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A B S T R A C T   

Jack (Artocarpus heterophyllus) is a multipurpose fruit-tree species with minimal genomic resources. The study 
reports developing comprehensive transcriptome data containing 80,411 unigenes with an N50 value of 1265 bp. 
We predicted 64,215 CDSs from the unigenes and annotated and functionally categorized them into the bio
logical process (23,230), molecular function (27,149), and cellular components (17,284). From 80,411 unigenes, 
we discovered 16,853 perfect SSRs with 192 distinct repeat motif types reiterating 4 to 22 times. Besides, we 
identified 2741 TFs from 69 TF families, 53 miRNAs from 19 conserved miRNA families, 25,953 potential 
lncRNAs, and placed three functional eTMs in different lncRNA-miRNA pairs. The regulatory networks involving 
genes, TFs, and miRNAs identified several regulatory and regulated nodes providing insight into miRNAs’ gene 
associations and transcription factor-mediated regulation. The comparison of expression patterns of some 
selected miRNAs vis-à-vis their corresponding target genes showed an inverse relationship indicating the possible 
miRNA-mediated regulation of the genes.   

1. Introduction 

Jack (A. heterophyllus) (2n = 4× = 56) is a member of the family 
Moraceae [1]. It is native to the western coast of India. However, today it 
grows throughout tropical and subtropical regions of the world, mainly 
along the roadsides and occasionally in forests and woodlots [2]. Jack is 
an evergreen, outcrossing monoecious tree with unisexual flowers 
appearing separately on its trunk and the aged branches. It bears small 
(~4 mm across) flowers clustered in an inflorescence. The stamen and 
ovary present singly in the male and female flowers are surrounded by a 
single whorl of perianth tissues. On pollination, a female flower de
velops into a fruit with the perianth tissue swelling into sweet flesh. 
Thousands of flowers in the female inflorescence form a syncarp, 
resulting in the largest tree-borne fruit structure, sometimes reaching 50 
kg [3]. 

The fruit is the principal economic part of Jack; all the other parts 
and their components also have significant commercial or nutritive and 
non-nutritive value [4]. For example, latex obtained from Jack contains 

serine proteases useful for milk clotting and meat tenderization in dairy 
and food processing industries [5], and mature seeds yield carbohydrate 
and protein-rich flour useful for preparing gluten-free bakery products 
and dough thickening [6–10]. Seed flour also finds applications in pre
paring various other food products, including jam, wine, fermented 
beverages, and ice cream [11]. Like several other less known fruits 
growing naturally across different climatic regions, Jack fruits are rich in 
bioactive compounds such as flavonoids, phenolics, anthocyanins, and 
nutritional compounds such as sugars, carotenoids, vitamins, and min
erals. Besides, they have a distinct flavour and taste. The bioactive 
compounds of Jack fruits are significant to human health and are po
tential drug candidates [4,11–15]. 

Categorized initially as an underutilized fruit tree crop, Jack is 
increasingly gaining global popularity due to its increasing demand by 
Asian immigrants as meat substitutes. Its potential health value to 
humans and expanding food and non-food domestic and industrial ap
plications further increase its popularity [16]. However, despite its vast 
significance, this tropical fruit tree crop is minimally researched and 
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needs extensive genetic improvement to meet the end-user needs and 
preferences [17]. 

Conventionally, the genetic improvement in trees involves selecting 
the desirable trees followed by mating and testing the resulting progeny. 
The fundamental limitation of this strategy is that improving one trait 
often accompanies the appearance of one or a few undesirable charac
ters [18]. We can address this issue by employing trait-linked markers 
and discovering and utilizing the regulators of gene expression affecting 
the traits of interest. Regarding the latter, microRNAs (miRNAs), which 
are among the most critical riboregulators that fine-tune the expression 
of diverse regulatory genes affecting growth, development, and stress 
responses in plants and trees, are highly promising [19]. 

During the last few years, plant scientists have developed several 
miRNA-based approaches for crop improvement. Crop improvement 
strategies employing positively regulated miRNAs often involve their 
constitutive overexpression. In the case of miRNAs functioning as 
negative regulators, downregulation or loss-of-function of the miRNAs, 
overexpression of miRNA-resistant form of the target or artificial miR
NA–target mimic are effective strategies [20]. These strategies have 
been extensively employed to analyze miRNAs and miRNA-based trait 
improvement in several crop plants [21]. The success in crop plants 
indicates that establishing miRNAs in a scientifically under-explored 
tree species, like Artocarpus, would help better understand the funda
mentals of growth and development and its ability to tolerate different 
stresses. Moreover, it would enhance our capability to effectively 
manipulate various traits to improve the utility of the crop. Regarding 
these, the progress in Jack has been minimal. But the recently published 

draft genome sequence of Jack has made gene/pathway-targeted sur
veys possible to some extent. Some critical fruit-related pathways, 
including starch and sucrose metabolism, have been preliminarily 
investigated [22,23]. Further genomic coupled with multi-omics studies 
would make whole-genome and gene-targeted surveys possible to a 
more considerable extent [24,25]. 

We report developing a comprehensive transcriptome dataset, 
annotation and functional classification of unigenes, mining and in-silico 
characterization of simple sequence repeats (SSRs), identifying tran
scription factors (TFs) and transcription regulators (TRs), discovering 
miRNAs and long non-coding RNAs (lncRNAs), and identifying their 
targets and functional annotation in Jack. Moreover, we predicted 
endogenous target mimics (eTMs) and validated a set of randomly 
selected miRNA and their targets through expression analysis. The re
sults obtained here will provide valuable resources for more extensive 
molecular studies in Jack. Moreover, it will lay a scientific foundation 
for designing efficient genetic improvement and conservation strategies 
in the crop. 

