PLOS NEGLECTED TROPICAL DISEASES

Check for
updates

G OPEN ACCESS

Citation: Shang Y, Feng Y, Ren L, Zhang X, Yang F,
Zhang C, et al. (2023) Genome-wide analysis of
long noncoding RNAs and their association in
regulating the metamorphosis of the Sarcophaga
peregrina (Diptera: Sarcophagidae). PLoS Negl
Trop Dis 17(6): €0011411. https://doi.org/10.1371/
journal.pntd.0011411

Editor: Paul 0. Mireji, Kenya Agricultural and
Livestock Research Organization, KENYA

Received: December 10, 2022
Accepted: May 23, 2023
Published: June 26, 2023

Copyright: © 2023 Shang et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: The authors confirm
that all data underlying the findings are fully
available without restrictions. Raw data presented
in this paper have been deposited in the NCBI
Sequence Read Archive (http:/www.ncbi.nlm.nih.
gov/sra/) with the accession to cite for these SRA
data: PRUNA810308.

Funding: This study is supported by the National
Natural Science Foundation of China (YG; No.
82072114), Natural Science Foundation of

Genome-wide analysis of long noncoding
RNAs and their association in regulating the
metamorphosis of the Sarcophaga peregrina
(Diptera: Sarcophagidae)

Yanjie Shang', Yakai Feng?, Lipin Ren', Xiangyan Zhang', Fengqin Yang',
Changquan Zhang'*, Yadong Guo®'*

1 Department of Forensic Science, School of Basic Medical Sciences, Central South University, Changsha,
Hunan, Chi"na, 2 Department of Forensic Science, School of Basic Medical Sciences, Xinjiang Medical
University Urimgi, China

* zcq1105@163.com (CZ); gdy82@126.com (YG)

Abstract

Background

The flesh fly, Sarcophaga peregrina (Diptera: Sarcophagidae), is an important hygiene pest,
that causes myiasis in humans and other mammals, typically livestock, and as a vector for
various parasitic agents, including bacteria, viruses, and parasites. The role of long non-
coding RNAs (IncRNAs) in regulating gene expression during metamorphosis of the flesh fly
has not been well established.

Methodology/Principal findings

In this study, we performed genome-wide identification and characterization of IncRNAs
from the early pupal stage (1-days pupae), mid-term pupal stage (5-days pupae), and late
pupal stage (9-days pupae) of S. peregrina by RNA-seq, and a total of 6921 IncRNAs tran-
scripts were identified. RT-gPCR and enrichment analyses revealed the differentially
expressed INcRNAs (DE IncRNAs) that might be associated with insect metamorphosis
development. Furthermore, functional analysis revealed that the DE IncRNA (SP_Inc5000)
could potentially be involved in regulating the metamorphosis of S. peregrina. RNA interfer-
ence of SP_Inc5000 caused reduced expression of metamorphosis-related genes in 20-
hydroxyecdysone (20E) signaling (Br-c, Ftz-F1), cuticle tanning pathway (TH, DOPA), and
chitin related pathway (Cht5). Injection of dsSP_Inc5000 in 3rd instar larvae of S. peregrina
resulted in deformed pupae, stagnation of pupal-adult metamorphosis, and a decrease in
development time of pupal, pupariation rates and eclosion rates. Hematoxylin-eosin staining
(H&E), scanning electron microscope (SEM) observation and cuticle hydrocarbons (CHCs)
analysis indicated that SP_Inc5000 had crucial roles in the metamorphosis developmental
by modulating pupal cuticular development.
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Author summary

Sarcophaga peregrina, a significant flesh fly species, is closely associated with human life in
its ecological habits, as vectors of parasitic disease agents, they can cause myiasis and
other tropical infectious diseases, and has been implicated in the transmission of diseases
such as cutaneous leishmaniasis. Enhance the understanding of metamorphosis of this
species, have a significance for vector control. The IncRNAs plays important roles in
growth development of insect. However, its role in regulating the metamorphosis of S.
peregrina has not been reported so far. In this study, we obtained genome-wide identifica-
tion of IncRNA profiles from different pupae developmental stages of S. peregrina. Fur-
thermore, we performed a functional analysis of differentially expressed IncRNAs
(SP_Inc5000) in regulating the metamorphosis of S. peregrina by RNA interference, and
H&E staining, SEM observation and CHCs detection. The results provided here increase
the knowledge on metamorphosis processes in S. peregrina, which is important for the
design of new vector control strategies.

Introduction

Noncoding RNAs, such as long noncoding RNAs (IncRNAs), small interfering RNAs, piwi-
interacting RNAs, circular RNAs and microRNAs, play key regulatory functions in a variety of
physiological processes including development, immunity, apoptosis and host-microbe inter-
actions [1]. Among these noncoding RNAs, IncRNAs are a type of nonprotein-coding RNA
with a length of more than 200 nucleotides that have been detected in a variety of animals [2].
RNA polymerase II produces IncRNAs, which go through polyadenylation, capping, and alter-
native splicing just like protein-coding mRNAs [3]. LncRNAs are classified into four groups
based on the position and direction of transcription in relation to protein-coding genes: sense,
antisense, intronic, and intergenic [4].

LncRNAs have been found to play key roles in growth, development, innate immunity, gene
expression regulation, and other biological processes in a number of studies [5]. A high percent-
age of IncRNA expression is up-regulated in Drosophila melanogaster late embryonic and larvae
stages, suggesting that IncRNAs have key regulatory functions in metamorphosis [6]. A phylo-
genetic analysis revealed that IncRNAs are less conserved even among evolutionarily related
species [7]. Identification of IncRNAs in various insects is required. At present, IncRNAs have
been discovered in insects such as the Anopheles gambiae [8], Bombyx mori [9], Aedes aegypti
[10], Plutella xylostella [11], Apis cerana, Apis mellife [12] and Sogatella furcifera [13] by RNA-
seq. However, these studies only provide a limited amount of information about IncRNAs in
insects, and exploration in a wide range of species and further functional analysis is necessary.
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Insect metamorphosis is a complex process, particularly in holometabolous insects, whose
growth and development must go through a series of discrete stages (larvae, pupae, adult) [14].
During the process of metamorphosis, larvae tissues must go through a series of developmental
events and undergo programmed cell death to remodel insect architecture through cell prolif-
eration and differentiation [15]. The larvae bear no resemblance to their adult parents, and the
transition from larva to adult requires a significant amount of morphogenesis, as well as an
intermediate stage known as the pupal stage [16]. During the pupal stage, tissues and organs
begin to form, cells proliferate rapidly, differentiated cells with defined functions develop, cell
polarity occurs, and cytoskeletal remodeling and various essential adult tissues and organs
emerge [17,18]. Therefore, understanding the regulatory mechanisms of evolution and growth
of insects requires a comprehensive understanding of the metamorphic development of the
pupal.

Sarcophaga peregrina (Robineau-Desvoidy, 1830) (Diptera: Sarcophagidae), is an important
hygiene pest, and as vectors of parasitic disease agents, they can cause myiasis in humans and
other mammals [19]. Several human myiasis cases caused by S. peregrina have occurred in dif-
ferent sites, such as the nose, mouth and the eyes, suggesting that proper control measures for
flies involved in myiasis in humans are necessary [20]. In addition, S. peregrina is known to act
as a vector for various parasitic agents, including bacteria, viruses, and parasites, and has been
implicated in the transmission of diseases such as cutaneous leishmaniasis [21]. Of note, Shey-
Njila et al conducted an epidemiological survey of canine leishmaniasis in Cameroon, and
found evidence suggesting that S. peregrina may be involved in the transmission of the disease
[22]. S. peregrina is a typical holometabolous diptera insect that must go through larvae-pupal
metamorphosis to molt into an adult, with the pupal stage lasting up to 50% of the whole
growth and even several weeks [23]. Pupae metamorphosis is a complex developmental pro-
cess that involves significant physiological and anatomical changes [24]. Studying the regula-
tion mechanism of S. peregrina metamorphosis can provide more molecular targets for pest
control. Although metamorphosis plays important roles in the evolutionary success of insects,
its regulatory mechanisms are still not completely understood, and the relationship between
IncRNA and the metamorphosis developmental of flesh flies is unknown [25]. RNA-sequenc-
ing is often used to study the IncRNA of insects [26].

In the present study, we aimed to better understand the regulatory mechanism of IncRNAs
in S. peregrina metamorphosis, and to develop effective strategies for vector control. Firstly, we
performed a genome-wide identification and characterization of IncRNAs from the early
pupal stage (1-day pupae), mid-term pupal stage (5-day pupae), and late pupal stage (9-day
pupae) of S. peregrina by RNA-seq. Furthermore, we validated differentially expressed
IncRNAs by RT-qPCR and performed functional analysis of IncRNAs. Subsequently, we inves-
tigated the roles of SP_Inc5000 in regulating the metamorphosis development of S. peregrina
through related RNAi and H&E staining, SEM observation, and cuticle hydrocarbons (CHCs)
analysis. This study adds to our knowledge of IncRNA-mediated metamorphosis development
and physiological processes in S. peregrina, and more importantly, provides new strategies and
molecular targets for controlling the spread of myiasis and parasitic diseases.

Methods
Insect rearing and sample collection

Adult specimens of S. peregrina were collected in 2020 in Hunan Province, China and reared
in an artificial climate chamber at 25 + 0.5°C, 75 + 2% relative humidity, and with a 12h:12h
light:dark cycle. The S. peregrina were reared and maintained as has been previously described
[27]. 10-cm culture dishes containing 20g of fresh pig lung were placed in the rearing cages to
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induce larviposition. The larvae generated within 1 h were cultured and placed in a rearing
box (17 x 12 x 8 cm) with sawdust at the bottom. The rearing boxes were put in a climate

box (LRH-250-GSI, Taihong Co., Ltd, Shaoguan, China) at constant temperatures of 25°C
with 75% humidity and a photoperiod of 12h:12h (L:D). Fresh pig lung was supplied regularly
ad libitum to meet growth needs of the larvae until pupation. According to the results of mor-
phological observation of pre-experiment (S1 Fig), the samples were collected from the stages
with the largest morphological changes, including the early pupal stage P1 (1 day pupae), mid-
term pupal stage P5 (5 days pupae), and later pupal stage P9 (9 days pupae). The first sampling
was collected when approximately 50% of the post-feeding larvae entered the pupal stage (1
day pupae), which was set to “zero time” (control samples), then, the pupae samples were col-
lected at 5 days and 9 days pupal developmental stage (test samples). A total of 20 pupae were
randomly collected from each rearing box every sampling, and the samples were placed into a
5mL cryovial and immediately frozen in liquid nitrogen and stored at -80°C for the subsequent
RNA isolation. Three biological replications of each treatment were collected for all samples.

