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The ladybird Coccinella septempunctata L., a predatory insect, serves as an excellent
biological control agent against common agricultural pests. It undergoes a diapause
phenomenon, during which a large amount of fat accumulates in the abdomen.
A comprehensive analysis of this lipid accumulation can reveal the molecular
mechanisms underlying diapause regulation, which can be exploited to improve the
shipping and transport of the insect for agricultural applications. In this study, we
compared the transcriptome of C. septempunctata during non-diapause, diapause,
and post-diapause and screened four key genes related to lipid metabolism. The cDNA
of these four relevant enzymes, acetyl-CoA carboxylase (ACC), long-chain fatty acid-
CoA ligase (ACSL), elongase of very-long-chain fatty acids (ELO), and very-long-chain
3-oxoacyl-CoA reductase (KAR), were cloned using reverse transcription-polymerase
chain reaction and rapid amplification of cDNA ends. Their expression profiles were
analyzed during the preparation and maintenance phases of diapause and the post-
diapause phase. The functions of these four key enzymes in diapause were further
verified using RNA interference. All four genes were most closely related to the homeotic
gene from Tribolium castaneum. The expression profiles of these four genes were
significantly affected under diapause-inducing conditions; their expression level was the
highest in the diapause preparation phase, and it gradually decreased with the diapause
induction time. RNA interference showed that the target genes play important roles
in fat storage during early diapause, and the decrease in their expression leads to a
decrease in lipid content in C. septempunctata. These results indicate an important role
of ACC, ACSL, ELO, and KAR in lipid accumulation. Our findings could help elucidate
the production and accumulation of lipids by insects during the preparation for diapause
and improve biological control.
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INTRODUCTION

The widely distributed seven-spotted ladybird Coccinella
septempunctata L., a typical natural predator of agricultural
pests, preys on various types of aphids, commonly found in fruit
trees and crops. Coccinella septempunctata is distributed across
various regions (Hodek and Michaud, 2008; Simelane et al,
2008). It has a characteristic diapause period during which the
adult diapause elytra are light in color and remain yellow for a
long period. Ovarian development is halted and a large amount
of fat accumulates in the abdomen (Wang et al., 2013). This
physiological change can provide energy required by the insect
to withstand the diapause period, thus ensuring its survival in a
hostile environment (Ren et al., 2016). Further understanding
of the mechanisms regulating diapause can help improve long-
distance shipping and long-term storage of this insect (Ren et al.,
2016), thereby promoting its important role as an agricultural
commodity in biological control (Turnock et al., 2003).

Diapause is a physiological and ecological strategy acquired
during the long-term evolution of insects to enable their
adaptation to adverse environments (Tougeron, 2019). Diapause
is a genetically controlled phenomenon in which insect
development stagnates under the stimulation of a specific
environmental clue and is reinitiated under another specific
stimulus (Danilevsky et al., 1970; Denlinger, 2002). Diapause is
essential to species survival as it induces a rhythm in the life
cycle that is in sync with the rhythm of the environment and
ensures that an active phase of the life cycle occurs when food
is most abundant (Andrewartha, 2010). In addition to gaining
a better understanding of insect survival mechanisms, in-depth
investigation of the process of diapause can also provide insights
into aging, obesity, and disease transmission; help predict pest
infestations; increase the shelf life and effectiveness of biological
control agents; and provide new guidance for medical research
(Denlinger, 2008). In particular, research into the regulation
mechanism of C. septempunctata diapause can provide strategies
for the development and utilization of this economic insect as a
theoretical basis for the biological control of pests in agriculture
and forestry, while further extending the shelf life of products
to improve their utilization rate (Tauber and Tauber, 1976;
Van Lenteren, 2012).

Lipid accumulation is critical to insect diapause regulation
(Hahn and Denlinger, 2011). Thus, higher lipid levels during
diapause have been reported in many insects including
C. septempunctata (Amiri and Bandani, 2013; Wang et al., 2013;
Giiney et al.,, 2021). However, the key enzymes involved in this
regulation and their specific roles in fatty acid metabolism remain
unclear. The insect fatty body is the power source to maintain
the energy balance in vivo and serves as an essential reservoir
to store fat during the long period of fasting throughout the
process of insect metamorphosis (Li et al., 2019). After being
absorbed by the insect, most nutrients are stored in vivo in
the form of triglycerides (Sieber and Thummel, 2009). In most
insects, the majority of total fatty acids are associated with
the synthesis of triglycerides, which play an important role in
maintenance and survival (Toprak et al., 2020). Several key
genes participate in the fatty acid biosynthesis and elongation

pathways (Stanley-Samuelson et al., 1988). We earlier performed
transcriptome sequencing of insect in three development stages,
namely, non-diapause, diapause, and diapause termination.
Differentially expressed genes were screened, which revealed
that differentially expressed genes were primarily involved in
the fatty acid synthesis pathway (Qi et al., 2015). According
to the de novo transcriptome analysis of C. septempunctata
[available at the National Center for Biotechnology Research
(NCBI) Gene Expression Omnibus under accession number
GSE75645], we screened four genes associated with fatty acid
biosynthesis that are significantly upregulated during diapause,
namely, acetyl-CoA carboxylase (ACC), long-chain fatty acid-
CoA ligase (ACSL), elongase of very-long-chain fatty acids (ELO),
and 3-ketoacyl CoA reductase (KAR). ACC and ACSL play
crucial roles in fatty acid metabolism. ACC is the rate-limiting
enzyme in the de novo synthesis of fatty acids, which catalyzes
the production of acetyl-CoA, eventually catalyzing the synthesis
of palmitic acid (C16:0) and distinct elongases in the pathway
of very-long-chain fatty acyl-CoA synthesis (>C22:0) (Barber
et al., 2005; Tong, 2005). ACC has been used in drug design for
obesity and diabetes, as well as herbicide formulations, thereby
becoming a target gene for some crops; Moreover, ACC is a target
for lipid synthesis inhibitor type insecticides/acaricides (Herbert
et al.,, 1997; Abu-Elheiga et al., 2003; Liimmen et al., 2014). Insect
ACC is a multidomain enzyme encoded by a single gene, affecting
lipid accumulation, reproductive capacity, and insects’ epidermal
function (Baker and Thummel, 2007). Long-chain fatty acid-
CoA ligase activates free long-chain fatty acids to form acyl-
CoA in the fatty acid biosynthesis pathway. Acyl-CoA is a key
intermediate of anabolism and catabolism (Mashek et al., 2007;
Dai et al., 2015), whereas ACSL is involved in fatty acid transport,
energy balance, post-translational modification of proteins, cell
signaling, and cell wall synthesis (Watkins, 1997). The activated
form of acyl-CoA participates in the extension cycle of the
fatty acid elongation pathway. After four sequential reactions
of condensation, reduction, dehydration, and final reduction,
long-chain fatty acids are generated (Moon and Horton, 2003).
Elongase of very-long-chain fatty acids and KAR are the key
enzymes in this reaction. The pathway is catalyzed by ELO,
and malonyl-CoA provides two carbon atoms, which extend
fatty acid carbon chains to generate 3-ketoacyl-CoA. 3-Ketoacyl
CoA reductase then catalyzes the reduction reaction to form
3-hydroxyacyl-CoA (Leonard et al., 2004). Research on ELO
in insects has mainly focused on Drosophila melanogaster to
elucidate its role in reproductive ability, pheromone biosynthesis,
and epidermal function (Falcon et al., 2014; Ng et al., 2015). 3-
Ketoacyl CoA reductase is a critical factor in the very-long-chain
fatty acid prolongation enzyme complex, widely studied in plants
such as Brassica napus and cotton fibers, but its role has rarely
been reported in insects (Puyaubert et al., 2005; Pang et al., 2010).

