
Abstract
A large part of transcripts is non-coding, which is transcribed from junk DNA; long non-coding RNAs and micro-RNAs regulate the 
expression levels of mRNAs. For the first time, we identified lncRNAs and miRNAs with their regulatory role in the disease tolerance 
of Theobroma cacao. In this study, about 2616 lncRNAs and 153 miRNAs were identified from 10 RNA-seq data representing healthy 
and witches’ broom diseased tissues of cocoa. Around 604 lncRNAs are differentially expressed among healthy and diseased tissues. 
LncRNAs targeted 9692 mRNAs; 8827 are cis-acting, and 765 are trans-acting. Among targeted mRNAs, 281 are disease resistance-related 
transcripts, and 211 transcription factors (TFs) belong to more than 50 TF families, which were found to be involved in the regulation of 
the disease tolerance process. The identified 153 miRNAs belong to 27 miR families, and around 5337 mRNAs are targeted by the miRNAs, 
among them 114 codes for TFs and 170 codes for disease resistance protein. Ethylene responsive factor, bHLH, WRKY, MYB, bZIP, GTE, 
GATA, and heat stress transcription factors are the dominant TFs targeted by lncRNAs, and miRNAs play vital roles in disease progression 
and tolerance. A total of 55 lncRNAs-miRNAs interacting pair is identified, which were working on endogenous target mimics (e-TMs) 
mechanism and influenced the expression of 955 mRNAs.  The ontology (GO) and Kyoto Encyclopaedia of Genes and Genomes (KEGG) 
biological pathway analysis reveal that ncRNAs and their targets mRNAs code for transcription factors and genes that are involved in 
the disease tolerance processes, including synthesis of disease resistance proteins, amino acids, antibiotics, intracellular proteins that 
directly or indirectly recognize pathogen effectors are essential for plant biotic stress condition. The present study provides lncRNA and 
miRNA-based regulatory insight into the genes governing disease progression and tolerance in cocoa.
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Introduction
Non-coding RNAs, their importance, and their regulatory 
role in the gene expression of eukaryotic organisms were 
realized recently. The lncRNAs get involved in almost every 
plant biological process during its growth and development, 
including abiotic and biotic stresses (Shiv et al. 2023; Supriya 
et al. 2022). So far, several studies have been carried out 
for lncRNA identification and studying their role in several 
plants. The regulating role of lncRNAs during plant biotic 
stress was also well evidenced. Arabidopsis infected with 
Fusarium oxysporum triggered the expression of several 
lncRNAs, many of which were associated with antifungal 
immunity (Zhu et al. 2014). Joshi et al. (2016) identified 
around 931 differentially expressed lncRNAs upon infection 
with Sclerotinia sclerotiorum in canola. The expression of 
cotton lncRNAs against fungal infection was reported 
by Zhang et al. in 2018. In rice, around 567 lncRNAs were 
identified in response to bacterial pathogen Xanthomonas 
oryzae pv infection. oryzae (Xoo) (Yu et al. 2020) and target 
analysis of some of these lncRNAs revealed their involvement 
in the jasmonic acid (JA) signaling cascade, which provide 
resistance against bacterial blight (Yu et al. 2020). 
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MicroRNAs are a class of regulatory ncRNAs having a length 
of 20–24 nucleotides. They regulate gene expression, 
participate in various biological routes, conserve genome 
integrity, metabolism, growth, and development, and most 
importantly, adaptive responses towards abiotic and biotic 
stresses. Experiments carried out in many crops evidenced 
the conservation of miRNAs across the plant genera and 
their functional association with the plants. Even though 
the regulatory role of miRNAs was majorly proven during 
abiotic stress, its role in biotic stress was also inevitable. 
Reported studies have demonstrated the role of miRNAs 
during microbial infections in plants and mammals. In 
plants, Navarro et al. (2006) said the first miRNA, miR393, 
in Arabidopsis, plays against bacteria by regulating the 
auxin signaling pathway. Likewise, differential expression 
of miRNA patterns was reported in wheat upon infection 
with powdery mildew fungus (Xin et al. 2011). In apples, 
pathogen-induced host-specific miRNA (Md-miR395and 
Md-miR156ab) expression was seen after leaf spot fungus 
Alternaria infection, which negatively regulates the target 
genes MdWRKYN1, MdWRKY26, and induced pathogenicity 
(Zhang et al. 2017). Similarly, differential expressions of 
miRNAs were also noticed with healthy and susceptible 
sugarcane cultivars for smut disease (Su et al. 2017).

Besides sequestration/degradation of targeted mRNAs 
and miRNAs, lncRNAs also act as precursors for miRNAs. 
Co-expression of the lncRNA-miRNA complex also revealed 
the participation of lncRNAs in target miRNA degradation. 
Studies during recent years have demonstrated the 
emerging job of lncRNAs as miRNA regulators by functioning 
as endogenous target mimics (eTMs). Genome-wide 
analysis techniques identified some of the candidate eTMs 
from sequenced plants. Wu et al. (2013) identified eTMs for 
around 20 miRNAs in rice and Arabidopsis. In Cajanus the 
role of lncRNAs as e-TMs was discovered for flower, pod, and 
seed development (Das et al. 2019, 2020). Borah et al. (2018) 
discussed lncRNAs as e-TMs that help plants to withstand 
low nutrient conditions. The lncRNAs also participate in 
plant biotic stress conditions by acting as eTMs. For example, 
Tomato lncRNAs slylnc0195 and slylnc1077 expressed in 
response toTYLCV infection have eTMs that suppress miR166 
and miR399 correspondingly to repress the plant defense 
response (Wang et al. 2015). Similarly, conserved eTM site for 
miR482b was identified in lncRNAs of tomato (lncRNA23468, 
lncRNA01308, and lncRNA13262); over-expression of any 
of these lncRNA results in decreased miRNA (miR482b) 
expression, and increased target gene NBS-LRRs, expression, 
effects in ensuring better resistance to Phytophthora 
infestans (Jiang et al. 2019). Likewise, lncRNA39026 contains 
an eTM site, which helps to decoy miR168a and influence 
the target gene expression (Pathogenesis-related genes) in 
tomatoes to combat P. infestans infection (Hou et al. 2020).

Cocoa (Theobroma cacao L.) is an important plantation 
grown widely in Central and South America, Africa, and Asia. 