RNA isolation, cDNA library preparation and sequencing

The total RNA were isolated using the Trizol Total RNA Purification Kit I (MultiSciences
(Lianke) Biotech Co., Ltd. Zhejiang, China) following the manufacturer’s protocol. RNA quan-
tity and quality were assessed using the NanoDrop 2000 (Thermo, Waltham, MA, United
States). RNA integrity was evaluated using the Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA). The ribosomal RNA was digested from the total RNA using the Ribo-
Zero Gold kit (Illumina, USA). The samples with RNA Integrity Number (RIN) > 7 were sub-
jected to the subsequent analysis. The libraries were constructed using TruSeq Stranded Total
RNA with Ribo-Zero Gold according to the manufacturer’s instructions. Then these prepared
libraries were sequenced on an Illumina sequencing platform and 150 bp paired-end reads
were generated. All sequencing programs were performed by OE Biotech Co., Ltd (Shanghai,
China).

Identification and differential expression analysis of IncRNAs

The Trimmomatic v. 0.39 was used to filter out low-quality bases that contained adapters or
poly-Ns and to produce high-quality, clean reads [28]. All clean reads were aligned to the S.
peregrina reference genome published by our research group [29] (NCBI accession no. JAB-
ZEU000000000) using spliced read aligner HISAT v. 2.1.0 [30], and all transcripts were assem-
bled via StringTie v. 2.1.3 software [31], and the new transcript was spliced. Then comparing
the gene annotation information of the reference sequence obtained by Cuffcompare software,
the potential IncRNA transcripts were chosen [32]. Finally, according to the characteristics of
IncRNA, the candidate IncRNAs were filtered out using CPC [33], CNCI [34], Pfam [35] and
PLEK [36].

The expression frequency of each transcript in each sample was calculated using Bowtie2
and Express software, and the fragments per kilobase of exon per million fragments mapped
(FPKM), fold change (FC) and P-value were calculated [37]. DESeq2 software was employed
to identify the DE transcripts in samples of different groups [38]. The significance of the varia-
tions in read numbers was determined using a negative binomial distribution test [39]. |
Log2FC|>1 and q <0.05 of IncRNAs and mRNAs were considered to be differentially
expressed transcripts. Based on expression level during developmental stages, IncRNAs were
clustered by time_series with STEM (Short Time-series Expression Miner) software [40].
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Functional enrichment analysis and Co-Expression network construction

LncRNA cannot code protein, but it can regulate expression of the related mRNA [41]. We
predicted the potential function of differentially expressed IncRNA with a search of adjacent
genes within the upstream/downstream range of 100kb of IncRNA [42]. All the predicted tar-
get genes of IncRNAs were used to analyze Gene Ontology (GO) and the Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway. Gene function annotations were performed based
on the following databases: Nr (NCBI non-redundant protein sequences); Swiss-Prot (Amanu-
ally annotated and reviewed protein sequence database). GO and KEGG enrichment analyses
were performed on the significantly differential expressed IncRNAs and mRNAs in each com-
parison by the DAVID gene annotation tool (http://david.abcc.ncifcrf.gov/). The GO terms
and KEGG pathways with p < 0.05 were considered significantly enriched DE genes.

Based on the ceRNA (competing endogenous RNA) hypothesis, we established the co-
expression network between differentially expressed IncRNA (DE-IncRNA), DE-miRNA and
DE-mRNA. We first calculated the miRNA-IncRNA co-expression relationships, and then
predicted their regulatory relationships to improve the reliability of our screening results. We
used the ceRNA MuTATE method [43] to score the ceRNA relationships and applied the
hypergeometric distribution algorithm to calculate the probability of shared miRNAs among
these ceRNA pairs. Finally, we obtained ceRNA pairs with high reliability. The correlation p-
value and Pearson’s correlation coefficient (PCC) statistic method was used to evaluate
IncRNA-mRNA, IncRNA-miRNA-mRNA combination. A PCC value >0.99 and p
value < 0.05 was considered statistically significant, and was retained for network construction
using Cytoscape (version 3.4.0) [44].

Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) analysis

The developmental expression patterns of SP_Inc5000 during each day in the pupal stage (days
1-9) of S. peregrina were examined by RT-qPCR. The validation of DE-IncRNAs and DE-
mRNAs in the early pupal stage P1 (1 day pupae), mid-term pupal stage P5 (5 days pupae),
and later pupal stage P9 (9 days pupae) by RT-qPCR.

Total RNA from pupae were isolated using the Trizol Total RNA Purification Kit I (Multi-
Sciences (Lianke) Biotech Co., Ltd. Zhejiang, China) according to the manufacturer’s instruc-
tions. The first strand of cDNA was synthesized from Total RNA (10ng-5ug) using the Evo
M-MLV RT Mix Kit with gDNA Clean for qPCR (Accurate Biotechnology (Hunan) Co., Ltd)
following the manufacturer’s instructions. RT-qPCR was performed using the SYBR Green
Premix Pro Taq HS qPCR Kit (ROX Plus) (Accurate Biotechnology (Hunan) Co., Ltd) follow-
ing the manufacturer’s instructions on an ABI 7500 Real-Time PCR system (Applied Biosys-
tem, Carlsbad, CA, USA). Primers for the mRNAs, IncRNAs and internal control genes were
designed using Primer 5.0 software (Biosoft Premier, Palo Alto, California, USA). Using -
actin gene as the reference gene to normalize the IncRNAs and mRNA expression level, the rel-
ative expression levels of mRNAs and IncRNAs were quantified using the 2"“““" method[27].
The Log2FC was used to normalize the values of the DEGs. All primers are listed in Table 1.

RNAi

RNA interference was performed to further study biological functions of the DE IncRNA
(SP_Inc5000) gene in S. peregrina. Primers for sequence-specific double-stranded RNA
(dsRNA) synthesis were designed in ERNA; (http://www.dkfz.de/signaling/e-rnai3/idseq.php)
based on the cDNA sequence of the SP_Inc5000 gene. dsGFP was used for negative RNAi con-
trols. The primers are listed in Table 1. PCR reactions and Sanger sequencing were performed
to determine the specificity of the primers. The dsRNA of SP_Inc5000 and GFP was
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Table 1. Primers used in the RNAi and RT-qPCR analysis.

RNAi Gene name Primer sequences (5 —3’)
dsSP_Inc5000 Forward TAATACGACTCACTATAGGGAGGGATATGCCAATCAACCA
Reverse TAATACGACTCACTATAGGGGCAAAAACTCAAGCAATTTGG
dsGFP Forward TAATACGACTCACTATAGGGCTACCTGTTCCATGGCCAAC
Reverse TAATACGACTCACTATAGGGTTTTCGTTGGGATCTTTGGA
RT-qPCR SP_Inc5000 Forward TCTACCACATTTTGTTGCATGAA
Reverse ACATGAGAATGGTTTGTTGGGT
B-actin Forward AAGAACAAGGTGAAGAGGGAC
Reverse TCGTCTTCATCGCGGAATATG
TH Forward GGCTTATGGTGCTGGTCTCTTGTC
Reverse GATAGGGTTGTACGGCTGTGGAAG
DOPA Forward TGCTAGTCCAGCTTGCACAGAATTG
Reverse CTTGTATAACACCACCGCCCTTACC
ftz-f1 Forward GCACCACTACCAATACCATCACCTC
Reverse TTGAAGAGGAGCAGGACGAGGAG
Br-C Forward ATTGGCGGTGGTAATGGTAATGGTC
Reverse GTGTCAGTGGCGATGGCGTAAG
Cht5 Forward GGCACTAAAACGCAAACATGTCCAC
Reverse CGCCATTGTCCTGCTCCAAGTC
evm.model.Contig10.332 Forward CCAAAGAAAACCGATTGTCCG
Reverse TTTAATGGGCACAGGACGATAG
evm.model.Contig130.34 Forward ACAAAGCCTCTGATCCCATTC
Reverse GGCAACACGTTCCAATTCAG
evm.model.Contig22.350 Forward CTATGGAGGGTGGATTTGATGG
Reverse CACCTCCCCAAGCAATGTAG
evm.model.Contig34.18 Forward CTATGGAGGGTGGATTTGATGG
Reverse CACCTCCCCAAGCAATGTAG
evm.model.Contig7.39 Forward ACCATCGATCAATGCTACACTG
Reverse TCATTGTCTACCATGCGATCG
evm.model.Contig37.176 Forward ACAATCCCGACATCCCATTC
Reverse AACCATACTGACGTTGAGCC
TCONS_00035151 Forward AGCTTGCGTAGGACCAGGAAGG
Reverse CGACTCACATGCACGACCACTC
TCONS_00035148 Forward AGCTTGCGTAGGACCAGGAAGG
Reverse CGACTCACATGCACGACCACTC
TCONS_00032543 Forward AGTCTGCATTGCTTTGGCCTCTC
Reverse TTCATTCCGCCTGAGTTATGACGAC
TCONS_00023118 Forward ACATTTTGAACGCATATCGCAGTCC
Reverse ACCCTCAACCATATGTAGTCCAAGC
TCONS_00010929 Forward TCGCTGCAACATGAGGCTAACAAG
Reverse CGACAGCAACCTGGTGGACATAAG
TCONS_00001066 Forward GCGACAAATGTGACTGTGGCA

Reverse

ACACTCGCCATGATGTCCTTCT

The RT-qPCR data were statistically analyzed by Prism software version 5.02 (GraphPad Software Inc. La Jolla, CA, USA) and assessed for normality or homogeneity of

variance. The results are shown as the mean + standard deviation (SD) of three biological replicates.

https://doi.org/10.1371/journal.pntd.0011411.t001
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synthesized in vitro according to the manufacturer’s instructions of T7 Express RNAi System
(Promega, Madison, WI, USA). Amplicons were verified with DNA sequencing and the integ-
rity of dsRNA product was confirmed with electrophoresis on a 1% agarose gel. The synthe-
sized dsSP_Inc5000 and dsGFP were dissolved in appropriate volumes of nuclease-free water,
and the concentration was determined and adjusted to 2.0 pug/ul using a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Samples were then stored in a
refrigerator at -80°C until use.

