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Abstract

Background
Metamorphosis ensures the transformation of a larva of the holometabolous insects into a reproductive adult through a transitory pupal stage. Understanding
how changes in expression levels of genes during the prepupal-pupal transition will inform us of how the metamorphosis arises.

Results
In this study, mature larvae (ML), wandering (W), 1 day (P1), 5 days (P5), and 10 days (P10) after pupation of the Mythimna separata (Walker), a notorious
migratory pest of agricultural crops, were selected, forming �ve groups. RNA-Seq revealed that the draft transcriptome assembly contained 140562 contigs,
and more than half (74,059) were similar to sequence at NCBI (e value < e− 3), including 22884, 23534, 26643, and 33238 differentially expressed genes (DEGs)
in ML vs W, W vs P1, P1 vs P5, and P5-vs-P10, respectively. Comparative transcriptomics revealed the enrichment of biological processes related to the
membrane and integral component of membrane, which includes the cuticular protein (CP), 20-hydroxyecdysone (20E), and juvenile hormone (JH)
biosynthesis, enabled us to delineate and partially validate the metabolic pathway in M. separata. Of these DEGs, 33 CP, 18 20E, and 7 JH genes were
differentially expressed across the developmental stages. Correlation analysis uncovered that the relative expression levels of 10 selected CP, 20E, and JH-
related genes obtained by real-time PCR quantitative (RT-qPCR) matched well with their FPKM values derived from RNA-seq.

Conclusions
The data gave here represent an important �rst step to uncover the molecular mechanism of metamorphosis in M. separata, which also provide valuable
information for manipulation of insect development and metamorphosis using the obtained DEGs as targets and broaden the applications of available tools
for insect pest control.

Background
The oriental armyworm, Mythimna separata (Walker) (Lepidoptera: Noctuidae), is a representative kind of migratory pestthat is widely distributed in most area
of Asia, Europe, and Oceania[1, 2]. The agricultural economy suffers to giant loss due to serious damage of M. separata to crops, including maize, wheat, and
rice[1, 2]. In China, there have been 6 outbreaks of M. separatae very 10 years from 1970 to 1989 [3]. In 2012, the actual losses of grain production caused by
outbreaks of M. separata were 9.92 × 105tons;in 2013, it was 3.93 × 105 tons [4]. Effectively controlling the damage of M. separata is essential for capturing a
good grain harvest [1, 2, 4]. At present, the main methods for preventing armyworms are ecological regulation and integrated use of physical, biological, and
chemical measures [4]. Although these methods have certain effects on the control of armyworms, they also face many problems at the same time, such as
insecticide resistance [5].

M. separata is a holometabolous insect, which possesses four distinguished developmental stages, including egg, larva, pupa, and adult [6]. The pupal stage,
as the necessary stage of Lepidoptera, from vegetative growth (larval stage) to reproductive growth (adult stage), has important research signi�cance and
ornamental value in biology [7]. After M. separata larva matures, it drills into 1 to 2 cm-deep soil near the roots of host plants to make a soil chamber for
pupation. During this transformation, dramatic morphological and structural changed. More importantly, this is an extremely complicated biological process,
which is precisely regulated by many factors including genes, hormones, and nutrition[8]. Thus, manipulation of the process of insect metamorphosis by
regulating key genes in the deformation process will become to be an new pest control strategy.

The epidermis of insects is not only to protect against pathogens and harmful environment but also to shape and maintain the normal activity ability of the
body during the development of insects [9, 10]. Cuticular proteins(CPs) are important structural proteins of insect epidermis which play important roles in
insect growth and development, environmental adaptation, and innate immunity [11, 12]. The expression of CP genes is closely related to the rhythms of
insect molt and metamorphosis [13]. Particularly, the morphological characteristics changed widely during the metamorphosis of prepupal-pupal [14, 15].
Guan et al.(2006) found that the deletion of the epidermal protein gene (TweedleD1) shortens the body shape of larvae and pupae of Drosophila
melanogaster, which indicates that the epidermal protein genes are involved in the construction of D. melanogaster[16]. In Anopheles gambiae, �ve genes in
CPs family were expressed before molting of pupae or adults, suggesting that they may be involved in the formation of the outer epidermis of pupae and
adults [17]. Therefore, CPs are considered as important models for studying the mechanism of insect molting and metamorphosis and understanding the
biochemical, physical chemistry, and structural modi�cation during the development of insects, and they have received increasing attention [18].

Juvenile hormone (JH) and 20-hydroxyecdysone (20E) are two major hormones in insects and coordinately orchestrate insect growth and development,
including growth, molting, and reproduction [19, 20]. However, the effects of the two hormones are opposite; JH maintains insect growth in larvae, whereas
20E induces metamorphosis at the mature larvae [21, 22]. Regulation of metamorphosis by hormones has been studied in many insects, including Bombyx
mori [23], Aedes aegypti [24], Laodelphax striatellus [25] and so on. These results indicate that JH and 20E co-mediate the prepupal-pupal metamorphosis
process of insects by changing the expression patterns of CPs in various tissues and different developmental stages.