2. Material and methods 

2.1. 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 

Fig. 1. Schematic representation of RNA-seq data analysis workflow.  
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gel and quantified on NanoDrop 1000 (NanoDrop Technologies, USA). 
One μg of total RNA extracted from each of the four tissue types was 
mixed to prepare an RNA pool. The quality-checked RNA pool served as 
the substrate to prepare an RNA-seq paired-end sequencing library using 
Illumina TruSeq Stranded mRNA Library Preparation Kit (Illumina, San 
Diego, USA). The quality check of the library was performed in an 
Agilent 4200 TapeStation System (Agilent Technologies, CA, USA) using 
high sensitivity D5000 Screen Tape. The library was quantitatively 
analyzed on Qubit Fluorometer using Qubit dsDNA BR Assay Kit 
(ThermoFisher Scientific, USA). 

2.2. Sequencing and sequence assembly 

We used an Illumina NextSeq1000 platform to sequence the library. 
The data analysis pipeline is depicted in Fig. 1. The quality of the raw 
data obtained by paired-end sequencing of the normalized cDNA library 
was assessed using FastQC software (http://www.bioinformatics.babrah 
am.ac.uk/projects/fastqc). The adaptor contamination and low-quality 
reads were removed using Trimmomatic v0.32 software [26]. The 
study included only those sequence reads whose lengths were more than 
50 nucleotides. We cleaned the sequences thoroughly by removing 
ambiguous reads (unknown nucleotides ʻNʼ > 5%), low-quality reads 
(QV ˂ 20), and adaptor sequences. The clean reads were assembled de 
novo using Trinity software v2.11.0 [27] with the default k-mer, K = 25, 
and redundancies in the assembled transcript sequences were removed 
using CD-HIT-EST v4.6 software [28] with global sequence identity 
threshold cut-off set at 90%. The unigenes were identified using Perl 
script“get_longest_isoform_seq_per_trinity_gene.pl”. 

2.3. Mapping of reads to transcriptome assembly 

We used Bowtie2 v2.3.5.1 and Burrows-Wheeler Alignment (BWA) 
v0.7.12 software [29] for mapping the reads back to the transcriptome 
assembly. The ‘end-to-end’ and the ‘sensitive’ options were used for the 
alignment using Bowtie2, in which the max number of mismatches (-N 
= 1) was allowed in the seed alignment. For BWA, ‘bwtsw’ algorithm 
was used to index the assembled transcriptome data, and the bwa-mem 
with default parameters was used to align the reads. SAMtools v1.7 was 
used to calculate mapping statistics from BAM files [30]. 

2.4. Benchmarking universal single-copy orthologs (BUSCO) analysis 

We used Benchmarking Universal Single-Copy Orthologs (BUSCO) 
software v2.0 to evaluate the quality and completeness of the de novo 
assembly. The analysis was done using the transcriptome assessment 
mode with the eukaryote lineage database (eukaryota_orthoDB9) and 
viridiplantae lineage database (viridiplantae_orthoDB10). 

2.5. Coding DNA sequences (CDS) prediction and functional annotation 

We used TransDecoder software v5.0.2 to predict coding sequences 
from the unigenes. The predicted coding sequences were compared 
against NCBI non-redundant protein database (nr) using BLASTx with an 
e-value threshold of 1e− 5 and assigned functions based on sequence 
similarity to proteins of known functions. We used Blast2GO software 
[31] preloaded with local nr database to get gene ontology (GO) 
annotation defined by the biological process, molecular function, and 
cellular component; GO functional classification; predict and classify 
their probable functions, and mapping to reference canonical pathways 
in the KEGG database. 

2.6. Identification of SSRs, TFs, and TRs 

SSR mining was performed using MISA (microsatellite search mod
ule) with 2–6 bp repeats described by [32]. TFs and TRs were identified 
with the help of the PlantTFcat online tool (http:// plantgrn.noble.org/P 

lantTFcat). 

2.7. Identification of miRNA, lncRNA, and their targets 

We used the set of non-coding unigenes for identifying the miRNAs 
and lncRNAs. The non-coding unigenes were separated from the po
tential protein-coding unigenes using the coding-potential prediction 
tools, ORFfinder (http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi), Trans
Decoder (v2.1.0) (https://transdecoder.github.io/), Coding Potential 
Calculator (CPC2), and predictor of long non-coding RNAs and 
messenger RNAs based on an improved k-mer scheme (PLEK v1.2). The 
potential pre-miRNA sequences were identified by using the non-coding 
unigenes as queries for BLASTn searches against the miRNA repositories, 
miRbase release 22.1 and plant microRNA database (PMRD) using the 
Unipro UGENE v38 [33] following the criteria: mismatch less than 3, 
word size 7 and e-value ≤ 1e− 5. The query sequences with a significant 
match (80% sequence similarity and 100% query coverage) in one or 
both the miRNA repositories were selected and used to deduce a non- 
redundant set of potential pre-miRNAs. We further analyzed the 
miRNA precursor sequences comprising 300–400 nucleotides flanking 
the 3′ and 5′ ends of the potential miRNAs in the pre-miRNA sequences 
to RNA folding using Mfold (http://mfold.rna.albany.edu/?q= mfold) 
set at default parameters [34]. The sequences satisfying the miRNA 
annotation criteria: perfect stem-loop hairpin, Minimal Folding Free 
Energy Index (MFEI) ≥ 0.41, AU content between 22 and 77%, no loop 
or break in miRNA* sequence, miRNA* with less than 6 mismatches, 
mature miRNAs at one arm of the hairpin, SSR signature value R ≥ 2.5, 
Normalized Shannon Entropy (NQ) ≤ 0.45, normalized base-pair dis
tance (ND) ≤ 0.15, and normalized base-pairing propensity (Npb) ≥
0.25, were considered potential miRNA sequences [35,36]. The poten
tial targets of the predicted miRNAs were identified by searching the 
miRNA sequences against the de novo assembled unigenes using the 
psRNATarget server [37]. 