Approximately 2 pl (4 pg) of dsSP_Inc5000 or dsGFP were injected into the dorsal side of
2nd and 3rd abdominal segments of 3rd instar larvae (5 days larvae at 25°C) of S. peregrina by
using a Drummond digital microdispenser (Drummond Scientific Co., Broomall, USA) [45].
The samples of dsSP_Inc5000-injected and the dsGFP controls were placed at the constant
temperature of 25°C as described above, and the phenotypic changes were observed, mainly
including the pupariation time, pupariation rates, the development time of pupal stage and
eclosion rates. At 24 h and 48 h post injection, three-five pupae samples were collected and
RT-qPCR was performed to calculate RNAi efficiency of the SP_Inc5000 gene, and expression
level variation of related genes of 20-hydroxyecdysone (20E) signaling (Br-c, Ftz-F1), cuticle
tanning pathway (TH, DOPA), and chitin related pathway (Cht5) using the same methods as
described above. All of the data were statistically analyzed by independent sample student t-
test. Asterisks indicate significant differences (*, P < 0.05; **, P < 0.01; ***, P < 0.001). There
were 30 larvae in each treatment group, and experiments were repeated independently three
times.

Scanning Electron Microscope (SEM) observations

In addition, scanning electron microscopy (SEM) was used to further compare the morpho-
logical differences of pupal cuticle between dsSP_Inc5000-injected group and the dsGFP con-
trol group. The pupae in later stages were cleaned in ultrapure water and allowed to dry at
room temperature. Pupal cuticle was then observed under a Schottky Field Emission Scanning
Electron Microscope (Hitachi, SU5000, Tokyo, Japan).

Haematoxylin and Eosin (H&E) staining

To further observe the effects of silencing of SP_Inc5000 gene on the pupal metamorphosis
development of S. peregrina, H&E staining was performed. At later pupal stage after dsGFP- or
dsSP_Inc5000-injection, three-five pupae samples were collected for the H&E staining. Under
a Zeiss 2000-C stereomicroscope (Carl Zeiss, Germany), the puparium were taken out with
ophthalmic forceps, ophthalmic scissors and insect pins, and the external morphological
changes of the intra-puparial were observed and recorded [46]. The intra-puparial specimens
were immersed in a formaldehyde solution for 48h, and then transferred to 70% alcohol for an
additional 48h to fix the tissue. The usual procedure was followed for dehydration, paraffin
infiltration, embedding, sectioning, and H&E staining [47]. The internal histological changes
of the pupae after RNAi were observed and recorded using an automatic digital slice scanning
and application system, as well as Motic DSAssistant Lite (Motic, USA).

Cuticular Hydrocarbons (CHCs) analysis

At later pupal stage after dsGFP- or dsSP_Inc5000-injection, three-five pupae samples were col-
lected for the CHC:s profile analysis. The pupae was cleaned in ultrapure water and blotted dry
with filter paper. Then, these pupae was immersed in 1 mL hexane in a 2mL glass vial at room
temperature for an hour. Next, a syringe filter transferred the immersed liquid with a 0.45pum
aperture nylon membrane. After that, the liquid was dried under vacuum and then dissolved
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in 100puL hexane for gas chromatography-mass spectrometry (GC-MS) analysis. GC-MS (Agi-
lent Technologies, 7890B-5977A GC/MSD), with a DB-5MS capillary column (30mx0.25mm
x0.25um), was used for the CHCs analysis. Equipment operation procedures referred to previ-
ous research [48]. The n-alkanes mix from heptane to tetracontane (C7-C40, 1ug/mL, O2SI)
resolved in 1 mL hexane was used as an external standard. MSD ChemStation Data Analysis
F.01.03 was used to integrate the peak height, and only compounds with a consistent peak
height percentage above 0.5% were included. Hydrocarbons were identified using a library
search (NIST14), the Kovats Index based on external standards, and literature [49].

Results
Characterization of the pupae tissue transcriptome

The pupal stage lasted 9 days at 25°C. Morphological characteristics of S. peregrina pupae in
the early pupal stage P1 (1 days pupae), mid-term pupal stage P5 (5 days pupae), and later
pupal stage P9 (9 days pupae) at 25°C are shown in S1 Fig. The S. peregrina samples from three
pupal developmental stages, including the early pupal stage (P1), mid-term pupal stage (P5),
and later pupal stage (P9) were analyzed by RNA-seq, and three replicates were established for
each developmental stage. Approximately 79.48Mb of raw reads per sample were obtained
from the 9 cDNA libraries. After removing adaptor sequences and low-quality reads, approxi-
mately 78.12Mb of clean reads were obtained from each sample. The Q30 base distribution
ranged from 92.66~93.2%, and the average GC content was 39.08% (S1 Table). Finally, an
average 81.17% of clean reads were successfully mapped to the S. peregrina reference genome,
and approximately 73.93% of clean reads were aligned with unique loci (S2 Table).

Identification of IncRNAs in S. peregrina

The detailed identification results of IncRNAs in S. peregrina from CPC, CNCI, Pfam and
PLEK are shown in S3 Table. By coding capacity analysis, these transcripts were predicted to
have 6921 novel IncRNA transcripts (IncRNAs) (Fig 1A), with a total length of 5,836,143 nt
and an average length of 854.74nt. Among them, the number of IncRNAs was the largest
between 201 and 300nt (Fig 1B). Analysis of exon number distribution found that the most
IncRNAs is exon 2 (4949). The second was IncRNAs with exon 3 (1430) (Fig 1C). The groups
with the most IncRNAs were sense_genic_intronic (1623) and sense_intergenic_downstream
(1091) (Fig 1D).

These IncRNAs were widely distributed on chromosomes, mostly on the chromosomes 1,
4, and 2 (S2 Fig). In addition, the expression levels of IncRNAs in different pupae tissue were
calculated as FPKM values (S3A Fig). Since the correlation of transcript expression levels is an
important indicator of the reliability of the experimental results, we found that the correlation
coefficients between the three biological replicates of the three groups in this study, based on
the expression of IncRNAs at different pupal stages, exhibited higher repeatability (S3B Fig).

Differential expression of IncRNAs and mRNAs in S. peregrina

The differentially expressed mRNAs and IncRNAs were identified following the criteria of |
log2(fold-change)| >1 and q < 0.05 as stated above. Intersection analysis showed that 1864 DE
mRNAs (Fig 2A) and 542 DE IncRNAs (Fig 2B) overlapped between the three groups. There
were 3771 DE mRNAs (2461 were upregulated, 1310 were downregulated) and 1610 DE
IncRNAs (880 were upregulated, 730 were downregulated) were obtained between P5 and P1
groups, 3934 DE mRNAs (2445 were upregulated, 1489 were downregulated) and 1343 DE
IncRNAs (708 were upregulated, 635 were downregulated) between P9 and P5 groups (Fig 2C
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and 2D). The detailed data of differentially expressed mRNAs and IncRNAs between P5-vs-P1
and P9-vs-P5 groups are shown in 54 Table.

Based on the expression among the three pupal developmental stages, DE IncRNAs were
divided into eight statistically significant clusters, and time-series expression profiles of S. pere-
grina IncRNAs are shown in S3 Fig, including 169 DE IncRNAs in cluster two, 236 DE
IncRNAs in cluster seven, 232 DE IncRNAs in cluster ten, 276 DE IncRNAs in cluster eleven,
and 247 DE IncRNAs in cluster fourteen (S4A Fig). Cluster three showed the expression trend
of 152 consecutively down-regulated genes (S4B and S4C Fig).

Functional analysis of the differentially expressed IncRNAs and mRNAs

To explore the putative functions of the DE IncRNAs and DE mRNAs, GO term and KEGG
pathway analyses were performed. GO enrichment analysis showed that, DE IncRNAs in the
P5-vs-P1 groups were mostly enriched in epithelial cell migration, open tracheal system, endo-
some, peptidase activity; DE IncRNAs in the P9-vs-P5 groups were enriched in chemical syn-
aptic transmission, membrane, voltage-gated potassium channel activity (S5 Table and Fig 3A
and 3B). In addition, GO enrichment analysis showed that, DE mRNAs in the P5-vs-P1 groups
were mostly enriched in homophilic cell adhesion via plasma membrane adhesion molecules,
extracellular region, structural constituent of cuticle, and DE mRNAs in the P9-vs-P5 groups
were mostly enriched in mitochondrial translation, mitochondrion, structural constituent of
cuticle (S6 Table and Fig 3C and 3D).

The results of KEGG pathway analysis showed that DE IncRNAs were mostly enriched in
terms associated with Hedgehog signaling pathway—fly, RNA transport, viral myocarditis in
the P5-vs-P1 groups, and Alanine, aspartate and glutamate metabolism, Hedgehog signaling
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pathway—{ly in the P9-vs-P5 groups (S7 Table and Fig 4A and 4B). In addition, KEGG analy-
sis showed that DE mRNAs were mostly enriched in Proteasome, Purine metabolism, Terpe-
noid backbone biosynthesis in the P5-vs-P1 groups, and Oxidative phosphorylation,
Parkinson disease, Thermogenesis in the P9-vs-P5 groups (S8 Table and Fig 4C and 4D).
Specifically, functional enrichment analysis in the P5-vs-P1 groups showed that 25 of the
same up-regulated DE IncRNAs were enriched in several GO terms associated with insect
metamorphosis, such as ventral midline development, hindgut morphogenesis, and progres-
sion of morphogenetic furrow involved in compound eye morphogenesis, and were enriched
in the KEGG pathway associated with Hedgehog signaling pathway—fly, of which, the DE
IncRNA (SP_Inc5000) were up-regulated in the P5-vs-P1 groups, and were down-regulated in
the P9-vs-P5 groups, and were enriched in the KEGG pathway of Hedgehog signaling pathway
—fly, which might participate in regulating the pupal metamorphosis development of S.
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peregrina. The detailed information of Hedgehog signaling pathway—{ly is shown in S5 Fig.
GO enrichment analysis showed that 38 up-regulated DE mRNAs in the P5-vs-P1 groups and
51 up-regulated DE mRNAs in the P9-vs-P5 groups were enriched in structural constituent of
cuticle.

