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The Red Banded Mango Caterpillar (RBMC), Deanolis 
sublimbalis Snellen (Lepidoptera: Crambidae), a devas-
tating monophagous pest of mango (Mangifera indica 
L.), enters a pre-pupal diapause in the absence of host 
fruits synchronizing its life cycle with seasonal fruiting 
across southeast Asia and Oceania. Considering its 
unique nature, a detailed de novo transcriptome analy-
sis was carried out on different physiological stages of 
RBMC pupae to understand the mechanisms underly-
ing diapause. A total of 102 differentially expressed 
unigenes were identified with altered expression pat-
terns (55 upregulated and 47 downregulated) and con-
sequently mapped to various pathways associated with 
diapause. Three major pathways, i.e. proteasome, Ep-
stein–Barr virus infection and lipoic acid metabolism 
were significantly (P < 0.01) enriched during the dia-
pause phase in D. sublimbalis. From the three path-
ways, 16 differentially expressed genes (15 up-regulated 
and 1 down-regulated) were identified to play a vital 
role in diapause management. To our knowledge, no 
earlier studies have identified diapause-related genes in 
D. sublimbalis. The information gained from the pre-
sent study can be exploited to develop control strate-
gies involving molecular tools. 
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DIAPAUSE is a pre-programmed developmental (= meta-

bolic) arrest in the life cycle of organisms that helps them 

tide over harsh conditions. This phenomenon can be ob-

served in many insects, particularly to overcome environ-

mental stress1–3. Many insect pests have evolved such eco-

physiological modifications to survive unfavourable con-

ditions. The process of diapause is dynamic with multiple, 

distinct phases. In the first or the induction phase, the insect 

receives an environmentally induced diapause stimulus 

and begins to prepare itself for the impending diapause. 

Physiological processes along with active development faci-

litate it for diapause (= developmental arrest) in the second 

phase. The third or the diapause initiation stage is associ-

ated with a cease in development and reduced metabolic 

rate. The fourth or the diapause phase constitutes the actual 

diapause and lasts until the environmental conditions turn 

favourable, leading to the final phase, i.e. diapause termi-

nation. The final phase initiates the resumption of develop-

ment and active metabolism under favourable conditions4. 

Therefore, diapause initiation and termination help insects 

evade stressful environmental conditions and acclimatize 

to seasonal variations1. Despite its ecological significance, 

the crucial underlying molecular mechanisms responsible 

for diapause are widely unresolved. 

 The Red Banded Mango Caterpillar (hereafter RBMC), 

Deanolis sublimbalis Snellen (Lepidoptera: Crambidae), 

is a monophagous pest of mango fruits that synchronizes 

its development to the seasonal fruiting of its host using a 

strategic intermittent pre-pupal diapause. It is a destruc-

tive mango pest causing huge economic loss across India, 

Indonesia, Papua New Guinea, Myanmar, Thailand, China, 

Brunei, the Philippines and parts of Australia5–14. Earlier 

studies have reported that due to the restricted seasonal 

availability of mango fruits (usually fruiting occurs annually 

once), RBMC enters pre-pupal diapauses lasting around 8–

9 months until the next season10,15. Therefore, the induc-

tion of a pre-pupal diapause aids in the survival of RBMC 

by allowing it to synchronize its life cycle with the seasonal 

fruiting of its host15. Subsequent studies also revealed that 

mature larvae undergo diapause in the bark of mango trees 

and physiological changes within the tree system initiate 

diapause termination12,13. Apart from biological processes, 

studies on molecular mechanisms of diapause in RBMC 

will facilitate an in-depth understanding of its physiologi-

cal basis. 

 Similar studies carried out on Aedes albopictus (Skuse), 

Culex pipiens L., Bombyx mori L., Drosophila montana 

Meigen and Bactrocera minax (Enderlein) revealed multiple 
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Figure 1. Schema of sampling of different stages of Deanolis sublimbalis for transcriptome sequencing. 

 

 

diapause candidate genes that play crucial roles in the un-

derlying physiological processes of insect diapause16–24. 

Although D. sublimbalis is an economically important 

pest, studies on the molecular aspects of its diapause are 

scarce. Elucidating the molecular mechanisms behind the 

process of diapause will help us better understand this no-

torious pest. In this context, the currently available high 

throughput sequencing technologies will help improve our 

understanding of the biological processes causing diapause 

in RBMC, and provide vast genomic information on its 

physiological systems. 

