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Simple Summary: Forensic entomology plays a major role in postmortem interval (PMI) estimation,
mainly based on morphological characteristics of larvae colonized on decomposed corpses. However,
weight and length cannot be used as relevant parameters to calculate the age of wandering at
the larval and pupal stages. In order to identify a specific indicator that may serve as a potential
target, studies on the mechanism during postembryonic development may provide a foundation to
establish a molecular age determination method. Sarcophaga peregrina (Robineau-Desvoidy, 1830) is
a species of medical and forensic importance. In this study, transcriptome analysis was performed
to investigate gene expression profiles from the larval to pupal stages of S. peregrina, which were
used to identify differentially expressed genetic markers as candidates for molecular age estimation.
This study explores molecular mechanisms during postembryonic development of S. peregrina. The
developmental, stage-specific gene profiles suggest genetic markers for age prediction of forensically
important flies.

Abstract: Sarcophaga peregrina (Robineau-Desvoidy, 1830) is a species of medical and forensic im-
portance. In order to investigate the molecular mechanism during postembryonic development
and identify specific genes that may serve as potential targets, transcriptome analysis was used to
investigate its gene expression dynamics from the larval to pupal stages, based on our previous de
novo-assembled genome of S. peregrina. Totals of 2457, 3656, 3764, and 2554 differentially expressed
genes were identified. The specific genes encoding the structural constituent of cuticle were signifi-
cantly differentially expressed, suggesting that degradation and synthesis of cuticle-related proteins
might actively occur during metamorphosis. Molting (20-hydroxyecdysone, 20E) and juvenile (JH)
hormone pathways were significantly enriched, and gene expression levels changed in a dynamic
pattern during the developmental stages. In addition, the genes in the oxidative phosphorylation
pathway were significantly expressed at a high level during the larval stage, and down-regulated
from the wandering to pupal stages. Weighted gene co-expression correlation network analysis
(WGCNA) further demonstrated the potential regulation mechanism of tyrosine metabolism in the
process of puparium tanning. Moreover, 10 consistently up-regulated genes were further validated
by qRT-PCR. The utility of the models was then examined in a blind study, indicating the ability to
predict larval development. The developmental, stage-specific gene profiles suggest novel molecular
markers for age prediction of forensically important flies.

Keywords: Sarcophaga peregrina; metamorphosis; gene expression; age estimation

Insects 2022, 13, 453. https://doi.org/10.3390/insects13050453 https://www.mdpi.com/journal/insects

https://doi.org/10.3390/insects13050453
https://doi.org/10.3390/insects13050453
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/insects
https://www.mdpi.com
https://orcid.org/0000-0001-7468-8061
https://doi.org/10.3390/insects13050453
https://www.mdpi.com/journal/insects
https://www.mdpi.com/article/10.3390/insects13050453?type=check_update&version=1


Insects 2022, 13, 453 2 of 19

1. Introduction

Forensic entomology plays a major role in the investigation of decomposed corpses;
the age determination of necrophagous flies is one of the key tasks in providing evidence
for postmortem interval (PMI) estimation [1]. Generally, the developmental patterns of
immature insects take place in a predictable manner, under a controlled temperature. So
far, the age estimation of larvae has mostly relied on morphological parameters, such as the
number of clefts in the posterior spiracle, as well as the length and weight (i.e., body size),
which are subsequently compared with the species-specific reference growth data obtained
from laboratory studies [2,3]. However, once the third instar larvae enter the wandering
stage, they begin to shrink and exhibit increased variance in body size, making it difficult
to use body size for age estimation [3,4]. Likewise, it is difficult to calculate the size mea-
surements of pupation, which can last up to half of the total juvenile developmental phase,
without external morphological changes [3]. Additionally, temperature is a key factor, but
numerous studies lack detailed methods, allowing for integration into the estimation of
development time when noting factors to consider for a posteriori temperature estima-
tion [5]. The morphological and anatomical parameters observed with the naked eye rarely
represent the actual age markers on statistical models of development to provide precise
age calculation for PMI [6]. Therefore, more advanced methods are required to improve the
accuracy of age estimation, not only for the post-feeding and pupal stages, but also for all
developmental stages. Gene expression patterns potentially serve as a molecular tool for
age estimation during postembryonic development of forensically important flies [7–10].

