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A B S T R A C T   

Jack (Artocarpus heterophyllus) is a multi-purpose out-breeding tree species of the family Moraceae. We generated 
42,928,887 high-quality expressed sequence reads, assembled them into 89,356 unigenes, and discovered 16,853 
unigene-based perfect SSRs in A. heterophyllus. Thirty-eight polymorphic SSRs were used to analyze the genetic 
diversity and population structure of 224 germplasm accessions of A. heterophyllus constituting three populations 
from three agro-climatic zones, namely Eastern Plateau and Hills, Middle Gangetic Plain Region, and Eastern 
Himalayan Region, encompassing five Eastern and North-Eastern states of India. At the 38 SSR loci, we detected 
142 alleles with a mean of 3.74 alleles per locus. The PIC values for the loci ranged from 0.25 to 0.69. The 
maximum genetic diversity was recorded in Eastern Plateau and Hills (I = 0.98, He = 0.52). The ANOVA analysis 
indicated significantly higher within-population variation (90%) than between populations (10%). The indirect 
estimation of gene flow (Nm) from PhiPT indicated significant gene flow among all three populations. The 
population structure analysis showed at least four distinct groups among the three populations with different 
introgression degrees. The NJ-based clustering grouped the 224 germplasm accessions into three main clusters, 
each with three sub-clusters. However, we did not observe distinct geographical structure among populations 
except some clustering among the germplasm accessions of the populations of geographically close locations. The 
transcriptome dataset and the SSR markers developed in the study would boost the species’ molecular charac-
terization, conservation, and specific need-based improvement.   

1. Introduction 

Artocarpus heterophyllus (2n = 4X = 56), commonly known as Jack, is 
the most important and widespread tree of the family Moraceae (Dar-
lington and Wylie, 1956; Thomas, 1980). It is indigenous to the Western 
Ghats of India and the Malaysian Rain Forests (Brown, 1941; Chandler, 
1958). A. heterophyllus is a wonder tree, as every part of the tree is used 
for different purposes (Burkill and Birtwistle, 1966). However, this 
multi-utility tree species has received little attention from the scientific 
community. To date, there are minimal reports available on the devel-
opment of molecular markers in A. heterophyllus (Kavya and 

Shyamalamma, 2019). Consequently, the molecular-marker-based 
improvement for the species lags far behind the other economically 
important species of the genus Artocarpus (Gardner et al., 2016). 
Moreover, the lack of molecular markers has hindered the absolute 
measurement of genetic diversity and population parameters critical to 
interpreting ecological-indicators-based assessments and devising 
effective strategies for species’ conservation and sustainability (Bagley 
et al., 2003). Thus, it is essential to develop a broad set of suitable 
markers for A. heterophyllus for its genetic improvement and sustainable 
conservation. 

Next-generation sequencing (NGS) technologies, coupled with 
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powerful computational methods, have revolutionized omics-based 
research in plants (Yadav et al., 2018). Plant scientists use these mod-
ern, cost-effective technologies to develop large-scale genomic and 
transcriptomic resources in different plant/tree species (Thumilan et al., 
2016). The goal of the present study was to create a comprehensive 
transcriptome dataset, discover a large number of transcript-based SSR 
markers and demonstrate their utility in providing a deep insight into 
the genetic background of the species. 

2. Material and methods 

2.1. Object of study 

A. heterophyllus is an outcrossing, underutilized fruit-tree species of 
the family Moraceae. It is monoecious and bears unisexual flowers. 
People eat the syncarpous ripe fruit fresh, while the unripe fruit is used 
as a vegetable and has a consistency similar to meat (Pushpakumara, 
2006). A. heterophyllus has immense potential to cater to pharmaceu-
tical/biomaterial, paint, agro-based, and several other product-specific 
sectors (Jagadeesh et al., 2007). 

2.2. Plant material 

The study included 224 germplasm accessions of A. heterophyllus 
collected by the ICAR – National Bureau of Plant Genetic Resources 
(NBPGR), Regional Station, Ranchi, Jharkhand − 834 003 from three 
agro-climatic zones comprising five different states of India (Fig. 1). 

The zone and state-wise collection of germplasm accessions are as 
follows: Eastern Plateau and Hills (Jharkhand − 173; Odisha − 19), 
Middle Gangetic Plain Region (Bihar − 23), and Eastern Himalayan 
Region (Assam − 08; Meghalaya − 01) (Supplementary Table 1). ICAR- 

NBPGR, Regional Station, Ranchi, currently maintains these germplasm 
accessions under ex-situ in-field conditions. 

2.3. RNA extraction and cDNA library preparation 

Total RNA was isolated separately from one gram of developing 
seeds, leaves, inflorescence, and the roots of the A. heterophyllus (Acc. 
No. IC436479) using ZR Plant RNA MiniPrep Kit (ZYMO RESEARCH, 
CA, USA). The RNA was qualitatively analyzed on 1.0 % denaturing 
agarose gel and quantified on NanoDrop (Wilmington, Delaware, USA). 
One µg of total RNA extracted from each of the four tissue types was 
mixed to prepare an RNA pool that ensured the representation of the 
maximum number of expressed genes in the cDNA library (Dutta et al., 
2011; Singh et al., 2016). The mRNA enriched RNA pool served as the 
substrate to prepare a paired-end cDNA sequencing library using Illu-
mina TruSeq RNA Sample Preparation Kit (Illumina, San Diego, USA). 
An Agilent 4200 TapeStation System (Agilent Technologies, CA, USA) 
was used for the library’s quality check. 

