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Simple Summary: Cyclin genes are known as cell cycle regulators and play a significant role in
the fertility of different organisms, including mice and insects. Until now, no study has been
performed on the complete identification of the cyclin genes in insects. Here, we identified 21 cyclin
genes in the diamondback moth (DBM) genome through a comprehensive genome-wide analysis
and evaluated the gene structure, genomic location, and evolutionary relationship. Cis-regulatory
elements and potential miRNA targeting the cyclin genes were also assessed. By analyzing the
transcriptomic and RT-qPCR based expression profiling at different stages and tissues, we found that
the majority of the cyclin genes were significantly expressed in the reproductive tissues. Moreover,
RNAi-mediated characterization of PxCyc B1 showed its role in female fertility. The current study
provides a basis for further evaluation of the cyclin genes, which may be used as a potential target for
pest management programs.

Abstract: Cyclin-like genes are primarily considered as cell cycle regulators and have shown to be
crucial for insect growth, development, reproduction, and fertility. However, no research has been
performed on the cyclin-like genes in the diamondback moth (Plutella xylostella). Here, we identified
the 21 cyclin genes in the genome of P. xylostella and clustered them into four groups. Most cyclin
genes showed a well-maintained gene structure and motif distribution within the same group. The
putative promoter regions of cyclin genes contained several transcription binding factors related
to reproduction, along with growth and development. Furthermore, 16 miRNAs were identified
targeting the 13 cyclin genes. Transcriptome and quantitative real-time PCR (qRT-PCR)-based
expression profiling of cyclin-like genes at different stages and tissues were evaluated, revealing that
16 out of 21 cyclin genes were highly expressed in reproductive tissues of adult females and males.
The Cyclin B1 gene (PxCyc B1) was only expressed in the ovary of the adult female and selected for
the subsequent analysis. RNAi-mediated suppression of PxCyc B1 interrupted the external genitalia
and length of the ovariole of female adults. Furthermore, the egg-laying capacity and hatching
rate were also significantly decreased by suppressing the PxCyc B1, indicating the importance of
cyclin genes in the reproduction and fertility of P. xylostella. The current study explained the detailed
genome-wide analysis of cyclin-like genes in P. xylostella, which provided a basis for subsequent
research to assess the roles of cyclin genes in reproduction, and the cyclin gene may be considered an
effective target site to control this pest.
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1. Introduction

The most important and fundamental aspect of biological growth and development
is cell division, and any consideration of the significance of cell division in insect growth,
development, and reproduction demands a comprehensive knowledge of primary mecha-
nisms that control the cell cycle [1]. The G1-S-G2-M transition in the cell cycle is primarily
regulated by the enzymatic activities of cyclin-dependent kinases (CDKs). CDK enzymatic
activities are controlled through complex ways, such as cyclin activation and binding;
binding of the CDK subunit (CKS) and inhibitor protein of CDK (CKI); CDK dephosphory-
lation/phosphorylation; intracellular tracking; proteolysis; E2F transcription factors (E2F);
homologs of retinoblastoma protein (Rb); and the dimerization partner (DP) pathway [2].
Cyclins and CDKs are the most critical cell cycle regulator proteins among these protein
factors [2]. The interaction of cyclins with CDKs is required to activate these complexes [3,4].
Changes in cyclin concentration produce sequential activation or deactivation of the CDK
catalytic partners, leading to the periodic development of cells through the cell cycle [5,6].
Following the discovery of the cyclin protein in sea urchin oocytes [7], more cyclins, CKIs,
CDKs, and E2F transcription factors were identified in both plants and mammals [4,8,9].
Different cyclin-like genes were fully characterized, and a few cyclins (cyclins A, B, D, and
E) seem to be key players in cell cycle regulation and reproduction [10]. However, other
cyclins, including cyclins C, K, H, and T, participate in transcriptional activities [11,12]. The
typical cyclin has a conserved region known as a cyclin core and comprises two domains,
cyclin C and cyclin N [13]. Cyclin N is a highly conserved domain recognized as the cyclin
box, whereas cyclin C is less conserved. Various cyclin-related proteins only contain the
cyclin N domain without the cyclin C domain [14], indicating that the function of the cyclin
C domain might not be required.

In Drosophila melanogaster, cyclin A and B are expressed together in entire cell phases.
However, cyclin A is sufficient for mitosis, and cyclin B is not required for mitosis [15].
Cyclins A, B, and B3 together regulate mitosis, but cyclins B and B3 are essential for male
and female fertility in D. melanogaster [16]. Cyclin G plays a vital role in the wing develop-
ment of D. melanogaster. Both overexpression and RNAi-mediated suppression of DmCyc G
change the symmetry of wings, indicating DmCyc G’s role in wing developmental stability
in D. melanogaster [12]. Cyclin C and CDK8 are closely linked to nutritional intake and
fat metabolism during larva to pupa transitions in D. melanogaster [17]. Furthermore, the
DmCyc G negatively regulates the cell growth and development process since overproduc-
tion of DmCyc G results in a limited number of cells, while a lack of DmCyc G results in a
large number of cells [18]. In Bombyx mori, the suppression of BmCyclin B and BmCyclin B3
expression through RNAi causes cell cycle detention at the G2 and M phases in the BmN
cell line, reducing cell proliferation, which indicates that BmCyclin B and BmCyclin B3
are required for completion of the cell cycle in the BmN cell line [19]. Previous reports in
D. melanogaster and B. mori suggest that cyclin-like genes are not only involved in cell cycle
regulations but play significant roles in growth, development, and reproduction.

The diamondback moth (Plutella xylostella, Lepidoptera: Plutellidae) is a highly de-
structive pest worldwide and is considered the primary agent responsible for damaging
cruciferous crops because of its short life span, rapid reproduction, high feeding rate at the
larval stage, high genetic diversity, and distribution [20,21]. Currently, the management of
P. xylostella is accomplished by applying different pesticides harmful to humans, natural
enemies, and the environment. Moreover, P. xylostella has developed resistance against
major pesticides due to its rapid overlapping generations [22,23]. To maintain this pest,
new and innovative approaches are urgently required, such as the identification of a po-
tential target site for a CRISPR/Cas9-based gene-drive system [24]. The identification and
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characterizations of genes involved in fertility may be used as target sites to manage this
pest. Previously, it has been reported that some cyclin genes are responsible for male and
female fertility in D. melanogaster [16]. Although several genes in the P. xylostella genome
were annotated as cyclin-like genes [25]; however, no study was conducted about the
complete identification of the cyclin-like gene family in P. xylostella. Here, we identified the
21 cyclin-like genes in P. xylostella. Furthermore, we analyzed the phylogenetic relationship,
gene structure, expression profile, and role in the fertility of P. xylostella.

2. Materials and Methods
2.1. Rearing of Plutella xylostella

The artificial diet strain Geneva 88 (G88) of P. xylostella was used, which was ob-
tained from Cornell University and established at the Institute of Applied Ecology, Fujian
Agriculture and Forestry University. The artificial diet was prepared by mixing different
components such as agar, linoleic acid, canola oil, sucrose, radish seed powder, methyl
paraben, vitamin, potassium sorbate ascorbic acid, and raw wheat material. The detailed
procedure of the artificial diet preparation was described previously [26,27]. The newly
hatched larvae of P. xylostella were maintained on an artificial diet until they developed
into pupae at 25 ◦C, 35–50% relative humidity, and 16 h:8 h (light:dark) photoperiod. The
pupae were collected and transferred into the mating chamber. The 10% honey solution
was used to feed the adults.

2.2. Identification of Putative Cyclin-like Genes

Two methods were used to identify the cyclin-like genes from the P. xylostella genome.
The amino acid sequences of cyclin-like genes of D. melanogaster and Bombyx mori were
downloaded from NCBI (https://www.ncbi.nlm.nih.gov// accessed on 10 May 2022). The
obtained sequences were used as a query to blast against the P. xylostella transcriptome
by using the BLASTX algorithm with 10−5 threshold E-value. The second method to
identify the remaining cyclin-like genes was conducted by using HMMER3 software.
The cyclin N-terminal and C-terminal domain files were downloaded from PFAM (http:
//pfam.janelia.org/ accessed on 10 May 2022). These obtained files were used as a query
against the P. xylostella protein dataset to search cyclin-like genes using the hmmscan
program of Tbtool software [28]. The best-matched cyclin-like candidate genes were
selected to confirm the conserved domain by using the online motif search tool. The genes
without containing conserved domains were manually removed from the list.

