP alleles identified by 
DAPC as the most contributing to this group discrimination 
corresponded to genes related to cellular and metabolic pro-
cess GO categories. All African accessions were correctly 
assigned to the African group, while nearly all north and 
south and 80% of central Indian accessions to the Indian 
one. By contrast, nearly half of the individuals from East 
Indian, most from the other Asian and all from the RoW 
populations were assigned to the African group. Intrigu-
ingly, the first primitive and modern cultivars Chinsurah 
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Green and JRO-620, developed in eastern India from local 
landraces (Kar et al. 2010), were identified as of pure Afri-
can lineages, with the former reported earlier to be closely 
related to Sudan Green, an accession from Sudan (Basu et al. 
2004). Even though the biological meaning of these two 
genetic groups appears to be obvious, the fact that they do 
not always correspond to geographic origin of the accessions 
advocates recent migration of C. olitorius through introduc-
tion and germplasm exchange across geographical bounda-
ries (Roy et al. 2006). This is further substantiated by the 
existence of cryptic population structure within African and 
the other two Asian populations when examined individu-
ally with STRU​CTU​RE. Both the genotypic combinations 
are present to varying degrees in individuals in each of the 
four Indian populations, suggesting population structure due 
to intraspecific genetic admixture. This is consistent with a 
rather higher level of natural outcrossing (10–17%) in C. 
olitorius (Satya et al. 2014a). With 90% of the admixed indi-
viduals belonging to the four Indian populations, a more 
focused STRU​CTU​RE analysis supported the occurrence of 
introgressive hybridization between differentiated popula-
tions in central, eastern and northern India and potentially 
in southern India. Intraspecific genetic admixture can be 
presumed to be associated with increased overall genetic 
variance within Indian populations (Rius and Darling 2014), 
resulting in heightened capacity to respond to selection pres-
sures by overcoming the deleterious influences of inbreeding 
load vis-à-vis founder effects (Verhoeven et al. 2011). Novel 
allelic combinations appeared through multiple introduc-
tions and admixture might have provided the Indian popu-
lations with the raw material for local adaptation (Rius and 
Darling 2014).

We detected a low extension of LD in the whole sam-
ple, which may be due to the given gene pool structure and 
higher level of natural outcrossing. A slightly higher LD 
in Indian than in African subpopulation may be due to an 
imposed selection pressure in the former gene pool. The 
genetic bottleneck associated with the successive breeding 
efforts allowed the occurrence of increased LD in Mesoa-
merican as compared to the Andean gene pool of Phaseolus 
vulgaris (Valdisser et al. 2016). Jute was rediscovered as an 
important fibre crop in British India only around 1800 (Basu 
et al. 2016). However, systematic breeding efforts could not 
be traced back earlier than 1900 (Kar et al. 2010). The suc-
cessive C. olitorius breeding efforts in India predominantly 
used the African gene pool (Kar et al. 2010), but paradoxi-
cally many of the indigenous types used in crosses and/or 
selections proved to be of pure African lineages. Apparently, 
the repeated use of elite genitors from the same gene pool 
could have reduced the genetic gains in selection, resulting 
in relatively narrow genetic base of modern varieties (Roy 
et al. 2006; Kar et al. 2009). Therefore, the selection pro-
cess construed to be associated with an increased LD in the 

Indian gene pool was extraneous to the systematic breeding 
efforts, preceding the recorded breeding history of C. olito-
rius as a fibre crop in India.

Of the three population-based outlier tests, LOSITAN 
was the most efficient but not consistent in identifying loci 
under positive selection. However, an inadequacy of BayeS-
can to detect positive selection may be, because its power 
is severely weakened by the presence of admixed individu-
als (Luu et al. 2017) that account for as high as 46% in our 
diversity panel. One possible reason behind the failure of 
HacDivSel to detect significant (P ≤ 0.05) outliers may be 
that it is rather conservative and requires strict independ-
ence among loci (Carvajal-Rodríguez 2017), which is an 
unrealistic assumption while dealing with a large number 
of markers (Pérez-Figueroa et al. 2010). By contrast, the 
effectiveness of individual-based PCAdapt in detecting the 
maximum number of adaptive loci is due to its ability to 
handle admixed individuals, without the ascertainment bias 
of FST-based outlier tests (Luu et al. 2017). For it does not 
correct for population structure, PCAdapt is likely to detect 
the set of outliers that will contain more false but also true 
positives and is thus an efficient method to uncover potential 
candidate genes (François et al. 2016).