2.4. Sequencing and sequence assembly 

An Illumina NextSeq1000 platform was used to sequence the library. 
The quality of the raw data obtained by paired-end sequencing of the 
normalized cDNA library was assessed using FastQC software (Andrews, 
2010). The adaptor contamination and low-quality reads were removed 
using Trimmomatic v.0.32 software (Bolger et al., 2014). The study 
included only those sequence reads whose lengths were >50 nucleo-
tides. The sequences were cleaned thoroughly by removing ambiguous 
reads (unknown nucleotides ʻN’ > 5%), low-quality reads (QV < 20), 
and adaptor sequences. The clean reads were subjected to the de novo 
assembly using Trinity-v2.5.1 software (Grabherr et al., 2011) with the 

Fig. 1. Sampling distribution of germplasm accessions of A. heterophyllus in Eastern and North-Eastern India.  
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default k-mer, K = 25, and redundancies present in the assembled 
unigene sequences were removed using CD-HIT-EST -v4.6 software (Li 
and Godzik, 2006) with global sequence identity threshold cut-off set at 
of 90%. The assembly’s reliability was validated by remapping clean 
reads to the assembled unigenes using BWA MEM -v0.7.12 software (Li 
and Durbin, 2009), and only those sequences were considered that 
paired adequately with a mapping quality of at least 20 (− q = 20). The 
assembly statistics were calculated using SAMtools (Li et al., 2009). We 
have deposited the sequence data at the National Centre for Biotech-
nology Information (NCBI) Short Read Archive (SRA) under the Bio-
Project accession number SRR7250836. 

2.5. Mining of genic-SSRs and designing of primers 

MIcroSAtellite (MISA) tool (Thiel et al., 2003) was employed to 
detect SSRs in the assembled unigene sequences. Only the genic-SSR loci 
with 2–6 nucleotides simple sequences repeated at least four times were 
selected. Mononucleotide repeats and complex genic-SSRs were filtered 
out in the study. BatchPrimer3 v1.0 software (You et al., 2008) was used 
to design the primers for the mined genic-SSRs. The following criteria 
were applied for designing the primers: primer length = 18–27 bases 
(optimal of 22 bases), GC content = 40–60% (optimal 50%), annealing 
temperature = 50–60 ◦C (optimal 55 ◦C), and the product size =
100–200 bp. 

2.6. DNA extraction and PCR amplification of genic-SSRs 

Cetyl Trimethyl Ammonium Bromide (CTAB) method devised by 
Murray and Thompson (1980) was followed to extract the high molec-
ular weight genomic DNA from young leaves of A. heterophyllus. DNA 
quality check was performed on 1.0% agarose gel. The PCR amplifica-
tions were performed in reaction mixtures (10-μl) containing purified 
genomic DNA (20 ng), PCR buffer (1×), MgCl2 (1.5 μM), dNTPs (200 μM 
each), primer (250 nM each), and Taq DNA polymerase (0.25 U). All the 
PCR reagents were procured from Sigma-Aldrich, St. Louis, USA. The 
thermocycling conditions for PCR were as follows: 94 ◦C for 5 min fol-
lowed by 35 cycles of 94 ◦C for 45 s, 60 ◦C for 30 s, 72 ◦C for 30 s, and a 
final extension at 72 ◦C for 7 min. MetaPhor (FMC BioProducts, Rock-
land, ME, USA) agarose gels (3.5%) containing ethidium bromide (0.5 
ng/ml) (Sigma-Aldrich, St. Louis, USA) were used to resolve and visu-
alize the PCR amplicons. 

2.7. Genetic diversity analysis 

PowerMarker v3.25 software (Liu and Muse, 2005) was used to 
calculate the heterozygosity, polymorphism information content (PIC) 
values, and pairwise genetic distance (Nei et al., 1983) between the 
germplasm accessions. GenAlEx 6.5 software (Peakall and Smouse, 
2012) was used to calculate the population genetic parameters, the 
number of unique alleles, analysis of variance (ANOVA), and principal 
coordinates analysis (PCoA) based on Nei’s genetic distance. Pairwise 
group PhiPT values and estimates of gene flow (Nm; Number of migrants 
per generation = 0.25[(1/PhiPT)–1]) were also calculated using the 
GenAlEx 6.5 software. The analyses involved three agro-climatic zone- 
based populations constituting the entire germplasm collection. The 
MEGA 6 software (Tamura et al., 2013) was used to generate the 
neighbour-joining dendrogram (cluster analysis). 

2.8. Population structure analysis 

The population structure of the entire collection of 224 germplasm 
accessions of A. heterophyllus was inferred by the Bayesian model-based 
clustering algorithm of STRUCTURE v.2.3.4 software (Pritchard et al., 
2000). The K-value indicating the number of sub-populations was 
identified by performing Markov Chain Monte Carlo (MCMC) runs for 
each value of K from 1 to 10. Each run comprised of 10,000 burn-in 

periods and 100,000 MCMC replicates. The analyses were carried out 
using the admixture model option. We considered the germplasm ac-
cessions with membership fraction ≥0.8 as pure while the rest were 
considered as admixtures. The ΔK value was determined using Evanno’s 
method (Evanno et al., 2005) executed in STRUCTURE HARVESTER 
software. 

