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A B S T R A C T 
Jackfruit (Artocarpus heterophyllus), an economically and nutritionally important fruit, contains many healthy ingredients 
required to achieve nutritional security for the rapidly growing population. A draft genome sequence of A. heterophyllus 
is available in the public domain with minimal characterization. In the present study, we identified 19,934 genic-SSRs 
using the genomic location of the genes known in the reference genome. The detailed analysis of genic-SRRs showed 
that out of 19,934 genic-SSRs, 3,510 and 16,424 were located in the coding (CDS) and intronic part of the genes, 
respectively. It was found that trinucleotide repeat was the most predominant class (89%) in CDS-derived SSRs, while 
dinucleotide repeats (56.4%) were dominant in intronic SSRs. 491 and 321 distinct repeat motifs were present in intronic- 
and CDS-derived SSRs. GAA/TTC was the most abundant trinucleotide repeat motif with a frequency of 8.72% in CDS-
derived SSRs, whereas AT/AT was the most abundant dinucleotide repeat motif with a frequency of 18.66 % in intronic 
SSRs. 
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Artocarpus heterophyllus (2n=4X=56), commonly 

known as Jackfruit or Jack, is a widespread and economically 

significant tree belonging to the Moraceae family [1]. It is 

native to the rainforests of the Western Ghats of India. Besides 

India, Jackfruit is also found in tropical and sub-tropical 

countries like Sri Lanka, Bangladesh, Burma, Philippines, 

Indonesia, Thailand, Malaysia, and Brazil [2-3]. Artocarpus 

heterophyllus is a multifaceted tree because every part serves a 

different purpose [4]. However, the scientific community has 

paid little attention to this multi-utility tree species. There have 

been few publications on the development of molecular markers 

in A. heterophyllus [5]. As a result, developing a diverse range 

of molecular markers for A. heterophyllus is essential for 

genetic improvement and long-term conservation. DNA-based 

molecular markers are an important and adaptable tool in plant 

breeding, taxonomy, physiology, and genetic engineering [6-7]. 

SSRs-based molecular markers are widely used to characterize 

a large set of germplasm at a minimal cost within a short time 

[8]. The SSR markers are distributed across the genome and 

show co-dominant inheritance. SSR markers are often used to 

study population genetics, phylogenetic relationships, and 

genetic diversity [9-11]. These markers have also been widely 

used for constructing linkage maps and marker-assisted 

selection [12-13]. 

This study aims to identify and characterize genic-SSR 

markers in Artocarpus heterophyllus. We identified genome-

wide genic-SSRs using gene location information available in 

the reference genome. Further, they were categorized into CDS 

and intronic SSRs based on the position of repeat motifs in the 

gene. The SSRs identified in the present study provide 

potentially critical molecular markers for marker-based studies 

in Artocarpus heterophyllus. 

 

MATERIALS AND METHODS 

 

Identification of genic SSRs and primer designing  

Reference genome sequence (FASTA) and gene 

annotation (GFF) of A. heterophyllus was downloaded from 

'Online Resource for Community Annotation of Eukaryotes' 

(https://bioinformatics.psb.ugent.be/orcae/aocc/overview/Arth

e). Kraitv1.3.3 tool [14] was employed to detect genome-wide 

SSRs in Artocarpus heterophyllus. Only the SSR loci with 2-6 

nucleotides simple sequences repeated at least four times were 

selected. Mononucleotide repeats were filtered out in the study. 

We selected only gene-based SSRs for further studies using the 

gene annotation information. BatchPrimer3 v1.0 software (an 

integral part of Krait v1.3.3) 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 

20 bases), GC content= 30–80% with primer GC clamp 2, 

annealing temperature =58–65 °C (optimal 60 °C), and the 
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product size = 100–300 bp. The detailed flow chart for 

identifying gene-based SSRs in Artocarpus heterophyllus 

showed in (Fig 1). 

 

 

Fig 1 Pipeline used to identify the perfect CDS and intron-derived 
genic SSRs 

 

Characterization of genic- SSRs 

The identified genic-SSRs were further categorized into 

CDS-based and intronic SSRs depending on their position in the 

gene. Both the SSR types were characterized for repeat units, 

the number of reiterations, etc. 