Co-expression network construction of DEGs

In the present study, we chose 1610 DE IncRNAs, 62 DE miRNAs and 3771 DE mRNAs for
co-expression analysis in the P5-vs-P1 groups, and 1343 DE IncRNAs, 41 DE miRNAs and
3934 DE mRNAs for co-expression analysis in the P9-vs-P5 groups. S9 Table shows all
IncRNA-mRNA and IncRNA-miRNA-mRNA relationship pairs in the P5-vs-P1 groups and
P9-vs-P5 groups. According to MuTATE score, ceRNA analysis of the top100 IncRNA-mRNA
pairs (Fig 5A and 5C), and the 200 IncRNA-miRNA-mRNA relationship pairs (Fig 5B and 5D)
are shown, and the results suggests that a total of 100 IncRNA-mRNA axes were built up
including 73 mRNAs and 8 IncRNAs, and 235 IncRNA-miRNA-mRNA axes were built up
including 16 mRNAs, 27 miRNAs, and 4 IncRNAs, in the P5-vs-P1 comparison groups. Specif-
ically, the DE IncRNA (SP_Inc5000) may participate in regulating the pupal metamorphosis of
S. peregrina by a IncRNA-miRNA-mRNA co-expression network.

Validation of differentially expressed IncRNAs and mRNAs by RT-qPCR

To validate the RNA-seq results, six DE mRNAs (evm.model.Contig10.332, evm.model.Con-
tig130.34, evm.model.Contig22.350, evm.model.Contig34.18, evm.model.Contig7.39, evm.
model.Contig37.176) and six DE IncRNAs (TCONS_00001066, TCONS_00010929,
TCONS_00023118, TCONS_00032543, TCONS_00035148, TCONS_00035151) from the dif-
ferent developmental times of S. peregrina pupae were subjected to RT-qPCR. As shown in
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Fig 6, a comparative analysis of all the selected genes showed a consistent expression pattern in
the RT-qPCR analysis as observed in RNA-seq data.

Effects of SP_Inc5000 RNAi on development of S. peregrina

To identify the IncRNAs that may regulate development of S. peregrina, we selected a DE
IncRNA (SP_Inc5000) from the RNA-seq results. The results of developmental expression pat-
terns of SP_Inc5000 during each day in the pupa stage (days 1-9) shown that expression
peaked at mid-term pupal stage and then decreased to a relatively low level before eclosion
(Fig 7). After injection with dsSP_Inc5000, compared with the dsGFP control group, the
pupariation rate was decreased to 68% compared with 94% of the control group, the eclosion
rate was decreased to 28% compared with 76% of the control group, and the development time
of pupal stage was decreased to 220h compared with 242h of the control group (Fig 8). The rel-
ative expression level of SP_Inc5000 was significantly decreased to 50% and 32% at 24h and
48h post injection of SP_Inc5000 as compared with the dsGFP control group (Fig 9). Similarly,
several insect metamorphosis development related genes, including 20-hydroxyecdysone

(20E) signaling (Br-c, Ftz-F1), puparium tanning pathway (TH, DOPA), and chitin related
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https://doi.org/10.1371/journal.pntd.0011411.g005

pathway (Cht5), presented significantly declined trends after 24h and 48h of injections dsRNA
of SP_Inc5000 (Fig 9).

The phenotypic changes of S. peregrina between the dsSP_Inc5000 group and the dsGFP
control group at different development stages were observed under a stereomicroscope. Injec-
tion of dsRNA of SP_Inc5000 during the late larvae stage resulted in deformed pupae that
could not emerge, rough and asymmetrical puparium, deeply wrinkled pupal segment, stag-
nated or defect in pupal-adult metamorphosis, and wing-defective phenotypes of adult
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https://doi.org/10.1371/journal.pntd.0011411.g006

(Fig 10). At later pupal stage after dsSP_Inc5000-injection, we observed that the inner surface
of the puparium was covered with a large transparent membrane (Fig 10). Furthermore, H&E
staining results showed that the pupal cuticle and adult epidermal could be clearly separated in
the control group, while they were stuck closely together and the separation failed in the inter-
ference groups (Fig 10). The results of SEM showed that the intersegmental spines on the
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https://doi.org/10.1371/journal.pntd.0011411.g007

pupal cuticle of the control group were triangular and arranged evenly, neatly, and orderly,
while in the experimental groups they were crowded, mixed, and disordered, and the interseg-
mental spines were different in size (Fig 10). This observation indicated that SP_Inc5000 might
influence metamorphosis development of S. peregrina by interfering with the structural com-
ponents of the pupal cuticle.

Fig 11 shows the GC chromatograms of S. peregrina of the pupal cuticle at later pupal stage
after injection with dsGFP and dsSP_Inc5000. The CHCs detected in the chromatograms are
given in Table 2. After injected dsSP_Inc5000, a total of 33 CHCs were identified by GC-MS
analysis in the CHC profiles of the S. peregrina pupal, including 7 n-alkanes, 24 branched
alkanes and 2 alkenes compounds with a carbon chain length between C17 and C35, while 37
CHCs were identified in the dsGFP control group, including 10 n-alkanes, 25 branched
alkanes and 2 alkenes compounds with a carbon chain length between C14 and C35. The n-
alkanes and branched alkanes were the two primary compounds of all detected hydrocarbons.
We found that the number of n-alkanes was decreased, the number and concentration of
CHC:s with a longer carbon chain were much reduced post injection of dsSP_Inc5000 as com-
pared with the dsGFP control group. The C21 and 6-Methyl C19 alkane were the most domi-
nant n-alkanes and branched alkanes in the dsSP_Inc5000 group, compared with C29 and
3-Methyl C29 being the most dominant compounds in the dsGFP group. The results indicated
that SP_Inc5000 appears to influence metamorphosis developmental of S. peregrina through
affecting the composition of compounds of the pupal cuticle.
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Discussion

Sarcophaga peregrina, a significant flesh fly species, in hygiene pest management, as vectors of
parasitic disease agents, can cause myiasis and other tropical infectious diseases [20], and have
been implicated in the transmission of diseases such as cutaneous leishmaniasis. Understand-
ing the metamorphosis of S. peregrina could lead to the identification of potential targets for
vector control and the development of effective strategies for controlling the spread of parasitic
diseases.

The metamorphosis of insects involves many genes and signaling pathways [50]. To under-
stand the regulatory mechanisms of this process, it is necessary to analyze expression patterns
of numerous genes [51]. Recent studies have shown that IncRNAs play a role in almost all
aspects of insect development, reproduction, and genetic plasticity [52]. There is a need to
expand IncRNA studies in wider variety of insects in order to acquire a better understanding
of the connections between IncRNA and the metamorphosis of insects. In the present study, to
better understand the regulatory mechanism of IncRNAs in S. peregrina metamorphosis, we
first performed genome-wide identification and characterization of IncRNAs from three dif-
ferent pupal developmental stages of S. peregrina by RNA-seq, and identified approximately
6921 novel IncRNAs transcripts from these samples. This number is similar to the
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https://doi.org/10.1371/journal.pntd.0011411.g009

lepidopteran, Bombyx mori [9], and greater than for some other insect species, including Aedes
aegypti [10], Plutella xylostella [11] and Apis mellifera [12]. This difference may be caused by
genome size, different samples, and different annotation strategies [53]. The IncRNAs found
in our investigation on S. peregrina shared known characteristics of IncRNAs from other spe-
cies, including shorter size, lower GC content and low sequence conservation, according to
genomic features.

Insect studies have found that many differentially expressed genes, including IncRNA, are
involved in regulating metamorphosis development [54]. In our study, enrichment analysis of
S. peregrina showed that DE IncRNAs were enriched in several associated with insect meta-
morphosis, such as ventral midline development, and hedgehog signaling pathway—Afly. Stud-
ies have shown that the hedgehog signaling pathway is essential for metazoan development
and tissue homeostasis [55]. The results of gene expression analysis suggest that DE IncRNAs
might be associated with insect metamorphosis development. In addition, the temporal speci-
ficity of IncRNA expression suggests that they may perform unique biological tasks at specific
developmental stages [56] We found a DE IncRNA (SP_Inc5000) was up-regulated in the
P5-vs-P1 groups, and down-regulated in the P9-vs-P5 groups, and expression peaked at mid-
term pupal stage, which suggests that SP_Inc5000 may play an important role in the mid-term
pupal stage.

In this study, we presented the role of IncRNAs in the metamorphosis of S. peregrina, and
identified a molecular target that could potentially be used in pest control. We found a DE
IncRNA (SP_Inc5000) might participate in regulating the metamorphosis of S. peregrina.
When knocking down expression of the SP_Inc5000 genes by RNAi, we found a significant
effect on metamorphosis development of the pupal cuticle, resulting in deformed pupae that
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Fig 10. The morphological changes of S. peregrina after injected with dsSP_Inc5000, compared with dsGFP control group. The left side shows the
phenotypic changes after injected with dsSP_Inc5000, including deformed pupae that cannot emerge, rough and asymmetrical puparium, deeply wrinkled
pupal segment, stagnated or defect in pupal-adult metamorphosis, and wing-defective phenotypes of adult. H&E staining shows that the pupal cuticle and
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represents the adult epidermal. Scanning electron microscopy (SEM) shows that the intersegmental spines of pupal cuticle crowded, mixed, disordered, and
varies in size after injected with dsSP_Inc5000.

https://doi.org/10.1371/journal.pntd.0011411.g010

could not emerge, rough and asymmetrical puparium, deeply wrinkled pupal segment, stag-
nated or defect in pupal-adult metamorphosis, and wing-defective phenotypes of adult, and
observed that the surface of the intra-puparial body was covered with a large transparent mem-
brane (Fig 10). H&E staining results showed that the pupal cuticle and adult epidermis stuck
closely together, and failure to degrade the pupal cuticle, might result in its emergence failure.
SEM observation confirmed the abnormal development in the intersegmental spines structure
on the pupal cuticle from the microscopic perspective. The cuticle is the outermost part of the
insect body, and is a key determinant in maintaining insect locomotion, mechanical support,
body shape and normal development [57]. The cuticle periodically degrading and rebuilding is
important for growth during molting and metamorphosis of insects [58]. During insect meta-
morphosis, cuticle degradation undergoes two distinct but causally related processes. First, the
larval cuticle degrades to form the pupal cuticle, and second, the pupal cuticle degrades to
form the adult epidermis [15]. Abnormal structure development or failure of cuticle degrada-
tion can seriously affect metamorphosis in insects.