Previous studies on metamorphosis have been mainly focused on the gene expression patterns of the cytochromeP450s, very high-density lipoproteins,
chitinase, chitindeacetylase, serine protease, CPs and 20E in many insects, including Spodoptera litura [15], Bactrocera dorsalis [26], B.mori [27] and
Helicoverpa armigera [28, 29]. However, little is known on the molecular mechanisms of metamorphosis in M. separata. In this study, we elucidate the larval
prepupal-pupal transition by performing a comparative transcriptome of M. separata. By RNA-seq analysis, we discovered genes that were differentially
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expressed at different stages of development (Fig. 1), and further con�rmed the results obtained by real-time quantitative PCR (RT-qPCR).The results of this
study provide a foundation for further understanding the molecular mechanism of metamorphosis in M. separata, and also help us to establish RNAi or
CRISPR based new pest control strategy through regulating the development of this pest.

Results
Transcriptome sequencing and assembly results

Illumina transcriptomes of total RNA were sequenced and assembled in �ve different developmental stages of M. separata. The assembly results totaled
140562 contigs, with an average length of 1201.07bp, N50 of 2159bp, and GC of 41.94%. A detailed description of the assembly results is shown in Table 1.

Through Blast alignment at NCBI (e value < e-3), more than half of annotated genes (74,059)were obtained from the target alignment sequences. Among them,
6120, 351851, 47632, 48973, 27817, and 31569 unigenes were effectively annotated in NR, NT, Swiss-Prot, KEGG, COG, and GO, respectively (Figure S1).
Finally, a total of 19733 unigenes were collectively annotated in �ve different databases (Figure S2).

Species homology analysis results show that the most paired species are Amyelois transitella 12958 (21.17%), B.mori 10635 (17.38%), Papilio xuthus 5457
(8.92%), Papilio machaon 4205 (6.87%), Danaus plexippus 3085 (5.04%), Operophtera brumata 2920 (4.77%), Papilio polytes 2348 (3.84%), Plutella xylostella
2335 (3.82%), H. armigera 1148 (1.88%). Other insect species showed the rate of unigenes hit less than 1% (Figure S3).

Global analysis of differentially expressed unigenes

There were 22884 (10990 up-regulated and 11894 down-regulated), 23534 (11534 up-regulated and 12000 down-regulated), 26643 (12718 up-regulated and
13925 down-regulated), and 33238 (18001 up-regulated and 15237 down-regulated) DEGs identi�ed between ML and W, W andP1, P1 and P5, and P5 and
P10, respectively (Figure 2A). The number of DEGs between other groups is shown in Figure S4. A total of 3135 (0.76%) commonly DEGs were found to be
common to �ve developmental stages (Figure 2B).

GO distribution analysis of DEGs potentially involved in the prepupal-pupal transition in M. separata

GO distribution analysis results showed that these DEGs were categorized into 59 sub-categories belonging to three main GO categories: biological processes,
cellular components, and molecular functions. These categories consisted of 17, 22, and 21 sub-categories respectively (Figure 3).

Under biological process, the oxidation-reduction process was the most signi�cantly prepupal-pupal transition-related GO term in ML vs W and P5 vs P10, with
700 (6.06%, 193 up-regulated and 507 down-regulated genes) and 1023 (4.77%, 585 up-regulated and 438 down-regulated genes) DEGs, respectively, while the
most signi�cantly prepupal-pupal transition-related GO term was found in the proteolysis in W vs P1, P1 vs P5, with 629 (5.95%, 233 up-regulated and 396
down-regulated genes) and 622 (5.83%, 215 up-regulated and 407 down-regulated genes) DEGs, respectively (Figure 3).

GO enrichment analyses of DEGs showed that the membrane and integral component of membrane in the cellular component category were signi�cantly
enriched. A total of 2388 (8.11%, 1082 up-regulated and 1306 down-regulated genes), 2245 (9.49%, 901 up-regulated and 1344 down-regulated genes), 2404
(9.41%, 1115 up-regulated and 1289 down-regulated genes) and 3615 (8.03%, 2024 up-regulated and 1591 down-regulated genes) DEGs were enriched in the
membrane sub-category in ML vs W, W vs P1, P1 vs P5, and P5 vs P10, respectively. Integral component of membrane was enriched with 2346 (7.97%, 1064
up-regulated and 1282 down-regulated genes), 2208 (9.33%, 892 up-regulated and 1316 down-regulated genes), 2372 (9.28%, 1093 up-regulated and 1279
down-regulated genes) and 3514 (7.80%, 1975 up-regulated and 1539 down-regulated genes) DEGs in ML vs W, W vs P1, P1 vs P5, and P5 vs P10, respectively
(Figure 3). These DEGs were mainly focused on solute carrier family, MFS transporter, low-density lipoprotein receptor, glucuronosyltransferase, ATP-binding
cassette (ABC), P450, alcohol-forming fatty acyl-CoA reductase, ATPase, NADH dehydrogenase, stearoyl-CoA desaturase, chitin, fatty acids, E3 ubiquitin-
protein(Table S1). Also, the CPs, 20E and JH related genes that are closely related to the metamorphic development of Lepidoptera insects (Willis et al., 2010;
Liu et al., 2015), were also identi�ed in the membrane and integral component of membrane sub-categories (Table S2), suggesting these genes are likely to
play a role in the prepupal-pupal transition of M. separata.