In this study, we cloned these four genes related to fatty acid
biosynthesis in C. septempunctata and used reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) to detect
the gene expression levels during non-diapause and diapause
induction. RNA interference (RNAi) technology was further used
for genetic silencing to confirm the functions of these genes in
diapause process. These results can provide a theoretical basis for
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a more in-depth understanding of diapause molecular regulation
and provide a new direction for the commercial application of
C. septempunctata.

MATERIALS AND METHODS

Insect Rearing and Sample Collection
Coccinella septempunctata were captured in wheat fields in the
Chinese Academy of Agricultural Sciences and reared on fresh
Aphis glycines Matsumura daily (Wang et al., 2013). Female
adults exhibiting normal development were maintained under
suitable conditions, with a photoperiod of 16-h light:8-h dark,
temperature of 24 £+ 1°C, and humidity of 70 £+ 10%. To
induce diapause, the newly emerged adults were shifted to
diapause conditions with a reduced day length of 14-h light:10-
h dark, low temperature of 18 & 1°C, and normal humidity of
70 £ 10%. Adults raised under normal developmental conditions
were used as non-diapause group until the first oviposition. The
newly emerged adults obtained under normal developmental
conditions were separated into male-female pairs and transferred
to the diapause induction conditions for 10, 20, 30, and 60 days;
10 and 20 days of diapause induction were used as the preparation
period, 30 days of diapause induction was used as the diapause
period, and 60 days of diapause induction was used as the late
stage of diapause. Adults in diapause were moved to normal
developmental conditions until their first oviposition, as the
post-diapause group. Diapause assessment was based on the
method of Wang et al. (2013). An insect was assessed to be in
a diapause state when the normal prooviposition was prolonged
by two times and the development of immature eggs and oocyte
formation almost stopped in the ovary, as observed by dissection.
For the collection of C. septempunctata from each treatment
group, we selected newly emerged female adults, non-diapause
females, non-oviposition females adults at 10, 20, 30, 60 days after
diapause induction, and the post-diapause female adults (n = 1-
330), which were then washed with distilled water, dried on filter
paper, and frozen with liquid nitrogen until analysis.

Cloning of Full-Length cDNA and
Sequencing

Cloning of Full-Length cDNA

The total RNA was extracted from individual C. septempunctata
60 days after diapause induction using RNAiso Plus (TaKaRa,
Dalian, China) in accordance with the manufacturer’s
instructions. The RNA purity and concentration were
determined by 1.5% agarose gel electrophoresis and
spectrophotometry using P-class NanoPhotometer (Implen,
Miinchen, Germany), respectively. The first strand of cDNA
used for internal sequence amplification was synthesized using
the Glodenstar RT6 ¢cDNA Synthesis Kit (TSINGKE, Beijing,
China). The obtained cDNA was stored at -20°C. Four fragments
encoding putative ACC (contig 10367), ACSL (contig_10754),
ELO (contig 4307), and KAR (contig_18276) were identified
based on the transcriptome data. Specific primers were designed
(Table 1) and synthesized by TSINGKE Biological Technology
Company (Beijing, China). PCR was then performed with

I-5 2 x High Fidelity Master Mix (TSINGKE). The PCR
products were separated on a 1.5% agarose gel and purified
using NucleoSpin Gel and PCR Clean-up (Macherey-Nagel,
Duren, Germany). The target genes were then subcloned into the
pClone007 Blunt Simple Vector Kit (TSINGKE) and sequenced
by Sangon Biotech (Shanghai, China). Full-length cDNA was
obtained by 5" and 3’ rapid amplification of cDNA ends (RACE)
using the SMARTer RACE 5/3' Kit (Clontech, Mountain
View, CA, United States) according to the manufacturer’s
instructions. The final amplification products were purified
as described above. The isolated fragments were cloned and
transformed using the In-Fusion HD Cloning Kit (Clontech)
and then sequenced.

Sequence Analysis

Fragment assembly of the cDNA nucleotide sequence was
performed using DNAMAN software. The open reading frame
(ORF) and amino acid sequences were deduced using the ORF
Finder program.' The physicochemical properties of the proteins
were computed using the online software ExPASy.> TMHMM
server v. 2.0° was used to predict the across-membrane structure.
Analysis of the conserved domains was performed using the
CD Search program.* Phylogenetic analyses were performed by
comparing the amino acid sequences with those in NCBI using
the BLAST program.” Neighbor-joining phylogenetic trees were
constructed using MEGA 5 software for homologous sequences
obtained from the search.

Comparative Gene Expression Profiles
With qPCR

To evaluate the changes in the gene expression profiles during
the diapause process, the total RNA was extracted from the
insect samples of the seven treatment groups and was reverse-
transcribed into cDNA using the PrimeScript Reagent Kit with
gDNA Eraser (Perfect Real Time, TaKaRa, Dalian, China). gPCR
was then carried out on a LightCycler 96 system (Roche, Basel,
Switzerland) using the SYBR Premix Ex Taq II Kit (Tli RNaseH
Plus, TaKaRa). Each 20 pL of PCR mixture contained 10 L of
SYBR green, 6.4 WL of ddH,0, 2 LL of DNA, and 0.8 L of each
primer. The program was as follows: initial preincubation at 95°C
for 30 s, followed by 40 cycles at 95°C for 5 s and 60°C for 20 s,
and a final melting curve step at 95°C for 10 s, 65°C for 60 s,
and 97°C for 1 s. The standard reference gene actin was used as
an endogenous control to normalize target gene expression levels
(Yang et al., 2016). The sequences of the primers used for RT-
qPCR are listed in Table 1. Each experiment consisted of three
independent biological replicates with three technical duplicates.

RNAi Assay

Specific primers were designed to target each gene, and
T7 promoter sequences (GCGTAATACGACTCACTATAGGG)

'https://www.ncbi.nlm.nih.gov/orffinder/
Zhttp://web.expasy.org/protparam/
Shttp://www.cbs.dtu.dk/services/ TMHMM/
*https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
“https://blast.ncbi.nlm.nih.gov/Blast.cgi
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TABLE 1 | Primers used for gene cloning, gPCR and dsRNA synthesis.