 In this study, a total of 179.7 million clean reads were 

obtained from the RBMC transcriptome by Illumina se-

quencing and a whole of 6218 unigenes with 367 KEGG 

pathways were identified. Further, differentially expressed 

genes associated with diapause and the transcripts exhibit-

ing higher and lower expression levels in pairwise com-

parisons were examined. Our results emphasize the novel 

insights of molecular mechanisms underlying the pre-pupal 

diapause of this economically important pest. 

Materials and methods 

Insects 

Three varied phenological stages of D. sublimbalis, i.e. 

diapause pre-pupae (DPP), active-season pre-pupae (APP) 

and pupae (P), were collected from Naguluru village, Krishna 

district, Andhra Pradesh, India (1555N; 8110E; 73 m 

amsl) (Figure 1). A set of five insects from each stage was 

used for experimental analysis. All samples were snap-

chilled in liquid nitrogen and then stored at –80C until 

RNA was extracted. 

RNA isolation 

RNA extraction was carried out using the Direct-zol™ 

RNA MiniPrep kit (Zymo Research, CA, USA) according 

to the manufacturer’s instructions. RNA quantity was es-

timated using a Qubit RNA BR assay (Thermo Fisher Sci-

entific, USA) and quality was confirmed using an Agilent 

Bioanalyzer 2100 (Agilent Technologies, CA, USA) and 

an RNA Nano kit (Agilent Technologies). 

cDNA library construction and RNA sequencing 

Sequencing libraries were prepared from 1 ug of RNA us-

ing NEB Next Ultra RNA Library Prep kit for Illumina 

(NEB #E7770, New England Biolabs, USA) sequencing 

after depleting the rRNA using NEB Next rRNA Deple-

tion kit (Catlog #E7400S, New England Biolabs, USA). In 

brief, probes were hybridized to the RNA, followed by 

RNaseH digestion and DNase1 digestion. RNA purifica-

tion was done after rRNA depletion using Agencourt RNA 

clean XP. 

 RNA fragmentation and cDNA synthesis were performed 

after the purification step. Subsequently, double-stranded 

cDNA was purified using 1.8 Agencourt AMPure XP 

beads. Adapter ligation was performed to cDNA library 

and the ligation reaction was purified using AMPure XP 

beads. This step was followed by PCR enrichment and puri-

fication of the PCR-enriched cDNA. Library quantity was 

checked with a Qubit ds DNA HS kit (Thermo Fisher Scien-

tific) and quality was assessed on an Agilent Bioanalyzer 

2100 and Agilent DNA 7500 kit (Agilent Technologies). 

Illumina sequencing 

The cDNA libraries were denatured after quality inspec-

tion and diluted to the Illumina recommended concentration 

of 1.8 pM using 0.2 nM NaOH and HT1 (hybridization 

buffer) reagent. The denatured and diluted libraries were 

loaded onto Nex Seq reagent cartridge. 

 Cluster generation and sequencing were performed on 

Illumina Next Seq 500 to generate 2  150 paired-end 

reads. Soon after the completion of run, demultiplexed se-

quence data were collected in FASTQ format and checked 

for data quality. 

 The sequence data quality was checked using FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) 

and MultiQC25 for base quality distribution, per cent reads 

with average Q30 and Q20 and per cent GC and sequencing 
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adapter contamination. Raw sequence reads were pro-

cessed to remove adapter sequences and low-quality bases 

using Trim-galore (http://www.bioinformatics.babraham.ac. 

uk/projects/trim_galore/) and Trimmomatic packages26. 

Whole transcriptome data of different developmental stages 

(DPP, APP and P) of D. sublimbalis are available under 

the SRA accession PRJNA691148. 

De novo transcriptome assembly and functional  
annotation 

De novo transcriptome assembly was generated using 

Trinity v.2.4.0 with default parameters27. QC (quality con-

trol)-passed sequence reads from all the samples (DPP, 

APP and P) were pooled and transcripts shorter than 300 

bases were discarded. 