The family Sarcophagidae (known as flesh fly) comprises of approximately
3000 described species worldwide [11,12]. Sarcophaga peregrina (Robineau-Desvoidy, 1830)
is one of the most common flesh flies, and it is widely spread from tropical to subtrop-
ical areas of Palaearctic, Oriental, and Oceanian regions [13]. The reproductive cycle of
S. peregrina comprises three stages: larva, pupa, and adult. It is well-known for adopting
the reproductive strategy of ovoviviparity (or ovolarviparity) [14]. The eggs are laid at
an advanced stage of embryonic development and the larva emerges immediately after
deposition. This type of reproduction reduces the stage of larval development (the time
when eggs hatch into first instar larvae). Sarcophaga peregrina can be commonly found in
insect succession patterns of human and animal corpses, and it is regarded as an important
necrophagous flesh fly in forensic entomology [15–17]. Sarcophaga peregrina is also related
to parasitic diseases and intestinal infectious diseases in humans and livestock, and it can
cause myiasis [13,18,19]. Due to its medical and forensic significance, a comprehensive
gene expression dataset was generated using RNA sequencing, and de novo assembly was
performed to characterize the S. peregrina transcriptome [20]. In a previous study, we at-
tempted to identify four genes (Hsp90, A-alpha, AFP, and AFBP) that exhibit developmental,
stage-specific expression patterns during pupation [21]. The developmental patterns of
this species were also investigated, which can be used as reliable indicators for PMI estima-
tion [3]. In addition, pteridine fluorescence was applied to determine the age-dependent
changes of adult S. peregrina, by exploiting differences in chemical components [22].

As a typical holometabolous fly, S. peregrina undergoes a complete metamorphosis [23],
which is a complex process accompanied by drastic morphological and physiological
changes [24]. It is the critical process during development in which the soft cuticle of a
wandering larva is transformed into a hard puparium [25]. Specifically, the larval cuticle
is degraded, and a new cuticle of the pupa is secreted by epidermal cells [26]. Juvenile
hormone (JH) is an important hormone in holometabolous insects, which coordinates
with 20-hydroxyecdysone (20E) to regulate growth and development [27,28]. In this study,
in order to explore the molecular mechanism during metamorphosis and identify the
specific genes that may serve as potential targets, transcriptome analysis was used to
investigate gene expression dynamics from the larval to pupal stage of S. peregrina. In the
previous study, we published the genome of S. peregrina for the first time and utilized the
availability of annotated chromosome-level genome of S. peregrina (NCBI accession no.
JABZEU000000000) as the reference genome for gene annotation [29]. The results obtained
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by the RNA-seq analysis were further confirmed using quantitative real-time PCR analysis
(qRT-PCR), in order to discover the specific genes that may play a key role from the larval
to pupal stages of S. peregrina.

2. Materials and Methods
2.1. Rearing and Sampling of S. peregrina

Adults of S. peregrina were trapped with pork liver bait in Changsha, Hunan Province,
China, employing pork liver as a medium for larviposition and larval rearing. For this study,
five lines were established and inbred for six generations to reduce genetic variability. In
each generation, the mating pairs of adult S. peregrina from each line were kept at 25 ± 1 ◦C
and 70 ± 5% relative humidity, with a photoperiod regime of 12:12 h light/darkness in an
artificial climate chamber. Afterwards, the newly hatched larvae were continuously fed
at 25 ◦C, until they emerged as adults. The sampled larvae were observed to determine
the instar, based on the number of clefts in the posterior spiracle. The larval stage includes
the first, second, and third instar. The third instar that jumped into sand were defined as
being in the wandering (post-feeding) stage. The wandering larvae eventually reached
metamorphosis, which was referred to as the pupal period (Figure S1). Larvae were
collected every 4 h, until pupation. The pupal stage was observed every 8 h, until adult
eclosion. The samples were frozen in liquid nitrogen and then stored at −80 ◦C. Three
biological replicates were performed for all samples.