Primer name Primer sequence (5'-3')

Primer name Primer sequence (5'-3')

ACC-f1 ACAACGGTATAGCAGCAGT
ACC-r1 AGCCTGATGTCCTTGATGTAATG
ACC-f2 CGACAAGTGCAGACGGAGAT
ACC-r2 GTAGCGGTCGACTTCCTCCTT
ACC-f3 GACAACACCATAAGTACATCGTTCAA
ACC-r3 TCGAATGGTCGGAACGGTT
ACC-f4 GACGTCGAGAGGCAGTTCCAGC
ACC-r4 TCTGTTCGATCAGCCTGGTCT
ACSL-f1 ATACAAGCCCAAGAGCTCAGACT
ACSL-r1 GTGTGATCGCCCTGTATGGA
ACSL-f2 TGCCTGTTTCAGTAAGATTATGCT
ACSL-r2 CTGAATTGTTAATTTGAAGTGCAAGT
ELO-f GATAGTAGGGTCGGTCGTT

ELO-r TAGTCTTCAGGCTCTTGTCT
KAR-f AGGAAGCACAGACGGTATAGGAG
KAR-r CCATCCAGGTGGACTTCTTGA
gACC-f TCACGTTCCGAGCCAGAGAC
gACC-r TGGTCAGGGCTTCCAGGTTG
QACSL-f CCACGAAAACCAGGGCGAAAA
QgACSL-r GTCTGTTTTGGCACCTCTCGC
QELO-f TCCCGCTCGATAATCCTGCT
QELO-r TGGGTCGCTTATCCTGTCCA
qKAR-f TATCTACCGCACACCCTGATGAAC
qKAR-r CATCATGACTCAACTGGACTTCGC
Actin-f GATTCGCCATCCAGGACATCTC
Actin-r TCCTTGCTCAGCTTGTTGTAGTC

RACE-ACCf1 GTTTCCAGGCCCTCAACAAGGTGCT
RACE-ACCf2 AGACCGGTTTACGCCTCCAATCATCA
RACE-ACCr1 ATGAGTTCCACGTTGGCGTAGTTGTTGT
RACE-ACCr2 CTCCGGGCACGGGTACGTAATGAT

RACE-ACSLf1
RACE-ACSLf2
RACE-ACSLr1
RACE-ACSLr2

TTGAGTTCGGCTCGATAGCAATCTAGTTTC
AACCTCCAAATCCATTTGTTCCAGCAAT
TATTCGATTCTTTTGCGCCTCTTCTGA
GAAGGATTCGTACAGCGTCCTGGCAT

RACE-ELOf1 TCGAACCTAATCAACAACATAGTACACGTTTTG
RACE-ELOf2 ACATGGTTTCTGCAATGGGTCCTGA
RACE-ELOr1 TGTTGTTCATCCTGGAGATTTCCATCCT
RACE-ELOr2 TCACAAACTCCGAATCCATGGCGA
RACE-KARf1 CCTCAACAGCGGCTCTGATACCCAA
RACE-KARf2 AAGCCGCGGTTGCCAAGTTCAG
RACE-KARr1 TGTCCTTTGTGAAATCCGCAGCGA
RACE-KARr2 GATGGTCTTGACTTCCACCTTGTACTTCTCT
dsACC-f TTCAGTCACCCCCAGTCC

dsACC-r ATTTCCAAGCCACCATAC

dsACSL-f CCGTGAGTGCTGTCCTTA

dsACSL-r GACCTCTCCCTGGTTGTT

dsELO-f TGGGTGGTTCTGGGATTA

dsELO-r AACTGGGCTGAGTGGATG

dsKAR-f GTAGCCCAAGAAATCACA

dsKAR-r TAACCTGGACACACGCAC

dsGFP-f CACAAGTTCAGCGTGTCCG

dsGFP-r AGTTCACCTTGATGCCGTTC

were added to the 5 ends of the upstream and downstream
primers for in vitro transcription and synthesis of double-
stranded RNA (dsRNA) to amplify the cDNA fragments. Green
fluorescent protein (GFP) was used as a negative control for
evaluating the non-specific effects of dsRNA. All primers used are
listed in Table 1. The PCR product of the target gene was excised,
purified, and used for in vitro transcription. Subsequently, dsRNA
for the target gene was synthesized using the MEGAscript
T7 High Yield Transcription Kit (Invitrogen, Carlsbad, CA,
United States) according to the manufacturer’s protocol. The
dsRNAs were quantified by spectrophotometry, and their
integrity was checked on 1.5% agarose gels. Purified dsRNA was
diluted and packaged according to specific requirements and
stored at —80°C.

Female adults of C. septempunctata of similar sizes were
randomly selected and reared for 2 days (3 days after eclosion)
under diapause-induced conditions. The internode membrane
of the second and third abdominal segments of each female
adult was injected with 1 pL of dsRNA solution for each target
gene, and the control groups were injected with an equivalent
amount of dsSRNA-GFP solution. The injection concentration was
2 ng/nL. After injection, the insects were reared in pairs under
diapause-induced conditions. The whole insects were collected at
3,5,7,9, and 11 days after injection and stored at —80°C for
subsequent RNA extraction. The specific primers used are listed
in Table 1. RT-qPCR was then performed as described above to

determine the mRNA expression levels of target genes after gene
interference to confirm effective gene expression knockdown.

To investigate the effects of these four target genes on
lipid accumulation during diapause induction, female adults of
C. septempunctata were randomly collected at 3, 7, and 11 days
after injection, washed with sterile water, dried on filter paper,
and weighed; the total lipid content was determined for each
period. Total lipids were extracted according to the methods of
Folch et al. (1957) and Zhou et al. (2004), and the absorption
was measured by vanillin-concentrated sulfuric acid colorimetry
(Van Handel, 1985). There was 1 replicate established per female
adult, 10 biological replicates, 10 female adults per treatment, and
3 technical replicates. Seven days after injection, the insects were
dissected under a stereomicroscope to observe the development
of abdominal fat bodies.

Statistical Analysis

Data are presented as mean =+ standard error by one-way analysis
of variance (ANOVA). The results were compared among groups
using GraphPad Prism 7.0 (GraphPad Software, San Diego, CA,
United States). Gene expression levels were calculated using the
27 AACT method described by Livak and Schmittgen (2002), in
newly emerged insects and in insects 3 days after dsGFP injection,
and were used to calculate the relative expression. When a
significant effect was found (P < 0.05), Tukey’s post-hoc test was
performed for multiple range comparisons.
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RESULTS

Characterization of C. septempunctata
ACC, ACSL, ELO, and KAR

The four genes related to fatty acid biosynthesis identified
in C. septempunctata were designated as CsACC, CsACSL,
CsELO, and CsKAR. The full-length sequences of CsACC,
CsACSL, CsELO, and CsKAR have been deposited at GenBank®
under accession numbers MT012819, MT995743, MT995744,
and MT995745, respectively. Sequence analysis showed that
the ¢cDNA sequence of CsACC is 7,217 bp long, including
an ORF of 6,792 bp (position 93-6,884 bp), and encodes
a protein of 2,263 amino acids. An acetyl-CoA carboxylase
(ACC) domain exists at amino acids 731-1,474 of the protein,
which has the typical structural characteristics of ACC. The
enzyme is involved in the synthesis of long-chain fatty acids
and catalyzes the rate-limiting step in this process. The cDNA
sequence of CsACSL is 3,890 bp long, including an ORF of
2,046 bp (position 79-2,124 bp), and encodes 681 amino acids.
Transmembrane structure prediction showed that the protein
contains one transmembrane helical structure. The domain
analysis indicated that the protein contains a long-chain fatty
acid-CoA synthetase domain at amino acid residues 105-678,
which catalyzes the formation of fatty acyl-CoA and activates
fatty acids of chain lengths 12-20. The CsELO cDNA comprises
2,773 nucleotides, including an ORF of 139-1,047 bp, and
encodes a protein of 302 amino acids. This protein contains
six transmembrane helical structures, located between amino
acids at residues 56-78, 91-113, 191-213, 226-248, and 258-
280. It is predicted to be an integral membrane protein.
A conserved ELO superfamily domain was identified at amino
acids 54-287. Members of this family are involved in long-
chain fatty acid elongation systems that produce the 26-carbon
precursors for ceramide and sphingolipid synthesis. The length
of the cDNA sequence of CsKAR is 1,091 bp, including an
ORF of 945 bp (position 66-1,010 bp), encoding a protein
of 314 amino acids. The protein analysis identified a 17-beta-
hydroxysteroid dehydrogenase domain belonging to the SDR
superfamily (residues 48-280), which catalyzes the reduction of
3-ketoyl-coenzyme A intermediates formed during each cycle of
fatty acid elongation.