 The assembled transcripts were annotated employing 

UniProt/Swiss-Prot (UniProt), NCBI nr database and COG 

databases using BLASTx28 and hits with E values <1e-05 

and 1e-07 were considered as unigenes. Unannotated tran-

scripts were further BLAST-searched against RNA central 

non-coding RNA sequences. The assembled sequences 

were analysed further and KEGG orthology (KO) annota-

tions were assigned using KAAS (KEGG Automatic Anno-

tation Server)29. The annotated transcripts were considered 

unigenes. 

Differential expression analysis of DPP, APP and P 

QC-passed reads were aligned onto the assembled tran-

scriptome using Bowtie2 aligner with default parame-

ters30. Duplicate reads were marked and removed using 

the Picard toolkit (http://broadinstitute.github.io/picard/). 

Transcript/unigene expression was estimated by extracting 

the read counts using SAM tools31. Differential gene/tran-

script expression was assessed using DESeq2 after norma-

lizing the expression count data32. Comparisons were made 

between APP and P, DPP and P and DPP and APP. 

 Transcripts/unigenes that showed absolute differential 

expression in log two-fold change >2 and P-value <0.05 

were considered statistically significant. Gene ontology 

(GO) enrichment analysis can determine the key biologi-

cal functions and the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) can determine the significant biochem-

ical metabolic pathways and signal transduction pathways; 

therefore, the differentially expressed genes were subjected 

to these analyses. Differently expressed significant tran-

scripts were annotated against GO. To check the biological 

process, cellular component and molecular functions of 

the transcripts, GO-term enrichment analysis was done using 

BINGO33. GO terms with hypergeometric P-value <0.05 

were considered significant. The GO distribution graph was 

plotted using WEGO29. Similarly, significantly differen-

tially expressed genes with KO annotation were considered 

for pathway enrichment analysis, which was carried out 

using a custom R script for the KEGG pathway. 

Results 

D. sublimbalis a serious mango pest, undergoes pre-pupal 

diapause during its off-season which helps the moth sur-

vive until the next mango fruiting season. Understanding 

and exploiting this weak link in the life cycle of RBMC 

might provide clues for its effective management. 

Illumina sequencing and de novo assembly 

Transcriptome analysis was performed on different deve-

lopmental stages of D. sublimbalis, namely DPP, APP and 

P, each with two biological replicates. The corresponding 

six cDNA libraries yielded a total number of 193,553,980 

raw reads, comprising 74,615,140; 57,502,348 and 

61,436,368 reads for DPP, APP and P respectively (Supp-

lementary Table 1). A total of 179,710,220 clean reads 

were obtained from all six libraries after adaptor trimming 

and quality filtering. In the DPP stage, 69,449,178 reads 

were obtained with a read length of 36–151 (bp) and Q20 

(%), Q30 (%) and GC (%) values being 100, 99.34 and 

53.00 respectively. In the APP and P stages, 53,193,758 

and 57,067,284 reads were obtained respectively, with a 

read length of 36–151 (bp). The Q20 (%), Q30 (%) and 

GC (%) values were 100, 99.21, 53.00 and 100, 99.29, 52.00 

respectively. The de novo assembly yielded 45,884 tran-

scripts with an average length of 890 bp. The assembled 

transcripts had a minimum length of 301 bp and a maxi-

mum length of 28,177 bp. The GC content was 42.62%, 

with N50 transcripts being 1221 in number (Supplementary 

Table 2). However, the length of most transcripts (20,843) 

was around 200–500 bp, while a few transcripts (410) were 

>5000 bp length (Supplementary Figure 1). 

Annotation of unigenes 

A total of 24,148 from 45,884 transcripts (52.62% of the 

total transcripts) were annotated against the Swiss-Prot and 

NCBI nr databases using BLASTx. Among these tran-

scripts, only those with an E-value of <1e-05 or 1e-07 were 

considered unigenes. The remaining unannotated tran-

scripts were BLAST-searched against central non-coding 

RNA sequences, which yielded another 578 transcripts 

(Supplementary Table 2). The length of the assembled 

7586 unigenes ranged from 200 to 500 bp. A total of 398 

unigenes were found in the length range >5000 bp (Supp-

lementary Figure 2). The E-value distribution of the peak 

hits with 48.94% homologous unigenes ranged between 

1e-50 and 1e-05 and for the other unigenes at ranged be-

tween 1e-100 to 1e-50, 1e-150 to 1e-100, 0 to 1e-150 and 

0 were 25.57%, 10.57%, 11.25%, 3.66% respectively (Sup-

plementary Figure 3 a). As the genomic sequences of D. 

sublimbalis are not yet available, sequence alignments of the 

experimental unigenes were compared with the known geno-

mes of other species. The unigenes showed maximum hits to 
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Figure 2. Cluster of orthologous groups (COG) functional categories in the D. sublimbalis transcriptome. 