The hydrolase activity was the most signi�cantly affected GO term under molecular function in ML vs W, W vs P1, P1 vs P5, with 784 (6.79%, 286 up-regulated
and 498 down-regulated genes) and 727 (9.49%, 201 up-regulated and 526 down-regulated genes), 689 (6.46%, 271 up-regulated and 418 down-regulated
genes) DEGs, respectively. The metal ion binding was signi�cantly enriched in P5-vs-P10, with 1262 (5.88%, 596 up-regulated, and 666 down-regulated genes)
(Figure 3).

KEGG pathway analysis of DEGs potentially involved in the prepupal-pupal transition in M. separata

KEGG pathway analysis indicated that the DEGs were enriched in the metabolic pathways during the prepupal-pupal transition of M. separata. These DEGs
were mainly focused on starch and sucrose metabolism, pyrimidine metabolism, protein digestion and absorption (Figure 4). In the metabolic pathways, there
were 2218 (16.85%, 745 up-regulated and 1473 down-regulated genes), 2053 (16.26%, 890 up-regulated and 1163 down-regulated genes), 2046 (14.64%, 914
up-regulated and 1132 down-regulated genes), and 3037 (16.14%, 1890 up-regulated and 1147 down-regulated genes) DEGs in ML vs W, W vs P1, P1 vs P5
and P5 vs P10, respectively.

Besides, there were only 35 (0.27%), 26 (0.21%), 28 (0.20%), and 37 (0.2%) DEGs enriched in insect hormone biosynthesis, which was closely associated with
JH and 20E, and 78 (0.59%), 73 (0.58%), 79 (0.57%), 143 (0.76%) and 60 (0.46%), 50 (0.40%), 70 (0.50%), and 73 (0.39%) DEGs enriched in CPs belongs to the
GnRH signaling pathway and the ErbB signaling pathway in ML vs W, W vs P1, P1 vs P5 and P5-vs-P10, respectively (Figure S5).
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We further elaborated on the gene families of particular interest as potential targets for the prepupal-pupal transition of M. separata below.

The number of DEGs detected in the CPs, 20E and JH biosynthesis

A total of 33 genes encoding CPs, and 18 and 7 genes involved in 20E and JH biosynthesis, respectively, were detected during the prepupal-pupal transition of
M. separata (Table 2). The number of genes in CPs, 20E, and JH in the �ve different development stages of M. separata is similar(Table S3). To further
con�rm whether those genes were well clustered into their relevant phylogenetic branches based on the phylogenetic analysis of the CP (Figure 5), 20E (Figure
6) and JH (Figure 7) from M. separata and eight lepidopteran insects including S. litura, A. dissimilis, T.ni, S. frugiperda, G. mellonella, B.mori, H.armigera, and
S.exigua.

Expression levels of CP genes

There were 11 up-regulated and 2 down-regulated CP genes with a maximum up-regulated and down-regulated |log2Ratio| value of 3.3
(CL1279.Contig108_All) and 4.9 (CL7899.Contig3_All) in ML vs W(Table 2). From P1 to P5, one gene (CL9103.Contig5_All) was signi�cantly increased
(|log2Ratio|=2), and 9 genes were decreased (the maximum |log2Ratio|=3.8). In the comparison between W-vs-P1 and P5-vs-P10, 5 genes were up-regulated
whereas 6 were down-regulated (Table 2).

Five genes (CL12980.Contig3_All, CL1585.Contig16_All, CL2596.Contig51_All, CL14397.Contig3_All, and CL16856.Contig2_All) were lowest expressed in
ML(Figure 8A). The expression levels of 8 genes (unigene12087_All, CL16856.Contig2_All, unigene8645_All, CL18975.Contig2_All, CL6991.Contig6_All,
CL10379.Contig10_All, CL9076.Contig3_All, and CL1337.Contig49_All) in W and P1 were higher than in other stages, while 3 genes (CL1585.Contig16_All,
CL2596.Contig51_All, and CL1279.Contig108_All) were highly expressed in W(Figure 8A). The expression levels of 3 genes (Unigene15668_All,
CL10689.Contig4_All, and CL1337.Contig49_All) in P5 were high than in other stages. Moreover, 3 genes, including CL12980.Contig3_All, CL4397.Contig3_All
and CL9739.Contig5_All were highly expressed in P10 while the expression level of unigene15668_All was lower in P10 than in other stages (Figure 8A).

Expression levels of genes involved in JH biosynthesis

There were 11 and 6 down-regulated genes in ML vs W and P1 vs P5, respectively, and both of them have two up-regulated genes. Compared to W, 4 genes
were signi�cantly increased (the maximum |log2Ratio|=3.8) and 5 genes were decreased (the maximum |log2Ratio|=4.3) in P1. There were 7 up-regulated and
3 down-regulated genes in P5 vs P10; of these genes, CL696.Contig45_All and CL9391.Contig2_All showed the maximum up-regulated and down-regulated
|log2Ratio| value of 5.8 and 2.3, respectively (Table 2).