The online software ExPASy was used to predict the
physicochemical properties of the CSACC, CsACSL, CsELO, and
CsKAR proteins (Table 2). The neighbor-joining phylogenetic
tree (Figure 1) showed that the homology among homeotic genes
was consistent with the evolutionary relationships among species,
and the four target genes were all most closely related to the
homeotic gene from Tribolium castaneum.

Expression Profiles of CsACC, CsACSL,
CsELO, and CsKAR During the Diapause

Process
The four target genes were differentially expressed in
C. septempunctata in different life stages—in newly emerged

Chttps://www.ncbi.nlm.nih.gov/genbank/

adults; in non-diapause; female adults at 10, 20, 30, and
60 days after diapause induction; and post-diapause (Figure 2).
Specifically, gene expression levels were significantly higher
in the early stage of diapause induction than in the non-
diapause stage, consistent with the transcriptome analysis data
of C. septempunctata (Qi et al., 2015). In the diapause induction
stage, the expression of the genes increased proportionally
with the induction time and peaked during the early diapause
(days 20-30), at levels significantly higher than those detected
in the late diapause and post-diapause. Subsequently, their
expression gradually decreased with the diapause induction time,
with no significant difference between the late diapause and
post-diapause phases. These results suggested that all four target
genes might play an important role in diapause preparation
or early diapause.

Effect of Silencing CsACC, CsACSL,
CsELO, and CsKAR Expression

Confirmation of RNAi Efficacy

Three days after injection, the qPCR analysis confirmed that
the dsRNA effectively decreased the transcription levels of the
corresponding genes compared with the dsGFP treatment in
RNAi-treated females (Figure 3). The expression of CsACSL
and CsACC significantly reduced 3 days after dsRNA injection
(p < 0.0001), and they were barely expressed on days 5 and
7, with only 3.65 and 1.97% of the levels in the dsGFP control
group (p < 0.0001), respectively. The expression of these genes
subsequently increased but remained significantly lower than
that in the control group (Figures 3A,B). The expression of
CsELO and CsKAR was lower than that in the control group
on day 3 after dsRNA injection and reached the lowest level on
day 5, only 6.84 and 0.62% of the level in the control group
(p < 0.0001), respectively. The expression of these genes then
followed an upward trend (Figures 3C,D). Overall, each gene
expression was significantly downregulated at different periods
and then upregulated at different periods, which might have been
caused by the different durations of gene silencing efficiency.

Impact of Gene Silencing on Lipid Accumulation in
C. septempunctata
The total lipid content in the insects significantly changed
7 days post-injection of dsRNA for gene silencing (p < 0.05).
Furthermore, the total lipid content (116.95 £ 2.02 pg/mg)
significantly decreased and then gradually increased compared
with that in the control group (dsGFP). At 11 days after injection,
the total lipid content in the dsACC group (104.85 &£ 1.33 j.g/mg)
and dsKAR group (99.76 £ 2.78 jLg/mg) remained significantly
lower than that in the control group; in the other groups, the
difference was no longer significant compared with the control
group (Figure 4).

Morphological differences in C. septempunctata were observed
7 days after injection (Figure 5). As shown in the anatomical
comparison diagram, the abdominal lipid accumulation in
C. septempunctata after gene interference was significantly lower
than that in the control group (dsGFP), consistent with total lipid
content changes.
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TABLE 2 | Physicochemical properties of CSACC, CsACSL, CsELO, and CskKAR.

Name Fragment Theoretical Theoretical Number of negatively Number of positively Instability Aliphatic Grand average of
size (bp) molecular pl value charged amino acid charged amino acid index index hydropathicity
weight (kD) residues (Asp + Glu) residues (Arg + Lys) (GRAVY)
CsACC 7,217 255.90 5.90 299 261 41.67 90.31 -0.300
CsACSL 3,890 75.77 7.88 72 75 32.03 85.99 -0.106
CsELO 2,773 35.99 8.93 24 30 33.77 94.57 0.064
CsKAR 1,091 34.60 9.04 29 39 32.80 99.97 0.159

&e’%""%r
%

FIGURE 1 | Phylogenetic trees of CSACC (A), CSACSL (B), CsELO (C), and CskKAR (D). The phylogenetic trees were constructed by the neighbor-joining method
and supported by bootstrap analysis with 1,000 replications. The numbers above the branches represent the bootstrap values.
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DISCUSSION

Diapause regulation has long been a focus of research in the
field of biological control; however, understanding the molecular
regulation of diapause is still in its infancy (Denlinger, 2002).
Although many genes are turned off during diapause, some genes
are specifically expressed. The down- or upregulation of various
genes or their alterations at the protein level has been reported as
a key step for diapause initiation, maintenance, and termination.

For example, Giiney et al. (2021) identified genes encoding
Leptinotarsa decemlineata LSD1 and LSD2, and revealed the
functions of these proteins in L. decemlineata and their roles
in diapause and during starvation. In drosophilids, suppressing
the expression of Hsp23 andHsp70 by RNAi did not alter the
commitment to enter diapause or the duration of diapause, but
it is critical for cold survival during diapause in insects (Rinehart
et al.,, 2007). Furthermore, the adipose body-specific expression
of two calcium-binding chaperones (LDCRT and LDCNX) in
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FIGURE 2 | Relative gene expression of CSACC (A), CSACSL (B), CsELO (C), and CsKAR (D). NE, newly emerged adults; D10d, delayed induction for 10 days;
D20d, delayed induction for 20 days; D30d, delayed induction for 30 days; D60d, delayed induction for 60 days; PD, post-diapause; ND, normal development. Data
are presented as mean + SE. Significance analyses were performed using Tukey’s post-hoc test. Different letters indicate a significant difference between stages
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L. decemlineata during diapause revealed the same expression
pattern in relation to diapause; there was no alteration in females
and downregulation in males post-diapause (Dogan et al., 2021).

During the diapause preparation phase, insects store a large
amount of lipids, which can be interconverted to sugars and
alcohols to provide nutrition and water necessary for biological
activities. These lipids serve as the primary energy source for
growth during the diapause and post-diapause periods (Arrese
and Soulages, 2010). Similarly, adult Colorado potato beetles
(L. decemlineata) store lipids in fat bodies to meet their energy
demands during diapause (De Kort, 1990). In addition, stored
lipids are essential for insect resistance to harsh environmental
conditions during diapause. We previously found a large amount
of fat accumulation in the abdomen of the diapause ladybird,
in which the lipid content was two times higher than that
in normally developing insects and those in the post-diapause
period (Wang et al., 2013).