Globally, five to six million farmers are directly involved in 
cocoa cultivation, and about 40 to 50 million people are 
getting livelihood security from the crop (End et al. 2014). In 
cocoa, witches’ broom disease (WBD) is the most destructive 
disease that causes significant economic loss (50–90%) to 
the harvest, and Moniliophthora perniciosa, a basidiomycete 
fungus, causes the disease. This disease is more prevalent 
in the south and Central America and Caribbean countries 
where most cocoa germplasm existed (End et al. 2014). 
The disease causes direct production losses by infecting 
flower cushions and mature pods. The distal tissues of 
infected parts show the symptoms of hypertrophy and 
hyperplasia, the proliferation of axillary shoots due to loss 
of apical dominance, which subsequently develops into 
broom-like make-up called a green broom (Meinhardt 
et al. 2008). Successive pathogen attacks (WBD) kill the 
infected plants (Gramacho et al. 2016). WBD pathogen M. 
perniciosa was sequenced using Sanger and NGS methods 
(Meinhardt et al. 2014; Mondego et al. 2008). The genome of 
M. perniciosa contains more active transposable elements, 
which account for more variability within species, resulting 
in different biotypes with alerted virulence (Pereira et al. 
2015; Meinhardt et al. 2014). The genome annotation of the 
WBD pathogen proved its ability to produce hormones, 
secondary metabolites, toxins, and reactive oxygen 
species (ROS) detoxification systems. More cytochrome 
P450 monooxygenases are essential for detoxification, 
adaptation, and disease development (Mondego et al. 2008).

The WBD pathogen has biotrophic and necrotrophic 
phases. The biotrophic phase grows in the apoplast region 
of the plant cell and absorbs nutrients; during this stage, it 
secretes several enzymes that encode ROS detoxification 
and other effectors to overpower plant defense (Mondego et 
al. 2008). Pathogen induces hormonal imbalances within the 
host to get the soluble sugars within the apoplastic region 
(Scarpari et al. 2005). Still, when supply disturbs or decreases, 
the pathogen promotes cell death and senescence, 
producing dry brooms, where the mycelia survive and 
defend themselves against host defensive compounds. 
Transcriptomic studies have been conducted to identify 
the differences between biotrophic and necrotrophic using 
microarrays, ESTs, and qPCR (Rincones et al. 2008). The 
pathogen M. perniciosa can produce hormones like abscisic 
acid (ABA), jasmonic acid (JA), indole acetic acid (IAA), and 
salicylic acid (SA) (Kilaru et al. 2007). Transcriptome analysis 
performed on infected tissue showed that the fungus 
triggers hormonal imbalances by disturbing host genes 
involved in the biosynthesis or signaling of hormones 
(auxin, gibberellin, cytokinin, and ethylene) (Teixeira et 
al. 2014). Ethylene stimulates tissue elongation, symptom 
development, and cell death in infected green brooms, and 
cytokinin’s helps in loss of apical dominance (Teixeira et al. 
2014; Scarpari et al. 2005). Pathogen M. pernicious interaction 
in resistant and susceptible cocoa material was studied 
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through microarrays and cDNA library sequencing (da 
Hora Junior et al. 2012; Gesteira et al. 2007). Host-pathogen 
interaction was also studied in green brooms using the 
RNA-seq technique (Teixeira et al. 2014).

Comparing cDNA libraries in susceptible and resistant 
cocoa lines infected with M. perniciosa showed qualitative 
differences (Gesteira et al. 2007). During infection, the 
plant expresses a series of genes essential in plant defense 
responses, like PR- and NB-LRR proteins (Teixeira et al. 2014). 
In the resistant lines, the defense genes responded early and 
at higher levels than susceptible ones (Gesteira et al. 2007). 
Though susceptible ones produce defense molecules, they 
cannot restrict the pathogen effectively (da Hora Junior 
et al. 2012). Biochemical studies conducted during host-
pathogen interaction revealed increased compounds like 
procyanidins, theobromine, caffeine, and phenolics, mainly 
tannins after primary infection (Scarpari et al. 2005; Chaves 
and Gianfagna 2007). 

The present experiment was planned to study the role 
of ncRNAs, especially lncRNAs and miRNAs, in witches’ 
broom diseased plants compared to the healthy ones. 
However, numerous studies are available about the control 
mechanisms of several biotic and abiotic stress factors 
in plants; information is almost scanty about the job of 
non-coding RNAs such as lncRNAs and miRNAs and their 
working mechanism in cocoa disease tolerance.  Studying 
the expression pattern of cacao lncRNAs, miRNAs in healthy 
vs. diseased samples may prove their potential role in disease 
tolerance or progression. The interaction between lncRNAs 
and miRNAs via endogenous target mimics was also studied, 
and the role of identified eTMs on potential gene expression 
and regulation during the WBD disease. This is the first report 
in cocoa about identifying and characterizing lncRNAs 
and miRNAs, therefore an investigation to determine their 
interacting mechanism for WBD disease resistance. 

Materials and methods

Transcriptomic data and pipeline for lncRNA 
identification
The transcriptome data from the witches’ broom diseased 
and healthy plant tissues of cocoa (T. cacao L.) were 
used to identify long non-coding RNAs and microRNAs. 
The sequenced data related to the stated cocoa tissues 
containing National Center for Biotechnology Information 
(NCBI) accession numbers (SRR747762, SRR747765, 
SSR747772, SRR747773, SRR747774, SRR747775, RR747776, 
SRR747777, SRR747778, and SRR747779) was downloaded 
from NCBI. Using the sequence read archive (SRA) toolkit, 
SRA files were converted to FASTQ files and subjected to 
downstream analysis.

Pipeline for identifying lncRNAs
The methodology followed for identifying lncRNAs has 
been illustrated in Fig. 1. Subsequently, adapter trimming 

was done, and reads with lower quality were removed with 
Trimomatic 0.36 (Bolger et al. 2014) with default parameters. 
Selected FASTQ files of diverse experiments were aligned 
and mapped to the reference genome of T. cacao (Argout et 
al. 2017) using a splice read aligner Tophat 2.0. Cufflinks were 
used for assembling aligned reads. The final transcriptome 
was made after merging all output files with the help 
of Cuffmerge. Transcript abundance was calculated by 
accepted Binary Alignment Map (BAM) files using Cuffdiff 
(Trapnell et al. 2013).