Six genes (CL17942.Contig2_All, CL14984.Contig2_All, CL15275.Contig2_All, CL817.Contig4_All,CL4540.Contig4_All, and CL9391.Contig2_All) in the JH
pathway were mainly expressed in ML(Figure 8B). The expression levels ofCL18477.Contig4_All and CL11190.Contig1_All in W was higher than in other
stages. Among �ve stages, CL5146.Contig76_All was highest expressed in P1(Figure 7B). While CL17942.Contig2_All and CL817.Contig4_All were lowly
expressed in P5, the expression level of CL16665.Contig4_All in P5 was higher than in other stages(Figure 8B). The expression levels of CL4540.Contig4_All
and CL9391.Contig2_All in P10 was lower than in other stages. Meanwhile, unigene19996_All was mainly expressed in P10 (Figure 8B).

Expression levels of genes involved in 20E biosynthesis

Except for P1-vs-P5 which has one up-regulated gene (CL17221.Contig1_All, |log2Ratio|=2.1), there are no DEGs in the other three groups. A total of 2
(Unigene4431_All and CL17221.Contig1_All), 1 (CL14010.Contig2_All) and 3 (CL14010.Contig2_All, CL17221.Contig1_All and CL19241.Contig2_All) genes
were down-regulated in W-vs-P1, P1-vs-P5 and P5-vs-P10, respectively (Table 2). The expression of DEGs in other groups is shown in Table S4. The expression
levels of CL17221.Contig1_All in ML, W, and P5 were higher than in P1 and P10 (Figure 8C). Besides, CL19241.Contig2_All was mainly expressed in the P5
stage and the expression level of CL14010.Contig2_All was lowest in P10 than in other stages (Figure 8C).

Validation of the expression of DEGs using qRT-PCR

Correlation analysis uncovered that the relative expression levels of 10 selected CP, 20E, and JH-related genes obtained by real-time PCR quantitative (RT-
qPCR) matched well with their FPKM values derived from RNA-seq (Figure 9).

Discussion
Insect metamorphism refers to a series of changes in the external form, internal structure, physiological functions, living habits, and behavioral instincts of an
insect during its development from larva to adult [30]. The pupa stage, as a sign of the holometabolous insect, is a transitional morphology that develops from
a larva to an adult and with the decomposition and reconstruction of larval and adult tissues and organs in this stage [31].The research on insect
metamorphic development can provide effective molecular targets for methods of pest control and bene�cial insect utilization.

In this study, RNA-seq was used to analyze changes in expression levels of genes during the prepupal-pupal transition in the oriental armyworm. A total of
74059 unigenes were annotated in the transcriptome of M. separata in the current study. Using similar developmental stages including mature larvae,
wandering and pupation, a total of 11301 unigenes were annotated in B. dorsalis [26], and a total of 22197 unigenes were obtained in Chilo suppressalis
[32].These results reveal that the number of genes expressed during prepupal-pupal transition varies across insect species. This might be associated with the
functional differentiation of insect genes during evolution and is potentially relative to its environmental adaptation during long-distance migration.

The insect's epidermis covers the entire body surface, which not only defends against pathogen attacks and adverse environmental damage but also shapes
its body and maintains its normal activity during the development of the insect [10].A previous study has shown that 50 CP genes were signi�cantly expressed
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in the prepupal–pupal transition stage of B.mori [18]. In this study, 33 DEGs of CPs were identi�ed, which is much less than the result of Shahinet al. (2016)
[18]. The expression patterns of CP genes in different developmental stages or different tissues of insects imply their potential functions [11]. For example, the
expression patterns of CP genes in the developmental stages of B.mori from larvae to pupae were signi�cantly different [43].In this study, we found that 8 CP
genes in W and P1 were highly expressed, while 2 genes were highly expressed in W. A total of 3 genes in P5 were higher than in other stages and 3 genes
were highly expressed in P10 (Fig. 8A). Togawa et al.(2007) found that 5 CP genes were only expressed before the pupa or adult molting of A. gambiae [17].
These results suggest that CP genes may be involved in the formation of the epidermis during the prepupal-pupal transition in insects.

JH is produced by the corpus allatum, which mainly maintains the growth status of insects by inhibiting the action of ecdysone [34]. JH plays an essential role
in the growth of insect larvae, pupal metamorphosis, and adult reproduction [35]. In this study, 18 DEGs in the JH pathway were detected during the prepupal-
pupal transition in M. separata. We found that the expression levels of 6 genes in the JH pathway decreased during metamorphosis of mature larvae to pupae
(Fig. 8B). Our results are similar to those of Chen et al. (2018), which found that 10 genes in the JH pathway were signi�cantly down-regulated in the process
of larval metamorphosis in B. dorsalis [26].These results suggest that the expression of these genes in the JH pathway regulates the deformation of insects
from larva to pupa. The regulation of insect metamorphosis is the response of insect tissue to different JH titers [36].Research on insect molting and
metamorphic regulation suggested that the metamorphosis of insects occurs when the JH titer decreases continuously: there is a higher concentration of JH
in the larval stage, but the JH titer drops to a medium or low level during pupation and elevates again in the adult stage [37].Therefore, whether JH titer
changes during the prepupal-pupal transition of M. separata needs to be further detected.