2.3. Gene Structure and Motif Analysis

The genomic DNA sequences and cDNA sequences of P. xylostella cyclins were down-
loaded from the P. xylostella database; then, these sequences were analyzed by using the
online available Gene Structure Display Server tool [28]. To identify the motif structure
of cyclin genes, the protein sequences of P. xylostella cyclins were merged with the help
of the GENESTUDIO program (http://www.genestudio.com/ accessed on 12 May 2022).
Then, these merged protein sequences were further analyzed by using the MEME program
(https://meme-suite.org/meme/tools/meme accessed on 12 May 2022). The schematic di-
agram of gene structure and conserved motif was prepared by using the Tbtool software [29].

2.4. Genomic Location and Phylogenetic Analysis

To determine the genomic location of cyclin genes, the general feature format (GFF) file
was obtained from the P. xylostella genomic database (http://59.79.254.1/DBM/ accessed
on 15 May 2022) [30]. The locations of 21 cyclin genes on the different scaffolds were
identified by using the TBtools software [29]. To study the evolutionary relationship, the
amino acid sequences of cyclin-like genes of three representative insect species belonging to
three different orders were obtained and aligned with the cyclin-like genes of P. xylostella by
using the CLUSTALW. The phylogenetic tree was constructed from these multiple aligned
protein sequences by using the MEGA10 software with bootstrap value 1000 [31].

https://www.ncbi.nlm.nih.gov//
http://pfam.janelia.org/
http://pfam.janelia.org/
http://www.genestudio.com/
https://meme-suite.org/meme/tools/meme
http://59.79.254.1/DBM/
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2.5. Physiochemical Properties of Cyclin Genes

Subcellular localization of the cyclin gene in a different part of the cells was predicted
by using the Cell-PLoc 2.0 (http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/ accessed
on 15 May 2022) [32], and other physiochemical properties, such as theoretical isoelectric
point (PI) and molecular weight (MW) were predicted by the Expasy server [33].

2.6. Cis-Regulatory Elements Analysis

For cis-regulatory elements analysis of cyclin gene, the 2-kb upstream sequences of
cyclin genes were obtained from the genome and scanned at the ALGGEN server: PROMO
and MALGEN [34]. Acquired binding sites were analyzed manually and selected based
on their functions in insects. The schematic representation of cis-regulatory elements was
prepared by using the TBtools software [29].

2.7. Prediction of miRNAs Targeting the Cyclin Genes of P. xylostella

The coding sequences of cyclin genes were obtained and used for the prediction of
putative miRNAs targeting the cyclin genes. The miRNA sequences were obtained from
the Insectbase 2.0 (http://v2.insect-genome.com/ accessed on 16 May 2022) [35]. Acquired
miRNA and coding sequences of cyclin-like genes were scanned at the RNA hybrid BiBi
server by using the default parameter (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/
accessed on 16 May 2022) [36]. The schematic diagram of the network interaction miRNAs
targeting the cyclin gene was constructed by using the Cytoscape software version 3.8.2 [37].

2.8. Stage- and Tissue-Specific Expression Profiling of Cyclin Genes

Previously, we performed transcriptome-based expression profiling at different stages
and tissues in P. xylostella [25]. These transcriptomic data were used to study the stage- and
tissue-specific expressions of cyclin genes. The expressions of cyclin genes in fragments per
kilobase million (FPKM) were observed in various stages and tissues. The obtained FPKM
were normalized with log2 and used to develop heatmaps at different stages and tissues by
using the TBtools software [29].

2.9. RNA Extraction, cDNA Preparation and RT-qPCR Analysis

To evaluate the relative expression levels of cyclin genes, the total RNA was extracted
from different stages (eggs, first-instar larvae, second-instar larvae, third-instar larvae,
fourth-instar male and female larvae, male and female pupae, and male and female adults)
and tissues (head, integument, fat body, malpighian tubule, midgut, salivary gland, testis,
and ovary) by using the RNA Simple Total RNA Kit (TIANGEN Biotech, Beijing, China)
following the recommended protocol. All these tissues were collected from the adult stage
and used to extract RNA. The extracted RNA was treated with DNAase I (TIANGEN
Biotech, Beijing, China) following its protocol.

The cDNA was prepared using 1 µg extracted RNA as a template following the proto-
col of the One-step RT-PCR kit (Takara Biomedical Technology, Beijing, China). The qPCR
reaction mixtures were prepared by using the GoTaq® qPCR master mix (Promega(Madison,
WI, USA)) and gene-specific primers (Table S1). The qPCR reactions were carried out under
the following conditions: 94 ◦C for 3 min; 94 ◦C for 40 s, and 62 ◦C for 1 min for 35 cycles.
The relative expressions of targeted genes were normalized with the endogenous reference
gene, ribosomal protein L32 (PxRPL32) [38]. Three biological replications and three techni-
cal replications were used for each gene. The relative gene expressions were calculated by
using the 2∆Ct method. All primers used in this study are listed in the Supplementary Table S1.

2.10. PCR Amplification and Cloning of PxCyc B1 Gene

The full-length coding sequence of the PxCyc B1 gene was obtained from the DBM
genomic database [30]. The primers were designed based on this obtained sequence.
The PCR reaction mix was prepared with the Super-Fidelity DNA Polymerase (Vazyme,
Nanjing, China) by using the adult female cDNA as the template, and PCR was conducted

http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/
http://v2.insect-genome.com/
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/
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by using the following conditions: 94 ◦C for 4 min; 38 cycles of 94 ◦C for 15 s, 60 ◦C for 45 s,
72 ◦C for 1 min; 72 ◦C for 10 min; and then 4 ◦C forever. The amplified PCR product was
purified by using the Omega gel purification Kit (Omega, Doraville, GA, USA) following
its protocol. The purified PCR product was cloned into the PJET1.2 blunt-end vector
(Thermo Scientific, Waltham, MA, USA) following the standard protocol and confirmed
through sequencing.

2.11. Double-Stranded RNA Synthesis, Microinjections, and RNAi Analysis

To target the PxCyc B1 gene using RNAi, a 540-bp DNA fragment based on the
confirmed sequence was selected and used to design the primers (Table S1). The PCR
reaction was performed with the following conditions: 94 ◦C for 4 min; 32 cycles of 94 ◦C
for 45 s, 58 ◦C for 45 s, 72 ◦C for 30 s; 72 ◦C for 10 min, and then 4 °C forever. Furthermore,
forward and reverse primers were designed with the T7 promoter at the 5′ end of these
two primers (Table S1). The PCR reaction was prepared and carried out under the same
conditions as the above by using the amplified PCR product as the template. The PCR
product was purified by using the Omega gel purification Kit. The purified PCR product
was further used as the template for dsRNA synthesis by using T7 RiboMAX™ Express
RNAi Kit (Promega) [39,40].

The synthesized dsRNA (dsPxCyc-B1) was injected into the last stage of the pupae
by using the microinjector specified for pupal injections. The pupae injected with dsEGFP
were used as the control. A total of 300 pupae were injected for each dsRNA. Out of these
injected pupae, a total of 100 pupae were collected 0 h, 12 h, 24 h, 36 h, and 48 h after
injection and stored at −80 ◦C. The collected pupae from each time point were used for
RNA extraction. The extracted RNA was used to prepare the cDNA.

Further, RT-qPCR was performed to determine the relative expression at different
time points. The adults from the remaining pupae were then used for phenotypic analysis,
ovary dissection, and crossing with opposite-sex wild-type individuals. The eggs were
collected 1 day, 2 days, and 3 days after mating and the hatching rate of collected eggs was
also calculated.

2.12. Statistical Analysis

GRAPHPAD 8.02 was used to perform one-way analysis of variance. Significant
differences between the relative expression amongst different developmental stages and
tissues were calculated by using Tukey’s test at p < 0.05. Similarly, Tukey’s test was used to
examine the significant differences among the gene expression of dsPxCyc B1 treated group
and the control group after different time points of injections and egg laying capacity and
hatching rate in the treated group and control group after the dsRNA injection. Graphical
illustrations were prepared by using mean ± SEM of at least three biological replications.

3. Results
3.1. Identificationsand Subcellular Localization of Cyclin Genes in P. xylostella

To identify the cyclin genes in the P. xylostella genome, HMMER3 (http://hmmer.
janelia.org/ accessed on 10 May 2022) was used to search the cyclin-like genes in the
whole genome by using cyclin-C and cyclin-N domains in the Pfam database. Initially, we
screened a total of 31 genes in the genome. After removing the redundant and duplicated
genes, we finalized 21 unique genes (Table 1). These cyclin genes were renamed according
to their genome annotation (Supplementary Table S2). The length of the P. xylostella cyclin
proteins ranged between 150 aa and 614 aa, with an average of 372 aa. The smallest cyclin
protein is PxCyc rel4 (172 aa), while the largest protein is PxCyc T2 (614 aa). The CDS length,
theoretical isoelectric point, and molecular weight of cyclin-like proteins ranged from 519
to 1845 bp, 6.3 to 9.7, and 15.84 to 69.27 KDa, respectively. Detailed information related to
the physicochemical properties of cyclin-like genes is listed in Table 1.

http://hmmer.janelia.org/
http://hmmer.janelia.org/
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Table 1. Cyclin-like protein members in P. xylostella and their physicochemical properties.