 

 

the orange worm, Amyelois transitella (Walker) (18.34%), 

followed by mulberry silk moth, Bombyx mori L. (7.65%), 

Asian yellow swallowtail, Papilio xuthus L. (6.82%), Old 

world swallowtail, Papilio machaon L. (5.74%), pink 

bollworm, Pectinophora gossypiella (Saunders) (5.67%), 

Monarch butterfly, Danaus plexippus L. (3.91%), common 

mormon, Papilio polytes L. (3.38%), diamondback moth, 

Plutella xylostella L. (3.06%), the winter moth, Opero-

phtera brumata (L.) (2.97%), speckled wood butterfly, 

Pararge aegeria L. (1.59%) and others (40.87%) (Sup-

plementary Figure 3 b). 

 Cluster of orthologous groups (COG) is one of the func-

tional annotations usually performed to analyse the inte-

grity of the libraries and the effectiveness of annotation by 

mapping the unigenes against the COG database using 

BLASTx. Approximately 25% of the unigenes were 

mapped onto the COG database, of which 17.7% could be 

assigned to 25 COG functional groups. The largest group 

in the cluster was translation, ribosomal structure and bio-

genesis (with 150 unigenes), followed by general function 

prediction (137), energy production and conversion (92), 

amino acid transport and metabolism (88), carbohydrate 

transport and metabolism (76), unknown functions (72), 

post-translational modification, protein turnover and cha-

perone (68), replication, recombination and repair (55), 

co-enzyme transport and metabolism (44), lipid transport 

and metabolism (43), inorganic transport and metabolism 

(42) and cell wall/membrane/envelope biogenesis (41), while 

the remaining groups contributed a total of 138 unigenes. 

These results demonstrate that the functional groups, trans-

lation, ribosomal structure and biogenesis were the most 

significant in D. sublimbalis, with a total of 150 mapped 

unigenes (Figure 2). 

 GO is an international standardization of the gene func-

tional classification system, which defines gene functions 

and relationships under three major categories, namely 

molecular functions (molecular activities of gene prod-

ucts), cellular components (where gene products are active) 

and biological processes (pathways and larger processes 

associated with the activities of multiple gene products). 

These concepts play a key role in the bioinformatics anno-

tation process. In the present study, cell and cell-part cate-

gories were the most abundant among the cellular 

components, whereas virion and virion parts were the least 

abundant. In the case of molecular functions, binding and 

catalytic activity accounted for the majority of unigenes, 

while electron carriers as well as protein tags had the least 

number of unigenes assigned. Within the category of bio-

logical processes, cellular and metabolic processes were 

the most abundant, whereas viral reproduction and loco-

motion were the least abundant groups (Figure 3). 

 Further, KEGG analysis was performed to examine the 

biological complexity of the genes. KEGG is a database for 

understanding high-level functions and utilities of biological 

https://www.currentscience.ac.in/Volumes/123/3/0471-suppl.pdf
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Figure 3. Gene ontology (GO) unigene categories for the D. sublimbalis transcriptome. 

 

 

systems (such as cells, organisms, ecosystems) and mole-

cular-level information, especially using high-throughput 

experimental technologies. Using KO, a total of 6218 uni-

genes could be mapped to 367 KEGG pathways and each 

assigned a KO number. Among these pathways, ribosome, 

endocytosis, spliceosome and RNA transport were the 

most represented with 120, 108, 102 and 101 unigenes re-

spectively. Differentially expressed unigenes were classi-

fied into six categories through KEGG orthology, i.e. cellular 

process, environmental information processing, genetic 

information processing, human diseases, metabolism and 

organismal systems. The annotations signifying the areas 

specific to the present study were further identified and 

analysed (Figure 4). 