Long non-coding RNA prediction
All selected transcripts were filtered using known coding 
sequences of cocoa. The transcripts having non-overlapping 
known coding genes were chosen for subsequent analysis. 
The non-coding RNA types (lincRNAs-intergenic lncRNAs; 
lncNAT- Natural antisense transcripts; intragenic lncRNAs) are 
recognized based on their location and strand information. 
Transcripts with >200 bp length and fragments per kilo-base 
of transcript per million mapped reads (FPKM) value >1 were 
identified and screened further to find the length of open 
reading frame (ORF) with ORF finder (utilizing in-house 
perl script). Transcripts containing <100 amino acids were 
further sorted for their coding potential, and the remaining 
transcripts coding potential was calculated with coding 
potential calculator (CPC2) (Kang et al. 2017) and coding-
non-coding index (CNCI) programs (http://www.bioinfo.org/
software/cnci ) (Sun et al. 2013). The transcripts identified 
with <0.5 CPC or CNCI scores were subjected to downstream 
analysis. The Basic Local Alignment Search Tool (BLASTX) 
was performed with databases (NCBI non-redundant protein 
database, Swiss-Prot database, Kyoto Encyclopedia of Genes 
and Genomes (KEGG) protein database, and clusters of 
orthologous genes (COG) database. Later the transcripts 
showing substantial similarity with already identified/ 

Fig. 1.  Schematic representation of the methodology followed in 
the prediction of lncRNAs of T. cacao
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known proteins were removed. Subsequently, the specified 
non-coding RNA types, such as miRNAs, rRNAs, snRNAs, 
tasiRNAs, tRNAs, and snoRNAs, were discarded to screen 
only lncRNAs. After studying the physical properties of 
identified lncRNAs, differential expression of lncRNAs with 
log2 fold was removed from the Cuffdiff results. 

LncRNA targeted mRNA prediction
The mRNA targets (Cis and trans-acting mRNA) were 
identified for lncRNAs. Transcribed genes within a 10 kb 
window of lncRNAs were considered cis-target genes, 
whereas mRNAs having complementary sequences with 
lncRNAs and are coded by the genes that are away from 
the lncRNAs are considered trans-targets. BLASTn was 
used to identify the complementary sequences, keeping 
E-value ≤1e-5 and identity ≥95%; RNAplex software(RNAplex 
dNG-50) was used to estimate complementary energy 
between two lines for subsequent screening and selection 
of potential trans-acting genes.

The mi-RNA prediction from the transcript data
From transcriptome data, non-coding transcripts were 
obtained for the prediction of miRNAs. From the database 
(miRBAse21), all the identified pre-miRNA and miRNA were 
downloaded and BLASTn against pooled non-coding 
transcripts with specification as less than three matches, 
7-word size, and e-value cut-off of 1000.

To reform the non-coding property of transcripts, 
another time BLASTx was carried out against the T. cacao 
protein database (https://www.ncbi.nlm.nih.gov/assembly/
GCF_000208745.1) by putting the sequence similarity cut-off 
value ≥80%, and the protein-coding sequences falling within 
the cut-off range were removed. The balance sequences 
were processed using CPC and CNCI concerning the NR 
database, and coding sequences were eliminated. The 
remaining non-coding transcripts were processed with the 
below parameters to find the miRNAs.
• The sequence should have the capacity to form 

a secondary stem-loop secondary structure with 
(Minimum Fold Energy Index) MFEI ≥0.41 and the least 
folding free energy.

• The sequence must have AU content ranging from 
22–77%

• In one of the arms of the hairpin-loop structure, mature 
miRNA should present, and the miRNA sequence should 
be continuous without any loops or breaks

• The opposite miRNA sequence should not carry more 
than six mismatches

• The signature value of simple sequence repeat (SSR) 
should be R ≥2.5 with miRNA family

• Normalized values of Shannon entropy (NQ), base-pair 
distance (ND), and base pairing propensity (Npb) should 
be ≤ 0.45, ≤ 0.15, and ≤ 0.25, respectively.

• From several BLAST hits, we selected the sequences 

having the above characteristics along with the highest 
MFEI (Minimum Fold Energy Index) and R-values

The miRNA target prediction
For identification, miRNAs as subject and mRNA sequences 
of T.cocoa were employed as target query. The psRNATarget 
software (with default parameters) (Dai and Zhao 2011) was 
used to identify the miRNA targets. In the same way, miRNAs 
targeted by lncRNAs were also identified with the same 
program, but here, miRNAs and lncRNAs utilized as target 
queries and subjects correspondingly.

Detection of lncRNAs acting as candidate 
endogenous target mimics
The endogenous target mimics (e-TMs) are built up due 
to pairing among miRNAs and lncRNA. The eTMs between 
lncRNA and miRNA were discovered using different 
specifications followed by Wu et al. (2013). Using the enlisted 
specifications, the putative eTMs were identified using 
the software psRobot. By using the Vienna RNA package 
RNAfold web (http:/rna.tbi.univie.ac.at/) lncRNAs and 
miRNAs secondary structures were identified

Prediction and visualization of interaction among and 
between non-coding and coding RNAs was performed 
through the detection and imaging of interaction network 
build between lncRNAs, miRNAs, and their target mRNAs 
were done using Cytoscape (http://www.cytoscape.org/) 
(Shannon et al. 2003). Similarly, the visualization of the 
relationship between coding and non-coding RNAs was 
established with Cytoscape (Shannon et al. 2003). Gene 
Ontology (GO) by studying the interconnections among 
lncRNAs, miRNAs, and their mRNAs targets 

Annotation of identified non-coding RNAs targeted 
mRNAs and lncRNA targeted mRNAs
Using the Blast2Go analysis pipeline, annotation was 
carried out for non-coding RNAs targeted and lncRNA-
targeted mRNAs. Analysis was done for Gene Ontology 
(GO), and Kyoto Encyclopaedia of Genes and Genomes 
(KEGG) enrichment was carried out. Using Blast2GO v4.1 
(Conesa and Götz, 2008), functional annotation was done for 
lncRNAs. Genes (Biological Process, Molecular Function, and 
Cellular Function) were classified based on GO definitions. To 
identify the role of lncRNAs in different biological pathways, 
KEGG Automatic Annotation Server (KAAS) analysis was 
done with the single-directional best-hit information 
procedure and default bit score threshold (Kanehisa 2002).

Results and discussion

Detection of lncRNAs in diseased and healthy tissues 
of T. cacao L. using transcriptome data
To find out the lncRNAs and miRNAs from transcriptome data 
of witch’s broom diseased and healthy plants of T. cacao, we 
retrieved the existing transcriptome data from NCBI. After 
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trimming, 1952 million clean reads were mapped against 
the reference genome T. cacao with the TopHat2 and Bowtie 
program, and 1872 million (95.92%) reads could be mapped 
against a T. cacao genome. The FPKM value of all the genes 
and their isoforms were computed via Cufflink›s program. 
A total of 34,374 transcripts were obtained after the Cuffdiff 
program. Of those, 374 transcripts had lengths less than 
200 nt. After removing the shorter transcripts (≤ 200 bp), 
CNCI and CPC were performed on the remaining 34,000 
transcripts to check the coding potential, of which 8482 
transcripts were found to have non-coding in nature, and 
the rest of them were (25,518) having coding potential. After 
CPC and CNCI, we again screened the 8482 transcripts via 
Transdecoder, Hammer, and Blastx with a complete protein 
dataset from Swissport in Pfamand. Finally, 2644 transcripts 
remained. After removing all other non-coding RNAs 
(snRNA, snoRNAs, tRNA, TasiRNA, microRNA, etc.) through 
the BLASTn, 2616 potential lncRNAs were finally identified. 
The methodology followed for finding the miRNAs and 
lncRNAs in T. cacao is shown in Fig. 1.