For identifying lncRNAs, the non-coding unigenes were subjected to 
removing all the miRNA and small RNA, including small nuclear 
(snRNA), small nucleolar RNAs (snoRNA), transfer RNA (tRNA), small 
interfering RNA (siRNA), and ribosomal RNA (rRNA) precursor tran
script sequences. The precursor transcript sequences for small RNAs 
were identified using the non-coding unigenes as queries for BLASTn 
searches against the RNAcentral database. We considered the remaining 
unigenes as potential lncRNAs and identified their targets by comparing 
them with the de novo assembled unigenes using BLASTn with a cut-off 
e-value ≤ 1e− 5 and ≥ 95% identity. The targets for the potential 
lncRNAs were identified based on the binding energy of the lncRNA- 
target complex analyzed using RNAplex v2.4.18 software. The tran
scripts participating in the lncRNA-mRNA complex with binding energy 
(ΔG) lower than − 50 kcal/mol were considered potential targets. 

2.8. TF-target networking 

We predicted the targets of the TFs by analyzing their nucleotide 
sequences using the psRNAtarget tool, considering A. thaliana as the 
reference. We deduced the regulatory connectivity between the TFs and 
their targets by analyzing the small RNA targets associated with TFs and 
their target accessibility value using Cytoscape software [38]. The 
maximum cut-off score was kept below 2.5 for analysis. 

2.9. Experimental validation of miRNA and miRNA-target interaction 

We experimentally validated the miRNAs and their interaction with 
mRNA targets by the quantitative real-time PCR (qRT-PCR) expression 
analysis of a set of selected miRNAs and their target genes involved in 
leaf development and hormone signaling. The primers for the qRT-PCR 
analysis were designed using the IDT oligo analyzer tool (https://www. 
idtdna.com/calc/Analyzer) and the Minimum Information for Publica
tion of Quantitative Real-Time PCR Experiments (MIQE) guidelines 
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[39]. Total RNA was isolated from the leaves of A. heterophyllus at four 
different stages, namely leaf primordia, tender leaf, young leaf, and 
mature leaf using miRNAeasy kit. The RNAs isolated from two biological 
replicates were pooled for gene expression analysis experiments. For 
mRNA expression analysis, approximately one μg of DNaseI treated total 
RNA was used for the first-strand cDNA synthesis using QuantiTect 
reverse transcriptase kit (Qiagen, Cat No. 205311). While 300 ng of total 
RNA was used to synthesize cDNA from miRNA using miScript-plant RT 
kit (Qiagen, Cat No. 218761) for miRNA expression analysis. To quan
titatively validate the predicted target transcripts and miRNAs, we 
performed qRT PCR expression analysis using SYBR Select Master Mix 
(Thermo Fisher Scientific, Cat No. 4472908) and miScript SYBR Green 
PCR Kit (Qiagen, Cat No. 218073), respectively. The primers used in the 
experiment are listed in Supplementary Table S1. We used the Jac 
α-tubulin gene and the U6 snRNA gene as endogenous reference genes 
for the target and miRNA expression studies. 

2.10. eTM prediction 

We predicted the eTMs based on the pairing between lncRNA and 
miRNA analyzed using psRobot software. The following parameters 
were considered for the prediction of eTMs: (1) bulges should be present 
only at the 5′ end of the miRNA sequence extending between 9th to 12th 

positions; (2) only three nucleotides bulge in eTMs was permitted; (3) 
perfect nucleotide pairing at the 5′ end of miRNA between 2nd to 8th 

positions; and (4) except for the central bulge, the total number of 
mismatches and G/U pairs within eTM and miRNA pairing regions 
should not be more than three. 

3. Results 

3.1. Sequencing of cDNA library, and transcriptome de novo assembly 
and evaluation statistics 

We used the Illumina NextSeq1000 platform for paired-end 
sequencing of the RNAseq library and generated 42,928,887 paired- 
end raw reads. We have deposited the raw read sequence data at the 
NCBI, SRA; Acc. No. SRR7250836. Cleaning the raw reads for adaptors 
and low-quality reads using Trimmomatic software v0.32 yielded 
41,549,555 clean reads. The de novo assembly of the clean-reads using 
Trinity software v2.11.0 generated 1,39,384 contigs (transcripts here
after) containing 139,662,768 nucleotides. A total of 80,411 unigenes 
containing 54,840,302 nucleotides were extracted from these tran
scripts using a Perl script get_longest_isoform_seq_ per_trinity_gene.pl in 
Trinity. The N50 values for transcripts and unigenes were 1723 bp and 
1265 bp, respectively. The lengths of the transcripts and unigenes 
ranged between 200 and 9601 bp. The average lengths of transcripts and 
unigenes were 1002 and 682 bp, while the median lengths were 592 and 

Table 1 
Summary of transcriptome de novo assembly in Artocarpus heterophyllus.  

S. No. Particulars Transcripts Unigenes 

1 Number of sequences 1,39,384 80,411 
2 Average length (bp) 1002 682 
3 N50 (bp) 1723 1265 
4 Minimal length (bp) 200 200 
5 Maximal length (bp) 9601 9601 
6 Median length (bp) 592 345 
7 Total assembled bases 139,662,768 54,840,302 
8 GC content 41.94% 41.68%  
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Fig. 2. Length-wise distribution frequency of assembled transcripts and unigenes.  

Table 2A 
Bowtie2 and BWA alignment statistics of cleaned reads to the de novo tran
scriptome assembly in Artocarpus heterophyllus.  

Particulars Bowtie2 BWA 

Total paired-end reads 41,521,099 41,847,494 
Reads aligned 01 time 40,311,955 (97.08%) 39,449,805 (94.27%) 
Reads aligned >1 times 0 (0%) 26 (0.00006%) 
Reads not aligned 1,209,144 (2.91%) 2,397,663 (5.7%) 
Overall alignment rate (%) 97.08% 94.27%  

Table 2B 
BUSCO analysis for assessing transcriptome assembly completeness with the 
eukaryote lineage database (eukaryota_orthoDB9) and viridiplantae lineage 
database (viridiplantae_orthoDB10).   