 

 

Fig 2 Flow diagram indicating the summary of the numbers of 
SSRs identified and primers designed 

RESULTS AND DISCUSSION 
 

Mining of genic-SSRs and primer designing 

A total of 27,427 gene-based SSRs were identified in the 

A. heterophyllus genome using Krait v1.3.3. However, PCR 

primers could be designed only for 19,934 SSR loci. The 

flanking sequences for the remaining 7,493 SSR loci were too 

short, or the nature of the sequence did not fulfil the criteria for 

primer design using Krait v1.3.3 software. Of the 19,934 SSR 

loci for which primers could be designed, 3,510 (17.60%) were 

located in the CDS, whereas 16,424 (82.40%) SSRs were found 

in the intronic part of the gene (Fig 2). 

Analysis of repeat motif distribution revealed that 

trinucleotide repeat (89%) was the predominant class, followed 

by hexanucleotide (7.49%) in CDS. In comparison, 

dinucleotide repeats (56.4%) were the predominant class in 

intronic SSRs, followed by trinucleotide (20.03%) and 

tetranucleotide (15.96%) (Fig 3). 

 

 

Fig 3 Distribution frequency of repeat motifs in the CDS and 
intronic SSRs 

 

These are evident in many species wherein the exons 

(unlike other genomic regions) contain rare dinucleotide and 

tetranucleotide SSRs but have many more triplet and 

hexanucleotide SSRs [15-18]. More than 92% of the predicted 

SSRs within coding sequences have repeat-unit sizes that are a 

multiple of three [19]. All human chromosomes, except the Y 

chromosome, have a frequency of triplet repeats roughly two 

times higher in exonic than in intronic and intergenic regions 

[20]. Similar results are also reported in plants, animals, and 

microbes. 

 
Table 1 Distribution characteristics of Intronic SSR motifs in this study 

SSR motif  Number Percentage (%) No. of reiterations Average length (bp) 

Dinucleotide 9,278 56.49 12 19.30 

Trinucleotide 3,290 20.03 57 19.07 

Tetranucleotide 2,621 15.96 123 18.12 

Pentanucleotide 853 5.19 139 21.54 

Hexanucleotide 382 2.33 160 25.79 

Total 16424 100 491 20.76 

Table 2 Distribution characteristics of CDS SSR motifs in this study 

SSR motif  Number Percentage (%) No. of reiterations Average length (bp) 

Dinucleotide 94 2.68 10 17.81 

Trinucleotide 3124 89.00 60 17.47 

Tetranucleotide 17 0.48 14 16.71 

Pentanucleotide 12 0.34 10 20.83 

Hexanucleotide 263 7.49 227 25.80 

Total 3510 100 321 19.72 
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Frequency distribution of SSR repeat motifs 

 We calculated the frequency distribution of SSR repeat 

motifs for both intronic and CDS-derived SSRs. It was found 

that a total of 491 and 321 distinct types of repeat motifs were 

present in intronic- (Table 1) and CDS-derived SSRs (Table 2). 

 GAA/TTC was the most abundant trinucleotide repeat 

motif, with a frequency of 8.72% in CDS-derived SSRs (Table 

3), whereas AT/AT was the most abundant dinucleotide repeat 

motif, with a frequency of 18.66% in intronic SSRs (Table 4). 

Similar results are reported in the EST-SSRs developed in flax 

(Linum usitatissimum L.), wherein GAA/TTC was the most 

abundant motif with a frequency of 10.2% [21]. Similarly, 

cassava intronic SSRs have AT/AT, the most abundant motif, 

with a frequency of 22% [22]. 

 
Table 3 frequency distribution of the ten most abundant repeat motifs in the CDS-derived SSRs in Artocarpus heterophyllus 
Repeat 

motifs 

No. of reiteration of the motif 
Total Percentage 

4 5 6 7 8 9 10 11 12 13 14 15 16 21 26 

GAA/TTC - 165 82 33 9 6 4 2 2 2 1 - - - - 306 8.72 

AGA/TCT - 142 60 28 18 8 4 3 3 1 - - - - - 267 7.61 

AAG/CTT - 124 61 28 9 2 3 2 1 1 - - 1 - - 232 6.61 

GGA/TCC - 88 48 17 13 3 6 2 - - - - - - - 177 5.04 

CAA/TTG - 89 33 18 9 2 4 2 - 1 - - - - - 158 4.50 

TCA/TGA - 91 41 10 6 4 1 2 - - - - - - - 155 4.42 

CTC/GAG - 77 36 13 11 7 - - - - - - - - - 144 4.10 

ATC/GAT - 77 30 14 3 2 1 - 1 - - - - - - 128 3.65 

CCG/CGG - 85 25 8 7 - - - - - - - - - - 125 3.56 

CCA/TGG - 68 24 15 6 3 2 2 1 - - - - - - 121 3.45 

Other motifs 225 831 301 170 82 32 19 14 10 6 3 1 1 1 1 1697 48.35 

Total 225 1837 741 354 173 69 44 29 18 11 4 1 2 1 1 3510  

Table 4 Frequency distribution of the ten most abundant repeat motifs in the intronic SSRs in A. heterophyllus 
Repeat 