Ecdysone plays a strict regulatory role in the growth, development, and reproduction of insects [38]. Ecdysone is a steroid compound that secretes into the
hemolymph and oxidized to 20E, which can induce insect molting [39]. In our study, a total of 7 DEGs were highly expressed in the 20E pathway. Our result is
similar to the result of Chen (2019) in B. dorsalis, who found that 7 important genes in the 20E pathway were signi�cantly overexpressed during the wandering
stages[40]. Zhao (2019) showed that the expression levels of 2 ecdysone receptor genes (EcR and USP) in the 6th instar larvae was signi�cantly higher than
that in the 5th instar larva of M. loreyi [41]. Similar results were found in our study that the expression levels of CL17221.Contig1_All and CL19241.Contig2_All
in W is higher than that in ML (Fig. 8C). We found that the expression levels of CL17221.Contig1_All and CL19241.Contig2_All was higher in P5 than in P1 or
P10 (Fig. 8C). Previous research showed that the expression levels of four Halloween genes and three ecdysone receptor genes increased �rst and then
decreased in male pupae of M. loreyi [41].These studies suggest that the expression of genes encoding ecdysone may regulate the deformation of insect
larval-pupal transition. The titer of 20E in insects also changes with the developmental age of insects, and the change of insect 20E titer is the key to regulate
larval molting, pupal metamorphosis, and reproduction and embryo development of some adults [39]. Previous research has documented that, there is a peak
of 20E titer in the middle stage of the embryo and another peak appeared in the early stage of larval ecdysis; the higher concentration of 20E at the end of the
larvae stage may be related to the initiation of the larval transition to the pupal stage, while the higher levels of 20E in the early pupae may promote the
transformation of larvae to pupae during the pre-pupalstage in Drosophilid [42].How 20E titer changes during larval to pupal stages needs to be examined to
further reveal the deformation of larvae-pupa in M. separata.

Conclusions
In this study, we used RNA-seq analysis in conjunction with RT-qPCR to provide a global analysis of the genes expressed from mature larvae to pupae of M.
separata. Most genes in the prepupal-pupal transition transcriptome have been annotated according to their annotation information, and a large number of
DEGs and pathways, especially the CPs, 20E and JH pathways were obtained and their expression pro�les were analyzed. These results suggest that
prepupal-pupal transitionis coordinated by hormonal regulation and resulted from a transcriptional shift of CP, 20E, and JH-associated genes in M. separata.
Collectively, the obtained transcriptome database here not only provides a foundation for further understanding of the molecular mechanism of
metamorphosis in M. separata, but also help us to establish RNAi or CRISPR based new pest control strategy through regulating the developmental of this
pest.

Methods
Insects and Sample Preparation

A susceptible strain of M. separata that has been raised in the laboratory for more than 50 generations without exposure to any insecticides, were used in this
study. A speci�c feeding method is given in Li et al. (2018) [2]. Mature larvae (ML), wandering (W), and different stages of pupation (1 day, 5 days, and 10
days after pupation were designated P1, P5, and P10, respectively)were collected (Figure 1). Three biological repeats, each with three individuals were
sampled for each developmental stage.

RNA Isolation, Library Construction, and Sequencing

WeusedEastep® Super Total RNA Extraction Kit (Promega, Shanghai, China) to extract the total RNA of the whole body of M. separata samples according to
the manufacturer's instruction. RNA degradation and contamination were monitored on 1% agarose gels. The concentration and quality of RNA were assessed
using a spectrophotometer NanoDrop 2000c (Thermo Fisher Scienti�c, Waltham, MA, USA).

After total RNA was treated with DNase I, mRNA was enriched with magnetic beads with Oligo (dT). Then a disruption reagent was added to break the mRNA
into short fragments and use the disrupted mRNA as a template to synthesize the �rst-strand cDNA with random hexamers. After that, buffer, dNTPs, and DNA
polymerase I were added to synthesize the second-strand cDNA. After puri�cation and recovery, repair of sticky ends, the addition of a base A at the 3' end, and
ligation of a sequencing adapter, the resulting fragments were selected for size and enriched by PCR. The constructed library was quali�ed by the Agilent 2100
Bioanalyzer and ABI StepOnePlus Real-Time PCR System and was sequenced using the Illumina sequencing platform in ShenzhenHengchuang Gene
Technology Co., Ltd.(TGS, Shenzhen, China).

https://www.promega.com.cn/Resources/Protocols/Technical%20Manuals/Eastep%20Protocols/RNA%20Extraction%20Kit%20LS1040/
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Raw Data Quality Control

The Illumina platform converts sequenced image signals into text signals and stores them in FASTQ format as raw data [43]. The original sequence was
�ltered to eliminate the low-quality reads with sequences that contain more than 5% N bases 50% bases with mass values less than 10. Finally, we refer to the
�ltered reads as clean reads and use them for subsequent analysis. Q20 indicates that the sequencing error rate is 1%, and Q20 re�ects the quality of
sequencing. Generally speaking, the quality of sequencing will decrease with the read length of Reads. Reads are reliable when the Q20 of Reads is above the
set threshold.