This study demonstrated that CsACC, CsACSL, CsELO,
and CsKAR play a pivotal role in lipid accumulation in
C. septempunctata, as the total lipid content and abdominal lipid
accumulation were significantly reduced after gene silencing.
We found that the expression of the four genes associated with
fatty acid biosynthesis was upregulated during the preparation
phase of diapause. As a preliminary speculation, this result

suggests that the synthesis of fatty acids is promoted in the
preparation phase of diapause to improve lipid accumulation
and to prepare for the diapause phase (Hahn and Denlinger,
2007). Consistently, we found that the expression of the four
genes decreased in the late diapause and post-diapause periods,
approaching the levels observed during the non-diapause period.
This may be a mechanism to restore the body composition to
normal levels, promoting physiological functions such as mating
and oviposition (Ren et al., 2016). Collectively, the results suggest
that these four target genes might play an important role in
diapause preparation or early diapause.

The changes in the expression profiles of genes throughout
the diapause process in C. septempunctata are consistent with
the findings of a previous study on the enzymes involved
in glycometabolism during the diapause process in Aphidius
gifuensis (Zhang et al., 2020). Here, the temporal expression
profile analysis with RNAi further showed that the gene
expression significantly decreased 5 and 7 days after injection,
indicating a significant interference effect, which could be
detected up to 11 days post-injection. Moreover, the lipid
content changed with the decrease and recovery of gene
expression. According to the anatomical and morphological
comparisons, abdominal lipid accumulation after injection
significantly reduced compared with that in the control group
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FIGURE 3 | Relative gene expression of CSACC (A), CSACSL (B), CsELO (C), and CsKAR (D) after dsRNA injection. Data are presented as mean + SE.
Significance analyses were performed using Tukey’s post-hoc test (mean + SE; **P < 0.05; ***P < 0.01). Different letters indicate a significant difference between
stages (P < 0.05). **Indicated significant difference between experimental group and control group (P < 0.05). **Indicated that the difference between experimental
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(dsGFP), consistent with the measured changes in the total
lipid content. This further confirmed that the four target
genes can regulate lipid accumulation in insects and play an
important role in the fatty acid synthesis pathway. Reynolds
et al. (2012) assessed the relative mRNA abundance of 21
genes and detected differential expression of 10 genes in
Aedes albopictus. Ten genes were differentially expressed in
a manner that suggests they have a role in diapause and
that the abundance of transcriptional genes regulating lipid
storage (Isd2), lipolysis (lip2, lip3, and lip4), B-oxidation (acs,
cpt, acd4, and acd5), and unsaturated fatty acid synthesis
(desat and face) significantly changed. These data suggest that
transcriptional changes in multiple processes contribute to an
increase in the amount of lipids in diapause embryos. Tan et al.
(2017) have shown that one of the proteins upregulated in
the head of diapause-committed Colaphellus bowringi females,
that is, FABP, is critical for fat accumulation during diapause
preparation. During the preparation for diapause, the lipid
content increases, and the ratio of fatty acid content to
unsaturated fatty acids also affects the cold tolerance of insects,
which can increase solute concentrations and slow metabolism.
This mechanism might also be an adaptation to withstand
adverse environments, which is conducive to survival during
diapause (Danks, 2000).
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S O dsACSL @ dsELO B dsKAR
£ a
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§ 2
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FIGURE 4 | Total lipid levels after dsRNA injection of CsACC, CSACSL,
CsELO, and CsKAR. Baseline (before injection) represents the total lipid level
content 3 days after eclosion. Data are presented as mean + SE. Significance
analyses were performed using Tukey’s post-hoc test. Different letters indicate
a significant difference between stages (P < 0.05).

Other key genes involved in fatty acid metabolism have also
been reported. Toprak et al. (2014) identified two LSD (EmLSD1-
2) orthologs in the hemimetabolous sunn pest (Eurygaster
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maura), expressed continuously throughout the life cycle of the
insect, but peak in the fourth nymphal stage. Furthermore, a
good coordination between perilipin gene expression and the
physiological and biological activities was observed in the pest.
The dynamic coordination of gene expression may be a key
process to regulate lipid metabolism in sunn pest. Saraiva et al.
(2021) investigated the regulation of Rhodnius prolixus ACC
(RhoprACC) expression and de novo lipogenesis activity in adult
females under different nutritional and metabolic conditions.
In the fat body, gene expression increased in fasted females,
and it decreased after a blood meal. This downregulation
in RhoprACC occurred despite an increase in fat body de
novo lipogenesis after a blood meal, suggesting the primary
regulator of feeding-induced lipogenesis might vary between
species. In this study, diapause was initiated and the expression
of the CSACC gene was upregulated, consistent with the
upregulation of fast R. prolixus female RhoprACC. However,
the upregulation of CsACC in C. septempunctata promotes the
synthesis of fatty acids throughout the diapause stage. For
example, Sim and Denlinger (2009) identified the regulatory
genes of fat storage and consumption during diapause in
Culex pipiens and found that fatty acid synthetase (FAS)-1
gene expression was upregulated during early diapause. After
RNAI to silence FASI and FAS3, female mosquitoes failed to
sequester the lipids required for overwintering, demonstrating
that these two fatty acids play an essential role in fat storage
during early diapause. In addition, reduced FASI expression
has been reported to hinder diapause in Colaphellus bowringi
Baly, and FAS2 interference reduced lipid storage, affecting

the expression of stress tolerance-related genes and increasing
the body water content (Liu et al, 2016). Moreover, ACC
and FASI knockout in Aedes aegypti reduced lipid biosynthesis
rate in adipose bodies and midgut digestion (Alabaster et al.,
2011). These results matched the expression trend of diapause-
associated genes in lipid metabolism, which resulted in decreased
lipid storage in C. septempunctata. Identification of the basic
regulatory factors of lipid metabolism in Drosophila can provide
a new direction for controlling metabolic pathways (Baker and
Thummel, 2007). Similarly, the four target genes that play an
important role in regulating the fatty acid metabolism pathway
in C. septempunctata can provide a theoretical basis for revealing
the molecular mechanism of diapause, which can be used in
biological control strategies.

To further elucidate the molecular mechanism underlying the
diapause process in C. septempunctata, the relationship between
the lipid metabolism pathway and upstream and downstream
pathways should be determined in the subsequent studies.
Furthermore, key genes regulating the diapause process, should
be identified, which will provide new guidance for biological
control with C. septempunctata.

CONCLUSION

In this study, the functions of key enzymes involved in fatty acid
synthesis in C. septempunctata were investigated; the full-length
genes of CsACC, CsACSL, CsELO, and CsKAR were cloned;

dsACC

f‘ﬁ’- -+

FIGURE 5 | dsACC, dsACSL, dsELO, dskAR, and dsGFP were injected into the abdomen of a 7-day-old female Coccinella septempunctata after rearing for 2 days

under diapause-induced conditions.

dsACSL

Frontiers in Physiology | www.frontiersin.org

August 2021 | Volume 12 | Article 706032


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Xiang et al.