3. Results 

3.1. Paired-end Illumina sequencing and de novo transcriptome assembly 

The cDNA library’s paired-end sequencing generated 42,928,887 
high-quality reads representing a total of 6.46 Gb of expressed sequence. 
The de novo assembly of the sequence reads generated 89,356 unigenes 
with an average length of 1205 bp and the N50 value of 1703 bp. These 
unigenes covered 107,760,178 bp (~17.6%) of the estimated 1900 Mbp 
A. heterophyllus genome. The size of the majority of the unigenes 
(83.4%) ranged between 0.2 and 2.0 kbp. 

3.2. Identification and validation of genic-SSRs 

We identified a total of 16,853 perfect SSRs across 15,012 unigenes, 
accounting for 1.12 SSRs per unigene. Considering 107,760,178 bp as 
the unigene sequences’ total size analyzed to discover SSRs, each 6.4 
kbp of unigene sequence contained one SSR locus. Among the 16,853 
genic-SSR loci analyzed, we identified a total of 192 distinct types of 
repeat motifs (Table 1). Trinucleotide SSRs were most abundant 
(80.57%), followed by di-, tetra-, penta- and hexanucleotide repeat with 
frequencies of 14.71, 3.04, 1.1, and 0.62%, respectively (Fig. 2a). 
Among the tri- and dinucleotide repeats, GAA/TTC and AG/CT were the 
most abundant motifs, with frequencies of 10.67 and 4.98%, respec-
tively. The number of repetitions of the simple sequences ranged from 4 
to 22. The frequency of reiterations ranged from 48.26% (n = 4) to <1% 
(n > 12) (Fig. 2b). Length-wise, 12 bp SSRs were most frequent (48.26%) 
followed by 15 bp (17.11 %), 18 bp (7.54%) and 20 bp (6.67%). The 
maximum length of the SSR was 56 bp (Fig. 2c). 

Of the 16,853 genic-SSR loci identified in the study, we successfully 
designed PCR primers for 9469 (56.2%) of the genic-SSRs (Supple-
mentary Table 2). From the 9469 genic-SSRs loci, we randomly selected 
200 loci (n ≥ 18) to assess their utility in studying genetic diversity, and 
population structure of 224 germplasm accessions of A. heterophyllus 
collected from three agro-climatic zones of India, namely Eastern 
Plateau and Hills, Middle Gangetic Plain Region, and Eastern Himalayan 
Region (Supplementary Table 3). One hundred seventy of the 200 PCR 
primer pairs yielded a single band in A. heterophyllus (IC436479). Of 
these, 167 primer pairs yielded amplicons of the expected size, while 
three primer pairs amplified products that exceeded the expected size. 
We used all these PCR primer pairs for the preliminary polymorphism 
survey in a panel of eight germplasm accessions comprising the 
morphologically most diverse set. From the initial analysis, we identi-
fied 38 primer pairs with PIC > 0.5 and used them to analyze the genetic 
diversity and population structure of the entire set of 224 germplasm 
accessions of A. heterophyllus. 

3.3. Genic-SSR polymorphism and frequency spectrum 

We detected 142 alleles at the 38 genic-SSR loci in 224 germplasm 
accessions of A. heterophyllus. The number of alleles per locus ranged 
from 2 to 5, with a mean value of 3.74. The PIC values for the genic-SSR 
loci ranged from 0.25 to 0.69, with an average of 0.51 (Table 2). The 
frequency distribution analysis of the alleles indicated that 38 alleles 
were rare (frequency < 0.05), 74 alleles were common (frequency 
0.05–0.5), and 30 alleles were frequent (frequency > 0.5). Fig. 3 depicts 
a representative display gel showing the profile generated by the primer 
JFSSR-4 in different A. heterophyllus germplasm accessions. 

The frequency of major alleles per genic-SSR locus ranged from 0.30 
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to 0.75, with a mean value of 0.56. All the alleles except those amplified 
by the primers JFSSR-12 and JFSSR-172 showed a significant deviation 
from the Hardy–Weinberg equilibrium (P < 0.05). Analysis of the dis-
tribution pattern of the 142 alleles among the 224 germplasm accessions 
of A. heterophyllus constituting three populations from three distinct 
agro-ecological zones of India, namely Eastern Plateau and Hills, Middle 
Gangetic Plain Region, and Eastern Himalayan Region indicated that (1) 
124 alleles were present in all the three populations, (2) seven alleles 
were unique to Eastern Plateau and Hills population, (3) seven alleles 
were present only in Eastern Plateau and Hills, and Middle Gangetic 
Plain Region populations, and (4) four alleles were present only in 
Eastern Plateau and Hills, and Eastern Himalayan Region populations. 
The seven alleles unique to the Eastern Plateau and Hills population 
were those amplified by the primers JFSSR-4, JFSSR-18, JFSSR-20, 
JFSSR-101, JFSSR-134, JFSSR-135, and JFSSR-172. Out of these seven 
unique alleles of the Eastern Plateau and Hills population, five alleles 
were specific to a small pocket near the Jharkhand-Odisha border area. 