De Novo Assembly

The software Trinity [44]was used to assembled duplicated clean reads. The sequence assembled by Trinity was then de-redundant and further stitched using
Tgicl [45] to get the �nal unigene. Unigene obtained by Tgicl deduplication and splicing is divided into clusters and singletons. In the same cluster, there are
several unigenes (beginning with CL followed by CL family number) with a high degree of similarity (greater than 70%). Others are singletons (beginning with
unigene), which stand for individual unigene.

Functional Annotation of Unigene Set

The obtained unigene set was annotated by Blast [46] comparison database, including non-redundant nucleic acid sequence (NT), non-redundant protein
sequences (NR), Gene Ontology (GO), Clusters of Orthologous Groups of proteins (COG), Kyoto Encyclopedia of Genes and Genomes (KEGG) and manual
annotation and expected non-redundant protein database (SwissProt). Blast2GO [47] and NR annotation results were used to annotate the unigene set.

Forecasting of the CDS of Unigene

According to the functional annotation results and the database priorities of NR, SwissProt, KEGG, and COG, we select the best-aligned fragment of unigeneas
the CDS of the unigene. And the coding region sequence is translated into an amino acid sequence according to the standard codon table, thereby obtaining
the nucleic acid sequence and amino acid sequence of the unigene coding region. Unigene on the unannotated model uses the CDS predicted in the previous
step as a model and then uses ESTScan [48] for prediction.

Differential Expression Analysis of Unigene

Expectation-Maximization (RSEM) [49] was used to calculate the abundance of each transcript for each library. The expression of unigene was standardized
by the Fragment Per Kilobase of exon model per Million mapped reads (FPKM) method. Differentially expressed genes (DEGs) between different
developmental stages were calculated by using the DESeq2 software [50]. The normalization factors were calculated using the trimmed mean of M-values
(TMM) method. The threshold FDR < 0.05 was adjusted to identify the differentially expressed genes by fold change (≥2). Signi�cance was adjusted with the
threshold false discovery rate (FDR) < 0.05and log2fold change (| Log2FC |) > 1. The heat maps were drawn by the R programming language. A detailed
description of the calculation formula of FPKM and differential expression analysis of unigene is given in the Supporting Information.

Phylogenetic analysis of DEGs

We constructed a phylogenetic tree to analyze the sequence homology and evolutionary aspects in DEGs of the CPs, 20E and JH biosynthesis and signaling
pathway with protein sequences from closely related insects, including S. litura, Athetis dissimilis, Trichoplusia ni, Spodoptera frugiperda, Galleria mellonella,
B. mori, H. armigera, and Spodoptera exigua, which were obtained from the NCBI database. Sequence similarity was aligned using Clustalx 1.81. A
phylogenetic tree was constructed by MEGA5 with the neighbor-joining method and 1000 bootstrap repeats.

Quantitative Real-time PCR analysis

Ten DEGs of the CP genes, and genes in the 20E and JH biosynthesis and signaling pathway were selected and further veri�ed by using quantitative real-time
PCR (qRT-PCR). Total RNA of samples from ML, W, P1, P5, and P10 were extracted using RNAiso Plus (Takara, Dalian, China) according to the manufacturer's
instruction. The concentration and quality of the extracted RNA were then detected with a NanoDrop 2000c spectrophotometer (Thermo Fisher Scienti�c,
Waltham, MA, USA). The �rst-strand cDNA was synthesized from 1 μg total RNA using a PrimeScriptTM RT reagent Kit with gDNA Eraser (Takara, Dalian,
China) according to the manufacturer's instructions. Primer pairs(Table S5) were designed using Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/). The β-Actin and
GAPDH of M. separata were used as reference genes[51]. qRT-PCR was performed on a Bio-Rad CFX96 (BioRad, USA) thermal cycler. The relative expression of
candidate genes was calculated using the 2−△△CT method [52].A detailed description of the RT-qPCR is given in the Supporting Information.
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Table 1 Statistic of the transcriptomes of the prepupal–pupal transition of M. separata.
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Type ML W P1

ML_1 ML_2 ML_3 W_1 W_2 W_3 P1_1 P1_2 P1_3

Read
Length

150 150 150 150 150 150 150 150 150

Total
Raw
Reads

69039382 69164754 67591606 67490458 69128986 69158132 69177054 69114140 7204

Total
Raw
Bases

10305682890 10300653258 10052860508 10058432966 10301743910 10300970632 10299459752 10302286936 1080

Total
Clean
Reads

68933842 69052290 67486160 67413944 69028242 69076072 69063688 69009642 7081

Total
Clean
Reads
Ratio
(%)