2.2. RNA-Seq and Data Analysis

A total of 150 specimens were collected, including hatched first instar larvae (n = 30,
Sample O), as well as second instar larvae (n = 30, Sample B2), third instar larvae (n = 30,
Sample B3), wandering larvae (n = 30, Sample B4), and pupae (n = 30, Sample B5). Total
RNA was subsequently extracted using the mirVana miRNA Isolation kit (Ambion), fol-
lowing the manufacturer’s protocol. DNA contaminants were removed using DNase I
(Promega, Madison, WI, USA). RNA integrity was evaluated using the Agilent 2100 Bio-
analyzer (Agilent Technologies, Santa Clara, CA, USA). The libraries were constructed
using TruSeq Stranded mRNA LTSample Prep kit (Illumina, San Diego, CA, USA), in
accordance with the manufacturer’s instructions. Then, these libraries were sequenced
on the Illumina sequencing platform (HiSeq 4000) (Illumina, Inc., San Diego, CA, USA),
and 150 bp paired-end reads were generated in OE biotech Co., Ltd. (Shanghai, China).
Raw reads were assessed for quality control using Trimmomatic [30] and then mapped to
reference genome using HISAT 2.2 [31]. Only aligned reads were further analyzed, based
on the reference genome [29]. The read counts of each gene were subsequently obtained
by htseq-count [32], and the fragments per kb per million reads (FPKM) value of each
gene was calculated using Cufflinks [33,34]. Furthermore, several databases were used
to annotate gene functions: the Gene Ontology (GO, Kyoto Encyclopedia of Genes and
Genomes (KEGG)) and Swiss-Prot/TrEMBL/InterPro databases.

Differentially expressed genes (DEGs) were identified using the estimateSizeFactors
and nbinomTest functions, as implemented in the DESeq (2012) R package [35]. The p value
of <0.05 and fold-change of >2 were set as the threshold to evaluate the significance of
DEGs. A hierarchical cluster analysis of DEGs was performed to explore gene expression
patterns. GO and KEGG enrichment analyses of DEGs were performed using the R package,
based on hypergeometric distribution [36,37]. A gene set enrichment analysis (GSEA) was
performed using a cluster profiler [38]. The clustering analysis of gene expression trends
was performed using short time-series expression miner (STEM) v. 1.3.13 [39]. Additionally,
in order to further cluster the genes with similar expression patterns across samples, a
co-expression analysis was performed using a weighted co-expression network analysis
(WGCNA) package [40]; then, the genes in the cluster were analyzed by KEGG and GO
enrichment analysis.
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2.3. qRT-PCR Analysis

Some of the most up- and down-regulated genes across the postembryonic devel-
opment from the first larval instar to pupa were selected to validate the gene expression
profiles by qRT-PCR analysis, including stable genes used as internal controls. In order to
further predict the relationship between gene expression and developmental age in a blind
study, larval samples were again collected using the above-described method. Total RNA
was extracted and measured, and the methods were the same as those described above.
RNA was reverse-transcribed using GoldenstaraTM RT6 Cdna Synthesis Mix (TSINGKE,
Beijing, China), following the manufacturer’s protocol. Then, T5 Fast qPCR Mix (SYBR
Green I) (TSINGKE, Beijing, China) was applied to qRT-PCR reactions with a 20 µL reaction
volume, following the manufacturer’s protocol. The PCR reactions were performed with
1 min initial denaturation at 95 ◦C, followed by 40 cycles at 95 ◦C for 10 s and 60 ◦C for
15 s on an ABI7500 real-time PCR system (Applied Biosystems, Foster City, CA, USA). The
specificity of the amplification products was evaluated using a 75 ◦C to 85 ◦C melting curve.
Based on normalization with the reference genes, the 2−∆∆CT method was used to deter-
mine expression changes [41]. The relative mRNA levels of each gene were represented
as folds over the expression levels of reference genes. All experiments were performed in
three biological replicates.

2.4. Statistical Analysis

Based on the results of the qRT-PCR analysis mentioned above, five target genes
were selected from the continuously up-regulated genes, as well as two stable reference
genes. The samples were collected during the larval stage for further verification. One-way
ANOVA was used to calculate the effect of different developmental times on the expression
levels of target genes. Q–Q plots and Kolmogorov–Smirnov normality tests were used
to determine the normal distribution of the log FC values. The relationship between the
expression level and developmental times was analyzed to obtain equations of linear
regression [21]. All statistical analyses were conducted with OriginPro v. 8.6, SPSS v. 22.0,
and GraphPad Prism 6.

3. Results
3.1. Overview of the RNA-Seq Data

To investigate the gene expression profiles from the larval to pupal stage of S. peregrina, the
purity and integrity of all RNA samples were assessed (Table S1), and then we performed
RNA-seq analysis on five developmental stages. In total, 112.24 GB of raw data were
obtained; 105.13 GB of clean data were retained after quality control, including an average
of 48.91 MB clean reads from each sample. The data had an average GC content and Q30 of
41.84% and 93.75%, respectively (Table S2). Moreover, 90.44% to 96.48% of the clean reads
could be mapped onto the assembled genome, and the percentage of unique mapping
reads ranged from 81.60% to 90.38% (Table S3).