Gene ID Name Position Gene (bp) CDS (bp) Exon Protein aa MW
(KDa) PI Subcellular

Localization

Px008345 PxCyc D3 scaffold_3:189765..199308 − 9544 744 5 247 28.86152 6.9 Nucleus
Px006817 PxCyc K scaffold_24:973210..973728 + 519 519 1 172 69.27571 9.0 Nucleus
Px007867 PxCyc rel1 scaffold_28:594896..598229 − 3334 867 5 288 61.94629 9.0 Nucleus
Px012463 PxCyc C1 scaffold_49:902075..903146 + 1072 813 3 270 59.41365 6.5 Nucleus.
Px012660 PxCyc T1 scaffold_50:635009..635991 + 983 756 2 251 57.4899 6.6 Nucleus.
Px014457 PxCyc rel2 scaffold_63:235869..243413 − 7545 1569 9 522 54.52173 9.6 Nucleus
Px015088 PxCyc B1 scaffold_69:348318..350973 − 2656 1440 5 479 54.46445 9.7 Nucleus
Px015665 PxCyc G1 scaffold_73:1165490..1172567 + 7078 1173 10 390 48.74312 5.8 Nucleus
Px016300 PxCyc rel3 scaffold_79:702120..706664 − 4545 1356 8 451 45.15651 6.3 Cytoplasm/Nucleus
Px016302 PxCyc rel4 scaffold_79:719945..720507 − 563 453 2 150 43.66896 8.1 Nucleus
Px001947 PxCyc A2 scaffold_129:528131..533128 + 4998 1458 7 485 38.2414 9.0 Cytoplasm/Nucleus
Px003066 PxCyc B3 scaffold_148:1207690..1212770 − 5081 1638 8 545 37.60928 9.2 Nucleus
Px004935 PxCyc T2 scaffold_187:227985..237433 − 9449 1845 7 614 37.60928 9.7 Nucleus
Px005179 PxCyc rel5 scaffold_191:581647..583871 + 2225 1209 4 402 37.5119 5.0 Cytoplasm/Extracell
Px005660 PxCyc H scaffold_202:491765..492739 − 975 975 1 324 37.30218 6.8 Cytoplasm
Px005787 PxCyc D scaffold_207:424017..454987 + 30,971 1014 6 337 34.33513 6.5 Nucleus
Px006186 PxCyc rel6 scaffold_219:400848..403467 + 30,971 948 5 315 31.59559 8.6 Nucleus
Px008001 PxCyc C2 scaffold_285:6758..13234 − 6477 957 4 318 31.13283 7.6 Nucleus
Px013211 PxCyc Y scaffold_531:63257..64267 − 1011 1011 1 336 28.2765 5.6 Nucleus
Px015145 PxCyc E scaffold_692:22981..42013 + 19,033 1542 5 513 20.30056 5.0 Nucleus
Px000785 PxCyc L2 scaffold_1084:7808..9058 + 1251 1251 1 416 15.84307 9.8 Nucleus

Note: MW = molecular weight, PI = theoretical isoelectric point.

The subcellular localization prediction of cyclin proteins showed that most cyclin
proteins (17 out 21) were localized in the nucleus. Two cyclin proteins PxCyc rel3 and PxCyc
A2 were localized in the nucleus and cytoplasm, PxCyc rel5 was localized in the cytoplasm
and extracellular membrane, and PxCyc H was localized in the cytoplasm (Table 1).

3.2. Gene Structure and Conserved Domain

Gene structure visualization showed that most cyclin-like genes of P. xylostella were
composed of five exons (5 out of 21), followed by a single exon (4 out of 21), whereas
the PxCyc D and PxCyc G1 contained the maximum number of exons (10). Gene length
variations of the cyclin gene of P. xylostella revealed that PxCyc D3 possessed the longest
genomic sequences of 9544 bp, while the PxCyc rel4 had the smallest genomic sequence of
453 bp (Figure 1).

Many common and unique motifs in cyclin-like proteins were identified by scanning
protein sequences at the MEME server. Genes with commonly shared motifs were clustered
in the same groups, indicating their similar functions. Different motifs possessed different
lengths. For example, motifs 1, 2, 4, 5, and 6 had a maximum length of 50 amino acid
residues, while motif 10 possessed a minimum length of 18 amino acid residues. Motif 7
and motif 8 consisted of 28 amino residues, while motif 3 and motif 9 consisted of 20
and 19 amino acid residues, respectively (Supplementary Table S3). The conserved motif
distribution patterns of cyclin-like proteins were shown in Figure 1.

The conserved domain analysis of cyclin genes in P. xylostella revealed that all 21 cyclin
genes contained the cyclin N domain, 9 out of 21 cyclin genes contained both the cyclin N
and cyclin C domain, while the remaining 11 cyclin genes only had the cyclin N domain.
These results indicated that the cyclin N domain is highly conserved while the cyclin C
domain is less conserved (Supplementary Figure S1).
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3.3. Genomic Location and Phylogenetic Analysis

Cyclin-like genes were unequally distributed from scaffold 3 to scaffold 1084 in the
P. xylostella genome. The highest number of cyclin proteins were present on scaffold 79
(2 out of 21), followed by one cyclin-like protein present on scaffold 3, scaffold 24, scaffold
29, scaffold 49, scaffold 50, scaffold 63, scaffold 69, scaffold 129, scaffold 148, scaffold 187,
scaffold 191, scaffold 202, scaffold 207, scaffold 219, scaffold 285, scaffold 531, scaffold 692,
and scaffold 1082. The genomic distribution of all cyclin-like proteins is shown in Figure 2.

The evolutionary relationships of the cyclin-like proteins of P. xylostella with three other
insects (B. mori, D. melanogaster, and Apis melifera) from three different orders (Lepidoptera,
Diptera, and Hymenoptera) were studied by constructing the phylogenetic tree. A total of
22, 34, and 14 genes were identified in B. mori, D. melanogeter, and A. melifera, respectively,
which contained multiple isoforms for one gene. We finalized 14,12, and 11 genes of B.
mori, D. melanogeter, and A. melifera for phylogenic analysis after removing redundant and
duplicated sequences. Moreover, we removed multiple isoforms and used a single isoform
to construct the phylogenetic tree (Supplementary Table S4). The phylogenetic relationships
of cyclin-like genes were classified into three clades based on their bootstrap values. Group
I showed the evolutionary relationships of PxCyc rel1, PxCyc rel 2, PxCyc Y, and PxCyc G
with the other three insect species (Figure 3). The most important and conserved clade was
Group II, which contained PxCyc A2, PxCyc B1, PxCyc B3, PxCyc C1 PxCyc D3, and PxCyc
E, and the remaining cyclin genes were included in Group III (Figure 3).
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3.4. Putative Cis-Regulatory Elements of Cyclin Genes

Cis-regulatory elements play a vital role in the transcription of a gene in particular
manners. The identification and prediction of Cis-regulatory elements provide a way to
understand the role of a specific gene. To predict gene functions and their regulatory
patterns, we analyzed the putative promoter region of cyclin genes. A large number of
important transcription factors were predicted, except the core promoter elements such
as TATA, CAAT, and GC box. These transcription binding elements were classified into
different categories based on their functions, such as growth and development, reproduc-
tion, and sex-specific elements. Octamer binding factors (Oct); fushi tarazu factor (Ftz);
glucocorticoid receptor binding sites; broad complex isoforms 1, 2, 3 (Br-C Z1, Br-C Z2, Br-C
Z3); silk gland factor (SGF); forkhead box 1 (FOXO-1); GATA motif; and Sp1 binding sites
were included in growth and development related elements. Estrogen receptor (ER) and
male and female double sex binding sites (DSXM, DSXF) were included in reproductive
and sex-specific related elements. All putative promoter sequences of cyclin genes showed
enrichment of these transcription factors except for the PxCyc C, which possessed few
transcription binding factors (Figure 4).
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3.5. Identification of miRNA Targeting the Cyclin Genes