Diapause-Related Genes in Female Ladybird

and their transcriptional levels were investigated under different
stages—diapause induction, non-diapause, and post-diapause.
The four fatty acid-related genes were upregulated during the
preparation for diapause, and their downregulation with RNAi
reduced the lipid content. These results demonstrate that these
four enzymes could promote fat synthesis and accumulation,
and affect the diapause process. The results could help explore
the gene regulatory network of fat metabolism in the diapause
process and, more broadly, provide new research directions
into diapause regulation. Although preliminary, these findings
warrant further research to identify more genes associated with
metabolic pathways for exploring the molecular mechanisms of
diapause and lipid accumulation.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found in the article/
Supplementary Material.

AUTHOR CONTRIBUTIONS

MX and L-SZh designed the research. MX performed the
experiments, analyzed the data, and wrote the manuscript.
H-ZZ, X-Y], M-QW, J-JM, and Y-YL provided the technical
assistance. L-SZh and L-SZa revised the manuscript. All

REFERENCES

Abu-Elheiga, L., Oh, W. K., Kordari, P., and Wakil, S. J. (2003). Acetyl-CoA
carboxylase 2 mutant mice are protected against obesity and diabetes induced
by high-fat/high-carbohydrate diets. Proc. Natl. Acad. Sci. U.S.A. 100, 10207—
10212. doi: 10.1073/pnas.1733877100

Alabaster, A., Isoe, J., Zhou, G., Lee, A., Murphy, A., Day, W. A,, et al. (2011).
Deficiencies in acetyl-CoA carboxylase and fatty acid synthase 1 differentially
affect eggshell formation and blood meal digestion in Aedes aegypti. Insect.
Biochem. Mol. Biol. 41, 946-955. doi: 10.1016/j.ibmb.2011.09.004

Amiri, A., and Bandani, A. R. (2013). Comparison of energy reserves in
prediapause and diapausing adult sunn pest, Eurygaster integriceps, Puton
(Hemiptera: Scutelleridae). J. Agric. Sci. Technol. 15, 435-444. doi: 10.1016/j.
agee.2013.03.017

Andrewartha, H. G. (2010). Diapause in relation to the ecology of insects. Biol. Rev.
27, 50-107. doi: 10.1111/j.1469-185X.1952.tb01363.x

Arrese, E. L., and Soulages, J. L. (2010). Insect fat body: energy, metabolism,
and regulation. Annu. Rev. Entomol. 55, 207-225. doi: 10.1146/annurev-ento-
112408-085356

Baker, K. D., and Thummel, C. S. (2007). Diabetic larvae and obese flies-emerging
studies of metabolism in Drosophila. Cell. Metab. 6, 257-266. doi: 10.1016/].
cmet.2007.09.002

Barber, M. C,, Price, N. T., and Travers, M. T. (2005). Structure and regulation of
acetyl-CoA carboxylase genes of metazoa. Biochim. Biophys. Acta. 1733, 1-28.
doi: 10.1016/j.bbalip.2004.12.001

Dai, P., Huan, P., Wang, H., Lu, X, and Liu, B. H. (2015). Characterization of
a long-chain fatty acid-CoA ligase 1 gene and association between its SNPs
and growth traits in the clam Meretrix meretrix. Gene. 566, 194-200. doi:
10.1016/j.gene.2015.04.047

Danilevsky, A. S., Goryshin, N. L, and Tyshchenko, V. P. (1970). Biological
rhythms in terrestrial arthropods. Annu. Rev. Entomol. 15, 201-244. doi: 10.
1146/annurev.en.15.010170.001221

authors contributed to the article and the

submitted version.

approved

FUNDING

This research was supported by the National Natural Science
Foundation of China (31972339), the Major Projects of
the State Tobacco Monopoly Administration of China
[110202001032(LS-01)], and the Agricultural Science and
Technology Innovation Program of the Chinese Academy of
Agricultural Sciences.

ACKNOWLEDGMENTS

We thank the Biological
Academy of Agricultural
and technical support.

to acknowledge Editage

language editing.

Control Laboratory (Chinese
Sciences, China) for facility
Additionally, we would like
(www.editage.com) for English

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2021.706032/full#supplementary- material

Danks, H. V. (2000). Dehydration in dormant insects. J. Insect Physiol. 46, 837-852.
doi: 10.1016/s0022-1910(99)00204-8

De Kort, C. A. D. (1990). Thirty-five years of diapause research with the Colorado
potato beetle. Entomol. Exp. Appl. 56, 1-13. doi: 10.1007/bf00579610

Denlinger, D. (2008). Why study diapause? Entomol. Res. 38, 1-9. doi: 10.1111/j.
1748-5967.2008.00139.x

Denlinger, D. L. (2002). Regulation of diapause. Annu. Rev. Entomol. 47,
93-122.

Dogan, C., Hanniger, S., Heckel, D. G., Coutu, C., Hegedus, D. D., Crubaugh,
L., et al. (2021). Two calcium-binding chaperones from the fat body of the
Colorado potato beetle, Leptinotarsa decemlineata (Coleoptera: Chrysomelidae)
involved in diapause. Arch. Insect Biochem. Physiol. 106:¢21755. doi: 10.1002/
arch.21755

Falcon, T, F. M., Tanaka,

M. M. (2014).

Franco Nunes,
Bitondi,

Ferreira-Caliman, M. J.,
E. D, do Nascimento, F. S., and Gentile
Exoskeleton formation in Apis mellifera:  cuticular hydrocarbons
profiles and expression of desaturase and elongase genes during
pupal and adult development. Insect. Biochem. Mol. Biol. 50, 68-81.
doi: 10.1016/j.ibmb.2014.04.006

Folch, J. M., Lee, S. S. G., and Sloane-Stanley, G. H. (1957). A simple method for
the isolation and purification of total lipids from animal tissues. J. Biol. Chem.
226, 497-509.

Giiney, G., Toprak, U., Hegedus, D. D., Bayram, $, Coutu, C., Bekkaoui, D., et al.
(2021). A look into Colorado potato beetle lipid metabolism through the lens
of lipid storage droplet proteins. Insect. Biochem. Mol. Biol. 133:103473. doi:
10.1016/§.ibmb.2020.103473

Hahn, D. A., and Denlinger, D. L. (2007). Meeting the energetic demands of
insect diapause: nutrient storage and utilization. J. Insect Physiol. 53, 760-773.
doi: 10.1016/j.jinsphys.2007.03.018

Hahn, D. A, and Denlinger, D. L. (2011). Energetics of insect diapause.
Annu. Rev. Entomol. 56, 103-121. doi: 10.1146/annurev-ento-112408-08
5436