The lncRNAs characteristics 
The average lengths of lncRNAs observed in cocoa were 
1917 base pair, and most of them were in the range of 1000 
to 2000 nt (1128) followed by 200 to 1000 nt (696), 2000 
to 3000 nt (411) and 3000 to 4000 nt (175). The lncRNAs 
with exon numbers vary from 138, of which 14.94% were 
mono-exonic, 20% were di-exonic, 13.84% were tri-exonic, 
and 10.68% were tetra-exonic. Compared to mRNAs, the 
lncRNAs were AU-rich. Distribution of lncRNAs among 
the chromosomes was also observed; the results showed 
maximum presence in chromosome 2 and minimum in 
chromosome 8. Characteristic features of lncRNA were 
mentioned in Fig. 2 and supplementary files S1.

Identification of expressed lncRNAs in diseased vs. 
healthy plant tissues of cocoa 
A total of 604 differentially expressed (DE) lncRNAs were 
identified among all samples (FC value >1 and < -1; p-value 
<0.005 and q-value <0.01). In plant tissue, the lncRNA 
expression differed from 11.28 to -15.16 fold. Among 
the 604 lncRNAs, 334 were upregulated, and 270 were 
downregulated in diseased tissues compared to healthy 
tissues. When we screened the differential expression based 
on FC values >2 and < -2 (p-value < 0.005 and q-value < 0.01), 
223 differentially expressed among 91 were upregulated 
and 132 down-regulated in diseased tissues. The expression 
pattern between the tissues is revealed in Fig. 3 and 
Supplementary S1.

Variable expression observed for some of the lncRNAs 
in diseased and healthy plants were discussed here; for 
example, diseased plants showed almost three times 
higher expression of lncRNAs targeted mRNAs such as 
cytochrome b561 domain-containing protein (T.co-lnc_135), 

and Cysteine-rich and transmembrane domain-containing 
protein-A (T.co-lnc_136), which are actively involved in 
detoxification of damaging reactive oxygen species (ROS) 
and neutralization of harmful compounds at the plasma 
membrane via chelation or redox-based mechanisms during 
stress conditions in plants (Venancio and Aravind 2010). 
Similarly, almost four times higher expression of lncRNA 
(T.co-lnc_160) with the target of HIPP-16 (heavy metal-
associated isoprenylated plant proteins) was observed in 
diseased plants than in healthy ones. These HIPPs involved 
in heavy metal homeostasis and detoxification mechanisms, 
including abiotic and biotic resistance, were also noticed in 
plants. Zhang 1 et al. (2015) confirm the significant role of 
wheat heavy metal-associated isoprenylated plant protein 
(TaHIPP) in defense signaling pathways. On the contrary, 
another lncRNA (T.co-lnc_646) targeted HIPP-20 was found 
to have three times lower expression in M. perniciosa infected 
tissues than the healthy plants. CLAVATA3/ESR (CLE)-related 
protein 44 (CLE44) is an extracellular signal peptide that 
regulates the fate of cells by involving in functions like 
axillary shoot meristem initiation, maintenance of root 
meristem identity, phloem development, phloem, xylem, 
procambium histogenesis, regulation of cell differentiation. 
Enhanced levels of cocoa lncRNA T.co-lnc_176 with a target 
of CLE44 protein were observed in witches› broom diseased 
tissues over healthy ones. Overexpression, CLE44 resulted 
in unprecedented shrub-like dwarf growth in plants lacking 
epical dominance (Strabala et al. 2006). Similar symptoms 
were encountered in witches’ broom-infected cocoa plants 
with overexpression CLE44. The HORMONOMETER profile 
findings of infected brooms showed altered auxin levels 
in cocoa (Teixeira et al. 2014). Under the study, enhanced 
levels of lncRNAs with auxin-responsive protein targets such 
as auxin-induced protein 22D, auxin-responsive protein 

Fig. 2. Characteristics of T. cacao lncRNAs (a). Chromosome-wise 
distribution of lncRNAs; (b). Length-wise distribution of lncRNAs (c). 
Distribution of exon number of lncRNAs; (d). Differential expression of 
lncRNAs in healthy and diseased plants of cocoa under Moniliophthora 
perniciosa infection
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IAA20, auxin-responsive protein SAUR21, auxin-induced 
protein 15A, auxin-induced protein 15A-like, and auxin-
responsive protein SAUR21 also noticed in diseased cocoa 
tissues. Increased expression levels of lncRNAs related to 
gibberellin-regulated-1 (T.co-lnc_1931) and 14 (T.co-lnc_970) 
and responsive proteins xyloglucan endotransglycosylase/
hydrolase protein 8 (T.co-lnc_313) noticed in infected 
tissues of cocoa shows the involvement of hormone with 
the morphological alterations observed in infected cacao 
plants also proved by Teixeira et al. (2014). Phytosulfokine 
(PSK) plant peptide growth factors with multiple functions 
alter immune responses depending on the pathogen. It has 
been suggested that PSK integrates growth and defense 
signals to balance the competing metabolic costs of these 
plant responses. PSK integrates growth and defense signals 
to offset the competing metabolic costs of these plant 
responses (Sauter 2015). Altered expression levels of cocoa 
lncRNAs related to Phytosulfokine were noticed in healthy 
and diseased cocoas.T.co-lnc_1283 codes for putative 
phytosulfokine-6, involved in plant cell proliferation, 
differentiation, and organogenesis, was showed higher 
expression levels in diseased plants. At the same time, the 
other two lncRNAs, T.co-lnc_433 and T.co-lnc_81, codes 
for phytosulfokine and phytosulfokines3 were noticed 
with comparatively lower levels in diseased plants than in 
healthy ones. Diseased plants were also encountered with 
more menthol glutaredoxin-S6, an antioxidant compound 
involved in the cellular response to oxidative stress in 
bacterial and eukaryotic cells (Meyer et al. 2009).