99.85 99.84 99.84 99.89 99.85 99.88 99.84 99.85 98.3

Total
Clean
Bases

10289852106 10283784086 10037043740 10046956060 10286632704 10288661722 10282455074 10286612600 1062

Total
Clean
Bases
Ratio
(%)

99.85 99.84 99.84 99.89 99.85 99.88 99.83 99.85 98.3

Total
Adatper
Reads

105540 112464 105446 76514 100744 82060 113366 104498 1224

Total
Adatper
Reads
Ratio
(%)

0.15 0.16 0.16 0.11 0.15 0.12 0.16 0.15 1.7

Total
Low
Quality
Reads

0 0 0 0 0 0 0 0 1352

Total
Low
Quality
Reads
Ratio
(%)

0 0 0 0 0 0 0 0 0

Clean
Reads
GC (%)

49.09 49.32 49.31 48.71 48.02 47.78 50.5 50.75 51.0

Clean
Reads
Q20 (%)

95.43 95.58 95.69 96.6 95.76 95.62 95.37 95.36 93.5

Clean
Reads
Q30 (%)

88.53 88.88 89.15 91.05 89.27 88.97 88.63 88.62 85.7

Detected
Gene
Number

77959 78103 80494 84986 82747 83970 85097 84026 8382

Detected
SNP
Number

185569 189935 205222 264546 251061 254948 245617 235817 2302

 

Table 2 Differentially expressed genes in the prepupal–pupal transition of M. separata.
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Gene ID ML-vs-W W-vs-P1 P1-vs-P5 P5-vs-P10 Blast nr

Cuticular proteins

CL9076.Contig3_All +1.7 — -1.4 — epidermal growth factor receptor isoform X1

CL1027.Contig5_All — +1.1 -2.8 -1.1 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase gamma-1

CL12980.Contig3_All — — — +1.8 calcium/calmodulin-dependent protein kinase type II alpha chain

CL16856.Contig2_All — +1.4 -1.7 — nuclear migration protein nudC

Unigene15668_All — — — -1.1 NudC domain-containing protein 3

CL1779.Contig9_All +1.7 — — — protein kinase C, brain isozyme isoform X1

CL8545.Contig7_All — — — — protein kinase C, brain isozyme isoform X1

CL13841.Contig4_All — — — -1.4 E3 ubiquitin-protein ligase CBL-B-B isoform X2

CL1699.Contig11_All +1.2 — — — E3 ubiquitin-protein ligase CBL-B-B isoform X2

CL3149.Contig3_All +2.4 -1.2 -1.5 — TBC1 domain family member 23

CL1279.Contig108_All +3.3 -2.3 — — signal transducer and activator of transcription 5B isoform X2

CL1337.Contig49_All +1.9 — — -1.1 tyrosine-protein kinase Src64B isoform X1

CL2288.Contig92_All — — — — tyrosine-protein kinase Src64B isoform X3

CL16647.Contig3_All +1.6 — — — focal adhesion kinase 1 isoform X1

CL4698.Contig2_All — — — — serine/threonine-protein kinase PAK mbt

Unigene3483_All — +1.6 — — serine/threonine-protein kinase PAK mbt

CL7815.Contig1_All — — — -2.2 serine/threonine-protein kinase PAK 3

CL1585.Contig16_All +1.7 -1.4 — — acid phosphatase type 7-like

CL9103.Contig5_All — — +2 — dual speci�city mitogen-activated protein kinase 4-like

CL4397.Contig3_All — — — +1.2 stress-activated protein kinase JNK isoform X1

Unigene12087_All — — — +1.3 transcription factor jun-D

CL18975.Contig2_All — — -1.7 — SHC-transforming protein 1

CL6698.Contig6_All — — — — protein son of sevenless

CL2596.Contig51_All +2.6 -1.6 — — GTPaseHRas

CL6991.Contig6_All — +1.1 -1.9 — GTPaseHRas

CL8021.Contig5_All +1.6 — — — raf homolog serine/threonine-protein kinase phl isoform X1

Unigene8645_All — — — — dual speci�city mitogen-activated protein kinase dSOR1 isoform X1

CL14604.Contig2_All -1.8 -1.6 — — gonadotropin-releasing hormone receptor isoform X1

CL6175.Contig4_All — -1.6 -2 +2.5 gonadotropin-releasing hormone receptor

CL10689.Contig4_All — — — -1 guanine nucleotide-binding protein G(q) subunit alpha isoform X2

CL9739.Contig5_All — — — +2.6 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase isoform X2

CL7899.Contig3_All -4.9 +4.9 -1.3 — putative protein kinase C delta type homolog isoform X4