3.4. Genetic diversity, differentiation, gene flow, and population structure 
analysis 

The different diversity indices calculated for each of the three pop-
ulations of A. heterophyllus are presented in Table 3. The observed 
number of alleles (Na) and the effective number of alleles (Ne) per 
population ranged from 3.36 to 3.61 and 2.26 to 2.65. The expected 
heterozygosity (He) varied from 0.45 to 0.52. We recorded the 
maximum and the minimum genetic diversity in Eastern Plateau and 
Hills (I = 0.98, He = 0.52) and Eastern Himalayan Region (I = 0.81, He 
= 0.45) populations, respectively. The polymorphism percentage of the 
genic-SSRs across the three populations varied from the maximum 100% 
in Eastern Plateau and Hills, 89.47% in the Middle Gangetic Plain Re-
gion, and the minimum of 84.21% in the Eastern Himalayan Region 
populations. 

The analysis of variance (ANOVA) revealed little genetic differenti-
ation among the three populations. The level of variation among the 
populations was only 10 percent. The genetic variation between and 
within the populations was significant (P < 0.001). The results indicated 
greater within-population variation (90%) than between populations 
(10%), and the genetic variation within populations was the primary 
source of the total variation (Table 4). We observed a higher level of 
gene flow between the populations from the Eastern Plateau and Hills 
and Eastern Himalayan Region (3.12) than between populations from 
the Middle Gangetic Plain Region and Eastern Himalayan Region (1.48) 
(Supplementary Fig. 1). We observed all pairwise Nm values among the 
populations > 1, indicating gene flow among all the populations. 

The genotypic data analysis using STRUCTURE v.2.3.4 software 
revealed the maximal ΔK at K = 4, indicating that at least four distinct 
groups existed among the three populations (Fig. 4a). In the bar-plot 

with one bar for each accession, we have indicated the subpopulations 
1, 2, 3, and 4 with green, blue, red, and yellow colours, respectively. The 
subpopulation-wise distribution of germplasm accessions was as fol-
lows: subpopulation-I = 41, subpopulation-II = 81, subpopulation-III =
33, subpopulation-IV = 69. The number of admixtures in the sub-
populations 1–4 was 14, 25, 12, and 24, respectively. The remaining 
germplasm accessions in the populations were pure (Fig. 4b). 

3.5. Genetic relationships 

The neighbour-joining (NJ) based clustering grouped the 224 
germplasm accessions of A. heterophyllus into three main clusters 
designated as clusters 1, 2, and 3, with three sub-clusters each (Fig. 5). 
We did not, however, observe a definitive population-wise clustering in 
the study. All three populations showed the affiliation to all the three 
main clusters. The sub-cluster-wise distribution of the populations, 
however, indicated some correlation with their geographical origin. The 
germplasm accessions of the Eastern Plateau and Hills showed a general 
affiliation to all the sub-clusters. However, the germplasm accessions of 
the Middle Gangetic Plain Region and the Eastern Himalayan Region 
showed the selective affiliation to different sub-clusters. Since the 
Eastern Plateau and Hill population constituted the maximum number of 
germplasm accessions, we split the population into two groups: Eastern 
Plateau and Hills (Jharkhand) and Eastern Plateau and Hills (Odisha) for 
a better resolution in the sub-cluster-wise distribution of the pop-
ulations. Most of the Middle Gangetic Plain Region germplasm acces-
sions clustered with the germplasm accessions of the Eastern Plateau 
and Hills (Jharkhand). However, a few germplasm accessions of the 
Middle Gangetic Plain Region also clustered with the Eastern Plateau 
and Hills (Odisha) and the Eastern Himalayan Region germplasm 
accessions. 

Similarly, most Eastern Plateau and Hills (Odisha) germplasm ac-
cessions shared the sub-clusters with the Eastern Plateau and Hills 
(Jharkhand) and the Eastern Himalayan Region germplasm accessions. 
The PCoA (Fig. 6) showed almost similar results, as observed in NJ 
clustering. In the PCoA, the first three coordinates explained a 63.98% 
cumulative variation between the germplasm accessions. The vertical 
and the horizontal axes individually explained 26.56 and 21.32% of the 
variation, respectively. The graphical dispersion of the PCoA generated 
a noticeable cloud for the Middle Gangetic Plain Region germplasm 
accessions. These germplasm accessions exhibited a considerable ge-
netic similarity with Eastern Plateau and Hills (Jharkhand) germplasm 
accessions but not Eastern Plateau and Hills (Odisha) and the Eastern 
Himalayan Region germplasm accessions. The germplasm accessions of 
the Eastern Plateau and Hills (Odisha) and the Eastern Himalayan Re-
gion showed a high level of genetic similarity with each other and also 
with the germplasm accessions collected from the Eastern Plateau and 
Hills (Jharkhand). 

Table 1 
Frequency distribution of the ten most abundant SSR repeat motifs in A. heterophyllus.  