motifs 

No. of reiteration of the motif 
Total % 

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 29 35 40 66 

AT/AT - - - 601 635 509 390 267 180 145 101 84 44 34 30 14 14 3 3 - 7 2 - - - - 1 1 3065 18.66 

TA/TA - - - 354 355 296 214 169 110 68 40 35 16 17 8 8 1 1 1 2 - - - 1 - - - - 1696 10.33 

AG / CT - - - 440 287 223 161 147 114 67 53 39 31 16 8 8 9 3 3 1 2 - 2 3 1 - - - 1618 9.85 

GA / TC - - - 296 241 186 132 103 88 79 41 37 19 14 9 12 8 4 1 1 1 1 - 1 - 1 - - 1275 7.76 

AAT / 

ATT 
- 322 227 132 77 44 20 23 6 7 3 1 1 1 - - - 1 - - - - - - - - - - 865 5.27 

AC / GT - - - 242 176 146 92 71 38 20 15 8 9 3 4 2 2 2 1 1 - - - - - 1 - - 833 5.07 

CA / TG - - - 242 187 141 81 53 37 16 15 5 4 2 2 - - - - - - - - - - - - - 785 4.78 

AAAT / 

ATTT 
419 158 27 5 - - - - - - - - - - - - - - - - - - - - - - - - 609 3.71 

TAA / 

TTA 
- 228 133 80 36 33 19 9 6 2 3 2 - - 1 - - 1 - - - - - - - - - - 553 3.37 

TAAA / 

TTTA 
262 86 12 3 1 - - - - - - - - - - - - - - - - - - - - - - - 364 2.22 

Other 

motifs 
1961 1446 684 308 164 84 42 31 27 7 2 2 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 4761 28.99 

Total 2642 2240 1083 2703 2159 1662 1151 873 606 411 273 213 125 88 62 45 34 15 9 5 10 3 2 5 1 2 1 1 16424  

 SSRs in coding regions are often biased toward a certain 

nucleotide composition. The A/T repeats occur more 

frequently than G/C repeats [23]. In Arabidopsis thaliana and 

cereals, exons, and ESTs indicate a higher frequency for 

GA/CT repeats than for AT repeats [24-25]. Plant genomes 

contain fewer AC/GT repetitions than animal genomes. This 

pattern might be explained by the higher frequency of some 

amino acids in plants compared to animals. AGC is the most 

prevalent trinucleotide repeat in the animal kingdom. The most 

common triplet motif in dicot plants is the AAG (28.3% - 

42.1%). The most frequent trinucleotide repeats in cereal 

species, however, is CCG, which in the case of wheat is 32%, 

sorghum 49%, and sorghum 39.3% [26-27]. Monocot genomes 

are distinguished by their high frequency of CCG repeats, 

which may be related to their higher GC content [25]. In 

monocot species, the AAT motifs are the least frequent (1%). 

This may be accounted for because TAA-based variations 

encode stop codons that immediately impact eukaryotic protein 

production [28]. Depending on the type of encoded amino acid, 

distinct codon repeats frequencies also vary greatly. Different 

kinds of proteins contain higher concentrations of particular 

amino acid repetitions. Ser repeats are highly related to 

membrane transporter proteins, while acidic and polar amino 

acid repeats are significantly associated with transcription 

factors and protein kinases. 

 

CONCLUSION 
 

Using the chromosomal locations of the known genes in 

the reference genome of the jackfruit, we discovered 19,934 

genic-SSRs. 3,510 and 16,424 of the 19,934 genic-SSRs were 

found in the intronic and coding (CDS) regions, respectively, of 

the genes. In CDS-derived SSRs, trinucleotide repeats 

dominated (89%), while dinucleotide repeats (56.4%) 

dominated intronic SSRs. SSRs produced from intronic and 

CDS regions had 491 and 321 unique repeat motifs. In CDS-

derived SSRs, GAA/TTC was the most prevalent trinucleotide 

repeat, with a frequency of 8.72%. In contrast, AT/AT was the 

most prevalent dinucleotide repeat motif in intronic SSRs, with 

a frequency of 18.66%. The study's genic-SSRs add to the 

already-developed genomic resources and would be very 

helpful for the marker-based studies for the species. 
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