In addition, cuticular hydrocarbons (CHCs) are the main components of the insect cuticle,
and they plays important roles in the formation of the insect cuticle, and in the growth devel-
opment of insects [59]. Several studies have shown that the arrangement of CHCs crystals
from longer chains, which have higher melting temperatures, provides better barriers against
water loss, and increasing chain length strengthens van der Waals forces and leads to stability
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[60]. In our study, GC-MS analysis found that the composition and concentration of CHCs of
the pupal cuticle significant changed post injection of dsSP_Inc5000, the number and concen-
tration of CHCs with a longer carbon chain were much reduced, which may affect the stability
of the pupal cuticle and further affect the development of insect.

The insect molting hormone 20-hydroxyecdysone (20E) promotes metamorphosis by upre-
gulating 20E-pathway gene expression and by counteraction with the juvenile hormone and
insulin [61], and the steroid hormone 20E also promotes programmed cell death (PCD) dur-
ing pupal metamorphosis in insects [62]. In our study, RNA interference of SP_Inc5000 pre-
sented significantly declined expression of 20E signaling pathway related genes, which may
lead to failure or obstruction of apoptosis processes, then pupal cuticle and adult epidermis
stuck closely together, and impeded the pupal cuticle degradation process, resulting in its
metamorphosis failure. This is consistent with our experimental observations, and sheds light
on the importance of 20E in the regulation of insect metamorphosis, and its potential role in
the control of insect pests.

Based on these studies, we speculated that SP_Inc5000 might influence metamorphosis of S.
peregrina through affecting the structure, apoptosis processes, and composition of compounds
of the pupal cuticle, and play an essential function in pupal metamorphosis. Importantly, our
study also provides a reference for the potential utilization of key genes in the metamorphosis
process, which is indispensable for S. peregrina subsistence in developing effective control
strategies.

However, research has found that some potential confounding factors, such as fluctuating
temperature, humidity, light, and microorganisms, can also affect the metamorphosis of
insects [63]. For example, changes in temperature and light can cause insect diapause [64].
Additionally, sexual dimorphism can also influence the growth and development of flies
[64,65]. Although we used random sampling and mixing multiple samples to minimize the
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Table 2. CHC profile of S. peregrina puparium after injected with dsGFP and dsSP_Inc5000.

% composition (mean+SD)

Peak number Peak identification Kovats Index dsGFP dsSP_Inc5000

1 Cl14 1400 0.62%0.02 -

2 C17 1700 1.16+0.07 1.41+0.27
3 6-Methyl C17 1750 - 0.6£0.04
4 C19:1 1893 - 0.59+0.06
5 C19 1900 - 0.6£0.02
6 6-Methyl C19 1951 - 32.19+6.04
7 C21:1 2098 - 2.7£0.56
8 C21 2100 - 1.82+0.5
9 DiMethyl-C21 2207 2.8+£0.98 -

10 C25 2500 0.76%0.12 -

11 Methyl C25 2531 - 0.74+0.03
12 11-Methyl C25 2536 - 0.61+0.07
13 C26 2600 - 0.63+0.11
14 C27 2700 2.87£0.28 -

15 Methyl C27 2730 1.02+0.02 1.74+0.24
16 9-Methyl C27 2737 0.71£0.03 0.79+0.05
17 11,15-DiMethyl C27 2762 0.59£0.17 -

18 3-Methyl C27 2771 1.22+0.12 -

19 C28 2800 0.86%0.1 0.73+0.12
20 4-Methyl C28 2853 0.66%0.02 0.61+0.09
21 3-Methyl C28 2875 0.76%0.08 0.7£0.1
22 C29 2900 11.51+£0.7 -
23 Methyl C29 2929 9.57+0.33 8.43+0.04
24 13-Methyl C29 2931 - 2.85%£0.49
25 7-Methyl-C29 2942 - 1.88+0.39
26 13,17-DiMethyl C29 2952 1.62+0.18 -

27 5-Methyl C29 2955 1.67+0.12 1.44+0.35
28 9,15-DiMethyl C29 2961 - 1.17£0.11
29 11,15-DiMethyl C29 2964 1.73+0.08 -

30 DiMethyl C29 2971 - 15.73+£3.72
31 3-Methyl C29 2972 18.01+£0.48 -

32 C30 3000 - 1.73+0.13
33 14-Methyl C30 3030 1.49+0.09 -

34 8-Methyl C30 3035 0.71£0.03 -

35 6-Methyl C30 3039 0.76%0.03 -

36 8,14-DiMethyl C30 3051 - 0.56£0.05
37 2-Methyl C30 3065 0.72+0.03 -

38 C31:1 3081 0.93+£0.05 -

39 2,10-DiMeC31 3094 - 7.23%£1.24
40 C31 3100 7.36£0.53 -

41 Cholesterol 3124 - 3.62+0.77
42 2,6,14-Trimethyl C30 3125 7.63x1.15 -

43 9-Methyl C31 3134 - 3.39£1.1
44 7-Methyl C31 3141 3.98+0.2 -

45 7,15-DiMethyl C31 3148 - 0.94+0.05
46 8,14-DiMethyl C31 3152 1.89+0.06 -

(Continued)
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Table 2. (Continued)

Peak number
47
48
49
50
51
52
53
54
55
56
57
58

% composition (mean+SD)

Peak identification Kovats Index dsGFP dsSP_Inc5000
13,17-DiMethyl-C31 3154 1.77£0.11 0.73£0.1
11,21-DiMethyl C31 3161 - 1.12+0.19
7,11-DiMethyl C31 3164 1.98+0.21 -
5,13-DiMethyl C31 3170 - 1.03+0.08
C32:1 3173 2.15+0.2 -
C32 3200 1.3£0.09 0.53+0.06
11-Methyl C32 3229 1.34+0.16 0.6+0.01
C33 3300 2.08+0.08 -
5-Methyl C33 3350 1.4310.18 -
11,15-DiMethyl C33 3359 1.71+£0.64 -
C34 3400 1.24+0.23 -
11,23-DiMethyl C35 3557 1.37£0.17 0.57+0.12

-: Not detected or compounds with peak area percentage below 0.5%

https://doi.org/10.1371/journal.pntd.0011411.t002

impact of sexual dimorphism on experimental results, it is still necessary to clarify the regula-
tory mechanisms of IncRNAs in male and female flies in the future, in order to better develop
related insect management strategies. Differences in dsSRNA degradation, cellular uptake,
inter- and intracellular transports, processing of dsRNA to siRNA, and RNA-induced silencing
complex formation influence RNAi efficiency [66]. Major challenges to widespread use of
RNAI in insect pest management include variable RNAI efficiency among insects, lack of reli-
able dsRNA delivery methods, and off-target and nontarget effects, need to be further studied
in the future.

Supporting information

S1 Fig. Morphological pictures of S. peregrina pupae in the early pupa stage (1 days
pupae), mid-term pupa stage (5 days pupae), and later pupa stage (9 days pupae) at 25°C
developmen.

(PDF)

S2 Fig. The chromosome distribution of IncRNAs of S. peregrina.
(PDF)

S3 Fig. The expression level distribution of IncRNAs identified (A), the correlation coefficient
between three replicate samples based on IncRNA expression (B), in pupae tissues of S. pere-
grina.

(PDF)

S4 Fig. Time-series expression profiles of DE IncRNAs of S. peregrina (A); Significant trend
chart (B) and cluster heat map (C) of cluster three, the y-axis indicates the expression value
after homogenization, and the x-axis indicates the developmental stage, including the early
pupa stage (P1), mid-term pupa stage (P5), and later pupa stage (P9).

(PDF)

S5 Fig. Insect Hedgehog signaling pathway—{ly.
(PDF)

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011411  June 26, 2023 21/26


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011411.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011411.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011411.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011411.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011411.s005
https://doi.org/10.1371/journal.pntd.0011411.t002
https://doi.org/10.1371/journal.pntd.0011411

PLOS NEGLECTED TROPICAL DISEASES The role of long noncoding RNAs in regulating the metamorphosis of Sarcophaga peregrina

S1 Table. Sequencing quality statistics in S. peregrina.
(XLSX)

$2 Table. Sequencing reference genome comparisons in S. peregrina.
(XLSX)

$3 Table. The detailed identification results of IncRNAs in S. peregrina from CPC, CNCI,
Pfam and PLEK.
(XLSX)

S4 Table. The differentially expressed mRNAs between P5-vs-P1 groups (A); The differen-
tially expressed IncRNAs between P5-vs-P1 groups (B); The differentially expressed mRNAs
P9-vs-P5 groups (C); The differentially expressed IncRNAs between P9-vs-P5 groups (D).
(XLSX)

S5 Table. GO enrichment analyses of the total DE IncRNAs (A), up-regulated DE IncRNAs
(B), down-regulated DE IncRNAs (C), in the P5-vs-P1 comparison group; GO enrichment
analyses of the total DE IncRNAs (D), up-regulated DE IncRNAs (E), down-regulated DE
IncRNAs (F), in the P9-vs-P5 comparison group.

(XLSX)

§6 Table. GO enrichment analyses of the total DE mRNAs (A), up-regulated DE mRNAs (B),
down-regulated DE mRNAs (C), in the P5-vs-P1 comparison group; GO enrichment analyses
of the total DE mRNAs (D), up-regulated DE mRNAs (E), down-regulated DE mRNAs (F), in
the P9-vs-P5 comparison group.

(XLSX)

S7 Table. KEGG pathway analyses of the total DE IncRNAs (A), up-regulated DE IncRNAs
(B), down-regulated DE IncRNAs (C), in the P5-vs-P1 comparison group; KEGG pathway
analyses of the total DE IncRNAs (D), up-regulated DE IncRNAs (E), down-regulated DE
IncRNAs (F), in the P9-vs-P5 comparison group.

(XLSX)

S8 Table. KEGG pathway analyses of the total DE mRNAs (A), up-regulated DE mRNAs (B),
down-regulated DE mRNAs (C), in the P5-vs-P1 comparison group; GO enrichment analyses
of the total DE mRNAs (D), up-regulated DE mRNAs (E), down-regulated DE mRNAs (F), in
the P9-vs-P5 comparison group.

(XLSX)

S9 Table. All IncRNA-mRNA (A) and IncRNA-miRNA-mRNA (B) relationship pairs in the
P5-vs-P1 groups; IncRNA-mRNA (C) and IncRNA-miRNA-mRNA (D) relationship pairs in
the P9-vs-P5 groups.

(XLSX)

Acknowledgments

We thank Prof. Lushi Chen (Guizhou Police Officer Vocational College) for identification of
insects.

Author Contributions
Conceptualization: Yadong Guo.