Frontiers in Physiology | www.frontiersin.org

August 2021 | Volume 12 | Article 706032


http://www.editage.com
https://www.frontiersin.org/articles/10.3389/fphys.2021.706032/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2021.706032/full#supplementary-material
https://doi.org/10.1073/pnas.1733877100
https://doi.org/10.1016/j.ibmb.2011.09.004
https://doi.org/10.1016/j.agee.2013.03.017
https://doi.org/10.1016/j.agee.2013.03.017
https://doi.org/10.1111/j.1469-185X.1952.tb01363.x
https://doi.org/10.1146/annurev-ento-112408-085356
https://doi.org/10.1146/annurev-ento-112408-085356
https://doi.org/10.1016/j.cmet.2007.09.002
https://doi.org/10.1016/j.cmet.2007.09.002
https://doi.org/10.1016/j.bbalip.2004.12.001
https://doi.org/10.1016/j.gene.2015.04.047
https://doi.org/10.1016/j.gene.2015.04.047
https://doi.org/10.1146/annurev.en.15.010170.001221
https://doi.org/10.1146/annurev.en.15.010170.001221
https://doi.org/10.1016/s0022-1910(99)00204-8
https://doi.org/10.1007/bf00579610
https://doi.org/10.1111/j.1748-5967.2008.00139.x
https://doi.org/10.1111/j.1748-5967.2008.00139.x
https://doi.org/10.1002/arch.21755
https://doi.org/10.1002/arch.21755
https://doi.org/10.1016/j.ibmb.2014.04.006
https://doi.org/10.1016/j.ibmb.2020.103473
https://doi.org/10.1016/j.ibmb.2020.103473
https://doi.org/10.1016/j.jinsphys.2007.03.018
https://doi.org/10.1146/annurev-ento-112408-085436
https://doi.org/10.1146/annurev-ento-112408-085436
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Xiang et al.

Diapause-Related Genes in Female Ladybird

Herbert, D., Walker, K. A., Price, L. J., Cole, D. J., Pallett, K. E., Ridley, S. M., et al.
(1997). Acetyl-CoA carboxylasea graminicide target site. Pestic. Sci. 50, 67-71.

Hodek, I, and Michaud, J. P. (2008). Why is Coccinella septempunctata so
successful? (A point-of-view). Eur. J. Entomol. 105, 1-12. doi: 10.14411/eje.
2008.001

Leonard, A. E., Pereira, S. L., Sprecher, H., and Huang, Y.-S. (2004). Elongation of
long-chain fatty acids. Prog. Lipid Res. 43, 36-54. doi: 10.1016/s0163-7827(03)
00040-7

Li, S, Yu, X, and Feng, Q. (2019). Fat body biology in the last decade.
Ann. 64, 315-333. doi: 10.1146/annurev-ento-011118-11
2007

Liu, W,,Li, Y., Zhu, L., Zhu, F., Lei, C. L., and Wang, X. P. (2016). Juvenile hormone
facilitates the antagonism between adult reproduction and diapause through the
methoprene-tolerant gene in the female Colaphellus bowringi. Insect. Biochem.
Mol. Biol. 74, 50-60. doi: 10.1016/j.ibmb.2016.05.004

Livak, K. J., and Schmittgen, T. D. (2002). Analysis of relative gene expression data
using real-time quantitative pcr. Methods 25, 402-408. doi: 10.1006/meth.2001.
1262

Limmen, P., Khajehali, J., Luther, K., and Leeuwen, T. V. (2014). The cyclic
keto-enol insecticide spirotetramat inhibits insect and spider mite acetyl-coa
carboxylases by interfering with the carboxyltransferase partial reaction. Insect
Biochem. Mol. Biol. 55, 1-8. doi: 10.1016/j.ibmb.2014.09.010

Mashek, D. G., Li, L. O., and Coleman, R. A. (2007). Long-chain acyl-CoA
synthetases and fatty acid channeling. Fut. Lipidol. 2, 465-476. doi: 10.2217/
17460875.2.4.465

Moon, Y. A., and Horton, J. D. (2003). Identification of two mammalian reductases
involved in the two-carbon fatty acyl elongation cascade. J. Biol. Chem. 278,
7335-7343. doi: 10.1074/jbc.M211684200

Ng, W. C,, Chin, J. S. R, Tan, K. J., and Yew, J. Y. (2015). The fatty acid elongase
Bond is essential for Drosophila sex pheromone synthesis and male fertility.
Nat. Commun. 6:8263. doi: 10.1038/ncomms9263

Pang, Y., Song, W. Q., Chen, F. Y, and Qin, Y. M. (2010). A new cotton
SDR family gene encodes a polypeptide possessing aldehyde reductase and 3-
ketoacyl-CoA reductase activities. Biochem (Mosc). 75, 320-326. doi: 10.1134/
50006297910030089

Puyaubert, J., Dieryck, W., Costaglioli, P., Chevalier, S., Breton, A., and Lessire, R.
(2005). Temporal gene expression of 3-ketoacyl-CoA reductase is different in
high and in low erucic acid Brassica napus cultivars during seed development.
Biochim. Biophys. Acta. 1687, 152-163. doi: 10.1016/j.bbalip.2004.11.014

Qi, X,, Zhang, L., Han, Y., Ren, X., Huang, J., and Chen, H. (2015). De novo
transcriptome sequencing and analysis of Coccinella septempunctata L. in
non-diapause, diapause and diapause-terminated states to identify diapause-
associated genes. BMC Genom. 16:1086. doi: 10.1186/s12864-015-2309-3

Ren, X. Y., Zhang, L. S, Han, Y. H,, An, T, Liu, Y., Li, Y. Y., et al. (2016).
Proteomic research on diapause-related proteins in the female ladybird,
Coccinella septempunctata L. Bull. Entomol. Res. 106, 168-174. doi: 10.1017/
$0007485315000954

Reynolds, J. A., Poelchau, M. F., Rahman, Z., Armbruster, P. A., and Denlinger,
D. L. (2012). Transcript profiling reveals mechanisms for lipid conservation
during diapause in the mosquito, Aedes albopictus. J. Insect Physiol. 58, 966-
973. doi: 10.1016/.jinsphys.2012.04.013

Rinehart, J. P, Li, A., Yocum, G. D., Robich, R. M., Hayward, S. A., and Denlinger,
D. L. (2007). Up-regulation of heat shock proteins is essential for cold survival
during insect diapause. Proc. Natl. Acad. Sci. U.S.A. 104, 11130-11137. doi:
10.1073/pnas.0703538104

Saraiva, F. B., Alves-Bezerra, M., Majerowicz, D., Paes-Vieira, L., Braz, V., Almeida,
M. G. M. D,, et al. (2021). Blood meal drives de novo lipogenesis in the fat
body of Rhodnius prolixus. Insect Biochem. Mol. Biol. 133:103511. doi: 10.1016/
j.ibmb.2020.103511

Sieber, M. H., and Thummel, C. S. (2009). The DHR96 nuclear receptor controls
triacylglycerol homeostasis in Drosophila. Cell Metab. 10, 481-490. doi: 10.
1016/j.cmet.2009.10.010

Sim, C., and Denlinger, D. L. (2009). Transcription profiling and regulation of fat
metabolism genes in diapausing adults of the mosquito Culex pipiens. Physiol.
Genomics. 39, 202-209. doi: 10.1152/physiolgenomics.00095.2009

Simelane, D. O., Steinkraus, D. C., and Kring, T. J. (2008). Predation rate
and development of Coccinella septempunctata L. influenced by Neozygites
fresenii-infected cotton aphid prey. Biol. Control. 44, 128-135. doi: 10.1016/j.
biocontrol.2007.10.004

Rev. Entomol.