S. No. Repeat motif Number of reiterations of the motif Total 

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 22 

1 GAA/TTC 959 445 172 118 61 16 19 3 4 2 – – – – – – – – 1799 
2 AAG/CTT 773 275 131 103 50 24 15 6 – 4 – 4 – – – – – – 1385 
3 AGA/TCT 772 299 146 56 36 7 18 4 2 2 1 – – – – – – – 1343 
4 AAT/ATT 569 222 122 73 54 8 11 4 2 – – – – – – – – – 1065 
5 AG/CT – – – – – – 230 213 185 40 37 60 30 22 9 7 4 2 839 
6 AT/AT – – – – – – 184 141 121 49 40 20 24 24 1 1 – – 605 
7 GA/TC – – – – – – 176 138 111 40 32 22 24 13 6 3 1 1 567 
8 TCA/TGA 417 89 40 11 7 1 – – – – – – – – – – – – 565 
9 CAA/TTG 331 137 64 23 5 2 1 – – – – – – – – – – – 563 
10 TAA/TTA 268 82 88 34 34 6 9 – 7 – – – – – – – – – 528  

Other motifs* 4045 1904 686 259 150 30 212 137 82 30 25 17 12 5 – – – – 7594  
Total 8134 3453 1449 677 397 94 875 646 514 167 135 123 90 64 16 11 5 3 16,853  

* Additional 182 types of repeat motifs in A. heterophyllus transcriptome. 
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Fig. 2. Occurrence and distribution of genic-SSRs of A. heterophyllus (a) Length of repeat motifs, (b) Number of reiterations of repeat motifs, (c) Length of SSRs.  
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Table 2 
Total number of alleles, frequency of the major alleles, heterozygosity, and polymorphism information content (PIC) generated by 38 primer pairs from 224 germplasm 
accessions of A. heterophyllus.  

S. 
No. 

Primer 
ID 

Forward Primer Reverse Primer Expected 
Amplicon 
Size (bp) 

Observed 
Amplicon 
Size (bp) 

Allele 
No 

Heterozygosity PIC Major 
Allele 
Frequency 

1 JFSSR-2 GCAAGTATAACAACCCAAGTG CAAAGACTCCTGAGGGAAA 374 500 2  0.21  0.25  0.72 
2 JFSSR-4 ACAAGAGACTCAAGCCTCAA TCTTTGACTGCAATGAAGC 354 354 5  0.36  0.66  0.36 
3 JFSSR-8 CAACCCAAGAAGTAGTATCCA GAGAAGGACGGAGATTCTTT 354 354 3  0.02  0.38  0.74 
4 JFSSR- 