The FPKM was calculated and standardized for the analysis of gene expression, and
similar patterns of FPKM density were obtained for each sample, suggesting the high
reproducibility of transcriptomic analysis. In total, 12,169 genes were identified, and
the gene expression profiles were shown (Table S4). Furthermore, in order to verify the
reliability of the experimental design, we performed a correlation analysis of protein coding
gene expression levels and principal component analysis (Figures S2 and S3), as well as the
similarity analysis between samples (Figure S4).

3.2. Changes in Gene Expression Profiles during Developmental Stages

The count of genes was standardized in each sample using DESeq software. Significant
DEGs were identified (p value < 0.05 and log2 FC > 1) during the developmental stages
(Figure 1). A total of 2457 genes were identified, among which, 1329 were up-regulated
and 1128 were down-regulated (B2 vs. 0). A total of 3656 genes were identified, of which,
1892 were up-regulated and 1764 were down-regulated (B3 vs. B2). A total of 3764 genes
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were identified as DEGs, with 1569 up-regulated and 2195 down-regulated (B4 vs. B3).
A total of 2554 genes were identified as DEGs, with 1158 up-regulated and 1396 down-
regulated (B5 vs. B4). To confirm whether genes clustering in the same branch have similar
biological functions, a cluster analysis was performed on the selected DEGs to calculate the
correlation between samples (Figure S5).

Figure 1. Development-associated transcriptomic profiles across the postembryonic development
from the first larval instar to pupa of S. peregrina. In relation to the numbers of differentially expressed
genes (DEGs), the up-regulated genes were represented by a red dot, and the down-regulated genes
were represented by a blue dot. (a) B2 vs. O, (b) B3 vs. B2, (c) B4 vs. B3, (d) B5 vs. B4.

When the shared and unique genes of DEGs were statistically analyzed, there were
319 core DEGs. In the four comparisons, there were 384, 1139, 1323, and 727 unique DEGs
(Figure 2). The expression patterns of all genes were then analyzed by performing the series
test of cluster (STC) analysis. DEGs were significantly grouped into 12 clusters, based on
expression profiles (Figure 3). Among the 12 clusters, 11 showed significant expression
levels: second instar larvae (cluster 14/6/5/44), third instar larvae (cluster 8/10/23/37),
and wandering larvae (cluster 18/0). In addition, two clusters (clusters 9 and 41) contained
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significantly expressed genes in the ‘↘’ type (638 genes) and ‘↗’ type (571 genes), indi-
cating continuously down- and up-regulated expression patterns, respectively. Functional
enrichment analysis of the genes within 12 clusters was further performed (Tables S5–S8).
Moreover, these consistently up-regulated genes were further validated by qRT-PCR during
postembryonic development. Finally, 10 DEGs were identified (Fascin, Galm, Lamp1, Hsp22,
Treh, OSBPL8, fu, MVB12B, SLC26A11, and scyl), as well as two stably expressed genes
(PPP2R5E and ATP2B3), selected as reference genes. The final primers used in this study
are listed (Table S9). The qRT-PCR analysis was consistent with the results of comparative
transcriptome analysis (Figure 4). In order to clarify the relationship between gene expres-
sion and age estimation, a total of 39 specimens during the larval stage of S. peregrina were
collected in a blind study predicting developmental age (Table S10). The gene expression
patterns of five target genes (Fascin, Galm, Lamp1, OSBPL8, and fu) were further verified
using qRT-PCR. The relationship between gene expression and developmental times was
established by the analysis of linear regression equation. The expression patterns were
significantly upregulated with developmental times, indicating a significant correlation
(Figure 5 and Table S11). On average, the estimated minimum age approximated the lower
limit calculated by the regression equation, and the estimated maximum age approximated
the calculated upper limit.
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3.3. Gene Functional Annotation and Enrichment Analysis

Functional enrichment analyses were carried out in four comparisons. A total of 7409
and 3255 genes were successfully annotated in the GO and KEGG databases, respectively.