CL10379.Contig10_All +2.7 — -3.8 — matrix metalloproteinase-14 isoform X2

Juvenile hormone

CL3825.Contig60_All -1.4 +3.8 -2.6 +1.4 farnesol dehydrogenase-like

CL5146.Contig76_All -2 +2.9 -3.3 — odorant binding protein 23

CL696.Contig45_All -4.1 — — +5.8 farnesol dehydrogenase-like

CL9391.Contig2_All — -2.7 — -2.3 juvenile hormone acid methyltransferase

Unigene19996_All — — — +3 juvenile hormone acid O-methyltransferase-like

CL16686.Contig3_All — +1.8 -1.5 — farnesoateepoxidase-like

CL15147.Contig1_All -1.2 — +2.9 +1.4 calexcitin-2

CL17942.Contig2_All -6.6 — -1.3 +2 calexcitin-2-like
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Unigene10260_All -5.9 — — — sarcoplasmic calcium-binding proteins I, III, and IV-like

CL1111.Contig45_All -4.7 — — — carboxylesterase

CL14984.Contig2_All -3.5 — — — carboxylesterase 12

CL11190.Contig1_All +3.9 -3.8 -3.5 — juvenile hormone epoxide hydrolase-like

CL15275.Contig2_All -4.9 — — — juvenile hormone epoxide hydrolase-like

CL16665.Contig4_All — -1 +2.1 -1.7 juvenile hormone epoxide hydrolase-like

CL18477.Contig4_All +3 -4.3 — +3.8 juvenile hormone epoxide hydrolase-like

CL4540.Contig4_All -2.4 — — -2.2 juvenile hormone epoxide hydrolase-like

CL5616.Contig2_All — +2.8 — — juvenile hormone epoxide hydrolase-like

CL817.Contig4_All -2.4 -2.2 -1.7 +1.7 juvenile hormone epoxide hydrolase

20-hydroxyecdysone

CL14010.Contig2_All — — -1.8 -2.2 cytochrome P450 307A1

Unigene18829_All — — — — cytochrome P450 306A1

CL8044.Contig1_All — — — — cytochrome P450 CYP339A1

Unigene29505_All — — — — cytochrome P450 302A1

Unigene4431_All — -1.6 — — cytochrome P450 315A1

CL17221.Contig1_All — -2.4 +2.1 -1.3 cytochrome P450 314A1

CL19241.Contig2_All — — — -2.2 cytochrome P450 CYP18A1

The second to �fth columns of numbers represent | log2Ratio |. + stands for up-regulated, - stands for down-regulated and —represents no DEGs. Differentially
genes screening conditions are FDR≤0.01 and | log2Ratio | ≥1.

Figures

Figure 1

The morphology of �ve developmental stages including mature larvae (ML), wandering (W) and different stages of pupation (1 day, 5 days, and 10 days after
pupation were designated P1, P5, and P10) during the pupariation of M. separata.
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Figure 2

Histogram (A) and Venn diagram (B) analysis of the number of the differently expressed genes (DEGs) between samples. A represents the statistics of the
number of DEGs compared in each group. Red represents up-regulated genes and blue represents down-regulated genes. B indicates the intersection of the
DEGs detected in each group and the number indicates the number of different genes.
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Figure 3

GO enrichment analysis of DEGs. Unigene statistical map of up-down differential expression of enriched GO term. The x-axis represents GO term, and the y-
axis represents the number of up-down genes corresponding to GO term.
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Figure 4

KEGG analysis of speci�c DEGs in different stages of M. separata.



Page 15/17

Figure 5

Phylogenetic analysis of the cuticular proteins from M. separata (Green), H. armigera (Red), S. litura (Orange), T. ni (DarkSalmon), S. frugiperda (Pink), G.
mellonella (Blue) and B. mori (Purple). A distance neighbor-joining tree was generated using MEGA 7.0. Nodes with distance bootstrap values (1000
replicates) are shown.

Figure 6

Phylogenetic analysis of juvenile hormone from M. separata (Green), S. litura (Orange), A. dissimilis (Yellow), T. ni (DarkSalmon), G.mellonella (Blue) and B.
mori (Purple). A distance neighbor-joining tree was generated using MEGA 7.0. Nodes with distance bootstrap values (1000 replicates) are shown.
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Figure 7

Phylogenetican alysis of 20-hydroxyecdysone from M. separata (Green), H. armigera (Red), A. dissimilis (Yellow), S. litura (Orange) and S.exigua (Medium
Blue). A distance neighbor-joining tree was generated using MEGA 7.0. Nodes with distance bootstrap values (1000 replicates) are shown.

Figure 8

The heatmaps of DEGs identi�ed at different developmental stages during the prepupal-pupal transition of M. separata using FPKM values.The gene IDs of
cuticular proteins (A), juvenile hormone (B), and 20-hydroxyecdysone (C) are shown on the left side of the heatmaps and the developmental stages are given
at the top of the heatmaps. ML_1, ML_2 andML_3 represent 3 biological replicates of ML stage.
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Figure 9

The heatmaps of DEGs identi�ed at different developmental stages during the prepupal-pupal transition of M. separata using FPKM values.The gene IDs of
cuticular proteins (A), juvenile hormone (B), and 20-hydroxyecdysone (C) are shown on the left side of the heatmaps and the developmental stages are given
at the top of the heatmaps. ML_1, ML_2 andML_3 represent 3 biological replicates of ML stage.
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