12 
TGGATCTTGGTGTCGGTCT TACCACTCCGTACAGTGGAAA 396 396 3  0.07  0.35  0.75 

5 JFSSR- 
13 

ACTCAGTTATTGAGCCTTCCT CAAAGAGACGTGTGATGTTG 386 386 5  0.42  0.70  0.40 

6 JFSSR- 
15 

CTCCCTGGGAAAGGAATA CTTAACGATTTGCATTAGGG 353 353 4  0.28  0.47  0.65 

7 JFSSR- 
18 

CACTAGTGAAACCTTCTGTGG CTGTTCAGCAGGCAATAACT 351 351 5  0.83  0.63  0.41 

8 JFSSR- 
19 

GAGTTTATTTCTTGCCCTTG CTCATCATTTCGCTTTAACC 352 352 5  0.54  0.63  0.50 

9 JFSSR- 
20 

AAATACCCAGCTCGCAGT CACCAACAAACTCTTCCTTTC 370 370 5  0.61  0.49  0.63 

10 JFSSR- 
25 

GTTATCAGAATATCGACAGCAG GTGTTATTGCAGCTCACAAG 364 364 4  0.62  0.53  0.57 

11 JFSSR- 
28 

GCCACTAGAAACTCCAAACTT GGGAATGGGTATGAGTATGAG 363 363 4  0.28  0.48  0.63 

12 JFSSR- 
32 

CAATCTCCCACTTGTTTGT CTGTTATATCTTCGGGAAGTG 353 353 3  0.30  0.50  0.62 

13 JFSSR- 
35 

AAGCGATCAAAGGTGACAT CTCTCCTCCTTCTTCTTCATC 351 351 4  0.68  0.61  0.50 

14 JFSSR- 
39 

AATGGCAACTTAGCAAGGTA ATACGATGTCCCAGAAGTCAT 389 389 3  0.41  0.51  0.58 

15 JFSSR- 
44 

CAAACCAACACTTATCACTCC CCATCTTCAAAGTCCGTTC 368 368 4  0.52  0.52  0.62 

16 JFSSR- 
45 

TTCTCTCACAAACACCCAAA GATGATGACAAAGGAAACTCC 353 353 4  0.35  0.69  0.30 

17 JFSSR- 
47 

GAGAAGCAACCCAATTAAGA GTGTTCGTGGAACGTAGTG 363 502 5  0.60  0.57  0.59 

18 JFSSR- 
48 

ACCAAGTCACACATGATTACC ACAGTGTAGGCACTGTTTCTG 374 374 4  0.69  0.50  0.61 

19 JFSSR- 
52 

GATCTCGTCGTACTTCTTGG ACTCTCAACAATGGCAGTTT 379 379 3  0.32  0.38  0.68 

20 JFSSR- 
64 

CAGAATACGATGACAAGATGG CTTCTTCATCGGTAAAGTGC 370 370 2  0.47  0.29  0.71 

21 JFSSR- 
76 

TCGAAGCAGACAATCAGAAT AGAGGAGAAGGGACTGAATTT 377 377 3  0.52  0.36  0.67 

22 JFSSR- 
88 

AGAACTACTATCAATGGCATCC CGATTCAGAAGTTTGGAGAG 370 370 3  0.58  0.41  0.62 

23 JFSSR- 
97 

AGAATCCAGGAGGTACCCTAT TTGTGAGGAAGAAGAGGAGA 368 368 3  0.54  0.46  0.65 

24 JFSSR- 
101 

CCTAGCCGAGGAACTCTTA GAGATGAAATGGAATGGATG 377 520 4  0.12  0.58  0.39 

25 JFSSR- 
104 

CTTCCCTGTTCATTACACAA ACCTTGTTTGTGTTCCAGTT 354 354 4  0.40  0.49  0.65 

26 JFSSR- 
114 

AATTCAGCCAACTCAGAATC AGCAACTATATTCGGATGGA 372 372 3  0.34  0.49  0.61 

27 JFSSR- 
116 

GAGGAAGCCATTGAACCT CTCCGACTCCAATCTTCA 356 356 4  0.33  0.53  0.56 

28 JFSSR- 
122 

AAATCAGATGCGTTTAGGG AAACAGAACAGACATCACTCG 381 381 3  0.10  0.45  0.58 

29 JFSSR- 
126 

TTTCCAAGTCACATGAATACC TCGGTAAGCTTTGACTAAACA 150 150 4  0.29  0.68  0.36 

30 JFSSR- 
132 

AGCAAACAAAAGGAAAACAA TTTGTTGAGCAACAGAAGC 153 153 4  0.21  0.64  0.38 

31 JFSSR- 
134 

AGAAACGAGAGAAGTGGAGAT ACAATTCAACCAAACAACAAC 150 150 4  0.14  0.58  0.50 

32 JFSSR- 
135 

CAAAGTCCCTACCACCTTATC TGCTCATCCTCATAATATTCG 147 147 4  0.01  0.51  0.60 

33 JFSSR- 
141 

CCTAGAATTACCAAGTGAGCA CTGTCTCTGATTCAAAAATCG 155 155 3  0.34  0.50  0.61 

34 JFSSR- 
170 

CGTTTCTCCTCTGTAGTAGCA CATTGTCTCTCTCTTCACCAG 141 141 4  0.15  0.53  0.50 

35 JFSSR- 
172 

TGGGTTAAGAGGGTTATTGAC AAGTGCAACACTCTGAAGAAC 152 152 4  0.28  0.48  0.63 

36 JFSSR- 
180 

TACATTTGCTTCCAACTCATT ACAGCAGAGCACTGACAATAC 159 159 4  0.38  0.67  0.34 

37 JFSSR- 
181 

CACTCAACCGTCTTCTCTTTA CGCATAATAGCACTTTTGAGT 149 149 3  0.31  0.49  0.61 

(continued on next page) 
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4. Discussion 

Genetic diversity is a fundamental component of biodiversity 

(Hughes et al., 2008). It encompasses the extent of diversity present 
between a species’ individuals, critical to its sustainability. A standing 
level of genetic diversity within a population enables it to adapt to 

Table 2 (continued ) 

S. 
No. 

Primer 
ID 

Forward Primer Reverse Primer Expected 
Amplicon 
Size (bp) 

Observed 
Amplicon 
Size (bp) 

Allele 
No 

Heterozygosity PIC Major 
Allele 
Frequency 

38 JFSSR- 
182 

CGTGTTTATGTATTGTTTCCTG TCAATTGAGGTTTCTTGTCAT 153 153 4  0.15  0.54  0.60 

Mean   3.74 0.36 0.51 0.56  

Fig. 3. Polymorphism analysis of JFSSR -4 in different A. heterophyllus germplasm accessions. (1) IC21617, (2) IC21619, (3) IC21622, (4) IC21625, (5) IC21627, (6) 
IC21628, (7) IC21629, (8) IC21630, (9) IC21631, (10) IC21632, (11) IC21633, (12) IC21635, (13) IC21636, (14) IC21637, (15) IC21638, (16) IC21640, (17) 
IC21642, (18) IC21643, (19) IC21644, (20) IC21645, (21) IC21646, (22) IC21647, (23) IC21649, (24) IC24323, (25) IC24324, (26) IC24325. M = 50 bp DNA marker. 

Table 3 
Summary statistics of genetic diversity parameters in the populations of A. heterophyllus calculated based on 38 polymorphic genic-SSR markers.  

S. No. Population Na Ne I He P P% N U 

1. Eastern Plateau and Hills 3.61 ± 0.13 2.65 ± 0.14 0.98 ± 0.05 0.52 ± 0.03 38 100 142 7 
2. Middle Gangetic Plain Region 3.45 ± 0.13 2.45 ± 0.12 0.89 ± 0.07 0.48 ± 0.04 34 89.47 131 0 
3. Eastern Himalayan Region 3.36 ± 0.15 2.26 ± 0.11 0.81 ± 0.06 0.45 ± 0.04 32 84.21 128 0 

Na = Observed number of alleles; Ne = Effective number of alleles ; I = Shannon’s nformation index; He = Expected heterozygosity; P = Number of polymorphic loci; P 
% = Polymorphism percentage; N = Total number of alleles; U = Number of unique alleles. 