Insects 2022, 13, 453 9 of 19

The most enriched GO terms were ‘transaminase activity’ and ‘serine-type endopeptidase
activity’, especially multiple DEGs encoding ‘the structural constituent of cuticle’ were
significantly regulated from larval to pupal stage (Figure S6), suggesting degradation and
synthesis of cuticle-related proteins actively occurring. After entering into the pupal stage,
‘serine-type endopeptidase inhibitor activity’ and ‘protein tyrosine kinase activity’ were
significantly up-regulated, which may be related to melanin synthesis in the process of
pupation. The KEGG enrichment analysis showed that 572, 938, 1098, and 575 DEGs
were classified into nearly 45 pathways (Figure S7). The metabolism-related pathway was
significantly enriched (Figure S8), such as some genes encoding the ‘protein processing in
endoplasmic reticulum’ and ‘amino sugar and nucleotide sugar metabolism’ pathways,
were significantly up-regulated; ‘thermogenesis’ and ‘fatty acid degradation’ were sig-
nificantly down-regulated during the pupal stage, which is consistent with the previous
study of decreased energy metabolism after pupation in Drosophila melanogaster (Meigen,
1830) [42].

Furthermore, GSEA was performed to analyze the gene sets during postembryonic
development. Data sets of the third instar, wandering, and pupal stage were selected,
and then comparative analysis was performed. GO terms showed that ‘protein kinase
activity’, ‘serine-type endopeptidase activity’, ‘oxidoreductase activity’, and ‘metabolic
process’ were significantly enriched (B4 vs. B3). ‘Structural constituent of cuticle’ and
‘extracellular region’ were closely related to the synthesis and degradation of the cuticle
(Figure 6 and Table S12). ‘Integral component of membrane’ was significantly up-regulated
during pupation (B5 vs. B4).

Figure 6. GSEA was performed to analyze the gene sets during postembryonic development. (a) GO
terms showed that the structural constituent of cuticle was significantly up-regulated in the third
instar (B4 vs. B3). (b) Expression profiles of genes associated with the structural constituent of cuticle.
The color bar on the right shows the FPKM values from red (high) to green (low).

To further identify the key genes during the five developmental stages, we analyzed
the scale-free co-expression network and identified genetic modules that were associated
with specific traits using WGCNA. Based on the correlation of the expression profiles
among genes, we identified 18 modules, with the 18th module (grey) including genes that
were not assigned to any module (Figure 7). Then, we characterized the gene expression
pattern of each module based on the module eigengene. Each of 17 modules correlated
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with particular sample traits (Tables S13 and S14). The significantly correlated modules
indicated a high expression pattern of specific traits. The functional enrichment analysis
further revealed that the ‘structural constituent of cuticle’ (GO: 0042302) and ‘extracellular
region’ (GO: 0005576) were significantly enriched in the plum1 module, which plays an
important role in the synthesis and degradation of the cuticle [43]. The light green module
was associated with ‘insect hormone biosynthesis’ (path: ko00981); it probably related
to the 20E pathway during the wandering stage [44]. The plum2 module was associated
with ‘tyrosine metabolism’ (path: ko00350), which might play a key role in the process of
puparium tanning (sclerotization and pigmentation) [45].
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Figure 7. Hierarchical clustering dendrogram for modules identified by WGCNA. (a) Functional
modules were shown with different colors. In total, 7206 genes were divided into 18 modules,
which were assigned different colors. (b) Module-trait relationships. Each row corresponds to a
module. Each column corresponds to a different developmental stage. The number of each cell at the
row–column intersection indicates the correlation coefficient between the module and developmental
stages; “.” indicates a p value greater than 0.1, “*” indicates a p value less than 0.1, “**” indicates a
p value less than 0.01, “***” indicates a p value less than 0.001. The color bar on the right shows the
correlation coefficient between traits and modular characteristic genes from red (high) to blue (low).
(c) Weighted co-expression network for genes in the plum1 module. Yellow circles show top 50 hub
genes in this module. Pink circles represent genes encoding cuticular proteins (CPs). Lines represent
the weight of connectivity between genes.
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3.4. Gene Expression Level Changes in 20-Hydroxyecdysone (20E) and Juvenile Hormone
(JH) Pathways