Pathogenesis-related (PR) proteins are produced in 
the plant system as a mark of defense against pathogens. 
Increased expression levels of Pathogenesis-related proteins 
STH-2 (T.co-lnc_286), STH-21(T.co-lnc_1217), and PR-4 (T.co-
lnc_1506) (as lncRNA targets) were seen in infected tissues of 
cocoa. Contrary to this, lower expression of other defense-
related proteins, such as thaumatin-like protein (PR-5; T.co-
lnc_753) and increased expression levels of another negative 
defense regulator DMR6-LIKE OXYGENASE 2 (T.co-lnc_439), 
which converts salicylic acid (SA) to 2, 3-dihydroxybenzoic 
acid was also noticed in the same tissue. The lncRNA targeted, 
NAC domain-containing protein 35, transcription factor 
(T.co-lnc_41), which acts as a floral repressor by negatively 
regulating CONSTANS (CO) expression in a GIGANTEA 
(GI)-independent manner, was found to show higher 
expression in diseased tissues (Yoo et al. 2007). Another 
T.co-lnc_922 with target NAC domain-containing protein 86, 
having a role in sieve element differentiation, enucleation, 
and cytosol degradation, showed more expression in 
infected tissues. On that, one more lncRNA targeted NAC 
domain-containing protein 104 (T.co-lnc_109) showed less 
expression in diseased tissues, which has a potential role 
in xylem development by negatively regulating secondary 
cell wall fiber synthesis and programmed cell death (Grant 

et al. 2010). The lncRNAs specific defense proteins such as, 
MLP-like protein 28 (T.co-lnc_652; T.co-lnc_655) and MLP-
like protein 423 (T.co-lnc_477; T.co-lnc_625) exhibited the 
lower expression levels in diseased cocoa plants than the 
healthy ones. In Arabidopsis, cotton AtMLP-28 and GhMLP-
28 were induced in response to Plasmodiophora brassicae 
and Verticillium dahliae infections (Yang et al. 2015). 

Two lncRNAs, i.e., T.co-lnc_425 and T.co-lnc_1222, codes 
for allergen proteins peamaclein and major allergen Pru 
ar1 are seen in cocoa plants; the expression T.co-lnc_425 
principles for of peamaclein is low in infected tissues as 
compared to healthy ones whereas the other lnc RNA, T.co-
lnc_1222 responsible for major allergen Pru ar1 expression 
is more in diseased plants. The peptide snakin-2 (StSN2), 
isolated from potato tubers and active against fungal and 
bacterial plant pathogens (Berrocal-Lobo et al. 2002), is 
also noticed in cocoa plants. The lnc RNA, T.co-lnc_2025, 
responsible for snakin-2 peptide, showed 4 to five times 
higher expression levels in infected cocoa tissues over 
healthy plants. 

Identification of lncRNAs, targeted mRNAs, including 
transcription factors
In cocoa, witches’ broom diseased and healthy tissues, a 
total of 2616 lncRNA were identified, and they were found to 
target the 8827 cis mRNA target genes and 765 trans-target 
mRNAs. LncRNAs target a total of 9692 mRNAs. Among 
targeted mRNAs, 281 disease resistance-related transcripts 
and 211 TFs belonging to more than 50 TF families are 
found, which regulate the disease tolerance processes (Fig. 
4). The identified transcription families were MYB, Ethylene 
responsive TFs, b-HLH, Nuclear TF-Y, TFIID, GATA, and 
WRKY, etc., which are reported to be actively involved in 
disease-related processes. TFs are crucial in responding to 

Fig. 3. Differentially expressed lncRNAs in diseased tissues compare to 
healthy tissues (Log2 fold=>2 or <=-2 with significant parameter ‘yes’
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biotic stresses. They act as positive and negative regulators 
in plants’ complex defense response network processes. 
Transcriptomic studies conducted on WBD plants showed 
an up-regulation of WRKY and ERF transcription factors 
in infected tissues of cocoa (Teixeira et al. 2014). WRKY 
transcription factors (AtWRKY33) act as a positive regulator 
of resistance against Alternaria brassicicola and Botrytis 
cinerea in Arabidopsis (Zheng et al. 2006). AtWRKY53 and 
AtWRKY70 are involved in SAR’s modulation (Wang et al. 
2006). Likewise, MYB TF was found to have a role in the 
disease resistance process in sorghum against anthracnose 
and leaf blight (Baldoni et al. 2015; Ibraheem et al. 2015). 
Ethylene responsive factors are known to act either as 
repressors or activators of plant defense response against 
biotic stress. ERF proteins, such as ERF1 and ERF2, were 
known to be activators for the pathogen-induced plant 
defense process, while ERF3 and ERF4 are known to repress 
the gene expression and plant defense systems (Maruyama 
et al. 2013). 

The lnc RNA targeted mRNAs were associated with 
different biological activities like replication of DNA 
(DNA ligase and DNA Helicase), chromatin alterations 
(topoisomerases), transcription (transcription initiation, 
elongation factor, etc.), cell division and expansion, 
vascular cells differentiation, protein trafficking, heat 
shock proteins, cellulose and callose synthase, etc. Also, 
several were associated with hormonal biosynthesis and 
signaling (inductive proteins of auxin, gibberellin-regulated 
proteins, auxin-responsive proteins -F- box proteins). The 
mRNAs, related protein kinases (serine/ threonine), B-box 
zinc fingers, F-box-LRR repeat proteins, and transporter 
proteins (sodium/potassium, sugar, and ABC transporters) 
were also targeted by lncRNAs. Studies on transcriptomic 
analysis of WBD-diseased tissue proved the enrichment of 
primary auxin-responsive genes. Likewise, genes related 
to biosynthesis (GA3ox), perception of gibberellic acid 
(GID1-like), and inactivation (GA2ox) were identified in 
infected tissue (Teixeira et al. 2014). The current evidence 
also supports the involvement/ role of lncRNA in hormonal 
synthesis and degradation in infected tissues. Around 281 
disease-resistant proteins were identified as targeted by 
lncRNA in the current study. This included 84 genes with 
disease resistance RPP13-like protein orthologs, 45 disease 
resistance protein At4g27220 orthologs, 24, 10, and 13 genes 
with disease resistance protein RGA3, RGA2, and RGA1 
orthologs, genes 20 and 14 each belong to At3g14460 and 
At1g61300 disease resistance protein and nine genes with 
disease resistance protein RPM1 orthologs, etc. (Fig. 4 and 
Supplementary Fig. 2).