Data curation: Yanjie Shang, Yakai Feng.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011411  June 26, 2023 22/26


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011411.s006
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011411.s007
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011411.s008
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011411.s009
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011411.s010
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011411.s011
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011411.s012
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011411.s013
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011411.s014
https://doi.org/10.1371/journal.pntd.0011411

PLOS NEGLECTED TROPICAL DISEASES The role of long noncoding RNAs in regulating the metamorphosis of Sarcophaga peregrina

Formal analysis: Yanjie Shang.

Funding acquisition: Yanjie Shang, Changquan Zhang, Yadong Guo.

Investigation: Lipin Ren.

Methodology: Xiangyan Zhang.

Project administration: Yadong Guo.

Supervision: Yadong Guo.

Visualization: Yanjie Shang.

Writing - original draft: Yanjie Shang.

Writing - review & editing: Fengqin Yang.

References

1.

10.

1.

12.

GanH, Feng T, Wu, Liu C, Xia Q, Cheng T. Identification of circular RNA in the Bombyx mori silk
gland. Insect Biochem Mol Biol. 2017; 89:97—106. Epub 2017/09/18. https://doi.org/10.1016/j.ibmb.
2017.09.003 PMID: 28918159.

Ransohoff JD, Wei Y, Khavari PA. The functions and unique features of long intergenic non-coding
RNA. Nat Rev Mol Cell Biol. 2018; 19(3):143-57. Epub 2017/11/16. https://doi.org/10.1038/nrm.2017.
104 PMID: 29138516; PubMed Central PMCID: PMC5889127.

Xing YH, Chen LL. Processing and roles of snoRNA-ended long noncoding RNAs. Crit Rev Biochem
Mol Biol. 2018; 53(6):596—606. Epub 2018/09/27. https://doi.org/10.1080/10409238.2018.15084 11
PMID: 30252509.

Lawrie RD, Mitchell RD 3rd, Deguenon JM, Ponnusamy L, Reisig D, Pozo-Valdivia AD, et al. Character-
ization of Long Non-Coding RNAs in the Bollworm, Helicoverpa zea, and Their Possible Role in
Cry1Ac-Resistance. Insects. 2021; 13(1). Epub 2022/01/22. https://doi.org/10.3390/insects13010012
PMID: 35055855; PubMed Central PMCID: PMC8779162.

Azlan A, Halim MA, Mohamad F, Azzam G. Identification and characterization of long noncoding RNAs
and their association with acquisition of blood meal in Culex quinquefasciatus. Insect Sci. 2021; 28
(4):917-28. https://doi.org/10.1111/1744-7917.12847 PMID: 32621332

Chen B, Zhang Y, Zhang X, Jia S, Chen S, Kang L. Genome-wide identification and developmental
expression profiling of long noncoding RNAs during Drosophila metamorphosis. Sci Rep. 2016;
6:23330. https://doi.org/10.1038/srep23330 PMID: 26996731

Necsulea A, Soumillon M, Warnefors M, Liechti A, Daish T, Zeller U, et al. The evolution of IncRNA rep-
ertoires and expression patterns in tetrapods. Nature. 2014; 505(7485):635—40. https://doi.org/10.
1038/nature12943 PMID: 24463510

Jenkins AM, Waterhouse RM, Muskavitch MA. Long non-coding RNA discovery across the genus
anopheles reveals conserved secondary structures within and beyond the Gambiae complex. BMC
Genomics. 2015; 16:337. Epub 2015/04/24. https://doi.org/10.1186/s12864-015-1507-3 PMID:
25903279; PubMed Central PMCID: PMC4409983.

WuY, Cheng T, Liu C, Liu D, Zhang Q, Long R, et al. Systematic Identification and Characterization of
Long Non-Coding RNAs in the Silkworm, Bombyx mori. PLoS One. 2016; 11(1):e0147147. Epub 2016/
01/16. https://doi.org/10.1371/journal.pone.0147147 PMID: 26771876; PubMed Central PMCID:
PMC4714849.

Etebari K, Asad S, Zhang G, Asgari S. Identification of Aedes aegypti Long Intergenic Non-coding
RNAs and Their Association with Wolbachia and Dengue Virus Infection. PLoS Negl Trop Dis. 2016; 10
(10):e0005069. https://doi.org/10.1371/journal.pntd.0005069 PMID: 27760142

Etebari K, Furlong MJ, Asgari S. Genome wide discovery of long intergenic non-coding RNAs in Dia-
mondback moth (Plutella xylostella) and their expression in insecticide resistant strains. Sci Rep. 2015;
5:14642. Epub 2015/09/29. https://doi.org/10.1038/srep14642 PMID: 26411386; PubMed Central
PMCID: PMC4585956.

Jayakodi M, Jung JW, Park D, Ahn YJ, Lee SC, Shin SY, et al. Genome-wide characterization of long
intergenic non-coding RNAs (lincRNAs) provides new insight into viral diseases in honey bees Apis cer-
ana and Apis mellifera. BMC Genomics. 2015; 16:680. Epub 2015/09/06. https://doi.org/10.1186/
512864-015-1868-7 PMID: 26341079; PubMed Central PMCID: PMC4559890.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011411  June 26, 2023 23/26


https://doi.org/10.1016/j.ibmb.2017.09.003
https://doi.org/10.1016/j.ibmb.2017.09.003
http://www.ncbi.nlm.nih.gov/pubmed/28918159
https://doi.org/10.1038/nrm.2017.104
https://doi.org/10.1038/nrm.2017.104
http://www.ncbi.nlm.nih.gov/pubmed/29138516
https://doi.org/10.1080/10409238.2018.1508411
http://www.ncbi.nlm.nih.gov/pubmed/30252509
https://doi.org/10.3390/insects13010012
http://www.ncbi.nlm.nih.gov/pubmed/35055855
https://doi.org/10.1111/1744-7917.12847
http://www.ncbi.nlm.nih.gov/pubmed/32621332
https://doi.org/10.1038/srep23330
http://www.ncbi.nlm.nih.gov/pubmed/26996731
https://doi.org/10.1038/nature12943
https://doi.org/10.1038/nature12943
http://www.ncbi.nlm.nih.gov/pubmed/24463510
https://doi.org/10.1186/s12864-015-1507-3
http://www.ncbi.nlm.nih.gov/pubmed/25903279
https://doi.org/10.1371/journal.pone.0147147
http://www.ncbi.nlm.nih.gov/pubmed/26771876
https://doi.org/10.1371/journal.pntd.0005069
http://www.ncbi.nlm.nih.gov/pubmed/27760142
https://doi.org/10.1038/srep14642
http://www.ncbi.nlm.nih.gov/pubmed/26411386
https://doi.org/10.1186/s12864-015-1868-7
https://doi.org/10.1186/s12864-015-1868-7
http://www.ncbi.nlm.nih.gov/pubmed/26341079
https://doi.org/10.1371/journal.pntd.0011411

PLOS NEGLECTED TROPICAL DISEASES The role of long noncoding RNAs in regulating the metamorphosis of Sarcophaga peregrina

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Chang ZX, Ajayi OE, Guo DY, Wu QF. Genome-wide characterization and developmental expression
profiling of long non-coding RNAs in Sogatella furcifera. Insect Sci. 2020; 27(5):987-97. Epub 2019/07/
03. https://doi.org/10.1111/1744-7917.12707 PMID: 31264303.

Song J, Zhou S. Post-transcriptional regulation of insect metamorphosis and oogenesis. Cell Mol Life
Sci. 2020; 77(10):1893-909. Epub 2019/11/15. https://doi.org/10.1007/s00018-019-03361-5 PMID:
31724082.

Gu J, Huang LX, Gong YJ, Zheng SC, Liu L, Huang LH, et al. De novo characterization of transcriptome
and gene expression dynamics in epidermis during the larval-pupal metamorphosis of common cut-
worm. Insect Biochem Mol Biol. 2013; 43(9):794-808.

Hall MJR, Martin-Vega D. Visualization of insect metamorphosis. Philos Trans R Soc Lond B Biol Sci.
2019; 374(1783):20190071. Epub 2019/08/24. https://doi.org/10.1098/rstb.2019.0071 PMID:
31438819; PubMed Central PMCID: PMC6711283.

Chen EH, Hou QL, Dou W, Wei DD, Yue Y, Yang RL, et al. RNA-seq analysis of gene expression
changes during pupariation in Bactrocera dorsalis (Hendel) (Diptera: Tephritidae). BMC Genomics.
2018; 19(1):693. Epub 2018/09/23. https://doi.org/10.1186/s12864-018-5077-z PMID: 30241467
PubMed Central PMCID: PMC6150976.

Chen E-H, Hou Q-L, Dou W, Wei D-D, Yue Y, Yang R-L, et al. RNA-seq analysis of gene expression
changes during pupariation in Bactrocera dorsalis (Hendel) (Diptera: Tephritidae). BMC Genomics.
2018;19(1).

Ren L, Shang Y, Zhang X, Chen S, Zheng Y, Zou Y, et al. Temporal Expression Profiles Reveal Poten-
tial Targets during Postembryonic Development of Forensically Important Sarcophaga peregrina (Dip-
tera: Sarcophagidae). Insects. 2022; 13(5):453. https://doi.org/10.3390/insects13050453 PMID:
35621788

Shang YJ, Lv J, Wang SW, Ren LP, Chen W, Guo YD. Boettcherisca peregrina (Diptera: Sarcophagi-
dae): A flesh fly species of medical and forensic importance. Trop Biomed. 2019; 36(1):131—-42. Epub
2019/03/01. PMID: 33597433.

Natori S. Molecules participating in insect immunity of Sarcophaga peregrina. Proc Jpn Acad Ser B
Phys Biol Sci. 2010; 86(10):927-38. Epub 2010/12/16. https://doi.org/10.2183/pjab.86.927 PMID:
21157125; PubMed Central PMCID: PMC3035055.

Shey-Njila O, Zoli PA, Awah-Ndukum J, Nguekam, Assana E, Byambas P, et al. Porcine cysticercosis
in village pigs of North-West Cameroon. J Helminthol. 2003; 77(4):351—4. Epub 2003/12/03. https://doi.
org/10.1079/joh2003179 PMID: 14649245.

Wang Y, Wang JF, Zhang YN, Tao LY, Wang M. Forensically Important Boettcherisca peregrina (Dip-
tera: Sarcophagidae) in China: Development Pattern and Significance for Estimating Postmortem Inter-
val. J Med Entomol. 2017; 54(6):1491-7. Epub 2017/10/06. https://doi.org/10.1093/jme/tjx139 PMID:
28981829.