Table 4 
Summary of analysis of variance (ANOVA).  

Source df SS MS Estimated variance % variance PhiPT p-value 

Among populations 2  176.77  88.39  2.39 10  0.104 <0.001 
Within populations 221  4538.84  20.54  20.54 90  – – 
Total 223  4715.62  –  22.93 100  – –  

Fig. 4. Population genetic structure based on 38 genic-SSR markers in 224 germplasm accessions of A. heterophyllus. (a) ΔK graph showing peak value at K = 4, (b) 
population structure at ΔK = 4. 
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Fig. 5. NJ tree showing the genetic relationships among the 224 germplasm accessions of A. heterophyllus.  

Fig. 6. PCoA based on pairwise Nei’s genetic distance estimates for the populations.  
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changing environments. Small populations with suboptimal genetic di-
versity may experience fitness reductions and an increased risk of ge-
netic erosion (Bagley et al., 2003). 

A. heterophyllus is an underutilized fruit tree species. It has been 
introduced and is now both naturalized and cultivated in many tropical 
countries. ICAR-NBPGR, Regional Station, Ranchi, made a large-scale 
collection of A. heterophyllus from India’s three different agro-climatic 
zones and maintaining them under ex-situ in-field conditions. Howev-
er, any genetic improvement or diversity study could not be taken up 
due to the lack of suitable markers for the species. 

In recent years, SSR markers are proven to be very useful for various 
molecular genetic and genomic studies (Varshney et al., 2005). To 
provide impetus to such studies in A. heterophyllus, we generated global 
transcriptome data and developed a comprehensive set of genic-SSRs for 
the species. We used the Illumina NextSeq1000 platform for the paired- 
end sequencing of the normalized cDNA library prepared from an 
equimolar mixture of total RNA extracted from developing seeds, leaves, 
inflorescence, and the roots of A. heterophyllus. A normalized cDNA 
sequencing library prepared from the pooled RNA generates maximally 
informative sequence resources (Hoang et al., 2019). The paired-end 
sequencing of a cDNA library often yields reads with significant over-
laps critical for their assembly. It is beneficial for non-model tree species 
lacking reference genome sequence (Martin and Wang, 2011). We 
generated 42,928,887 high-quality reads and assembled them into 
89,356 unigenes with an average length of 1205 bp and the N50 value of 
1703 bp. The average and the N50 contig lengths obtained in our study 
were comparable or even better than many earlier reports (Singh et al., 
2016; Singh et al., 2018). It implies that our sequence assembly was 
accurate and effective (Ge et al., 2019). From the assembled unigenes, 
we identified 16,853 perfect SSRs, accounting for one SSR per 6.4 kbp of 
unigene. The frequency of the genic-SSRs obtained in our study is higher 
than the earlier reports in wheat, tomato, poplar (Cardle et al., 2000; 
Kantety et al., 2002), comparable to those in cassava, barley, Arabi-
dopsis, soybean (Cardle et al., 2000; Raji et al., 2009; Thiel et al., 2003) 
but significantly lower than in coffee, rubber, rice (Cardle et al., 2000; 
Aggarwal et al., 2007; Feng et al., 2009). The size of the genome, 
redundant unigenes, and the SSR detection tools and parameters are 
often accountable for these variations (Varshney et al., 2005). As to 
repeat motif frequencies and the length of the genic-SSRs, our results 
corroborate the earlier report in Morus alba (Thumilan et al., 2016), a 
closely related species of A. heterophyllus. 

Of the 16,853 genic-SSR loci identified in the study, we could design 
PCR primers for only 9469 (56.2%) loci, possibly due to too short 
flanking sequences or the failure of the flanking sequences to meet the 
criteria for primer designing using BatchPrimer3 v 1.0 software (Dutta 
et al., 2011). We tested 200 randomly selected genic-SSRs, out of which 
167 (83.5%) showed successful amplification. Earlier reports indicate 
that generally, 60–90% of genic-SSR loci show successful amplification 
in PCR assays (Liang et al., 2009; Saha et al., 2004; Wang et al., 2011). 
The quality of the sequence and the location of the primers within the 
SSR-containing genes largely determine the success of PCR assays 
(Varshney et al., 2005). The failure to amplify some of the loci in our 
study may be possible due to the presence of large-sized introns within 
the SSR containing unigenes (Singh et al., 2016). 