GO analysis of lncRNAs 
The gene ontology (GO) study (Supplementary Figs. 1 and 3) 
of predicted lncRNAs was performed. The enrichment study 
was categorized into three groups: GO annotation involved 

in biological, cellular, and cellular, molecular processes. 
Around 27.13 and 25.58% of lncRNAs were involved in 
biological, cellular, and metabolic processes. About 33% 
of lncRNAs were associated with biological regulation, 
response to stimulus, cellular component organization, 
and localization. Rest 14.21% of lncRNAs are involved in 
similar biological processes like development, signaling, 
and multicellular organismal function, positive and 
negative regulation of the biological process, reproductive 
process, reproduction, multi-organism process, growth, 
cell population proliferation, and immune system process. 
Under the molecular function category, many lncRNAs 
are involved in binding and catalytic activity, covering 
are involved in acute and catalytic activity, which cover 
41.98 and 35.01%, respectively. Rest 23.01% of lncRNAs are 
involved in a similar type of activity like structural molecule 
activity, transporter activity, molecular function regulator, 
transcription regulator activity, translation regulator activity, 
nutrient reservoir activity, molecular transducer activity, 
antioxidant activity, molecular carrier activity, protein tag, 
and protein folding chaperone. In the cellular component 
category, 38.75% lncRNAs are under cell and cell parts. In 
membrane and membrane parts, 28.45% lncRNAs reside, 
and 21.64% lncRNAs reside in membrane parts. The rest of 
the lncRNAs have resided in protein-containing complex, 
membrane-enclosed lumen, extracellular region, cell 
junction, symplast, supramolecular complex, and nucleotide 
(Supplementary Fig. 3). involvement of lncRNAs in different 
pathways represented via Cytoscape (Fig. 5.) shows that 
many lncRNAs are involved in the same path, and some 
lncRNAs are involved in different pathways.

GO analysis of lncRNAs targeted mRNAs
In the GO study (Supplementary Figs 2 and 3), at the level 
of biological processes, it was noticed that 30.35 and 24.8% 
of total lncRNA targets correspondingly were engaged in 
the cellular and metabolic processes. It was observed that 

Fig. 4. (a). Statistics of lncRNAs targeted TFs families; (b). Disease 
resistance protein targeted by lncRNAs
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31.56% of lncRNA targets were associated with regulating 
biological activities, response to stimuli, cellular localization, 
and compartmentalization. Rest 13.28% of lncRNA targets 
involve biological processes like developmental process, 
signaling, multicellular organismal process, positive and 
negative regulation of the biological processes, reproductive 
process, multi-organism process, growth, cell population 
proliferation, immune system process, detoxification, 
and rhythmic process. Under the molecular function of 
lncRNA, targeted mRNAs showed that most are involved 
in binding and catalytic activity, which contain 36.9 and 
32%, respectively. Around 28.69% of lncRNA targets 
involve different activities such as transport, transcription, 
translation, and molecular functions. The remaining 2.5% 
of lncRNA targets are engaged in activities like molecular 
carriers, antioxidants, protein tag, molecular transducers, 
protein folding chaperones, and nutrient reservoir activities. 
The level of localization of lncRNA target mRNA is found 
that 38.75% reside in the cell and cell part. Around 22.66% 
of lncRNA target mRNA resides in the membrane and 
membrane parts. Around 20.56% of lncRNAs target mRNA 
reside in the organelle and organelle part. Rest 16.05% of the 
mRNAs targeted by lncRNAs reside in the protein complex, 
lumen, extracellular region, symplast, cell junction, nucleoid, 
and supramolecular complex (Supplementary Fig. 3).

Identification and characterization of miRNAs in T. 
cacao
Around 153 miRNAs were identif ied from T. cocoa 
transcriptome data obtained from healthy and diseased 
tissues based on the pipeline mentioned in Fig. 6. All the 
identified miRNAs represent 27 families; most miRNAs 
belong to the miR168 family (21) followed by miR166 (12), 
miR171 (12), miR319 (12), miR396 (11), miR167 (9), miR393 (9) 
and miR390 (8). The complete information about identified 
miRNAs is shown in  Fig. 7.

Identification of mRNA targeted by miRNA
The psRNATarget software was used to predict mRNA targets 

of identified 153 miRNAs. The mRNA sequences from the T. 
cocoa file were used as miRNA targets. The identified 153 
miRNAs belonging to 27 miR families and 5337 mRNAs are 
targeted by the miRNAs, among them 114 codes for TFs and 
170 codes for disease resistance protein. Ethylene-responsive 
factors, bHLH, WRKY, MYB, bZIP, GTE, GATA, and heat stress 
transcription factors are the dominant TFs, and they take 
a vital responsibility in disease tolerance processes (Figs 8 
and Supplementary S5). Involvement of ERF TF in disease 
tolerance is evidenced by overexpression of ERF genes 
in JA, SA, or ET-mediated signal transduction pathways 
in plant species such as wheat (TaPIE1), rice (OsEREBP1; 
OsERF83), tomato (Soly106), and soybean (GmERF113) (Jisha 
et al. 2015; Huang et al. 2016; Zhao et al. 2017; Tezuka et al. 
2019). Similarly, WRKYs were identified to be effective in 
microbe-associated molecular pattern-triggered immunity 
(PAMP-triggered immunity), effector-triggered immunity 
(ETI), or systemic acquired resistance (SAR). For example, the 
CsWRKY50 gene in Cucumis is associated with the defense 
response against the Pseudoperonospora cubensis (Luan 

Fig. 5. lncRNAs with their interacting different pathways. Yellow colour 
represents the pathway and orangecolour represents the lncRNAs

Fig. 6. Schematic representation of the methodology followed in the 
prediction of miRNAs, its targeted mRNAs and interaction between 
lncRNAs -miRNAs-mRNAs of T. cacao.

Fig. 7. miR Familywise distribution of predicted miRNAs
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et al. 2019). In grapes, the VvWRKY1 gene related to the 
JA pathway participates in biotic-stress tolerance against 
grape downy mildew fungi (Marchive et al. 2013). Another 
regulatory gene in the JA pathway, CaWRKY27, provides 
resistance against Ralstonia solanacearum in tobacco (Dang 
et al. 2014). WsWRKY1 (Singh et al. 2017), AcWRKYs (Jing et al. 
2018), and GmWRKY31 (Dong et al. 2019) TFs imply versatile 
roles in response to pathogen stimuli in varied plant species. 
Another group of TFs, i.e., NAC, plays a dual role against 
different pathogen infections, such as hypersensitive 
mechanisms and ETI (Yuan et al. 2019). TF, TaNAC8 in wheat 
positively protected plants from stripe rust infection (Xia 
et al. 2010). In maize, the tolerance against Colletotrichum 
graminicola infection 

was induced by genes ZmNAC41 and ZmNAC100 from JA 
and SA pathways, respectively (Voitsik et al. 2013). ONAC122 
and ONAC131 TFs in rice have essential roles in disease 
tolerance response via regulated expression of defense 
and signaling-related genes OsLOX, OsPR1a, OsWRKY45, 
and OsNH1 (Sun et al. 2013). MYB TFs in disease resistance/
tolerance against different pathogens was also studied in 
apples, pepper, grapevine, etc. (Zhang 2 et al. 2019). TFs of 
the bZIP family are also critical players in plant immunity 
due to their ability to control genes connected with PAMP-
triggered immunity, ETI, and hormonal signaling networks 
(Norman et al. 2019).