Liu SH, Xia YD, Zhang Q, Li W, Li RY, Liu Y, et al. Potential targets for controlling Bactrocera dorsalis
using cuticle- and hormone-related genes revealed by a developmental transcriptome analysis. Pest
Manag Sci. 2020; 76(6):2127—43. https://doi.org/10.1002/ps.5751 PMID: 31951094

Rolff J, Johnston PR, Reynolds S. Complete metamorphosis of insects. Philos Trans R Soc Lond B Biol
Sci. 2019; 374(1783):20190063. Epub 2019/08/24. https://doi.org/10.1098/rstb.2019.0063 PMID:
31438816; PubMed Central PMCID: PMC6711294.

Shang F, Ding BY, Zhang YT, Wu JJ, Pan ST, Wang JJ. Genome-wide analysis of long non-coding
RNAs and their association with wing development in Aphis citricidus (Hemiptera: Aphididae). Insect
Biochem Mol Biol. 2021; 139:103666. Epub 2021/10/08. https://doi.org/10.1016/j.ibmb.2021.103666
PMID: 346193283.

Shang Y, RenlL, Yang L, Wang S, Chen W, Dong J, et al. Differential Gene Expression for Age Estima-
tion of Forensically Important Sarcophaga peregrina (Diptera: Sarcophagidae) Intrapuparial. J Med
Entomol. 2020; 57(1):65—77. https://doi.org/10.1093/jme/tjz137 PMID: 31504655

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for lllumina sequence data. Bioinfor-
matics. 2014; 30(15):2114—20. Epub 2014/04/04. https://doi.org/10.1093/bioinformatics/btu170 PMID:
24695404; PubMed Central PMCID: PMC4103590.

RenL, ShangV, Yang L, Wang S, Wang X, Chen S, et al. Chromosome-level de novo genome assem-
bly of Sarcophaga peregrina provides insights into the evolutionary adaptation of flesh flies. Mol Ecol
Resour. 2021; 21(1):251-62. https://doi.org/10.1111/1755-0998.13246 PMID: 32853451

Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low memory requirements. Nat
Methods. 2015; 12(4):357-60. https://doi.org/10.1038/nmeth.3317 PMID: 25751142

Pertea M, Kim D, Pertea GM, Leek JT, Salzberg SL. Transcript-level expression analysis of RNA-seq
experiments with HISAT, StringTie and Ballgown. Nat Protoc. 2016; 11(9):1650-67. https://doi.org/10.
1038/nprot.2016.095 PMID: 27560171

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011411  June 26, 2023 24/26


https://doi.org/10.1111/1744-7917.12707
http://www.ncbi.nlm.nih.gov/pubmed/31264303
https://doi.org/10.1007/s00018-019-03361-5
http://www.ncbi.nlm.nih.gov/pubmed/31724082
https://doi.org/10.1098/rstb.2019.0071
http://www.ncbi.nlm.nih.gov/pubmed/31438819
https://doi.org/10.1186/s12864-018-5077-z
http://www.ncbi.nlm.nih.gov/pubmed/30241467
https://doi.org/10.3390/insects13050453
http://www.ncbi.nlm.nih.gov/pubmed/35621788
http://www.ncbi.nlm.nih.gov/pubmed/33597433
https://doi.org/10.2183/pjab.86.927
http://www.ncbi.nlm.nih.gov/pubmed/21157125
https://doi.org/10.1079/joh2003179
https://doi.org/10.1079/joh2003179
http://www.ncbi.nlm.nih.gov/pubmed/14649245
https://doi.org/10.1093/jme/tjx139
http://www.ncbi.nlm.nih.gov/pubmed/28981829
https://doi.org/10.1002/ps.5751
http://www.ncbi.nlm.nih.gov/pubmed/31951094
https://doi.org/10.1098/rstb.2019.0063
http://www.ncbi.nlm.nih.gov/pubmed/31438816
https://doi.org/10.1016/j.ibmb.2021.103666
http://www.ncbi.nlm.nih.gov/pubmed/34619323
https://doi.org/10.1093/jme/tjz137
http://www.ncbi.nlm.nih.gov/pubmed/31504655
https://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1111/1755-0998.13246
http://www.ncbi.nlm.nih.gov/pubmed/32853451
https://doi.org/10.1038/nmeth.3317
http://www.ncbi.nlm.nih.gov/pubmed/25751142
https://doi.org/10.1038/nprot.2016.095
https://doi.org/10.1038/nprot.2016.095
http://www.ncbi.nlm.nih.gov/pubmed/27560171
https://doi.org/10.1371/journal.pntd.0011411

PLOS NEGLECTED TROPICAL DISEASES The role of long noncoding RNAs in regulating the metamorphosis of Sarcophaga peregrina

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, et al. Differential gene and transcript expres-
sion analysis of RNA-seq experiments with TopHat and Cufflinks. Nat Protoc. 2012; 7(3):562—78.
https://doi.org/10.1038/nprot.2012.016 PMID: 22383036

KongL, Zhang Y, Ye ZQ, Liu XQ, Zhao SQ, WeilL, et al. CPC: assess the protein-coding potential of
transcripts using sequence features and support vector machine. Nucleic Acids Res. 2007; 35(Web
Server issue):W345-9. https://doi.org/10.1093/nar/gkm391 PMID: 17631615

Bild R, Bialke M, Buckow K, Ganslandt T, lhrig K, Jahns R, et al. Towards a comprehensive and interop-
erable representation of consent-based data usage permissions in the German medical informatics ini-
tiative. BMC Med Inform Decis Mak. 2020; 20(1):103. https://doi.org/10.1186/s12911-020-01138-6
PMID: 32503529

Finn RD, Mistry J, Schuster-Bockler B, Griffiths-Jones S, Hollich V, Lassmann T, et al. Pfam: clans,
web tools and services. Nucleic Acids Res. 2006; 34(Database issue):D247-51. https://doi.org/10.
1093/nar/gkj149 PMID: 16381856

Li A, Zhang J, Zhou Z. PLEK: a tool for predicting long non-coding RNAs and messenger RNAs based
on an improved k-mer scheme. BMC Bioinformatics. 2014; 15:311. https://doi.org/10.1186/1471-2105-
15-311 PMID: 25239089

Roberts A, Pachter L. Streaming fragment assignment for real-time analysis of sequencing experi-
ments. Nat Methods. 2013; 10(1):71-3. https://doi.org/10.1038/nmeth.2251 PMID: 23160280

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeqg2. Genome Biol. 2014; 15(12):550. https://doi.org/10.1186/s13059-014-0550-8 PMID:
25516281

Anders S, Huber W. Differential expression analysis for sequence count data. Genome Biol. 2010; 11
(10):R108. https://doi.org/10.1186/gb-2010-11-10-r106 PMID: 20979621

Ernst J, Bar-Joseph Z. STEM: a tool for the analysis of short time series gene expression data. BMC
Bioinformatics. 2006; 7:191. https://doi.org/10.1186/1471-2105-7-191 PMID: 16597342

FengK, LiuJ, Wei P, Ou S, Wen X, Shen G, et al. lincRNA_Tc13743.2-miR-133-5p-TcGSTmO02 regula-
tion pathway mediates cyflumetofen resistance in Tetranychus cinnabarinus. Insect Biochem Mol Biol.
2020; 123:103413. Epub 2020/06/15. https://doi.org/10.1016/j.ibmb.2020.103413 PMID: 32534987.

Xiao H, Yuan Z, Guo D, Hou B, Yin C, Zhang W, et al. Genome-wide identification of long noncoding
RNA genes and their potential association with fecundity and virulence in rice brown planthopper, Nila-
parvata lugens. BMC Genomics. 2015; 16:749. https://doi.org/10.1186/s12864-015-1953-y PMID:
26437919

Tay Y, Kats L, Salmena L, Weiss D, Tan SM, Ala U, et al. Coding-independent regulation of the tumor
suppressor PTEN by competing endogenous mRNAs. Cell. 2011; 147(2):344-57. https://doi.org/10.
1016/j.cell.2011.09.029 PMID: 22000013

Hou S, Chen D, Liu J, Chen S, Zhang X, Zhang Y, et al. Profiling and Molecular Mechanism Analysis of
Long Non-Coding RNAs and mRNAs in Pulmonary Arterial Hypertension Rat Models. Front Pharmacol.
2021; 12:709816. https://doi.org/10.3389/fphar.2021.709816 PMID: 34267668

Meng LW, Yuan GR, Chen ML, Dou W, Jing TX, Zheng LS, et al. Genome-wide identification of long
non-coding RNAs (IncRNAs) associated with malathion resistance in Bactrocera dorsalis. Pest Manag
Sci. 2021; 77(5):2292-301. Epub 2021/01/11. https://doi.org/10.1002/ps.6256 PMID: 33423365.

Wang Y, Gu Z-y, Xia Sx, Wang J-f, Zhang Y-n, Tao L-y. Estimating the age of Lucilia illustris during the
intrapuparial period using two approaches: Morphological changes and differential gene expression.
Forensic Science International. 2018; 287:1—-11. https://doi.org/10.1016/j.forsciint.2018.02.025 PMID:
29625302

Shang Y, AmendtJ, Wang Y, Ren L, Yang F, Zhang X, et al. Multimethod combination for age estima-
tion of Sarcophaga peregrina (Diptera: Sarcophagidae) with implications for estimation of the postmor-
teminterval. Int J Legal Med. 2022. Epub 2022/12/21. https://doi.org/10.1007/s00414-022-02934-7
PMID: 36538108.

Zhang X, Shang Y, Ren L, Qu H, Zhu G, Guo Y. A Study of Cuticular Hydrocarbons of All Life Stages in
Sarcophaga peregrina (Diptera: Sarcophagidae). J Med Entomol. 2022; 59(1):108-19. https://doi.org/
10.1093/jme/tjab172 PMID: 34668022

Zhang X, Bai Y, Ngando FJ, Qu H, Shang Y, Ren L, et al. Predicting the Weathering Time by the Empty
Puparium of Sarcophaga peregrina (Diptera: Sarcophagidae) with the ANN Models. Insects. 2022; 13
(9). Epub 2022/09/23. https://doi.org/10.3390/insects 13090808 PMID: 36135509; PubMed Central
PMCID: PMC9502838.