The miRNAs are small non-coding RNAs that regulate the gene expressions in an-
imals and plants, primarily targeting the specific location inside the messenger RNA
(mRNA) [41–43]. The miRNA prediction results indicated that 16 miRNAs were predicted
to target the 13 cyclin genes of P. xylostella (Supplementary Table S5). Four miRNAs (pxy-
miR-279b-3p, pxy-miR-2733a, pxy-miR-2733b-3p, pxy-miR-6307) targeted the PxCyc B3,
while three miRNAs (pxy-miR-8530-5p, pxy-miR-2733b-3p, pxy-miR-6307) targeted the
PxCyc D3. The PxCyc C2 and PxCyc rel6 genes were targeted by two miRNAs, respectively,
while a single miRNA targeted the remaining nine cyclin genes. Four miRNAs (pxy-miR-
8522, pxy-miR-2733b-3p, pxy-miR-6307, pxy-miR-8537-5p) targeted more than one cyclin
gene (Figure 5A). The target sites of six cyclin genes along their miRNAs sequence and
alignments are shown in Figure 5B. The functional validation of these predicted miRNAs
and their role in gene regulation in P. xylostella will be key for future research directions.
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Figure 5. Predicted miRNAs targeting the cyclin genes of P. xylostella. (A), the network of 16 miRNAs
targeting the 13 cyclin genes. (B), a schematic representation of the miRNA target sites in six cyclin
genes. Green boxes represent the exon; black lines represent the introns; red lines represent the
miRNA target sites. Upper sequences indicate the target sequences, and lower sequences indicate the
miRNAs; black dots highlight the alignment of the target sequences with the miRNA sequences.
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3.6. Transcriptome-Based Expression Profiling of Cyclin-like Genes in P. xylostella

The transcriptome-based data were used to calculate the expression patterns of
21 cyclin-like genes at different developmental stages, such as eggs, first-instar larvae,
second-instar larvae, third-instar larvae, fourth-instar larvae, pupae, female adults, and
male adults. Most cyclin-like genes, i.e., PxCyc K, PxCyc T1, PxCyc A2, PxCyc B3, PxCyc
T2, PxCyc H, PxCyc Y, PxCyc E, and PxCyc L2, were highly expressed at the egg and adult
female stages. Other genes (PxCyc rel1, PxCyc C1, PxCyc rel2 PxCyc rel3, PxCyc rel4 Px-
Cyc rel5, PxCyc H, PxCyc D, PxCyc rel6, and PxCyc C2) were expressed almost at every
developmental stage. One gene, PxCyc B1, was only expressed in adult females with little
expressions at the egg stage (Figure 6A).
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Figure 6. Heat map of transcriptomic expression profiling of cyclin genes at various stages and
tissues. (A), the expression profile at various stages; (B), the expression profile of cyclin genes in
different tissues. Log 2 transformed FPKM values were used for the heatmap construction. Eg, egg;
L1, first-instar larva; L2, second-instar larva; L3, third-instar larva; L4-F, fourth-instar female larva;
L4-M, fourth-instar male larva; P-F, female pupa; P-M, male pupa; A-M, adult male; A-F, adult female;
HD, head; FB, fat body; HL, hemolymph; MG, midgut; MT; malpighian tubule; SG, silk gland; SV,
salivary gland; TE, testis; OV, ovary.

Furthermore, we evaluated the transcriptome-based expression profiling of 21 cyclin-
like genes in different tissues such as the head, fat body, hemolymph, midgut, silk gland,
salivary gland, ovary, and testis. Most cyclin genes (16 out of 21) were highly expressed
in reproductive-related tissues such as the ovary and testis. Three cyclin genes (PxCyc K,
PxCyc T1, and PxCyc L2) were highly expressed in the head, and PxCyc rel5 was highly
expressed in the silk gland. Surprisingly, PxCyc B1 was only expressed in the ovary with no
expression in other tissues (Figure 6B). Detailed information about the transcriptome-based
expression values at different stages and tissues is listed in Supplementary Table S6. These
results indicated that cyclin-like genes might have some distinct roles in the reproduction
of P. xylostella rather than growth and development.

3.7. Validation of Cyclin Gene Expressions through RT-qPCR

RT-qPCR was performed to confirm transcriptomic expression profilings of cyclin-
like genes at different stages and tissues. Based on previous reports in B. mori and D.
melanogaster [12,15,16,19], six (PxCyc D3, PxCyc B1, PxCyc G1, PxCyc A2, PxCyc B3, PxCyc D,
PxCyc C2) genes were selected. PxCyc D3 and PxCyc G1 exhibited significantly high relative
expressions in adult females, followed by adult males and eggs. Similarly, PxCyc A2 and
PxCyc B3 also showed significantly high relative expressions in the adult, followed by
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egg. The relative expressions of the PxCyc B1 were only detected in the adult female with
very few expressions in other stages. Interestingly, the PxCyc C2 showed significantly high
relative expressions at the eggs, followed by female pupae and female adults (Figure 7A–F).
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Figure 7. RT-qPCR-based validation of cyclin genes at various stages and tissues. (A–F), relative
expression of six cyclin-like genes at different stages; (G–L), expression of six cyclin-like genes at
different tissues. Bars represent the mean ± SEM of three biological replications; different letters
highlight the significant difference in relative expressions among the different stages and tissues. Eg,
egg; L1, first-instar larva; L2, second-instar larva; L3, third-instar larva; L4-F, fourth-instar female
larva; L4-M, fourth-instar male larva; P-F, female pupa; P-M, male pupa; A-M, adult male; A-F, adult
female; HD, head; INT, integument; FB, fat body; MG, midgut; MT, malpighian tubule; SG, silk gland;
TE, testis; OV, ovary.



Biology 2022, 11, 1493 13 of 20

Next, we performed RT-qPCR for six cyclin genes to confirm their relative expressions
in different tissues. PxCyc D3, PxCyc B3, and PxCyc C2 showed significantly high relative
expression in the ovary, followed by the testis. The PxCyc A2 exhibited significantly high
relative expression at the ovary, followed by head and integument. The relative expression
of PxCyc B1 was only detected in the ovary (Figure 7G–L). These results were somehow
consistent with transcriptome expression data, which indicated that the cyclin-like genes
might play some roles in reproduction along with growth and development.

3.8. RNAi of PxCyc B1 Gene

Based on RT-qPCR results, we selected one gene PxCyc B1 for downstream functional
validation through RNAi because PxCyc B1 was only expressed in the ovary tissue of adult
females and may play specific functions in the ovary development and reproduction of
P. xylostella. For this purpose, the full-length 1440 bp coding sequence of PxCyc B1 was
PCR amplified and cloned (Supplementary Figure S2A). A dsRNA of 502 bp sequence was
designed to target the conserved region of PxCyc B1 (Supplementary Figure S2B). A total of
300 pupae for each dsRNA (PxCyc B1 and EGFP) were injected. Out of these injected pupae,
200 pupae survived with a survival rate of 67%. The injected pupae were used to detect
the relative expressions of PxCyc B3 at different time points (0 h, 12 h, 24 h, 36 h, and 48 h)
after injections, which indicated that relative expressions of PxCyc B1 were significantly
downregulated compared with the control 36 h and 48 h after injections (Figure 8A).

Next, we explored whether the suppression PxCyc B1 caused any phenotypic defects
in females. The injected females were observed under a stereoscope and all female body
parts were found to be normal except the external genitalia. The external genitalia of
dsPxCyc B1-injected female were smaller than that of the wild-type female (Figure 8B).

To determine whether the suppression of PxCyc B1 caused any defect in ovary de-
velopment, we dissected 20 dsPxCyc B1-injected females and observed them under the
microscope (Figure 8C). Overall, the ovary was normal, but the length of the ovariole was
significantly smaller than that of the wild type (Figure 8D).

Finally, we observed the egg-laying capacity and hatching rate of dsPxCyc B1-injected
females for up to three consecutive days. The results exhibited that the egg-laying capacity
and hatching rate were significantly lower in the females with dsPxCyc B1 injections than
in the females with dsEGFP injections (Figure 8E,F). These findings demonstrated that
dsPxCyc B1 plays a significant role in female reproductive development and female fertility.
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Figure 8. RNAi analysis of PxCyc B1. (A), relative expressions of PxCyc B1 at different time points
after dsRNA injections; (B), phenotypic differences in external genitalia after dsRNA injections;
(C), differences in ovary between dsPxCyc B1 and dsEGFP, (D), length of ovariole; (E), the difference
in the number of eggs laid by females injected with dsPxCyc B1 and dsEGFP, (F), the difference in
hatching rate. Bars represent the mean ± SEM of at least three biological replications. Significant
differences were highlighted with asterisks; **** indicates the highly significant difference at p < 0.001;
** indicates the significant difference at p < 0.01; * indicates the significant difference at p < 0.05; and
ns for the non-significant difference.
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4. Discussion

The combination of cyclins and CDKs is essential for cell division during the cell cycle
progression [2,44]. The majority of cyclin genes participate in nearly all of mitosis through
interactions with CDKs and other proteins, and they are essential for the growth and
development of animals, plants, and insects [45–47]. The fast advancement of genome se-
quencing and bioinformatics has enhanced the availability of entire sets of cyclin genes from
a variety of species, including Arabidopsis [48], Oryza sativa [49], Zea mays [50], tomato [51],
Caenorhabditis elegans [52], yeast [52], and human [53]. Comprehensive identification and
characterization of the cyclin gene might open the way for a more in-depth functional
investigation of these proteins. However, gene coding for cyclin proteins have not been well
explored in insects and even less in P. xylostella. To date, few cyclin genes have individually
been characterized in insects, but no genome-wide identification and characterization of a
complete set of cyclin genes were studied.