From the larval to pupal stages, 12 genes showed different expression patterns in
the 20E synthesis and signal pathways and were enriched in the “insect hormone biosyn-
thesis” pathway for KEGG database, especially in “molting hormone (20E)”. Cholesterol
7-desaturase (SPDAF36) is a key enzyme in the initiation of the ecdysone synthesis, which
was at a relatively high level in the first and third instars. Five genes encoding SPImpE2,
SPEip75B, SPEip78C, and SPecd had high expression during pupation. The other five genes
encoding SPEcR, SPshd, and SPEip74EF were highly expressed in the wandering stage.
Additionally, four P450 genes encoding SPCYP307a1/2, SPCYP302a1, SPCYP314a1, and
SPCYP18a1 were significantly down-regulated during the pupal stage (Figure 8a).
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The gene expression profiles of the JH pathway include JH synthesis, degradation, and
transport (Figure 8b). For the JH synthesis pathway, the expression of the gene encoding
juvenile hormone acid O-methyltransferase (SPjhamt) was significantly decreased during
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postembryonic development. The aldehyde dehydrogenase (ALDH) was significantly
up-regulated from t he first to third instar stages, but significantly down-regulated from
the wandering to pupal stages. For the JH degradation pathway, the gene expressions of
JH epoxidation hydrolase 1 (SPJHEH1b) and SPJHEH2 were significantly up-regulated at
the larval stage and had relatively low levels during pupation. In addition, SPJHEH1a
was continuously up-regulated during the developmental stages. The multiple (juvenile
hormone binding protein) SPJHBP genes were identified in the JH transport pathway, and
the expression levels of three genes were continuously up-regulated during postembryonic
development, but the other genes were highly expressed during the larval stage, especially
in the third instar.

3.5. Dynamic Expression Level Changes of Genes in Chitin-Related Pathway

Trehalase is a key enzyme in the initiation site of chitin synthesis pathway during
postembryonic development. Genes encoding trehalase, trehalose-phosphate phosphatase,
and facilitated trehalose transporter were identified in this study. The genes were signifi-
cantly expressed at relatively high levels during the wandering stage, followed by the pupal
stage. Genes encoding hexokinase, glucose-6-phosphate isomerase, glucosamine–fructose-
6-phosphate, and glucosamine-6-phosphate N-acetyltransferase showed a dynamic expres-
sion pattern during developmental stages. The chitin synthetase was at a relatively high
level from the larval-to-larval stages, and it was significantly down-regulated from the
wandering to pupal stages. Furthermore, 42 differentially expressed genes were identified
in the chitin-binding domain superfamily. Most genes were continuously expressed at high
levels in the third instar and significantly lower in the pupal stage. However, the expression
of five genes (id: Contig37.24, Contig2.438, Contig105.36, Contig72.89, and Contig67.103)
were significantly up-regulated during postembryonic development.

For the chitin degradation pathway, the mRNA level for encodingβ-N-acetylglucosaminidase
(id: Contig46.139, Contig24.38, Contig52.121, and Contig48.126) was significantly up-
regulated during postembryonic development. The chitin deacetylase (Contig139.47 and
Contig139.48) was continuously up-regulated from the first instar to the third instar and
down-regulated during pupation. Genes encoding the SPIdgf5 and SPIdgf1 were signifi-
cantly up-regulated from the first to third instars and continuously down-regulated during
pupation. The expression levels of SPIdgf1 and SPChia were continuously up-regulated
during the developmental processes, and SPthbs3b and SPCht10b were highest during the
pupal stage (Figure 9).

3.6. Dynamic Expression in Cuticle-Related Genes

The genes encoding cuticular protein were identified during developmental stages,
including cuticle proteins (CPs), larval cuticle proteins (LCPs), pupal cuticle proteins (PCPs),
adult-specific cuticular proteins (ACPs), and endocuticle structural glycoprotein (SgAbd).
Five genes encoding endocuticle structural glycoprotein (SgAbd-9) had obviously different
expression patterns. Two genes (id: Contig114.56 and Contig80.94) were continuously
up-regulated during postembryonic development. Two genes encoding SgAbd-2/3 were
significantly up-regulated from the first to third instars and continuously down-regulated
during pupation. The gene families (SPCP, SPLCP2, SPLCPA2B, SPLCPA3A, SPLCP8,
SPACP1, SPACP20, and SPPCPEdg-84A) were highly expressed in the second instar and sig-
nificantly down-regulated during pupation. Four genes encoding SPLCP4 (id: Contig34.111
and Contig34.110) and SPLCP2 (id: Contig34.108 and Contig34.109) were expressed at a
very high level in the wandering stage (Figure 10).
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Figure 9. Expression profiles of genes in chitin-related pathway. The color scale on the right shows
the FPKM values for each developmental stage from red (high) to green (low), standardized by
min–max normalization.Insects 2022, 13, x FOR PEER REVIEW  15  of  21 
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4. Discussion