Analysis of differentially expressed transcripts 

To recognize the significant expression changes in tran-

scripts, differential expression analysis was conducted 

through pairwise comparisons of the three dissimilar 

treatment conditions, viz. DPP, APP and P. Only the tran-

scripts that showed absolute differential expression in log 

two-fold change >2 with P-value <0.05 were considered 

significant (Figure 5). A comparison of DPP with P showed 

150 upregulated and 86 downregulated transcripts, where-

as 64 upregulated and 99 downregulated transcripts were 

detected between DPP and APP stages. Further, 126 up-

regulated and 114 downregulated transcripts were uncove-

red between the APP and P stages (Figure 6). When DPP 

versus APP and DPP versus P comparisons were done, 15 

up-regulated and 20 downregulated transcripts were iden-

tified. Furthermore, 40 upregulated and 27 downregulated 

transcripts were identified between DPP and P and APP 

and P. 

 To identify the differentially expressed genes (DEG) 

associated with diapause, transcripts showing higher and 

lower expression levels in pairwise comparisons were ex-

amined. A total of 55 upregulated and 47 downregulated 

transcripts in the diapause were identified based on the 

annotation results (Figure 6). 

Functional enrichment analysis of differentially  
expressed transcripts 

To comprehend the role of differentially expressed tran-

scripts, GO terms allied with the three different stages were 

compared after mapping all the differentially expressed 

transcripts to the GO database. Genes that were upregulated 

and downregulated could be mapped to these GO terms. 

The DPP versus APP comparison revealed a total of 114 

genes, including 78 biological processes (78 upregulated 

and none downregulated), eight cellular components (7 

upregulated and 1 downregulated) and 28 molecular func-

tions (5 upregulated and 23 downregulated). Whereas a 

comparison between DPP and P, revealed a total of 45 GO 

terms, including 26 biological processes (26 upregulated 

and none downregulated), 10 cellular components (10 up-

regulated and none downregulated) and 9 molecular func-

tions (7 upregulated and 2 downregulated). Further, the 

APP versus P comparison revealed a total of 121 GO 

terms, including 58 biological processes (17 upregulated 

and 41 downregulated), one cellular component (one upregu-

lated and none downregulated) and 62 molecular functions 

(57 upregulated and 5 downregulated). Finally, based on 
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Figure 4. KEGG orthology classifications of differentially expressed genes in D. sublimbalis transcriptome. 

 

 

the annotation results 55 upregulated and 47 downregulated 

transcripts selected in the diapause phase were identified 

(Figure 6). In addition, a hypergeometric test was conduc-

ted to analyse the significantly enriched pathways of the 

differentially expressed transcripts by comparing the whole 

genomic background during diapause. The results revealed 

102 transcripts (55 upregulated and 47 downregulated) 

mapped with 56 pathways in the DPP versus P comparison 

and 55 pathways mapped with DPP versus APP. Among 

these, only three pathways, i.e. proteasome, Epstein–Barr 

virus infection and lipoic acid metabolism were significant-

ly enriched (P < 0.01) (Supplementary Table 3). However, 

when the nominal P-value was set to <0.05, a total of 24 

pathways were significantly enriched between DPP and 

APP. Further, 22 upregulated and 6 downregulated genes 

were identified among these two stages (Supplementary 

Table 4). Fifteen pathways were significantly (P < 0.05) 

synchronized between DPP versus P, and 36 upregulated 

and 9 downregulated genes were identified in these two 

stages (Supplementary Table 3). However, three pathways 

(proteasome, Epstein–Barr virus infection and lipoic acid 

metabolism) were more significantly (P < 0.01) enriched 

https://www.currentscience.ac.in/Volumes/123/3/0471-suppl.pdf
https://www.currentscience.ac.in/Volumes/123/3/0471-suppl.pdf
https://www.currentscience.ac.in/Volumes/123/3/0471-suppl.pdf
https://www.currentscience.ac.in/Volumes/123/3/0471-suppl.pdf
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Figure 5. Volcano plots showing the D. sublimbalis transcripts in pairwise comparison. a, Diapause pre-pupae 
(DPP) versus active season pre-pupae (APP). b, DPP versus pupae (P). c, APP versus P. 

 

 

 
 

Figure 6. Summary of differentially expressed genes in three libraries (DPP, APP, AP) through pairwise 
comparisons in the D. sublimbalis transcriptome. a, Overexpressed genes. b, Underexpressed genes. 

 

 

among these stages, with 25 upregulated genes and 1 

downregulated gene identified during diapause (Table 1). 