The plant disease resistance (R) protein detects the 
existence of pathogens by identifying specific pathogen 
effector molecules produced during the infection (Martin 
et al. 2003). Most disease-resistance proteins are targeted 
by predicted miRNAs, which is a significant finding of our 
study. Most R proteins activated upon effector recognition 
fall into five different classes based on their combination 
of structural motifs. Though some R proteins may act 
as primary receptors of pathogen effector proteins, the 
majority of them play indirect roles in the process of 
pathogen resistance. The functions of diverse R proteins 
require protein degradation, phosphorylation, or specific 
localization within the host cell. Many R gene pathways 

share specific signaling components, whereas others seem 
pathway-specific (Martin et al. 2003).

The Cytoscape findings have revealed the relationship 
between miRNAs and their targets, and it was noticed that 
a single miRNA could interact with several mRNAs at a time. 
It was found that miR167b; miR167c interact with WRKY 
transcription factors and other mRNAs. miR168k, miR393b 
interacts with bHLH TFs. miR171a with MYB TF and miR396 
interacts with Bzip, TCP TFs, and other mRNAs. Calmodulin-
binding transcription activator and ethylene-responsive 
transcription factor RAP2-3 TF can be targeted by miR168c 
and miR168h, respectively.

GO annotation of miRNAs targeted mRNAs
Blast2Go analysis was performed to annotate the mRNAs 
targeted by miRNAs. The cellular and molecular components 
of the targets are represented in Supplementary Fig. 3. In 
the biological processes category, most marks, i.e., 56.81%, 
were associated with cellular cum metabolic processes. And 
the second majority 41.62% was implicated in regulating 
biological processes, stimulus-response, localization, 
signaling, biogenesis, negative and positive regulation of 
biological processes, multicellular organismal processes, 
the process of development, reproduction-related 
processes, as well as the organization of the different 
cellular components. While the rest, 1.56% are associated 
with growth, detoxification, rhythmic development, 
the proliferation of cells, and nitrogen consumption or 
utilization. In molecular category functions, catalytic and 
binding activities cover 45.48 and 43.20% of transcripts, 
respectively, and the remaining 11.30% are involved in 
different activities like transcription regulator, transporter, 
antioxidant, regulation of molecular function, molecular 
carrier, molecular transducer, nutrient reservoir, small 
molecule sensor, and structural molecule activity. The 
miRNA targets reside in various cellular components; most 
of them (proteins) localize in the cell, cell parts (36.97%), 
and the membrane and parts of the membrane (36.57%). 
Around 19.03% reside in the organelle and components of 

Fig. 8. Statistics of miRNAs targeted TFs families

Fig. 9. eTMs (lncRNAs)-miRNAs-mRNAs Interaction, yellow color 
representing eTMs (lncRNAs) and miRNAs whereas orange color 
representing mRNAs
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Table 1. eTMs with their target’s mRNA expressed during witches’ broom disease development and progression of T. cacao

e-TMs e-TMs target Function of e-TM target

lncRNAs miRNA

T.co-lnc_2174 Tc-MIR159a XM_007019358.2 T. cacao glycolipid transfer protein 3 (LOC18592554), mRNA

T.co-lnc_2339 Tc-MIR159b XM_018113992.1, 
XM_018113997.1

T. cacao CSC1-like protein At3g21620 (LOC18612316), transcript variants X1 & X2 
mRNA

T.co-lnc_1981 Tc-MIR160a XM_018129457.1 
XM_018129456.1

T. cacao probable disease resistance protein At1g58602 (LOC18585959), transcript 
variants X1 & X2 mRNA 

T.co-lnc_1601 Tc-MIR160a XM_018128572.1 T. cacao disease resistance RPP8-like protein 3 (LOC18586554), mRNA

T.co-lnc_2085 Tc-MIR160c XM_007040918.2 T. cacao galactan beta-1,4-galactosyltransferase GALS3 (LOC18606982), mRNA

T.co-lnc_1873 Tc-MIR166a XM_018113903.1 T. cacao sugar transporter ERD6-like 6 (LOC18610920), mRNA

T.co-lnc_1786 Tc-MIR166c XM_018122433.1, 
XM_007030803.2

PREDICTED: T. cacao amidase (LOC18600400), transcript variants X1 & X2 mRNA

T.co-lnc_1021 Tc-MIR166d XM_007016177.2 T. cacao tubulin beta-8 chain (LOC18590570), mRNA

T.co-lnc_2508 Tc-MIR166e XR_001926790.1, 
XM_018116219.1

T. cacao phosphatidylinositol 3-kinase, root isoform (LOC18609484)

T.co-lnc_1127 Tc-MIR166f XM_007038601.2 T. cacao membrane steroid-binding protein 2 (LOC18605546), mRNA 

T.co-lnc_1386 Tc-MIR167a XM_007017619.2 T. cacao floral homeotic protein DEFICIENS (LOC18591481), mRNA

T.co-lnc_278 Tc-MIR167a XM_018124571.1, 
XM_018124572.1, 
XM_018124573.1

T. cacao heterogeneous nuclear ribonucleoprotein 1 (LOC18593376), transcript 
variants X1, X2 & X3, mRNA

T.co-lnc_1229 Tc-MIR167b XM_018116941.1 T. cacao probable WRKY transcription factor 30 (LOC18605716), mRNA

T.co-lnc_1313 Tc-MIR167c XR_001929488.1, 
XR_001929489.1

T. cacao probable WRKY transcription factor 23 (LOC18613724)

T.co-lnc_161 Tc-MIR168b XM_018125450.1, 
XM_018125449.1

T. cacao proline-rich receptor-like protein kinase PERK13 (LOC18592467), transcript 
variant X1 & X2, mRNA

T.co-lnc_1248 Tc-MIR168c XM_018114807.1 T. cacao cyclin-J18 (LOC18609991), mRNA

T.co-lnc_1783 Tc-MIR168f XM_018119823.1, 
XM_018119826.1

PREDICTED: T. cacao F-box protein CPR30 (LOC18601593), transcript variants X& X4, 
mRNA

T.co-lnc_1837 Tc-MIR168h XM_018114217.1, 
XM_007048653.2

T. cacao sec1 family domain-containing protein MIP3 (LOC18612069), transcript 
variants X1 & X2, mRNA

T.co-lnc_61 Tc-MIR168i XM_018128890.1 T. cacao putative disease resistance protein RGA3 (LOC18587224), mRNA 

T.co-lnc_2 Tc-MIR168k XM_007017551.2 T. cacao transcription factor bHLH110 (LOC18591436), mRNA 

T.co-lnc_2483 Tc-MIR170b XM_007050375.2 T. cacao histone acetyltransferase GCN5 (LOC18613245), mRNA

T.co-lnc_1433 Tc-MIR171a XM_007035831.2 T. cacao transcription factor MYB108 (LOC18603713), transcript variant X2, mRNA