Number of BUSCO units found  

Eukaryota_orthoDB9 Viridiplantae_orthoDB10 

Complete BUSCOs 
Complete and single-copy 
BUSCOs 
Complete and duplicated 
BUSCOs 

225 (88.2%) 
216 (84.7%) 
9 (3.5%) 

329 (77.4%) 
324 (76.2%) 
5 (1.2%) 

Fragmented BUSCOs 19 (7.5%) 70 (16.5%) 
Missing BUSCOs 11 (4.3%) 26 (6.1%) 
Total BUSCOs searched 255 (100%) 425 (100%)  

K.U. Tribhuvan et al.                                                                                                                                                                                                                          



Genomics 114 (2022) 110356

5

345 bp. The GC contents of transcripts and unigenes were 41.94% and 
41,68%, respectively. The summary of the transcriptome de novo as
sembly is indicated in Table 1. A total of 63.58% transcripts were in the 
range of 0.2–1.0 kbp, 22.39% in 1.0–2.0 kbp, 9.52% in 2.0–3.0 kbp, 
2.94% in 3.0–4.0 kbp, 0.99% in 4.0–5.0 kbp and 0.58% >5.0 kbp, while 
these counts for the unigenes were 81.4%, 11.0%, 5.05%, 1.62%, 0.56% 
and 0.36% respectively (Fig. 2). Since there is no reference sequence for 

Jack, we considered the de novo assembled transcriptome sequence as 
the reference sequence to evaluate the quality of the transcripts. Overall, 
97.08 and 94.27% of the clean reads successfully mapped back to the 
reference sequence using Bowtie2 and BWA alignment tools. The sta
tistics of cleaned reads mapping back to the de novo assembled tran
scriptome sequence is summarized in Table 2A. We made the 
quantitative assessment of the completeness of the transcriptome using 
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eukaryota and viridiplantae BUSCO databases. The results obtained 
through BUSCO analysis using eukaryota and viridiplantae databases is 
summarized as C: 88.2% [S: 84.7%, D: 3.5%], F: 7.5%, M: 4.3%, n: 255 
and C: 77.4% [S: 76.2%, D: 1.2%], F: 16.5%, M: 6.1%, n: 425, respec
tively where C = complete, S = complete and single-copy, D = complete 
and duplicated, F = fragmented, M = missing, and n = total number of 
BUSCOs identified (Table 2B). 

3.2. Prediction and annotation of CDS 

Using the TransDecoder software v5.0.2, we predicted 64,215 CDSs 
from 80,411 unigenes. A total of 70.17% CDSs were in the range of 
0.2–1.0 kbp, 23.96% in 1.0–2.0 kbp, 4.44% in 2.0–3.0 kbp, 0.99% in 
3.0–4.0 kbp, 0.27% in 4.0–5.0 kbp and 0.17% >5.0 kbp (Fig. 3A). 
Among the predicted CDSs, 61,346 (95.5%) CDSs returned a positive 
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BLAST hit with known unigenes available in the nr database, while 2869 
(4.5%) CDSs could not find any hit and thus considered unique to Jack 
(Fig. 3B). Most BLAST top hits were Morus notabilis (44,043; 71.8%). The 
other tree/plant species showing significant hits were Ziziphus jujube 
(4522; 7.4%), Juglans regia (863; 1.4%), and Prunus persica (805; 1.3%) 
(Fig. 3C). Based on GO annotation using Blast2GO pipeline, we assigned 
GO terms to 34,231 (53.3%) CDSs and classified them into three main 
categories: biological process (23,230), molecular function (27,149), 
and cellular components (17,284). In the biological process category, 
organic substance metabolic process (20%), primary metabolic process 
(19%), cellular metabolic process (18%), and nitrogen compound 
metabolic process (17%) were the predominant subcategories (Fig. 4A), 
while in the molecular function category, heterocyclic compound 
binding (17%), organic cyclic compound binding protein (17%) and ion 
binding (15%) (Fig. 4B), and in the cellular component category, the 
intrinsic component of membrane (24%) followed by intracellular 
(21%) and intracellular part (20%) were the predominant subcategories 
(Fig. 4C). 

3.3. Identification and in-silico characterization of SSRs 

We identified 16,853 perfect SSRs in 15,012 of 80,411unigenes, 
accounting for one SSR per 6.4 kbp of unigene sequence. Among the 
16,853 SSR loci analyzed, trinucleotides were the most prevalent 
(80.57%). The frequencies of di-, tetra-, penta- and hexanucleotide re
peats were 14.70, 3.04, 1.1, and 0.62%. Twelve bp SSRs were most 
frequent (48.26%) followed by 15 bp (17.11%), 18 bp (7.53%) and 20 
bp (6.66%). GAA/TTC and AG/CT were the most abundant tri- and 
dinucleotide repeat motifs with 10.67 and 4.98% frequencies. The fre
quency of the repeat motifs varied from 48.26% (n = 4) to less than 1% 
(n > 12). A total of 192 distinct repeat motif types were identified in the 
study. Different repeat motifs were reiterated 4 to 22 times (Supple
mentary Fig. 1A, B & C). 

3.4. Identification of TFs and TRs 

We used the PlantTFcat online tool to identify TFs and TRs from the 
transcriptome data. Of the 80,411 unigenes, we cataloged 2741 unig
enes into 69 TF families and 489 unigenes into 29 TR families. Among 
the 69 TF families, C2H2 (486) was most abundant, followed by WD40- 
like (415), CCHC (zn) (229), MYB-HB-like (187), Hap3/NF-YB (103), 
bZIP (92), and WRKY (65) (Fig. 5A), while among the 29 TR families, 
PHD (122) was most abundant followed by BTB-POZ (44), RR-A-type 

(42), SNF2 (37), SET (33), and Chromo-Domain (32) (Fig. 5B). 