A precise age calculation of the immature insects commonly colonized on decom-
posed corpses has great potential to improve PMI estimation, based on entomological
evidence [9]. To date, morphological and genetic markers have been identified as effective
methods to divide the metamorphosis process of insects into different developmental
periods [3,21]. Due to some limitations and difficulties of morphological identification in
the age estimation of immature flies, especially in the post-feeding larvae and pupae [3,4],
the temporal gene expression patterns indicated that they can be utilized for age estimation
during the life cycle of D. melanogaster [46]. In recent years, the analysis of differentially
expressed genes has been reported as a useful diagnostic tool for forensic entomology;
seven genes (chitin synthase, ecdysone receptor, hsp60, hsp90, rop-1, ultraspiracle, and white)
were differentially regulated during all developmental stages of Lucilia sericata (Meigen,
1826), which can be more accurately used for age prediction, i.e., for the wandering larval
and pupal stages, in particular [10]. Additionally, gene expression patterns (EcdR, AR, and
15_2) during the larval development of Calliphora vicina (Robineau-Desvoidy, 1830) showed
reliable tendencies to identify the post-feeding stage more precisely [7]. The analysis of
temporally regulated genes also proved suitable for age prediction in C. vicina pupae and
as a diagnosis tool to recognize diapause in post-feeding larvae [8,47,48]. Afterwards, a de
novo transcriptome analysis was performed at 15 different pupal stages of C. vicina, which
were used to identify sensitive gene expression profiles as candidates for the molecular age
estimation of pupae [9]. However, identification of appropriate genetic markers, and the
application of this methodology to the age determination of necrophagous insects is still in
infancy [8].

Although previous studies have verified that the analysis of gene expression patterns
can assist in age determination in S. peregrina [20,21], both target and reference genes were
selected from other species and then repeatedly validated, with some limitations. Due to
a lack of complete reference genome and low homology between this species and the D.
melanogaster, the potential function of these genes remains unclear in S. peregrina. The aim
of this study was to identify highly specific genetic markers, whose expression profiles
would predict age estimation from the larval to pupal stages of S. peregrina. On the basis
of previous studies [20,21,29], we analyzed the transcriptome of different developmental
stages; a total of 12,169 genes were identified, based on the published genome, as a reference
in this study. Based on normalization with two reference genes, the gene expression patterns
of 10 target genes were further verified and significantly upregulated with developmental
time. The differentially expressed genes were then examined in a blind study, indicating
the ability to predict the larval development. The developmental, stage-specific gene
profiles could suggest the novel molecular biomarkers for different developmental stages
of forensically important flies. Nonetheless, aging (i.e., the processing of all developmental
stages) relies on temporal gene expression patterns during all developmental stages and is
mainly regulated by hormones [23]. Therefore, studies on the molecular mechanism during
metamorphosis can provide powerful evidence for identifying the specific genes that may
serve as potential targets.

Generally, the cuticle of an insect provides mechanical support and acts as an effective
barrier to protect against physical and chemical damage, pathogen invasion, and water
loss [49]. Degradation of the larval cuticle and regeneration of the pupal cuticle are two
successive processes during postembryonic development [23,24]. Chitin is one of the
major components of cuticle. The chitin biosynthetic pathway consists of eight enzyme-
catalyzed reactions, starting with trehalase and ending with the chitin synthase [43]. As
expected, the present study demonstrated that the genes involving chitin biosynthesis
pathway, hexokinase, glucose-6-phosphate isomerase, glucosamine–fructose-6-phosphate,
glucosamine-6-phosphate N-acetyltransferase, chitin synthetase, and the chitin-binding
domain superfamily were significantly up-regulated during larval molting, suggesting their
role in the chitin synthesis. Trehalase is associated with insect physiology as it regulates
growth and energy metabolism [50]. Trehalase and a facilitated trehalose transporter were
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differentially expressed at relatively high levels from the larval to wandering stages of
S. peregrina.