T.co-lnc_977 Tc-MIR171c XM_007032400.2 T. cacao probable E3 ubiquitin ligase complex SCF subunit sconB (LOC18601458), 
mRNA

T.co-lnc_1943 Tc-MIR171d XM_007039336.2, 
XM_007039337.2

T. cacao GTPase-activating protein gyp7 (LOC18605981), transcript variants X1&X2, 
mRNA

T.co-lnc_2081 Tc-MIR171e XM_018126511.1 PREDICTED: T. cacao cytokinin riboside 5’-monophosphate phosphoribohydrolase 
LOG8 (LOC18588088), transcript variant X1, mRNA

T.co-lnc_1720 Tc-MIR171g XM_007030666.2 T. cacao adenylyl-sulfate kinase 3 (LOC18600301), mRNA

T.co-lnc_2437 Tc-MIR171h XM_007038529.2 T. cacao BAG family molecular chaperone regulator 1 (LOC18605499), mRNA

T.co-lnc_1229 Tc-MIR2950 XM_007028427.2, 
XM_018122182.1, 
XM_007028429.2, 
XM_018122183.1

T. cacao kinesin-like protein KIN-7O (LOC18598763), transcript variants X1,X2, X3 & X4 
mRNA

T.co-lnc_1969 Tc-MIR319a XM_018120555.1 T. cacao F-box protein At5g07610 (LOC18599756), mRNA

T.co-lnc_2267 Tc-MIR319b XM_007016035.2 T. cacao phosphoinositide phospholipase C 4 (LOC18590491), mRNA 

T.co-lnc_304 Tc-MIR319d XM_007018941.2 T. cacao probable N-succinyl diaminopimelate amino transferase DapC 
(LOC18592299), mRNA
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T.co-lnc_770 Tc-MIR319d XM_007048661.2 PREDICTED: T. cacao serine/threonine-protein kinase CDL1 (LOC18612071), mRNA

T.co-lnc_1276 Tc-MIR319f XM_018113988.1, 
XM_018113989.1

PREDICTED: T. cacao xyloglucan galactosyl transferase MUR3 (LOC18613057), 
transcript variant X1 & X2, mRNA

T.co-lnc_1021 Tc-MIR319f XM_018113988.1, 
XM_018113989.1

PREDICTED: T. cacao xyloglucan galactosyltransferase MUR3 (LOC18613057), 
transcript variants X1& X2, mRNA

T.co-lnc_1969 Tc-MIR319f XM_018122498.1, 
XM_018122499.1, 
XM_018122500.1

T. cacao pentatricopeptide repeat-containing protein At1g80550, mitochondrial 
(LOC18595371), transcript variants X1, X2 & X3, mRNA

T.co-lnc_35 Tc-MIR390a XM_018123071.1, 
XM_018123079.1, 
XR_001928461.1

T. cacao GTP-binding protein At3g49725, chloroplastic (LOC18611342), transcript 
variant X1& X3 mRNA, X2(misc-RNA)

T.co-lnc_725 Tc-MIR390b XM_018124675.1, 
XM_007020393.2

PREDICTED: T. cacao WEB family protein At5g55860 (LOC18593256), transcript 
variants X1, X2, mRNA

T.co-lnc_2289 Tc-MIR390b XM_007023323.2, 
XM_018123723.1

PREDICTED: T. cacaonuclear pore complex protein NUP96 (LOC18595402), transcript 
variants X1, X2, mRNA

T.co-lnc_1873 Tc-MIR390c XM_007052033.2 T. cacao probable tRNA N6-adenosine threonylcarbamoyltransferase, mitochondrial 
(LOC18614323), mRNA

T.co-lnc_1872 Tc-MIR390c XM_018121953.1 T. cacao zinc finger protein VAR3, chloroplastic (LOC108662303), mRNA 

T.co-lnc_1475 Tc-MIR390d XM_018117884.1 PREDICTED: T. cacao uncharacterized LOC18612971 (LOC18612971), mRNA

T.co-lnc_1384 Tc-MIR393a XM_007032605.2
XM_007032606.2

PREDICTED: T. cacao uncharacterized LOC18601605 (LOC18601605), transcript 
variants X1, X3, mRNA

T.co-lnc_64 Tc-MIR393a XM_007044288.2 PREDICTED: T. cacao homocysteine S-methyltransferase 1 (LOC18609262), mRNA

T.co-lnc_1201 Tc-MIR393c XM_018115596.1 PREDICTED: T. cacao UDP-N-acetylglucosamine diphosphorylase 2 (LOC18607026), 
mRNA

T.co-lnc_1204 Tc-MIR393f XR_001927219.1, 
XM_018118111.1

PREDICTED: T. cacao probable myosin-binding protein 5 (LOC18507050), transcript 
variants X1 (misc-RNA), X2, mRNA

T.co-lnc_1985 Tc-MIR396b XM_018124263.1 PREDICTED: T. cacao bZIP transcription factor 44 (LOC18594145), mRNA 

T.co-lnc_85 Tc-MIR396c XM_007012171.2, 
XR_001929545.1

PREDICTED: T. cacao myb-like protein D (LOC18588030), transcript variants X1, mRNA

the organelle. In comparison, the remaining (7.39%) localize 
in the extracellular regions, protein-containing complex, 
membrane-enclosed lumen, supramolecular complex, 
symplast, cell junction, and nucleoid (Supplementary Fig. 3). 

Identification of lncRNAs as candidate endogenous 
target mimics
The psRNA Target analysis revealed that 55 differently 
expressed miRNA targets 955 mRNAs. A total of 55 lncRNAs-
miRNAs interacting pair was identified were working 
on endogenous target mimics (e-TMs) mechanism and 
influencing the expression of 955 mRNAs. The results found 
in the current study support the chance that endogenous 
target mimics (eTMs) formation might occur between 
Tc-lncRNAs and miRNAs to regulate the expression of 
different genes during pathogen infection followed by the 
tolerance process within the plant.  In Tomato, Jiang et al. 
(2019) identified the lnc RNAs containing eTMs for regulating 
miR482b responsible for decreasing disease resistance 
against P. infestans. Similarly, Gao et al. (2020) identified 13 
lncRNAs as endogenous target mimics (eTMs) in melon.  
Das 1 et al. (2019, 2020) studied the role of e-TMs during 
flower, seed, and pod development in Cajanus. The part of 
each eTMs target mRNA’s role is mentioned in Table 1. The 

lncRNAs act as eTMs, and their interaction results are shown 
in Fig. 9 and other information is given in Supplementary S6. 
Thus, it can be hypothesized that lncRNA controls the role 
of these mRNAs, including transcription factors, ultimately 
by the mechanism of endogenous target mimics (eTMs) via 
miRNAs. 
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