Previous studies on genome annotation reported 31 genes in the P. xylostella genome
that were annotated as cyclin-like genes [25]. However, we identified 21 unique cyclin
genes in the P. xylostella genome after removing redundant and duplicated genes (Table 1).
Moreover, a few genes in P. xylostella were annotated as cyclin-like genes but did not contain
a cyclin core domain and were considered to remove these genes. The number of cyclin
genes varies across the species, such as 52 genes in Arabidopsis [48], 22 in human [53], 34 in
Caenorhabditis elegans [52], 59 in Zea mays [50], and 23 in yeast [52]. The number of genes in
a species belonging to the same group/family depends on genome size and complexity.
Cyclin genes homologous in insects are fewer than the plant species mainly because of
small genome size and fewer chromosomes. Toward the subcellular localization of cyclin
genes, we discovered that the majority of cyclins (85.90%) were localized in the nucleus
(Table 1), which might be because the cyclin genes interact with CDKs and regulate the cell
cycle process [54]. Furthermore, the cyclin genes primarily involve cell division during
mitosis, which might be the reason for the nucleus localization of most cyclin genes [55].
The evolutionary process has resulted in the structural diversity of gene families and the
number of exons and introns that play a significant role in gene expressions. Exons counted
in cyclin genes ranged from 1 to 10 (Figure 1). However, most cyclin genes comprised
five exons (5 out of 21) and a single exon (4 out of 21). A single exon in most cyclin genes
may be due to intron deletions during the evolutionary process. Most cyclin genes share
common motifs, such as motif 1, motif 5, and motif 10 (Figure 1), which indicates that
the gene that shares the same motif may perform the same functions. However, further
studies are required to understand the variations in gene structure and functions of the
same motif present in different cyclin genes. Additionally, with structure and motif, we
found that the cyclin N domain is highly conserved and present in all cyclin genes, while
cyclin C is less conserved. These results are similar to previous studies in other species;
the cyclin N domain is highly conserved, which may be required for functions of these
cyclin genes [48,49]. The phylogenetic relationship of P. xylostella cyclin genes with three
other species indicates that most P. xylostella cyclin genes are closely related to the B. mori
cyclin gene. This might be because the P. xylostella and B. mori belong to the same insect
order (Lepidoptera). Notably, D. melanogaster, B. mori, and A. melifera possess fewer genes
than P. xylostella, indicating that P. xylostella gained more cyclin genes during evolution.
On the other hand, D. melanogaster, B. mori, and A. melifera might have lost some genes
during the evolutionary phase [30]. This evolutionary status is well supported by molecular
phylogeny of the Lepidopteran order, indicating the importance of P. xylostella in the history
of lepidopteran evolution. The literature showed that the P. xylostella genome possesses
a relatively larger set of genes and a moderate number of gene families, indicating the
expansion of certain gene families in P. xylostella [30].

The putative cis-regulatory elements of a specific gene are essential for controlling the
gene expression in stage-, tissue- and sex-specific manners [56]. In this study, we found
different types of binding factors in the 2kb upstream putative promoter sequences of
all cyclin genes (Figure 4). These identified factors are essential for insect growth and
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development, reproduction, and sex differentiation. The Oct binding factors belong to
POU transcription factors, which involve cell differentiation of the nervous system and
other organs during embryogenesis [55]; Ftz transcription factor regulates the cuticular
protein and plays an essential role in the leg development of Culex pipiens [57]. Br-C Z
isoforms encode a family of transcription factors that play a critical role in metamorphic
processes and are a primary responder gene in the ecdysteroid signaling pathway [58].
These transcription factors have distinct functions in larvae and pupae development in
different insect species [58–61]. SGF transcription factor involves silk gland formation;
FOXO-1 binding factor regulates juvenile hormone degradation and controls the growth
and development of B. mori [62]. ER and other receptors control the reproduction of
insects [61]; DSXF and DSXM are two isoforms of the doublesex gene that have distinct
roles in sex differentiation [26]. Next, we identified 16 miRNAs targeting the 13 different
cyclin genes of P. xylostella (Supplementary Table S5). Out of these identified miRNAs,
miR-279 is expressed in almost all developmental stages and plays a significant role in the
entire life of Aedes agypti [63]; miR-281 is highly expressed in the midgut of Ae. albopictus,
which enhances the viral replication [64]; miR-279-3p targets the CYP325BB1 gene and
regulates the deltamethrin resistance in Culex pipiens [65]; miR-263 and miR-263 regulate
the chitin synthesis genes to control the molting and metabolism of locusts [66]. These
studies indicate that predicted miRNAs targeting the cyclin genes may play crucial roles in
regulating the genes important for the growth and development of P. xylostella.

Transcriptome-based expression profiling of cyclin genes revealed that most cyclin
genes are highly expressed in reproductive tissues of adult insects except a few cyclin
genes, which showed high expressions in other stages and tissues (Figure 6). Furthermore,
RT-qPCR of six cyclin genes was performed, indicating the somehow consistency of our
transcriptome data. High expressions of cyclin genes in reproductive tissues indicate
that cyclin genes may have some distinct role in reproduction beyond the growth and
development. Previous studies in some model organisms show that cyclin genes play
specific roles in ovary development and oogenesis [67,68]. In D. melanogaster, cyclin B and
cyclin B3 are involved in female and male fertility [15], while cyclin J and cyclin G are
involved in egg chamber maturation and wing development [16,68]. In B. mori, cyclin B
and B3 are involved in cell cycle completion in the BmN cell line [19]. The functions of each
cyclin gene vary across the species. However, additional research is necessary to determine
the probable function of each cyclin gene in P. xylostella.

Next, we performed RNAi-mediated suppression of PxCyc B1, which is only expressed
in the ovary of adult females. Suppression of PxCyc B1 disrupted external genitalia and
decreased the length of the ovariole in female adults. Furthermore, the egg-laying capacity
and hatching rate were also significantly decreased by suppressing the PxCyc B1, indicating
the role of cyclin genes in the reproduction and fertility of P. xylostella (Figure 8). These re-
sults are consistent with previous studies in D. melanogaster, in which both male and female
fertility were influenced by B-type cyclins [16]. However, in B. mori, B-type cyclins are not
related to fertility but are involved in the progression of the cell cycle [19]. Moreover, cyclin
B1 is involved in mouse reproduction, which has a specific role in oocyte maturation [69].
Considering previous studies, we concluded that the B-type cyclin genes are important
for reproduction, fertility, and cell cycle regulation in different species, including insects.
Furthermore, the PxCyc B1 gene might be used as a target site for the development of an
effective way to manage P. xylostella [70].

5. Conclusions

In conclusion, we identified 21 cyclin genes in the genome of P. xylostella through a
comprehensive genome-wide analysis and evaluated the gene structure, genomic location,
and evolutionary relationship. Cis-regulatory elements and potential miRNA targeting
the cyclin genes were also assessed. By analyzing the transcriptomic and RT-qPCR-based
expression profiling at different stages and tissues, we found that the majority of the cyclin
genes were significantly expressed in the reproductive tissues of P. xylostella. Moreover,
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RNAi-mediated characterization of PxCyc B1 showed its role in female fertility. Collectively,
the current study provides the basis to identify the potential role of cyclin genes in the
reproduction of insects, and the cyclin genes may be considered an effective target site to
control the pest population.
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targeting the different cyclin genes of P. xylostella; Table S6: Details of transcriptomic data used to
construct the heatmap.