For the chitin degradation pathway, the expression levels of three main degrading
enzymes (chitinase, β-N-acetylglucosaminidase and chitin deacetylase) were significantly
up-regulated and at a relatively high level during pupation. The gene expression of chitin
deacetylase and chitinase-like protein Idgf1b/5 were continuously up-regulated from the first
to third instar stages and down-regulated during pupation, supporting a pivotal role in the
degradation of larval cuticle. A previous study showed that injection of dsRNAs for chitin
deacetylase affected larval adult moltings in the red flour beetle (Tribolium castaneum) [51].
However, β-N-acetylglucosaminidase, endochitinase, and chitinase-like protein Idgf1a
were significantly up-regulated during the developmental stages, suggesting that they
play an important role during metamorphosis [52,53]. When larvae enter pupation, the
cuticle proteins are broken down, and the chitin is released [43]. In this study, five to
eight cuticle-related (including chitin-related and CPs) GO terms (0042302: structural
constituent of cuticle) were significantly enriched during metamorphosis. The expression
levels of encoding SPCP, SPLCP2, and SPLCP8 family were at a relatively higher level in
the second instar, and they were down-regulated during pupation. The genes of SPLCP5
were significantly up-regulated from the first to third instar stages. In brief, the expression
profiles of genes encoding enzymes involved in chitin metabolism showed dynamic changes
associated with the processes of larval molting [43,54].

The hormones JH and 20E regulate the biological processes of growth, molting, meta-
morphosis, and reproduction of insects [55,56]. The 20E is the ecdysis hormone, which can
trigger the ecdysis process and mediate morphogenetic processes during metamorpho-
sis [57]. The 20E signal pathway is composed of ecdysone-induced proteins (E74, E75, and
E78) that can strictly control the metamorphosis of insects [52]. The specific P450 genes
(CYP302a1, CYP307a1, and CYP314a1) are also involved in the 20E biosynthetic pathway.
It was found that the RNAi-mediated knockdown of CYP307a1 (SPO) reduced the level
of 20E, caused precocious metamorphosis, and inhibited the emergence of adultoids in
Schistocerca gregaria (Forskål, 1775) [58,59]. In the present study, the genes encoding 20E
biosynthesis and the signaling pathway were significantly expressed at high levels in the
wandering and pupal stages. This study confirmed that the high expression of these genes
is essential for the initiation of the pupal process.

The JH is involved in the regulation of insect molting and metamorphosis by mod-
ulating ecdysone action [60,61]. Previous studies have revealed that changes of JH titers
are primarily controlled through the JH synthesis and degradation pathways by the action
of specific enzymes [62]. Numerous proteins involved in regulating JH biosynthesis have
been identified [55]. However, only three kinds of enzymes, i.e., JH esterase, JHEH, and
JH diol kinase, have been identified as participating in JH metabolism [63]. In the present
study, the genes encoding JHEH were significantly up-regulated during the larval stage, but
had relatively low levels during pupation. Furthermore, JHBP could serve as a carrier to
bind the JH in the hemolymph and release the hormone to target tissues [60]. As expected,
the JH transport pathway was significantly expressed at a high level during the larval stage,
with relatively low expression level during pupation. The results suggest that 20E and JH
regulate metamorphosis via the regulation of specific genes involved in the biosynthesis
and signaling pathways. Besides, the larval stage is the critical period to obtain energy to
metamorphosis into pupa [42,64]. Previous studies have reported that energy metabolic
rates declined sharply after pupation and are maintained at a low level until eclosion [64,65].
As expected, the KEGG analysis in this study showed that the oxidative phosphorylation
pathway was significantly down-regulated after molting into the wandering stage and less
energy was required during the transition from third larval instar to the pupa than in the
larval stage [42].
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5. Conclusions

In this study, comprehensive transcriptomic analysis explored the importance of ge-
netic markers that can serve as potential targets for age estimation from the larval to
pupal stages of S. peregrina. These results provide a basis for establishing molecular age
determination of S. peregrina, as well as other forensically important flies. Moreover, the
study provides insights into molecular developmental biology during postembryonic
development. Many genes involved in the structural constituent of cuticle, chitin syn-
thesis, degradation pathways, and cuticular proteins were identified. The specific genes
in the 20E and JH pathways were dynamically regulated, suggesting the important role
in metamorphosis-related processes. WGCNA demonstrated the potential regulation
mechanism of tyrosine metabolism in the process of puparium tanning. As a next step,
the validation of these developmental, stage-specific genetic markers is to be performed.
In order to refine the age estimation of the species, the gene expression profiles of each
developmental stage require further analysis.
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