3.5. Identification of miRNAs and their targets genes 

Screening through ORFfinder, TransDecoder, CPC2, and PLEK soft
ware recognized 69,837; 70,426; 55,272; and 28,612 non-coding unig
enes, respectively, among the 80,411 assembled unigenes. A total of 
26,631 non-coding unigenes only were, however, identified commonly 
by all the four computational approaches (Fig. 6). BLASTn homology 
search for 26,631 non-coding unigenes against non-redundant plant 
miRNA sequences available at miRbase and PMRD identified 360 po
tential pre-miRNAs. The analysis of miRNA precursor sequences 
comprising 300–400 nucleotides flanking the 3′ and 5′ ends of the pu
tative miRNAs in the pre-miRNA sequences using Mfold software 
revealed that 53 miRNA precursors could form miRNA-like-foldback 
structures. The miRNA target prediction analysis using psRNATarget 
online web server identified 31 unigenes as targets for 53 miRNAs with 
the expectation values ranging from 0 to 3.5. The analyzed miRNA se
quences and their corresponding target unigenes are detailed in Table 3. 
The potential pre-miRNA sequences are detailed in Supplementary Text 
1. The secondary structures of precursor sequences of selected miRNAs 
are depicted in Fig. 7. Family-wise distribution of the miRNAs revealed 
that these miRNAs belonged to 19 conserved miRNA families. The most 
abundant were conserved miRNAs from miR166 (11), miR172 (10), 
miR396 (6), and miR156 (6). The targets for these miRNAs mainly were 
TFs involved in various developmental pathways. 

3.6. TF-target regulatory network 

TFs regulate the target genes directly or interact with miRNA, 
affecting the target gene’s expression. The gene-TFs-miRNAs regulatory 
network identified several potential regulatory and regulated nodes and 
provided insight into the gene associations, transcription factors- 
mediated regulation, and control by miRNAs. We identified a total of 
200 nodes and 484 edges after filtering the score and obtained the 
maximum gene-TFs–miRNA interaction for SBP followed by C2H2, 
MYB, and Hap2/NF-YA transcription factors (Fig. 8). The most targeted 
miRNAs were miR5658, miR5021, miR414, followed by miR858. 

3.7. Identification of lncRNAs and their target genes 

BLASTn homology search for 26,271 non-coding unigenes, remain
ing after filtering out 360 pre-miRNA sequences, against the RNAcentral 
database further removed 318 unigenes significantly matching snRNA, 
snoRNA, tRNA, siRNA, and rRNA sequences. Thus a total of 25,953 
unigenes were considered potential lncRNAs by all methods. lncRNA 
target prediction analysis identified a total of 5350 targets for the 
lncRNAs (Supplementary Table S2). Based on the pairing analysis be
tween 53 miRNAs and the entire set of 25,953 potential lncRNAs using 
psRobot software, we placed three functional eTMs in the lncRNA- 
miRNA pairs: DN45875- ahe-miR004, DN11417- ahe-miR010, and 
DN67158-ahe-miR038. The targets of the miRNAs ahe-miR004, ahe- 
miR010, and ahe-miR038, namely DN14178 (unannotated), DN3518 
(coding for extra-large guanine nucleotide-binding protein), DN8925 
(coding for postsynaptic protein), respectively, were considered as the 
potential targets for the identified eTMs. 

3.8. Expression analyses of miRNAs and their target genes 

We compared the expression patterns of seven miRNAs vis-à-vis their 
corresponding target genes at four different stages of leaf development 
in A. heterophyllus. Of the seven miRNAs, the expression patterns of three 
miRNAs, namely ahe-miR008, ahe-miR013, ahe-miR050, indicated an 
inverse relationship with the expression patterns of target genes 
DN4470, DN934 and DN5647, respectively (Fig. 9), indicating their 
possible miRNA-mediated regulation. All three miRNAs showed 

Fig. 6. VENN diagram representing the number of non-coding unigenes iden
tified through different computational tools. 
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Table 3 
Predicted miRNAs and their target transcripts in Artocarpus hetrophyllus.  

Predicted_miR_ID miRNA 
family 

Predicted miRNA seq_RNA form Nucleotide 
length 

Precursor miRNA 
Transcript_ID 

Target transcript ID Expectation 
value 

Description eTMs 

ahe-miR001 miR156 UUGACAGAAGAUAGAGAGC 19 DN8406_c0_g3_i1 DN5506_c0_g1_i12 1.5 squamosa promoter-binding-like protein 2 —NA— 
ahe-miR002 miR156 AGAAAGAGAAGUGAGCACGCAC 22 DN13519_c0_g1_i3 DN19841_c0_g1_i1 1.5 —NA— —NA— 
ahe-miR003 miR156 CAGAAGAUAGAGAGCACAAC 20 DN8406_c0_g3_i1 DN36251_c0_g1_i1 1.5 squamosa promoter-binding-like protein 13A —NA— 
ahe-miR004 miR156 CUUUGAAAGUAGUAAAAGCCCU 22 DN21215_c0_g1_i1 DN14178_c0_g1_i1 2 —NA— DN45875_c0_g1_i1 
ahe-miR005 miR156 CUCUCUAUCUUCUGUCAACAUU 22 DN8406_c0_g3_i1 DN1149_c1_g1_i1 1.5 galactose-binding domain-like —NA— 
ahe-miR006 miR156 UGACAGAAGAUAGAGAGCAC 20 DN8406_c0_g3_i1 DN5506_c0_g1_i12 1.5 squamosa promoter-binding-like protein 2 —NA— 

ahe-miR007 miR159 GUUGAGGUGAUUAAUAAAUAUU 22 DN34963_c0_g1_i1 DN14861_c0_g1_i2 1.5 
probable leucine-rich repeat receptor-like 
protein kinase At2g33170 —NA— 