Author Contributions: Conceptualization, G.Y. and M.A.; methodology, J.C., J.L., D.L. and J.Y.;
writing—original draft preparation, M.A. and D.L.; writing—review and editing, G.Y.; visualization,
G.Y. and M.A.; supervision, G.Y. and M.A.; project administration, G.Y. and M.A.; funding acquisition,
G.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the project of the National Natural Science Foundation
of China (3172237), the Special Key Project of Fujian Province (2018NZ01010013), and “111” pro-
gram (KRA16001A).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank to Yasir Sharif for helping hands in bioinformatic analysis
and the Institute of Applied Ecology, Fujian Agriculture and Forestry University, Fuzhou 350002,
China, for providing the research facilities and technical guidance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Meng, J.; Peng, M.; Yang, J.; Zhao, Y.; Hu, J.; Zhu, Y.; He, H. Genome-wide analysis of the cyclin gene family and their expression

profile in Medicago truncatula. Int. J. Mol. Sci. 2020, 21, 9430. [CrossRef] [PubMed]
2. Nigg, E.A. Cyclin-dependent protein kinases: Key regulators of the eukaryotic cell cycle. BioEssays 1995, 17, 471–480. [CrossRef]

[PubMed]
3. Johnson, D.G.; Walker, C.L. Cyclins and cell cycle checkpoints. Annu. Rev. Pharmacol. Toxicol. 1999, 39, 295–312. [CrossRef]

[PubMed]
4. Gunbin, K.V.; Suslov, V.V.; Turnaev, I.I.; Afonnikov, D.A.; Kolchanov, N.A. Molecular evolution of cyclin proteins in animals and

fungi. BMC Evol. Biol. 2011, 11, 224. [CrossRef]
5. Murray, A.W. Recycling the cell cycle: Cyclins revisited. Cell 2004, 116, 221–234. [CrossRef]
6. Sherr, C.J.; Roberts, J.M. Living with or without cyclins and cyclin-dependent kinases. Genes Dev. 2004, 18, 2699–2711. [CrossRef]
7. Evans, T.; Rosenthal, E.T.; Youngblom, J.; Distel, D.; Hunt, T. Cyclin: A protein specified by maternal mRNA in sea urchin eggs

that is destroyed at each cleavage division. Cell 1983, 33, 389–396. [CrossRef]
8. Renaudin, J.P.; Colasanti, J.; Rime, H.; Yuan, Z.; Sundaresan, V. Cloning of four cyclins from maize indicates that higher plants

have three structurally distinct groups of mitotic cyclins. Proc. Natl. Acad. Sci. USA 1994, 91, 7375–7379. [CrossRef]
9. Errico, A.; Deshmukh, K.; Tanaka, Y.; Pozniakovsky, A.; Hunt, T. Identification of substrates for cyclin dependent kinases. Adv.

Enzym. Regul. 2010, 50, 375–399. [CrossRef] [PubMed]
10. Satyanarayana, A.; Kaldis, P. Mammalian cell-cycle regulation: Several Cdks, numerous cyclins and diverse compensatory

mechanisms. Oncogene 2009, 28, 2925–2939. [CrossRef]
11. Coqueret, O. Linking cyclins to transcriptional control. Gene 2002, 299, 35–55. [CrossRef]
12. Debat, V.; Bloyer, S.; Faradji, F.; Gidaszewski, N.; Navarro, N.; Orozco-Terwengel, P.; Ribeiro, V.; Schlötterer, C.; Deutsch, J.S.;

Peronnet, F. Developmental stability: A major role for cyclin G in Drosophila melanogaster. PLoS Genet. 2011, 7, e1002314. [CrossRef]
13. Nugent, J.; Alfa, C.E.; Young, T.; Hyams, J.S. Conserved structural motifs in cyclins identified by sequence analysis. J. Cell Sci.

1991, 99, 669–674. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/biology11101493/s1
https://www.mdpi.com/article/10.3390/biology11101493/s1
http://doi.org/10.3390/ijms21249430
http://www.ncbi.nlm.nih.gov/pubmed/33322339
http://doi.org/10.1002/bies.950170603
http://www.ncbi.nlm.nih.gov/pubmed/7575488
http://doi.org/10.1146/annurev.pharmtox.39.1.295
http://www.ncbi.nlm.nih.gov/pubmed/10331086
http://doi.org/10.1186/1471-2148-11-224
http://doi.org/10.1016/S0092-8674(03)01080-8
http://doi.org/10.1101/gad.1256504
http://doi.org/10.1016/0092-8674(83)90420-8
http://doi.org/10.1073/pnas.91.15.7375
http://doi.org/10.1016/j.advenzreg.2009.12.001
http://www.ncbi.nlm.nih.gov/pubmed/20045433
http://doi.org/10.1038/onc.2009.170
http://doi.org/10.1016/S0378-1119(02)01055-7
http://doi.org/10.1371/journal.pgen.1002314
http://doi.org/10.1242/jcs.99.3.669
http://www.ncbi.nlm.nih.gov/pubmed/1834684


Biology 2022, 11, 1493 18 of 20

14. Horne, M.C.; Goolsby, G.L.; Donaldson, K.L.; Tran, D.; Neubauer, M.; Wahl, A.F. Cyclin G1 and cyclin G2 comprise a new family
of cyclins with contrasting tissue-specific and cell cycle-regulated expression (∗). J. Biol. Chem. 1996, 271, 6050–6061. [CrossRef]
[PubMed]

15. Lehner, C.F.; O’Farrell, P.H. The roles of Drosophila cyclins A and B in mitotic control. Cell 1990, 61, 535–547. [CrossRef]
16. Jacobs, H.W.; Knoblich, J.A.; Lehner, C.F. Drosophila cyclin B3 is required for female fertility and is dispensable for mitosis like

Cyclin B. Genes Dev. 1998, 12, 3741–3751. [CrossRef]
17. Xie, X.J.; Hsu, F.N.; Gao, X.; Xu, W.; Ni, J.Q.; Xing, Y.; Huang, L.; Hsiao, H.C.; Zheng, H.; Wang, C.; et al. CDK8-cyclin C mediates

nutritional regulation of developmental transitions through the ecdysone receptor in Drosophila. PLoS Biol. 2015, 13, e1002250.
[CrossRef]

18. Faradji, F.; Bloyer, S.; Dardalhon-Cuménal, D.; Randsholt, N.B.; Peronnet, F. Drosophila melanogaster cyclin G coordinates cell
growth and cell proliferation. Cell Cycle 2011, 10, 805–818. [CrossRef]

19. Pan, M.; Hong, K.; Chen, X.; Pan, C.; Chen, X.; Kuang, X.; Lu, C. BmCyclin B and BmCyclin B3 are required for cell cycle
progression in the silkworm, Bombyx mori. Sci. China Life Sci. 2013, 56, 360–365. [CrossRef]

20. Li, Z.; Feng, X.; Liu, S.S.; You, M.; Furlong, M.J. Biology, ecology, and management of the diamondback moth in China. Annu. Rev.
Entomol. 2016, 61, 277–296. [CrossRef]

21. Fu, S.; Liu, Z.; Chen, J.; Sun, G.; Jiang, Y.; Li, M.; Xiong, L.; Chen, S.; Zhou, Y.; Asad, M.; et al. Silencing arginine kinase/integrin
β(1) subunit by transgenic plant expressing dsRNA inhibits the development and survival of Plutella xylostella. Pest Manag. Sci.
2020, 76, 1761–1771. [CrossRef] [PubMed]

22. Wang, X.; Wu, Y. High levels of resistance to chlorantraniliprole evolved in field populations of Plutella xylostella. J. Econ. Entomol.
2012, 105, 1019–1023. [CrossRef] [PubMed]

23. Jiang, T.; Wu, S.; Yang, T.; Zhu, C.; Gao, C. Monitoring field populations of Plutella xylostella (Lepidoptera: Plutellidae) for
resistance to eight insecticides in China. Fla. Entomol. 2015, 98, 65–73. [CrossRef]

24. Asad, M.; Liu, D.; Li, J.; Chen, J.; Yang, G. Development of CRISPR/Cas9-mediated gene-drive construct targeting the phenotypic
gene in Plutella xylostella. Front. Physiol. 2022, 13, 1244. [CrossRef] [PubMed]

25. Peng, L.; Wang, L.; Yang, Y.F.; Zou, M.M.; He, W.Y.; Wang, Y.; Wang, Q.; Vasseur, L.; You, M.S. Transcriptome profiling of the
Plutella xylostella (Lepidoptera: Plutellidae) ovary reveals genes involved in oogenesis. Gene 2017, 637, 90–99. [CrossRef]

26. Asad, M.; Munir, F.; Xu, X.; Li, M.; Jiang, Y.; Chu, L.; Yang, G. Functional characterization of the cis-regulatory region for the
vitellogenin gene in Plutella xylostella. Insect Mol. Biol. 2020, 29, 137–147. [CrossRef]

27. Xu, X.; Yang, J.; Harvey-Samuel, T.; Huang, Y.; Asad, M.; Chen, W.; He, W.; Yang, G.; Alphey, L.; You, M. Identification and
characterization of the vasa gene in the diamondback moth, Plutella xylostella. Insect Biochem. Mol. Biol. 2020, 122, 103371.
[CrossRef]