Identification of diapause-associated genes and  
metabolic pathways in D. sublimbalis 

A total of 102 differentially expressed transcripts during 

diapause were discerned from the expression data of the 

three stages (DPP, APP and P). Among these transcripts, a 

total of 55 upregulated and 47 downregulated unigenes 

were identified in the diapause (Supplementary Tables 3 

and 4). These unigenes were distributed over 113 path-

ways. However, three pathways (proteasome, Epstein–

Barr virus infection and lipoic acid metabolism) were 

more significantly enriched (P-value < 0.01) than the others 

in the diapause phase (Supplementary Figure 4 and Table 

3). However, the proteasome and Epstein–Barr virus infec-

tion pathways were interlinked. Both pathways involve 

similar proteins and one common associated pathway, i.e. 

ubiquitin-mediated proteolysis (Table 1 and Supplemen-

tary Figure 4 a and b). 

 From these three pathways, 25 upregulated genes and 1 

downregulated gene were identified in the diapause (Table 1). 

https://www.currentscience.ac.in/Volumes/123/3/0471-suppl.pdf
https://www.currentscience.ac.in/Volumes/123/3/0471-suppl.pdf
https://www.currentscience.ac.in/Volumes/123/3/0471-suppl.pdf
https://www.currentscience.ac.in/Volumes/123/3/0471-suppl.pdf


RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 123, NO. 3, 10 AUGUST 2022 478 

Table 1. Genes and proteins involved in the regulation of diapause in Deanolis sublimbalis 

Pathway Protein Genes 
 

Proteasome 26S proteasome regulatory subunit N5 Psmd12/Rpn5** 

 26S proteasome regulatory subunit N6 Psmd11/Rpn6** 

 26S proteasome regulatory subunit N8 Psmd7/Rpn8** 

 26S proteasome regulatory subunit N9 Psmd13/Rpn9** 

 26S proteasome regulatory subunit N1 Psmd2/Rpn1** 

 26S proteasome regulatory subunit N13 Rpn13** 

 26S proteasome regulatory subunit T1 Psmc2/Rpt1** 

 26S proteasome regulatory subunit T4 Psmc6/Rpt4** 

 26S proteasome regulatory subunit T5 Psmc3/Rpt5** 

 26S proteasome regulatory subunit T3 Psmc4/Rpt3** 

 20S proteasome subunit alpha 2 Psma2** 

 20S proteasome subunit alpha 3 Psma4** 

 20S proteasome subunit alpha 4 Psma7** 

 20S proteasome subunit alpha 5 Psma5** 

 20S proteasome subunit beta 6 Psmb1** 

Epstein–Barr virus infection 26S proteasome regulatory subunit T1 Psmc2/Rpt1** 

 26S proteasome regulatory subunit T3 Psmc4/Rpt3** 

 26S proteasome regulatory subunit T4 Psmc6/Rpt4** 

 26S proteasome regulatory subunit T5 Psmc3/Rpt5** 

 26S proteasome regulatory subunit N5 Psmd12/Rpn5** 

 26S proteasome regulatory subunit N6 Psmd11/Rpn6** 

 26S proteasome regulatory subunit N8 Psmd7/Rpn8** 

 26S proteasome regulatory subunit N9 Psmd13/Rpn9** 

` 26S proteasome regulatory subunit N13 Rpn13** 

 26S proteasome regulatory subunit N1 Psmd2/Rpn1** 

Lipoic acid metabolism Lipoyl transferase 1 Lipt1* 

**Upregulated; *Downregulated. 

 

 

Though the same genes were involved in the pathways of 

proteasome and Epstein–Barr virus infection, a total of 15 

upregulated genes and one downregulated gene, i.e. 

Psmd2/Rpn1, Psmd7/Rpn8, Psmd11/Rpn6, Psmd12/Rpn5, 

Psmd13/Rpn9, Psmc2/Rpt1, Psmc3/Rpt5, Psmc4/Rpt3, 

Psmc6/Rpt4, Psma2, Psma4, Psma5, Psma7, Psmb1, Rpn13 

and Lipt1 were significantly enriched during diapause of 

D. sublimbalis. 

Discussion  

Diapause is a complex, eco-physiological phenomenon 

with multiple phenological phases that helps insects deal 

with the harsh environmental conditions1,34–36. The process 

could be triggered by several factors such as abrupt changes 

in temperature, variations in photoperiod, scarcity of food 

supply, etc. Once initialized, an insect undergoing diapause 

experiences complete developmental arrest and maintains 

minimal metabolism. This behaviour enables it to accli-

matize to the local environment by overcoming prolonged 

periods of unfavourable conditions. Different species of 

insects exhibit diapause to varying extents and at distinct 

developmental stages of their lives. 