ahe-miR008 miR160 GCCUGGCUCCCUGUAUGCCAU 21 DN1695_c1_g1_i3 DN4470_c0_g1_i7 0.5 auxin response factor —NA— 
ahe-miR009 miR160 UGCCUGGCUCCCUGUAUGCCAUU 23 DN1695_c1_g1_i3 DN4470_c0_g1_i7 0.5 auxin response factor —NA— 
ahe-miR010 miR162 GAUGAGAGAGAGAGAGAGAGAG 22 DN8885_c0_g2_i1 DN3518_c0_g2_i1 0 extra-large guanine nucleotide-binding protein 1 DN11417_c0_g1_i1 
ahe-miR011 miR162 AGUGAGCGCUGGAUGCAGAGGU 22 DN1149_c3_g2_i1 DN23352_c0_g1_i1 2.5 —NA— —NA— 
ahe-miR012 miR162 AAUCUUUCUUCCUUACUUUUUU 22 DN1149_c3_g3_i1 DN66745_c0_g1_i1 2 —NA— —NA— 
ahe-miR013 miR166 UCGGACCAGGCUUCAUUCCUC 21 DN11264_c0_g2_i1 DN934_c0_g1_i2 0.5 homeobox-leucine zipper protein ATHB-15 —NA— 
ahe-miR014 miR166 UCGGACCAGGCUUCAUUCC 19 DN11264_c0_g2_i1 DN934_c0_g1_i2 0.5 homeobox-leucine zipper protein ATHB-15 —NA— 
ahe-miR015 miR166 UCGGACCAGGCUUCAUUCCCCC 22 DN1623_c1_g1_i3 DN934_c0_g1_i2 0.5 homeobox-leucine zipper protein ATHB-15 —NA— 
ahe-miR016 miR166 GGAAUGUUGUCUGGCUCGAGG 21 DN1623_c1_g1_i3 DN7276_c0_g1_i3 3 serine/threonine-protein kinase GRIK1 —NA— 
ahe-miR017 miR166 UCGGACCAGGCUUCAUUCCCUU 22 DN1623_c1_g1_i3 DN934_c0_g1_i2 0.5 homeobox-leucine zipper protein ATHB-15 —NA— 
ahe-miR018 miR166 UCGGACCAGGCUUCAUUCCU 20 DN11264_c0_g2_i1 DN934_c0_g1_i2 0.5 homeobox-leucine zipper protein ATHB-15 —NA— 
ahe-miR019 miR166 UCGGACCAGGCUUCAUUCCCCU 22 DN1623_c1_g1_i3 DN934_c0_g1_i2 0.5 homeobox-leucine zipper protein ATHB-15 —NA— 
ahe-miR020 miR166 UCGGACCAGGCUUCAUUCCCG 21 DN1623_c1_g1_i3 DN934_c0_g1_i2 0.5 homeobox-leucine zipper protein ATHB-15 —NA— 
ahe-miR021 miR166 GGACCAGGCUUCAUUCCCC 19 DN1623_c1_g1_i3 DN934_c0_g1_i2 2 homeobox-leucine zipper protein ATHB-15 —NA— 
ahe-miR022 miR166 UCGGACCAGGCUUCAUUCCC 20 DN1623_c1_g1_i3 DN934_c0_g1_i2 0.5 homeobox-leucine zipper protein ATHB-15 —NA— 
ahe-miR023 miR166 CGGACCAGGCUUCAUUCCCC 20 DN1623_c1_g1_i3 DN934_c0_g1_i2 1 homeobox-leucine zipper protein ATHB-15 —NA— 
ahe-miR024 miR167 CACCAACAAUAGAAGAACUUCA 22 DN18421_c0_g2_i1 DN13011_c0_g2_i1 2 protein HEADING DATE 3B-like isoform X1 —NA— 
ahe-miR025 miR167 ACCGUGCACCACCAGCAGUUGA 22 DN18366_c0_g1_i2 DN20423_c0_g1_i1 3.5 —NA— —NA— 
ahe-miR026 miR168 CAAGCGAAUUAGAGACCGCCGG 22 DN7549_c0_g1_i3 DN51632_c0_g1_i1 3.5 U-box domain-containing protein 11 —NA— 
ahe-miR027 miR169 AGAGGUAGAGAUUUGAAUGCAG 22 DN41965_c0_g1_i1 DN37441_c0_g1_i1 2 —NA— —NA— 

ahe-miR028 miR172 UGAGAAUCUUGAUGAUGCUGCAU 23 DN8633_c1_g1_i1 DN38291_c0_g1_i1 1 
pentatricopeptide repeat-containing protein 
At1g20300, mitochondrial —NA— 

ahe-miR029 miR172 GGGAAUCUUGAUGAUGCUGCA 21 DN33154_c0_g1_i2 DN35094_c0_g1_i20 0.5 
AP2-like ethylene-responsive transcription 
factor TOE3 isoform X1 

—NA— 

ahe-miR030 miR172 AGAAUCUUGAUGAUGCUGCAU 21 DN8633_c1_g1_i1 DN56487_c0_g1_i1 1 —NA— —NA— 

ahe-miR031 miR172 GGAAUCUUGAUGAUGCUGCA 20 DN33154_c0_g1_i2 DN35094_c0_g1_i20 0.5 AP2-like ethylene-responsive transcription 
factor TOE3 isoform X1 

—NA— 

ahe-miR032 miR172 GGAAUCUUGAUGAUGCUGCAU 21 DN33154_c0_g1_i2 DN35094_c0_g1_i20 0.5 
AP2-like ethylene-responsive transcription 
factor TOE3 isoform X1 —NA— 

ahe-miR033 miR172 UGAGAAUCUUGAUGAUGCUGC 21 DN8633_c1_g1_i1 DN38291_c0_g1_i1 1 
pentatricopeptide repeat-containing protein 
At1g20300, mitochondrial —NA— 