28. Guo, A.Y.; Zhu, Q.H.; Chen, X.; Luo, J.C. GSDS: A gene structure display server. Yi Chuan Hereditas 2007, 29, 1023–1026. [CrossRef]
29. Chen, C.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.; Xia, R. TBtools: An Integrative Toolkit Developed for Interactive

Analyses of Big Biological Data. Mol. Plant 2020, 13, 1194–1202. [CrossRef]
30. You, M.; Yue, Z.; He, W.; Yang, X.; Yang, G.; Xie, M.; Zhan, D.; Baxter, S.W.; Vasseur, L.; Gurr, G.M.; et al. A heterozygous moth

genome provides insights into herbivory and detoxification. Nat. Genet. 2013, 45, 220–225. [CrossRef]
31. Tamura, K.; Peterson, D.; Peterson, N.; Stecher, G.; Nei, M.; Kumar, S. MEGA5: Molecular evolutionary genetics analysis using

maximum likelihood, evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 2011, 28, 2731–2739. [CrossRef]
[PubMed]

32. Chou, K.C.; Shen, H.B. Cell-PLoc: A package of Web servers for predicting subcellular localization of proteins in various
organisms. Nat. Protoc. 2008, 3, 153–162. [CrossRef] [PubMed]

33. Gasteiger, E.; Hoogland, C.; Gattiker, A.; Wilkins, M.R.; Appel, R.D.; Bairoch, A. Protein identification and analysis tools on the
ExPASy server. In The Proteomics Protocols Handbook; Walker, J.M., Ed.; Humana Press: Totowa, NJ, USA, 2005; pp. 571–607.

34. Farré, D.; Roset, R.; Huerta, M.; Adsuara, J.E.; Roselló, L.; Albà, M.M.; Messeguer, X. Identification of patterns in biological
sequences at the ALGGEN server: PROMO and MALGEN. Nucleic Acids Res. 2003, 31, 3651–3653. [CrossRef]

35. Mei, Y.; Jing, D.; Tang, S.; Chen, X.; Chen, H.; Duanmu, H.; Cong, Y.; Chen, M.; Ye, X.; Zhou, H.; et al. InsectBase 2.0: A
comprehensive gene resource for insects. Nucleic Acids Res. 2022, 50, D1040–D1045. [CrossRef] [PubMed]

36. Rehmsmeier, M.; Steffen, P.; Hochsmann, M.; Giegerich, R. Fast and effective prediction of microRNA/target duplexes. RNA
2004, 10, 1507–1517. [CrossRef] [PubMed]

37. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [CrossRef]

38. Ma, X.L.; He, W.Y.; Wang, P.; You, M.S. Cell lines from diamondback moth exhibiting differential susceptibility to baculovirus
infection and expressing midgut genes. Insect Sci. 2019, 26, 251–262. [CrossRef]

39. Kwon, D.H.; Park, J.H.; Ashok, P.A.; Lee, U.; Lee, S.H. Screening of target genes for RNAi in Tetranychus urticae and RNAi toxicity
enhancement by chimeric genes. Pestic. Biochem. Physiol. 2016, 130, 1–7. [CrossRef]

40. Patil, A.A.; Tatsuke, T.; Mon, H.; Lee, J.M.; Morokuma, D.; Hino, M.; Kusakabe, T. Characterization of Armitage and Yb containing
granules and their relationship to nuage in ovary-derived cultured silkworm cell. Biochem. Biophys. Res. Commun. 2017, 490,
134–140. [CrossRef]

http://doi.org/10.1074/jbc.271.11.6050
http://www.ncbi.nlm.nih.gov/pubmed/8626390
http://doi.org/10.1016/0092-8674(90)90535-M
http://doi.org/10.1101/gad.12.23.3741
http://doi.org/10.1371/journal.pbio.1002207
http://doi.org/10.4161/cc.10.5.14959
http://doi.org/10.1007/s11427-013-4459-3
http://doi.org/10.1146/annurev-ento-010715-023622
http://doi.org/10.1002/ps.5701
http://www.ncbi.nlm.nih.gov/pubmed/31785188
http://doi.org/10.1603/EC12059
http://www.ncbi.nlm.nih.gov/pubmed/22812143
http://doi.org/10.1653/024.098.0112
http://doi.org/10.3389/fphys.2022.938621
http://www.ncbi.nlm.nih.gov/pubmed/35845988
http://doi.org/10.1016/j.gene.2017.09.020
http://doi.org/10.1111/imb.12632
http://doi.org/10.1016/j.ibmb.2020.103371
http://doi.org/10.1360/yc-007-1023
http://doi.org/10.1016/j.molp.2020.06.009
http://doi.org/10.1038/ng.2524
http://doi.org/10.1093/molbev/msr121
http://www.ncbi.nlm.nih.gov/pubmed/21546353
http://doi.org/10.1038/nprot.2007.494
http://www.ncbi.nlm.nih.gov/pubmed/18274516
http://doi.org/10.1093/nar/gkg605
http://doi.org/10.1093/nar/gkab1090
http://www.ncbi.nlm.nih.gov/pubmed/34792158
http://doi.org/10.1261/rna.5248604
http://www.ncbi.nlm.nih.gov/pubmed/15383676
http://doi.org/10.1101/gr.1239303
http://doi.org/10.1111/1744-7917.12533
http://doi.org/10.1016/j.pestbp.2015.11.005
http://doi.org/10.1016/j.bbrc.2017.06.008


Biology 2022, 11, 1493 19 of 20

41. Lucas, K.J.; Zhao, B.; Liu, S.; Raikhel, A.S. Regulation of physiological processes by microRNAs in insects. Curr. Opin. Insect Sci.
2015, 11, 1–7. [CrossRef]

42. Zhang, Q.; Dou, W.; Taning, C.N.T.; Smagghe, G.; Wang, J.-J. Regulatory roles of microRNAs in insect pests: Prospective targets
for insect pest control. Curr. Opin. Biotechnol. 2021, 70, 158–166. [CrossRef] [PubMed]

43. Zhang, Q.; Dou, W.; Pan, D.; Chen, E.-H.; Niu, J.-Z.; Smagghe, G.; Wang, J.-J. Genome-wide analysis of microRNAs in relation to
pupariation in oriental fruit fly. Front. Physiol. 2019, 10, 301. [CrossRef] [PubMed]

44. Obaya, A.J.; Sedivy, J.M. Regulation of cyclin-Cdk activity in mammalian cells. Cell. Mol. Life Sci. CMLS 2002, 59, 126–142.
[CrossRef] [PubMed]

45. Cao, L.; Chen, F.; Yang, X.; Xu, W.; Xie, J.; Yu, L. Phylogenetic analysis of CDK and cyclin proteins in premetazoan lineages. BMC
Evol Biol 2014, 14, 10. [CrossRef] [PubMed]

46. Inzé, D.; De Veylder, L. Cell cycle regulation in plant development. Annu. Rev. Genet. 2006, 40, 77–105. [CrossRef]
47. Ren, D.; Song, J.; Ni, M.; Kang, L.; Guo, W. Regulatory mechanisms of cell polyploidy in insects. Front. Cell Dev. Biol. 2020, 8, 361.

[CrossRef]
48. Wang, G.; Kong, H.; Sun, Y.; Zhang, X.; Zhang, W.; Altman, N.; DePamphilis, C.W.; Ma, H. Genome-wide analysis of the cyclin

family in Arabidopsis and comparative phylogenetic analysis of plant cyclin-like proteins. Plant Physiol. 2004, 135, 1084–1099.
[CrossRef]

49. La, H.; Li, J.; Ji, Z.; Cheng, Y.; Li, X.; Jiang, S.; Venkatesh, P.N.; Ramachandran, S. Genome-wide analysis of cyclin family in rice
(Oryza Sativa L.). Mol. Genet. Genom. 2006, 275, 374–386. [CrossRef]

50. Hu, X.; Cheng, X.; Jiang, H.; Zhu, S.; Cheng, B.; Xiang, Y. Genome-wide analysis of cyclins in maize (Zea mays). Genet. Mol. Res.
2010, 9, 1490–1503. [CrossRef]

51. Zhang, T.; Wang, X.; Lu, Y.; Cai, X.; Ye, Z.; Zhang, J. Genome-wide analysis of the cyclin gene family in tomato. Int. J. Mol. Sci.
2013, 15, 120–140. [CrossRef]

52. Plowman, G.D.; Sudarsanam, S.; Bingham, J.; Whyte, D.; Hunter, T. The protein kinases of Caenorhabditis elegans: A model for
signal transduction in multicellular organisms. Proc. Natl. Acad. Sci. USA 1999, 96, 13603–13610. [CrossRef] [PubMed]