Most of the candidate genes, particularly those encod-
ing TFs, have multiple biological functions. Therefore, 
instead of BLAST alone, we employed a serial approach 
based on BLAST, Blast2GO and semantic similarity meas-
ures (REViGO) to obtain overrepresented functional GO 
categories. The two most essential GO biological processes 
uncovered are related to plant-type cell wall biogenesis and 
xylem–phloem pattern formation. We have earlier shown 
that bHLH, FAR1 and GRAS are involved in lignin bio-
synthesis and secondary cell wall deposition in jute fibres 
(Chakraborty et al. 2015). Candidate SCPL genes control 
cell elongation (Bienert et  al. 2012), a key step in bast 
fibre formation. Detection of an adaptive gene encoding an 
ARABIDILLO-1 ortholog, an F-box/ARMADILLO repeat 
protein that promotes lateral root growth (Mu et al. 2010), 
could be related to bast fibre production, because a QTL 
hotspot for bast fibre yield involves a QTL for root growth 
in C. olitorius (Kundu et al. 2015). The wider adaptability 
of C. olitorius in India has been related to deeper and rapidly 
growing root system (Choudhary et al. 2017). Three adaptive 
loci associated with the two isoforms of a TIP-type AQP are 
closely related to LuTIP2-1 and LuTIP2-2 involved in water 
and solutes transport in flax (Shivaraj et al. 2017). This TIP2 
class has long been identified as a shoot AQP involved in 
vascular development in Arabidopsis (Daniels et al. 1996). 
Together, these results suggest that bast fibre production 
was an important artificial selection pressure in C. olitorius. 
Overrepresented biological processes related to ion trans-
membrane transport and oxidation–reduction process are 
involved in the acquisition of salinity stress tolerance in jute 
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(Yang et al. 2017). Serine-type carboxypeptidase activity, 
an overrepresented molecular function GO term, is associ-
ated with broad-spectrum disease resistance (Mugford et al. 
2009). Manonyl-CoA synthetase activity associated with 
direct synthesis of manonyl-CoA, a precursor for cauline 
anthocyanins, may be related to photoprotective acclimation 
to high light stress (Gould et al. 2010). Therefore, it is pos-
sible that abiotic and biotic stresses were natural selection 
pressures involved in the local adaptation of C. olitorius. 
Candidate genes associated with the tolerance of abiotic and 
biotic stresses were subjected to positive selection during 
domestication of ramie (Liu et al. 2014).

No marked changes in population structure inferences in 
the absence of outlier loci may be because relatively larger 
number of RAD-SNP loci might have buffered the poten-
tial bias caused by outlier loci. With increasing numbers of 
gSSR loci, a buffering effect on the flawed genetic structure 
results was observed in flax (Soto-Cerda and Cloutier 2013). 
However, correction of our population structure results in 
terms of individual group membership and admixture level 
following the removal of outliers implies that these loci or 
others in LD with them were potentially affected by arti-
ficial and/or natural selection pressures. Since geographi-
cally sampled Indian accessions were mostly affected by the 
flawed group membership, it is evident that these selective 
loci could be involved in the differentiation of Indian popula-
tions. The exclusion of the outlier loci resulted in 23–24% 
reduction in genetic differentiation among geographic 
populations concomitant with 21.1% reduction in genetic 
divergence (FST) between the two ancestral subpopulations. 
Given that bast fibre production was a potential artificial 
selection pressure, we would suggest that C. olitorius was 
possibly domesticated as a fibre crop most likely in central 
and northern India. In the future, this hypothesis will be 
tested further by studying the genetic association between 
these candidate RAD-SNP loci and domestication-related 
bast fibre yield and yield components.
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