ahe-miR034 miR172 AGAAUCUUGAUGAUGCUGCAG 21 DN8633_c1_g1_i1 DN56487_c0_g1_i1 1 —NA— —NA— 
ahe-miR035 miR172 AGAAUCUUGAUGAUGCUGC 19 DN8633_c1_g1_i1 DN56487_c0_g1_i1 1 —NA— —NA— 
ahe-miR036 miR172 GAAUCUUGAUGAUGCUGCAU 20 DN8633_c1_g1_i1 DN56487_c0_g1_i1 0 —NA— —NA— 
ahe-miR037 miR172 AUCUUGAUGAUGCUGCAUCGGC 22 DN8633_c1_g1_i1 DN56487_c0_g1_i1 0.5 —NA— —NA— 
ahe-miR038 miR319 UUGAGGUGAUUAAUAAAUAUUU 22 DN34963_c0_g1_i1 DN8925_c0_g1_i4 2 43 kDa postsynaptic protein DN67158_c0_g1_i1 
ahe-miR039 miR393 UUGGGAUCAUGCUAUCCCUUUG 22 DN10344_c0_g1_i2 DN17619_c0_g1_i1 3 —NA— —NA— 
ahe-miR040 miR393 AAAGGGAUCGCAUUGAUCCCAA 22 DN10344_c0_g1_i2 DN1938_c1_g1_i2 2 protein AUXIN SIGNALING F-BOX 2 —NA— 
ahe-miR041 miR394 AGGUGGGCAUACUGCCAACUGA 22 DN2457_c1_g1_i3 DN21191_c0_g1_i4 3 uncharacterized protein LOC21394998 —NA— 
ahe-miR042 miR396 UUCCACAGCUUUCUUGAACUG 21 DN24771_c0_g1_i1 DN17464_c0_g1_i5 2 —NA— —NA— 
ahe-miR043 miR396 UUCCACAGCUUUCUUGAACU 20 DN24771_c0_g1_i1 DN17464_c0_g1_i5 2 —NA— —NA— 
ahe-miR044 miR396 UUCCACAGCUUUCUUGAACUU 21 DN20110_c0_g1_i1 DN17464_c0_g1_i5 2 —NA— —NA— 
ahe-miR045 miR396 CUCAAGAAAGCUGUGGGAGA 20 DN20110_c0_g1_i1 DN21027_c0_g1_i1 2 —NA— —NA— 
ahe-miR046 miR396 GCUCAAGAAAGCUGUGGGAGA 21 DN20110_c0_g1_i1 DN21027_c0_g1_i1 2 —NA— —NA— 
ahe-miR047 miR396 UCCACAGCUUUCUUGAACUG 20 DN24771_c0_g1_i1 DN37359_c0_g2_i1 2 alanine-glyoxylate aminotransferase 1 —NA— 

(continued on next page) 
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significantly lower expression in leaf primordia than their target genes. 
On the contrary, miRNAs expressed higher than their corresponding 
target genes in the matured leaves. The remaining four miRNAs: ahe- 
miR001, ahe miR028, ahe-miR034, and ahe-miR042, did not express 
in the leaves, while its target genes DN5506, DN38291, DN56487, 
DN17464 respectively showed significant expression. 

4. Discussion 

Jack (A. heterophyllus) is an underutilized wild fruit tree species. It 
has gained significant popularity in recent years, mainly as an alterna
tive to meat [40]. As a result, Jack, which grew naturally along the 
roadsides or in woodlots, is gradually becoming an orchard crop [2]. 
Jack fruit meets various food and non-food purposes with varying end- 
users preferences. However, genetic improvement in Jack aimed at 
catering to different end-users’ needs and a worldwide concern over the 
ever-increasing loss of its diversity needs more attention from the sci
entific community [41]. 

The next-generation sequencing (NGS) technologies provide novel 
opportunities to develop enormous genomic resources prerequisite for 
efficient breeding, understanding the genetic basis of trait variation, and 
spearheading diversity conservation strategies in plants and trees [42]. 
Towards this, we sequenced a normalized cDNA paired-end sequencing 
library, prepared from an equimolar mixture of total RNA extracted 
from multiple tissues of A. heterophyllus, using an Illumina NextSeq1000 
platform. A normalized cDNA library prepared from various tissues 
enables adequate sampling of transcript complexity besides maximizing 
the probability of detecting less abundant mRNA [43]. The paired-end 
sequencing of the cDNA library yields reads with significant overlaps 
critical for their assembly, particularly in non-model tree species lacking 
reference genome sequence [44]. The NGS generated 42,928,887 
paired-end raw reads, out of which 41,549,555 (96.8%) were retained 
after quality filtering, indicating that the library was of sufficient quality 
for precise sequencing. The high-quality reads were assembled into 
80,411 unigenes using the Trinity assembly strategy, optimally suitable 
for transcriptome construction without a reference genome [45]. A high 
N50 value of 1265 bp and an average length of 682 bp confirmed the 
high quality of assembly data. The assembly consistency assessed 
through Bowtie2 and BWA alignment tools indicated 97.08 and 94.27% 
reads mapping back to the assembled transcriptome, which is much 
higher than retrieved in many plant and tree species [46,47]. Quality 
assessment of the transcriptome assembly using the eukaryota and vir
idiplantae databases of BUSCO genes indicated that the assembled 
dataset comprised 88.2% of BUSCO genes in eukaryota and 77.4% of 
BUSCO genes in the viridiplantae dataset. Besides, 7.5% and 16.5% of 
genes were fragmented, and only 4.3% and 6.1% were missing from the 
eukaryota and viridiplantae datasets. BUSCO recovery tends to be 
highest when the whole organism is used to generate the assembly, 
compared to those assembled from a selected number of tissues [48]. 
Nevertheless, the missing of only a small proportion of genes from the 
eukaryota and viridiplantae datasets indicated that the assembled 
dataset achieved a reasonable degree of completeness and was compa
rable to many of the recent studies [49]. 

CDS prediction using TransDecoder indicated that approximately 
80% of the unigenes coded for medium to long ORFs. Among the pre
dicted CDSs, 95.5% had at least one significant match in the nr database, 
indicating that most CDSs code for proteins. The CDSs that had no sig
nificant matches may lack a known conserved functional domain or 
represent non-coding RNAs, or maybe very short [50]. The unavail
ability of a sufficient number of A. heterophyllus lineage specific genes in 
the databases may also be the possible reason for the failure to get a 
significant match. The study revealed that Morus notabilis genes had the 
maximum similarity (71.8%) with A. heterophyllus CDSs, indicating that 
the genome sequence of Morus notabilis may serve as a reference in the 
future transcriptomic study in A. heterophyllus. Gene ontology analysis 
classified 53.3% of A. heterophyllus CDSs majorly into cellular Ta
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component, molecular function, and biological process categories, 
among which the intrinsic compound of membrane protein, heterocy
clic, organic cyclic and ion binding protein, and organic substance 
metabolic process, primary metabolic process, cellular metabolic pro
cess, and nitrogen compound metabolic process accounted for the ma
jority of CDSs. The above findings are consistent with various other 
transcriptome studies in plants [50,51]. 