53. Pines, J. Cyclins and cyclin-dependent kinases: A biochemical view. Biochem. J. 1995, 308 Pt 3, 697–711. [CrossRef] [PubMed]
54. Li, J.; Meyer, A.N.; Donoghue, D.J. Nuclear localization of cyclin B1 mediates its biological activity and is regulated by phospho-

rylation. Proc. Natl. Acad. Sci. USA 1997, 94, 502–507. [CrossRef] [PubMed]
55. Yang, J.; Kornbluth, S. All aboard the cyclin train: Subcellular trafficking of cyclins and their CDK partners. Trends Cell Biol. 1999,

9, 207–210. [CrossRef]
56. Wittkopp, P.J. Evolution of cis-regulatory sequence and function in Diptera. Heredity 2006, 97, 139–147. [CrossRef] [PubMed]
57. Xu, Y.; Yang, X.; Sun, X.; Li, X.; Liu, Z.; Yin, Q.; Ma, L.; Zhou, D.; Sun, Y.; Shen, B.; et al. Transcription factor FTZ-F1 regulates

mosquito cuticular protein CPLCG5 conferring resistance to pyrethroids in Culex pipiens pallens. Parasites Vectors 2020, 13, 514.
[CrossRef] [PubMed]

58. Piulachs, M.D.; Pagone, V.; Bellés, X. Key roles of the Broad-Complex gene in insect embryogenesis. Insect Biochem. Mol. Biol.
2010, 40, 468–475. [CrossRef]

59. Xu, Q.Y.; Meng, Q.W.; Deng, P.; Fu, K.Y.; Guo, W.C.; Li, G.Q. Isoform specific roles of Broad-Complex in larval development in
Leptinotarsa decemlineata. Insect Mol. Biol. 2019, 28, 420–430. [CrossRef]

60. Spokony, R.F.; Restifo, L.L. Broad Complex isoforms have unique distributions during central nervous system metamorphosis in
Drosophila melanogaster. J. Comp. Neurol. 2009, 517, 15–36. [CrossRef]

61. Zhen, C.; Yang, H.; Luo, S.; Huang, J.; Wu, J. Broad-complex Z3 contributes to the ecdysone-mediated transcriptional regulation
of the vitellogenin gene in Bombus lantschouensis. PLoS ONE 2018, 13, e0207275. [CrossRef]

62. Zeng, B.; Huang, Y.; Xu, J.; Shiotsuki, T.; Bai, H.; Palli, S.R.; Huang, Y.; Tan, A. The FOXO transcription factor controls insect
growth and development by regulating juvenile hormone degradation in the silkworm, Bombyx mori. J. Biol. Chem. 2017, 292,
11659–11669. [CrossRef] [PubMed]

63. Feng, X.; Zhou, S.; Wang, J.; Hu, W. microRNA profiles and functions in mosquitoes. PLoS Negl. Trop. Dis. 2018, 12, e0006463.
[CrossRef] [PubMed]

64. Zhou, Y.; Liu, Y.; Yan, H.; Li, Y.; Zhang, H.; Xu, J.; Puthiyakunnon, S.; Chen, X. miR-281, an abundant midgut-specific miRNA of
the vector mosquito Aedes albopictus enhances dengue virus replication. Parasites Vectors 2014, 7, 488. [CrossRef] [PubMed]

65. Li, X.; Hu, S.; Zhang, H.; Yin, H.; Wang, H.; Zhou, D.; Sun, Y.; Ma, L.; Shen, B.; Zhu, C. MiR-279-3p regulates deltamethrin
resistance through CYP325BB1 in Culex pipiens pallens. Parasites Vectors 2021, 14, 528. [CrossRef]

66. Yang, M.; Wang, Y.; Jiang, F.; Song, T.; Wang, H.; Liu, Q.; Zhang, J.; Zhang, J.; Kang, L. miR-71 and miR-263 jointly regulate target
genes chitin synthase and chitinase to control locust molting. PLoS Genet. 2016, 12, e1006257. [CrossRef]

67. Fox, P.M.; Vought, V.E.; Hanazawa, M.; Lee, M.-H.; Maine, E.M.; Schedl, T. Cyclin E and CDK-2 regulate proliferative cell fate and
cell cycle progression in the C. elegans germline. Development 2011, 138, 2223–2234. [CrossRef]

68. Atikukke, G.; Albosta, P.; Zhang, H.; Finley, R.L. A role for Drosophila Cyclin J in oogenesis revealed by genetic interactions with
the piRNA pathway. Mech. Dev. 2014, 133, 64–76. [CrossRef]

http://doi.org/10.1016/j.cois.2015.06.004
http://doi.org/10.1016/j.copbio.2021.05.002
http://www.ncbi.nlm.nih.gov/pubmed/34090114
http://doi.org/10.3389/fphys.2019.00301
http://www.ncbi.nlm.nih.gov/pubmed/30967796
http://doi.org/10.1007/s00018-002-8410-1
http://www.ncbi.nlm.nih.gov/pubmed/11846025
http://doi.org/10.1186/1471-2148-14-10
http://www.ncbi.nlm.nih.gov/pubmed/24433236
http://doi.org/10.1146/annurev.genet.40.110405.090431
http://doi.org/10.3389/fcell.2020.00361
http://doi.org/10.1104/pp.104.040436
http://doi.org/10.1007/s00438-005-0093-5
http://doi.org/10.4238/vol9-3gmr861
http://doi.org/10.3390/ijms15010120
http://doi.org/10.1073/pnas.96.24.13603
http://www.ncbi.nlm.nih.gov/pubmed/10570119
http://doi.org/10.1042/bj3080697
http://www.ncbi.nlm.nih.gov/pubmed/8948422
http://doi.org/10.1073/pnas.94.2.502
http://www.ncbi.nlm.nih.gov/pubmed/9012813
http://doi.org/10.1016/S0962-8924(99)01577-9
http://doi.org/10.1038/sj.hdy.6800869
http://www.ncbi.nlm.nih.gov/pubmed/16850038
http://doi.org/10.1186/s13071-020-04383-w
http://www.ncbi.nlm.nih.gov/pubmed/33054862
http://doi.org/10.1016/j.ibmb.2010.04.006
http://doi.org/10.1111/imb.12563
http://doi.org/10.1002/cne.22119
http://doi.org/10.1371/journal.pone.0207275
http://doi.org/10.1074/jbc.M117.777797
http://www.ncbi.nlm.nih.gov/pubmed/28490635
http://doi.org/10.1371/journal.pntd.0006463
http://www.ncbi.nlm.nih.gov/pubmed/29718912
http://doi.org/10.1186/s13071-014-0488-4
http://www.ncbi.nlm.nih.gov/pubmed/25331963
http://doi.org/10.1186/s13071-021-05033-5
http://doi.org/10.1371/journal.pgen.1006257
http://doi.org/10.1242/dev.059535
http://doi.org/10.1016/j.mod.2014.06.001


Biology 2022, 11, 1493 20 of 20

69. Tay, J.; Hodgman, R.; Richter, J.D. The control of cyclin B1 mRNA translation during mouse oocyte maturation. Dev. Biol. 2000,
221, 1–9. [CrossRef]

70. Asad, M.; Liu, D.; Chen, J.; Yang, G. Applications of gene drive systems for population suppression of insect pests. Bull. Entomol.
Res. 2022, 1–10. [CrossRef]

http://doi.org/10.1006/dbio.2000.9669
http://doi.org/10.1017/S0007485322000268

	Introduction 
	Materials and Methods 
	Rearing of Plutella xylostella 
	Identification of Putative Cyclin-like Genes 
	Gene Structure and Motif Analysis 
	Genomic Location and Phylogenetic Analysis 
	Physiochemical Properties of Cyclin Genes 
	Cis-Regulatory Elements Analysis 
	Prediction of miRNAs Targeting the Cyclin Genes of P. xylostella 
	Stage- and Tissue-Specific Expression Profiling of Cyclin Genes 
	RNA Extraction, cDNA Preparation and RT-qPCR Analysis 
	PCR Amplification and Cloning of PxCyc B1 Gene 
	Double-Stranded RNA Synthesis, Microinjections, and RNAi Analysis 
	Statistical Analysis 

	Results 
	Identificationsand Subcellular Localization of Cyclin Genes in P. xylostella 
	Gene Structure and Conserved Domain 
	Genomic Location and Phylogenetic Analysis 
	Putative Cis-Regulatory Elements of Cyclin Genes 
	Identification of miRNA Targeting the Cyclin Genes 
	Transcriptome-Based Expression Profiling of Cyclin-like Genes in P. xylostella 
	Validation of Cyclin Gene Expressions through RT-qPCR 
	RNAi of PxCyc B1 Gene 

	Discussion 
	Conclusions 
	References