Truman JW. The Evolution of Insect Metamorphosis. Curr Biol. 2019; 29(23):R1252—-R68. Epub 2019/
12/04. https://doi.org/10.1016/j.cub.2019.10.009 PMID: 31794762.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011411  June 26, 2023 25/26


https://doi.org/10.1038/nprot.2012.016
http://www.ncbi.nlm.nih.gov/pubmed/22383036
https://doi.org/10.1093/nar/gkm391
http://www.ncbi.nlm.nih.gov/pubmed/17631615
https://doi.org/10.1186/s12911-020-01138-6
http://www.ncbi.nlm.nih.gov/pubmed/32503529
https://doi.org/10.1093/nar/gkj149
https://doi.org/10.1093/nar/gkj149
http://www.ncbi.nlm.nih.gov/pubmed/16381856
https://doi.org/10.1186/1471-2105-15-311
https://doi.org/10.1186/1471-2105-15-311
http://www.ncbi.nlm.nih.gov/pubmed/25239089
https://doi.org/10.1038/nmeth.2251
http://www.ncbi.nlm.nih.gov/pubmed/23160280
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1186/gb-2010-11-10-r106
http://www.ncbi.nlm.nih.gov/pubmed/20979621
https://doi.org/10.1186/1471-2105-7-191
http://www.ncbi.nlm.nih.gov/pubmed/16597342
https://doi.org/10.1016/j.ibmb.2020.103413
http://www.ncbi.nlm.nih.gov/pubmed/32534987
https://doi.org/10.1186/s12864-015-1953-y
http://www.ncbi.nlm.nih.gov/pubmed/26437919
https://doi.org/10.1016/j.cell.2011.09.029
https://doi.org/10.1016/j.cell.2011.09.029
http://www.ncbi.nlm.nih.gov/pubmed/22000013
https://doi.org/10.3389/fphar.2021.709816
http://www.ncbi.nlm.nih.gov/pubmed/34267668
https://doi.org/10.1002/ps.6256
http://www.ncbi.nlm.nih.gov/pubmed/33423365
https://doi.org/10.1016/j.forsciint.2018.02.025
http://www.ncbi.nlm.nih.gov/pubmed/29625302
https://doi.org/10.1007/s00414-022-02934-7
http://www.ncbi.nlm.nih.gov/pubmed/36538108
https://doi.org/10.1093/jme/tjab172
https://doi.org/10.1093/jme/tjab172
http://www.ncbi.nlm.nih.gov/pubmed/34668022
https://doi.org/10.3390/insects13090808
http://www.ncbi.nlm.nih.gov/pubmed/36135509
https://doi.org/10.1016/j.cub.2019.10.009
http://www.ncbi.nlm.nih.gov/pubmed/31794762
https://doi.org/10.1371/journal.pntd.0011411

PLOS NEGLECTED TROPICAL DISEASES The role of long noncoding RNAs in regulating the metamorphosis of Sarcophaga peregrina

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Du L, Zhao X, Liang X, Gao X, Liu Y, Wang G. Identification of candidate chemosensory genes in
Mythimna separata by transcriptomic analysis. BMC Genomics. 2018; 19(1). https://doi.org/10.1186/
512864-018-4898-0 PMID: 29973137

Legeai F, Derrien T. Identification of long non-coding RNAs in insects genomes. Curr Opin Insect Sci.
2015; 7:37—44. Epub 2015/02/01. https://doi.org/10.1016/j.cois.2015.01.003 PMID: 32846672.

Choudhary C, Sharma S, Meghwanshi KK, Patel S, Mehta P, Shukla N, et al. Long Non-Coding RNAs
in Insects. Animals. 2021; 11(4):1118. https://doi.org/10.3390/ani11041118 PMID: 33919662

LiuJ, YiJ, Wu H, Zheng L, Zhang G. Prepupae and pupae transcriptomic characterization of Tricho-
gramma chilonis. Genomics. 2020; 112(2):1651-9. Epub 2019/10/19. https://doi.org/10.1016/j.ygeno.
2019.10.003 PMID: 31626898.

Parisi MJ, Lin H. The role of the hedgehog/patched signaling pathway in epithelial stem cell proliferation:
from fly to human. Cell Res. 1998; 8(1):15—21. Epub 1998/05/07. https://doi.org/10.1038/cr.1998.2
PMID: 9570013.

Lo Piccolo L. Drosophila as a Model to Gain Insight into the Role of IncRNAs in Neurological Disorders.
Adv Exp Med Biol. 2018; 1076:119-46. Epub 2018/06/29. https://doi.org/10.1007/978-981-13-0529-0
8 PMID: 29951818.

Chen EH, Hou QL, Dou W, Yang PJ, Wang JJ. Expression profiles of tyrosine metabolic pathway
genes and functional analysis of DOPA decarboxylase in puparium tanning of Bactrocera dorsalis (Hen-
del). Pest Manag Sci. 2022; 78(1):344—54. Epub 2021/09/18. https://doi.org/10.1002/ps.6648 PMID:
34532962.

Chen EH, Hou QL, Wei DD, Dou W, Liu Z, Yang PJ, et al. Tyrosine hydroxylase coordinates larval-
pupal tanning and immunity in oriental fruit fly (Bactrocera dorsalis). Pest Manag Sci. 2018; 74(3):569—
78. Epub 2017/09/25. https://doi.org/10.1002/ps.4738 PMID: 28941310.

Blomquist GJ, Ginzel MD. Chemical Ecology, Biochemistry, and Molecular Biology of Insect Hydrocar-
bons. Annu Rev Entomol. 2021; 66:45-60. Epub 2021/01/09. https://doi.org/10.1146/annurev-ento-
031620-071754 PMID: 33417824.

Otte T, Hilker M, Geiselhardt S. Phenotypic Plasticity of Cuticular Hydrocarbon Profiles in Insects. J
Chem Ecol. 2018; 44(3):235—47. Epub 2018/02/23. https://doi.org/10.1007/s10886-018-0934-4 PMID:
29468480.

Kang XL, Zhang JY, Wang D, Zhao YM, Han XL, Wang JX, et al. The steroid hormone 20-hydroxyecdy-
sone binds to dopamine receptor to repress lepidopteran insect feeding and promote pupation. PLoS
Genet. 2019; 15(8):€1008331. Epub 2019/08/15. https://doi.org/10.1371/journal.pgen.1008331 PMID:
31412019; PubMed Central PMCID: PMC6693746.

Chen CH, Pan J, Di YQ, Liu W, Hou L, Wang JX, et al. Protein kinase C delta phosphorylates ecdysone
receptor B1 to promote gene expression and apoptosis under 20-hydroxyecdysone regulation. Proc
Natl Acad Sci U S A. 2017; 114(34):E7121—-E30. Epub 2017/08/10. https://doi.org/10.1073/pnas.
1704999114 PMID: 28790182; PubMed Central PMCID: PMC5576805.

Venter GJ, Boikanyo SNB, de Beer CJ. The influence of temperature and humidity on the flight activity
of Culicoides imicola both under laboratory and field conditions. Parasit Vectors. 2019; 12(1):4. Epub
2019/01/05. https://doi.org/10.1186/s13071-018-3272-z PMID: 30606269; PubMed Central PMCID:
PMC6318895.

Saunders DS. Dormancy, Diapause, and the Role of the Circadian System in Insect Photoperiodism.
Annu Rev Entomol. 2020; 65:373-89. Epub 2019/10/09. https://doi.org/10.1146/annurev-ento-011019-
025116 PMID: 31594413,

Shingleton AW, Vea IM. Sex-specific regulation of development, growth and metabolism. Semin Cell
Dev Biol. 2023; 138:117-27. Epub 2022/04/27. https://doi.org/10.1016/j.semcdb.2022.04.017 PMID:
35469676.

Zhu KY, Palli SR. Mechanisms, Applications, and Challenges of Insect RNA Interference. Annu Rev
Entomol. 2020; 65:293-311. Epub 2019/10/15. https://doi.org/10.1146/annurev-ento-011019-025224
PMID: 31610134; PubMed Central PMCID: PMC9939233.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011411  June 26, 2023 26/26


https://doi.org/10.1186/s12864-018-4898-0
https://doi.org/10.1186/s12864-018-4898-0
http://www.ncbi.nlm.nih.gov/pubmed/29973137
https://doi.org/10.1016/j.cois.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/32846672
https://doi.org/10.3390/ani11041118
http://www.ncbi.nlm.nih.gov/pubmed/33919662
https://doi.org/10.1016/j.ygeno.2019.10.003
https://doi.org/10.1016/j.ygeno.2019.10.003
http://www.ncbi.nlm.nih.gov/pubmed/31626898
https://doi.org/10.1038/cr.1998.2
http://www.ncbi.nlm.nih.gov/pubmed/9570013
https://doi.org/10.1007/978-981-13-0529-0%5F8
https://doi.org/10.1007/978-981-13-0529-0%5F8
http://www.ncbi.nlm.nih.gov/pubmed/29951818
https://doi.org/10.1002/ps.6648
http://www.ncbi.nlm.nih.gov/pubmed/34532962
https://doi.org/10.1002/ps.4738
http://www.ncbi.nlm.nih.gov/pubmed/28941310
https://doi.org/10.1146/annurev-ento-031620-071754
https://doi.org/10.1146/annurev-ento-031620-071754
http://www.ncbi.nlm.nih.gov/pubmed/33417824
https://doi.org/10.1007/s10886-018-0934-4
http://www.ncbi.nlm.nih.gov/pubmed/29468480
https://doi.org/10.1371/journal.pgen.1008331
http://www.ncbi.nlm.nih.gov/pubmed/31412019
https://doi.org/10.1073/pnas.1704999114
https://doi.org/10.1073/pnas.1704999114
http://www.ncbi.nlm.nih.gov/pubmed/28790182
https://doi.org/10.1186/s13071-018-3272-z
http://www.ncbi.nlm.nih.gov/pubmed/30606269
https://doi.org/10.1146/annurev-ento-011019-025116
https://doi.org/10.1146/annurev-ento-011019-025116
http://www.ncbi.nlm.nih.gov/pubmed/31594413
https://doi.org/10.1016/j.semcdb.2022.04.017
http://www.ncbi.nlm.nih.gov/pubmed/35469676
https://doi.org/10.1146/annurev-ento-011019-025224
http://www.ncbi.nlm.nih.gov/pubmed/31610134
https://doi.org/10.1371/journal.pntd.0011411