We identified 16,853 perfect SSRs from the assembled unigenes, 
accounting for one SSR per 6.4 kbp unigene sequence, which is signifi
cantly higher than in several other perennial tree species like Coffea 
canephora (7.73 kbp) [52] but lower than in Liquidambar formosana 
(5.28 kbp) [53], and Hevea brasiliensis (0.28 kbp) [54]. Genome-size, 
redundancy in the unigenes, and tools and parameters employed to 
detect SSRs often lead to these variations [55]. A large proportion of the 
genic-SSRs identified in the study comprised repeats of trinucleotides 
(80.57%), similar to the trend observed in several other plant species 
[41,56,57]. Continuous expansion or contraction of dinucleotide repeats 
to suppress the deleterious effects of frame-shift mutations possibly 
explain trinucleotides’ abundance in the coding regions [58]. The 
number of reiterations of the repeat motifs varied from 4 to 22, 

corroborating the earlier report in Morus alba [59] of the Artocarpus 
lineage. 

Transcriptional regulation of gene expression is primarily affected by 
TFs and TRs. Identification of novel TFs and TRs provide new insights 
into context-dependent gene expression and generation of novel 
phenotype [60]. We cataloged 2741 unigenes into 69 TF families and 
489 unigenes into 29 TR families using PlantTFcat online tool. Like other 
studies, C2H2-type zinc finger proteins were the most abundant TFs in 
A. heterophyllus. These genes have well-proven roles in plant growth and 
development. Moreover, they are considered the master regulators of 
abiotic stress responses in plants [61]. Among the TRs, the plant 
homeodomain (PHD) was most abundant. Plant homeodomain finger 
proteins are extensively present in plants and play crucial roles in 
chromatin remodelling and transcriptional regulation. They play diverse 
roles in plant growth and development and are considered an important 
source of candidate genes for genetic engineering-mediated trait 
manipulation in plants [62]. 

A majority of the mature miRNAs in plant species are evolutionarily 
conserved and usually, target conserved homologous genes in diverse 
plant species [63]. Taking advantage of this fact, we identified 53 

Fig. 7. Secondary structures of selected pre-miRNA sequences in Artocarpus heterophyllus.  

K.U. Tribhuvan et al.                                                                                                                                                                                                                          



Genomics 114 (2022) 110356

11

miRNAs belonging to 19 conserved miRNA families following an 
optimal computational identification strategy. These miRNAs target 
31different unigenes, mostly coding for TFs involved in various devel
opmental pathways. Moreover, we also predicted several novel func
tions for miRNAs in A. heterophyllus, which reflects that at least some 
conserved miRNAs are regulating new targets in addition to the well- 
documented conserved targets. While analyzing our data, we identi
fied various TFs as miRNA-targets like squamosa promoter-binding –like 
proteins, auxin response factors, homeobox-leucine zipper proteins, 
ethylene-responsive transcription factors, etc. Analysis of the gene-TFs- 
miRNAs regulatory network allowed us to draw a comprehensive picture 
of the involvement of TFs and miRNAs in the regulation of diverse 
processes leading to plant growth and development and biotic and 
abiotic responses. 

In recent years, discovering lncRNAs and elucidating lncRNA-target 
interactions have become important research activities in plants. How
ever, the lack of widespread sequence-level conservation and limited 
knowledge about the lncRNA-target interaction interfaces make the task 
very challenging [64]. Therefore, steady progress in characterizing 

lncRNAs and their targets from different species is critical to their effi
cient identification. Through standard in-silico computational ap
proaches, we identified 5350 potential lncRNAs targeting a similar 
number of mRNAs in A. heterophyllus. Moreover, we also placed three 
eTMs in the lncRNA-miRNA pairs using the lncRNAs and miRNAs 
identified in the study. A detailed analysis of these genetic elements 
would help develop novel functional networks and modulation for end- 
use-based improvement in A. heterophyllus. 

The analysis of the expression patterns of some selected miRNAs 
identified in the study vis-à-vis their target genes helped us experimen
tally validate and provide insight into the functional cues of these 
miRNAs. Of the seven miRNAs analyzed, three miRNAs targeting auxin 
response factor, homeobox leucine zipper, and an unknown gene 
showed an inverse relationship with the expression patterns of their 
target genes. These miRNAs behaved differently at different stages of 
leaf development. At the primordial stage, the expression of all three 
miRNAs was substantially lower than at the maturity stage. Several 
studies have evidenced a higher built-up of auxin response factors and 
homeobox leucine zipper proteins during the early stage of leaf 

Fig. 8. Cystoscope network showing the interaction between Artocarpus heterophyllus transcription factors and miRNAs.  
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development than at the maturity stage [65]. The study indicates that 
the miRNAs predicted in A. heterophyllus are valid, and detailed func
tional studies of these riboregulators would help better understand 
various cellular and metabolic functions. 

5. Conclusion 

Through global transcriptome sequencing and analysis in 
A. heterophyllus, we identified 80,411 unigenes from which we predicted 
64,215 CDSs and discovered 16,853 perfect SSRs. In addition, we 
identified 2741 TFs, 489 TRs, 53 miRNAs, 25,953 potential lncRNAs and 
placed 03 functional eTMs in different lncRNA-miRNA pairs. Through 
network analysis involving genes, TFs, and miRNAs, we deduced a 
comprehensive picture of TFs and miRNAs-mediated regulation in 
A. heterophyllus. Finally, we validated a set of in-silico identified miRNAs 
by comparing their expression patterns vis-à-vis their corresponding 
target genes at different leaf developmental stages. The genomic re
sources developed in the study would boost end-use-based improvement 
and conservation studies for sustainable use of the species. 
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Fig. 9. Quantitative real-time PCR expression analysis, (A) miRNAs (ahe-miR008, ahe-miR013, and ahe-miR050), and (B) target genes (DN4470, DN934 and 
DN5647) at different stages of leaf development in Artocarpus heterophyllus. 
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