The number of alleles present in a population (allelic richness) offers 
a significant measure of the population’s long-term potential for 
adaptability to the changing environment (Greenbaum et al., 2014). The 
mean value of (3.74) genic-SSR alleles per locus recorded in our study 
was lower than that of 10.9 alleles per locus recorded in an earlier study 
on a Ugandan collection of A. heterophyllus (Nakintu et al., 2020). The 
moderate allelic richness and the prevalence of rare alleles (26.8%) 
obtained in the study underscore the evolutionary potential of the 
populations considered for analysis (Caballero et al., 2013; Hughes 
et al., 2008). Besides, it highlights the populations’ exceptional ability to 
adapt to future environmental changes (Fisher, 1930; Wagner, 2008). A 
significant deviation (P < 0.05) of the majority of alleles from 

Hardy–Weinberg equilibrium highlights the complex interplay of 
evolutionary forces as well as humanmade selection pressure, referred to 
as founding events, on the populations (Dlugosch and Parker, 2008). The 
study revealed the presence of a few unique alleles in the populations. 
These alleles may serve as valuable markers in asserting germplasm 
accessions’ genetic identity during germplasm characterization (Kali-
nowski, 2004). The prevalence of unique alleles of the Eastern Plateau 
and Hills population near the Jharkhand-Odhisa border area indicates a 
priority site for the in-situ conservation of A. heterophyllus. As the crop 
continues to gain global popularity as an industrial crop, failure to take 
timely conservation initiatives may lead to losing these locally adapted 
alleles due to intentional selection processes (Peñas et al., 2016; With-
erup et al., 2019). 

The assessment of genetic variation within a population forms the 
basis for selecting, improving, and conserving the species (Rao and 
Hodgkin, 2002). The study observed the maximum (I = 0.98, He = 0.52) 
and minimum (I = 0.81, He = 0.45) genetic diversity in Eastern Plateau 
and Hills and Eastern Himalayan Region populations. The higher genetic 
diversity explained by the newly developed genic-SSR markers among 
the populations substantiate their efficiency as effective markers for 
diversity studies. 

The analysis of variance (ANOVA) revealed little genetic differenti-
ation among the three populations. The results indicated more signifi-
cant within-population variation than between populations, and the 
genetic variation within populations was the primary source of the total 
variation. In general, migration enhances the genetic variability within 
populations and homogenizes genetic differences among populations. It 
is particularly relevant for species with high or moderate dispersal 
abilities. Out-breeding plants often show higher variation levels within 
populations and less between populations (Hamrick and Godt 1990; 
Yang et al., 2019). A. heterophyllus is an out-breeding species (Moncur, 
1985). An outcrossing mating system and long-distance seed dispersal in 
the genus Artocarpus promote gene flow among populations. Besides, 
these are most likely responsible for reducing population structuring and 
preserving a high genetic diversity level. We indirectly estimated the 
magnitude of gene flow (Nm) in the genus Artocarpus from the PhiPT 
values. The indirect estimation of gene flow involves several assump-
tions that are often not valid for natural populations (Whitlock and 
McCauley, 1999). Nevertheless, they can still provide helpful informa-
tion about the approximate magnitude of gene flow (Neigel, 2002). All 
pairwise Nm values recorded in the study were >1, indicating gene flow 
among all the populations. The prevalence of gene flow among the 
geographically distant populations may be due to the dispersal of seeds 
by human migrations, which are very common in India. These migra-
tions often occur due to poverty, lack of local options, and work avail-
ability elsewhere. The population structure analysis revealed different 
degrees of introgressions among the populations, an evident phenome-
non for out-breeding populations. 

Both NJ and Bayesian model-based clustering studies failed to indi-
cate any definitive clustering among the germplasm accessions. The 
non-clustering of germplasm accessions, even from the same agro- 
climatic zones, may be attributed primarily to the anthropogenic fac-
tors leading to the movement of seed/propagules across the agro- 
climatic zones (Asfaw et al., 2009). A significant difference in the 
number of germplasm accessions across the populations may also be 
responsible for a non-conclusive clustering pattern observed in the 
study. The origin of a considerable number of germplasm accessions 
from the areas near the geographical boundaries shared by agro-climatic 
zones, on the other hand, explains the cross-population sub-clustering of 
some of the germplasm accessions. The distortion in the populations’ 
geographical structuring may be due to the complex histories of human 
migration in the region (Kundu and Niranjan, 2007) coupled with the 
cultural association of jackfruit since prehistoric times (Soepadmo, 
1992). Our report agrees with an earlier report from China, wherein 
AFLP-based genetic diversity analysis did not find a significant corre-
lation between genetic relationship and geographical origin within a 
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total of 50 germplasm accessions from three provinces of China (Ying- 
zhi et al., 2010). 

5. Conclusions 

We developed the first dataset of expressed sequences and discov-
ered a total of 16,853 genic-SSR markers in A. heterophyllus. Further, we 
demonstrated the genic-SSR markers’ utility in providing a deep insight 
into the species’ genetic background. We used a set of 38 genic-SSR 
markers to analyze the genetic diversity and population structure of 
224 germplasm accessions of A. heterophyllus constituting three pop-
ulations from different agro-climatic zones of India. The analysis 
revealed a moderate allelic richness and the prevalence of rare alleles in 
the populations, highlighting their exceptional ability to adapt to future 
environmental changes. Moreover, it indicated that the Eastern Plateau 
and Hills population harbour the maximum genetic diversity among the 
populations used in the study. The Eastern Plateau and Hills’ germplasm 
accessions also contain a considerable number of private alleles based on 
which we identified a small pocket near the Jharkhand-Odisha border 
area as a priority site for the in-situ conservation of A. heterophyllus. We 
observed most of the genetic diversity among individuals within a 
population that underlines individual-level selection for genetic 
improvement of the species. Overall, our study provided an efficient tool 
for genetic analysis and opened up an avenue for more extensive future 
studies in the genus Artocarpus. 
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