 D. sublimbalis, undergoes diapause at an early pre-pupal 

stage in the absence of host fruits (during off-season), en-

abling the synchronization of its life stages to seasonal 

fruiting1,15,37. Understanding the molecular basis of dia-

pause regulation and its associated genes in D. sublimbalis 

will provide invaluable information that could potentially 

be used to design management strategies and help explore 

key molecular traits of this perplexing process. 

 In the present study, illumina sequencing of various de-

velopmental stages of D. sublimbalis, namely DPP, APP 

and P resulted in a total of 193,553,856 reads that were 

subsequently assembled into 45,884 transcripts. Several 

unigenes from these transcripts were later identified as 

homologous to multiple functional protein-encoding genes in 

the UniProt, Swiss-Prot and NCBI nr databases. As a mem-

ber of the order Lepidoptera, D. sublimbalis displays homo-

logy to other close lepidopterans, including 18.34% for A. 

transitella (Pyralidae), followed by 7.65% towards the silk 

moth, B. mori (Bombycidae) (Supplementary Figure 3 b). 

However, 47% of transcripts were unannotated, with none 

of the unigenes being annotated to D. sublimbalis, due to a 

lack of molecular data on this insect, highlighting the sig-

nificance of the present study. 

 Differential expression profiling and functional enrich-

ment of the transcripts resulted in a total of 1 downregula-

ted and 15 upregulated genes. All except the Lipt1 gene 

were found to be upregulated and none of them has been 

reported to play a role in insect diapause to date. All upreg-

ulated genes encode subunits of proteasome 26S in D. 

sublimbalis (Table 1). Fujiwara et al.38 have shown that 

the Lipt1 gene influences lipid metabolism and is known 

to catalyse the transfer of the lipoyl group from lipoyl-AMP 

(adenosine monophosphate) to the specific lysine residue of 

https://www.currentscience.ac.in/Volumes/123/3/0471-suppl.pdf
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lipoyl domains of lipoate-dependent enzymes. However, 

there has been no report suggesting a possible function of 

Lipt1 in insect diapauses. Although most of the available 

knowledge on insect lipid metabolism revolves around Dro-

sophila, insects, particularly those with obligate or faculta-

tive diapause, have a great potential to elucidate lipid 

metabolism. In this context, the present study on D. sub-

limbalis might steer us in the right direction towards a better 

understanding of the functional basis of insect diapause. 

 Lipids are major energy reservoirs in insects39 and con-

sidering the importance of lipid metabolism during repro-

duction, flight, starvation and diapause, the downregulation 

of Lipt1 is quite intriguing40. In general, the deficiency of 

Lipt1 was found to impede lipogenesis (a de novo process 

of synthesizing fatty acids as a primary energy storage 

form, mostly from carbohydrates), but increase fatty acid 

oxidation (FAO; a major source of ATP production).  

Lipogenesis and FAO are mutually exclusive processes, 

the latter is generally high during fasting and low in nour-

ished animals. Oxidation of fatty acids yields twice the 

amount of energy (9 kcal/g) compared to carbohydrates/ 

proteins (4 kcal/g), which is particularly helpful during dia-

pause when carbohydrate supply is limited. 

 The differential expressed genes mentioned above were 

mapped to three major pathways (proteasome, Epstein–

Barr virus infection and lipoic acid metabolism; Supple-

mentary Figure 4) and may have a possible role in insect 

diapause. Of these, the proteasome and Epstein–Barr virus 

infection pathways were found to involve similar proteins 

and one common associated pathway (ubiquitin-mediated 

proteolysis). Proteasomes are the general protein com-

plexes present in all eukaryotes and a few bacteria, while 

ubiquitin is a small protein that is tagged to other proteins 

for degradation. Thus, the proteasomal degradation path-

way and adjustment of proteins by ubiquitination is an in-

dispensable and fundamental mechanism for various key 

cellular processes (regulation of gene expression, response 

to oxidative stress, cell-cycle regulation, DNA repair, an-

tigen presentation, cell-to-cell communication and cell 

differentiation)41,42. 

 In the present study, the identified genes, namely Rpn5, 

Rpn6 and Rpn9 were reported as the structurally inter-related 

subunits among themselves and to the COP9 (constitutive 

photomorphogenesis 9) complex and eIF3 (eukaryotic initia-

tion factor 3). The subunits accumulate to form a horseshoe-

like configuration enfolding the Rpn8/Rpn11 heterodimer 

(known to be a deubiquitinating enzyme)43. Furthermore, 

ubiquitin plays a major role in the degradation of protea-

somes42,44. It has been established recently that compo-

nents of the 26S proteasome (via ubiquitin domains) are 

involved in proteasome activity43 and degradation of phos-

phorylated proteins through the SCF complex (Cu11/Skp/ 

F-box protein), which leads to the regulation of the cell 

cycle, apoptosis and circadian rhythms45,46. Moreover, 

phosphorylation of proteins is involved in regulating insect 

diapause47–51, especially in B. mori49 and B. minax46. Denlin-

ger1 reported the degradation of proteins in non-diapause 

eggs through ubiquitin domains. In the onion fly, Delia 

antique (Meigen), a total of 45 genes were recognized in 

ubiquitination and their potential role in insect diapause 

was also highlighted52. 

 We identified MAPK (mitogen-activated protein kinase), 

a signalling mechanism, as one of the integral parts of the 

Epstein–Barr virus infection pathway, which is one of the 

differential expression enriched pathways in the transcrip-

tome of D. sublimbalis (Supplementary Figure 4 b). Earli-

er experiments demonstrated the role of the MAPK family 

in insect diapause and cold acclimatization50–57. Fujiwara 

and Denlinger58 explored a possible role of MAPKs in low-

temperature signalling that elicits rapid cold hardening. 

Thus, proteasome and Epstein–Barr virus infection path-

ways via ubiquitin-mediated proteolysis might be impor-

tant in regulating diapause in D. sublimbalis. From these 

two pathways, a total of 15 genes were identified to play a 

crucial role in the diapause of D. sublimbalis. With a pos-

sible role in the degradation of enzymes and ubiquitination, 

these genes could mediate cell-to-cell communication in-

volved in the regulation of diapause. 

 In the present study, we also identified the gene Lipt1 

(involved in lipoic acid metabolism)59 as an important 

candidate gene in the diapause of D. sublimbalis. As lipids 

and fats are the most common forms of energy storage 

during diapause, we identified lipoic acid metabolism as 

another important differential expression enriched path-

way in the transcriptome analysis of D. sublimbalis. The 

present study reveals that this pathway has a potential role 

in D. sublimbalis diapause as the lipoic acid metabolism 

starts from fatty acid biosynthesis (Supplementary Figure 

4 c). Most diapausing insects receive little to no food, 

thereby hiding and accumulating adequate reserves of en-

ergy in the pre-diapause period to meet their metabolic re-

quirements to complete development and resume activity 

at the termination of diapause. Clark and Chadbourne60 

reported that diapause-associated larvae accumulate greater 

lipid reserves than non-diapause larvae, since fats serve as 

pre-dominant energy reserves during the diapause period61. 

Further, it has been demonstrated that fatty acid synthase 

plays a central role in lipid accumulation in both verte-

brates and invertebrates62–64, and has also been found to 

influence diapause65. Qi et al.66 reported that fatty acid bio-

synthesis is a vital pathway for diapause of Coccinella 

septumpunctata (Linnaeus) through de novo transcriptome 

studies. All these studies have established that lipoic acid 

metabolism is one of the prime mechanisms in regulating 

diapause, which has been provided. 

 The transcriptomic analyses of RBMC in the present 

study have provided substantial molecular information 

and significantly improved our understanding of diapause-

associated genes in this economically important frugivorous 

pest. We have identified the candidate genes and pathways 

responsible for the regulation of diapause and diverse phys-

iological activities in D. sublimbalis by comparing the 

https://www.currentscience.ac.in/Volumes/123/3/0471-suppl.pdf
https://www.currentscience.ac.in/Volumes/123/3/0471-suppl.pdf
https://en.wikipedia.org/wiki/Ubiquitin
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transcriptomes of different developmental stages. The 

genes and pathways identified in the present study provide 

a platform for further research on diapause-related molec-

ular mechanisms in D. sublimbalis and other insects. 
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