Stanley-Samuelson, D. W., Jurenka, R. A., Cripps, C., Blomquist, G. J., and de
Renobales, M. (1988). Fatty acids in insects: composition, metabolism, and
biological significance. Arch. Insect Biochem. Physiol. 9, 1-33. doi: 10.1002/arch.
940090102

Tan, Q. Q., Liu, W., Zhu, F.,, Lei, C. L, Hahn, D. A, and Wang, X. P.
(2017). Describing the diapause-preparatory proteome of the beetle colaphellus
bowringi and identifying candidates affecting lipid accumulation using isobaric
tags for mass spectrometry-based proteome quantification (iTRAQ). Front.
Physiol. 8:251. doi: 10.3389/fphys.2017.00251

Tauber, M. J., and Tauber, C. A. (1976). Insect seasonality: diapause maintenance,
termination, and postdiapause development. Annu. Rev. Entomol. 21, 81-107.

Tong, L. (2005). Acetyl-coenzyme a carboxylase: crucial metabolic enzyme and
attractive target for drug discovery. Cell Mol. Life Sci. 62, 1784-1803. doi:
10.1007/s00018-005-5121-4

Toprak, U., Guz, N., Gurkan, M. O., and Hegedus, D. D. (2014). Identification
and coordinated expression of perilipin genes in the biological cycle of sunn
pest, eurygaster maura (hemiptera: scutelleridae): implications for lipolysis and
lipogenesis. Comparat. Biochem. Physiol. Part B Biochem. Mol. Biol. 171, 1-11.
doi: 10.1016/j.cbpb.2014.02.001

Toprak, U., Hegedus, D., Dogan, C., and Giiney, G. (2020). A journey into the
world of insect lipid metabolism. Arch. Insect Biochem. Physiol. 104:¢21682.
doi: 10.1002/arch.21682

Tougeron, K. (2019). Diapause research in insects: historical review and
recent work perspectives. Entomol. Exp. Appl. 167, 27-36. doi: 10.1111/eea.
12753

Turnock, W. J., Wise, 1. L., and Matheson, F. O. (2003). Abundance of some native
coccinellines (Coleoptera: Coccinellidae) before and after the appearance of
Coccinella septempunctata. Can. Entomol. 135, 391-404.

Van Handel, E. (1985). Rapid determination of total lipids in mosquitoes. J. Am.
Mosgq. Control Assoc. 1,302-304.

Van Lenteren, J. C. (2012). The state of commercial augmentative biological
control: plenty of natural enemies, but a frustrating lack of uptake. BioControl.
57, 1-20. doi: 10.1007/s10526-011-9395- 1

Wang, W., Zhang, L. S., Chen, H. Y., Wang, J., Zhang, J., and Liu, Y. (2013).
Effects of temperature and light on diapause induction in lady beetle Coccinella
septempunctata in Beijing, China. Chin. J. Biol. Control. 1, 24-30. doi: 10.3969/
j.1ss1.2095-039X.2013.01.004

Watkins, P. A. (1997). Fatty acid activation. Prog. Lipid Res. 36, 55-83.

Yang, C., Preisser, E. L., Zhang, H., Liu, Y., Dai, L., Pan, H., et al. (2016). Selection
of reference genes for RT-qPCR analysis in Coccinella septempunctata to assess
un-intended effects of RNAIi transgenic plants. Front. Plant Sci. 7:1672. doi:
10.3389/fpls.2016.01672

Zhang, H. Z., Wang, M. Q., Xie, Y. Q., Xiang, M., Li, P,, Li, Y. Y., et al. (2020).
Gene cloning and expression analysis of trehalose-6-phosphate synthase,
glycogen synthase and glycogen phosphorylase reveal the glycometabolism in
the diapause process of Aphidius gifuensis. ]. Asia-Pacif. Entomol. 23, 641-645.
doi: 10.1016/j.aspen.2020.05.007

Zhou, G., Flowers, M., Friedrich, K., Horton, J., Pennington, J., and Wells, M. A.
(2004). Metabolic fate of [14C]-labeled meal protein amino acids in Aedes
aegypti mosquitoes. J. Insect Physiol. 50, 337-349. doi: 10.1016/j.jinsphys.2004.
02.003

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Xiang, Zhang, Jing, Wang, Mao, Li, Zang and Zhang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org

August 2021 | Volume 12 | Article 706032


https://doi.org/10.14411/eje.2008.001
https://doi.org/10.14411/eje.2008.001
https://doi.org/10.1016/s0163-7827(03)00040-7
https://doi.org/10.1016/s0163-7827(03)00040-7
https://doi.org/10.1146/annurev-ento-011118-112007
https://doi.org/10.1146/annurev-ento-011118-112007
https://doi.org/10.1016/j.ibmb.2016.05.004
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.ibmb.2014.09.010
https://doi.org/10.2217/17460875.2.4.465
https://doi.org/10.2217/17460875.2.4.465
https://doi.org/10.1074/jbc.M211684200
https://doi.org/10.1038/ncomms9263
https://doi.org/10.1134/s0006297910030089
https://doi.org/10.1134/s0006297910030089
https://doi.org/10.1016/j.bbalip.2004.11.014
https://doi.org/10.1186/s12864-015-2309-3
https://doi.org/10.1017/S0007485315000954
https://doi.org/10.1017/S0007485315000954
https://doi.org/10.1016/j.jinsphys.2012.04.013
https://doi.org/10.1073/pnas.0703538104
https://doi.org/10.1073/pnas.0703538104
https://doi.org/10.1016/j.ibmb.2020.103511
https://doi.org/10.1016/j.ibmb.2020.103511
https://doi.org/10.1016/j.cmet.2009.10.010
https://doi.org/10.1016/j.cmet.2009.10.010
https://doi.org/10.1152/physiolgenomics.00095.2009
https://doi.org/10.1016/j.biocontrol.2007.10.004
https://doi.org/10.1016/j.biocontrol.2007.10.004
https://doi.org/10.1002/arch.940090102
https://doi.org/10.1002/arch.940090102
https://doi.org/10.3389/fphys.2017.00251
https://doi.org/10.1007/s00018-005-5121-4
https://doi.org/10.1007/s00018-005-5121-4
https://doi.org/10.1016/j.cbpb.2014.02.001
https://doi.org/10.1002/arch.21682
https://doi.org/10.1111/eea.12753
https://doi.org/10.1111/eea.12753
https://doi.org/10.1007/s10526-011-9395-1
https://doi.org/10.3969/j.issn.2095-039X.2013.01.004
https://doi.org/10.3969/j.issn.2095-039X.2013.01.004
https://doi.org/10.3389/fpls.2016.01672
https://doi.org/10.3389/fpls.2016.01672
https://doi.org/10.1016/j.aspen.2020.05.007
https://doi.org/10.1016/j.jinsphys.2004.02.003
https://doi.org/10.1016/j.jinsphys.2004.02.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Sequencing, Expression, and Functional Analyses of Four Genes Related to Fatty Acid Biosynthesis During the Diapause Process in the Female Ladybird, Coccinella septempunctata L.
	Introduction
	Materials and Methods
	Insect Rearing and Sample Collection
	Cloning of Full-Length cDNA and Sequencing
	Cloning of Full-Length cDNA
	Sequence Analysis

	Comparative Gene Expression Profiles With qPCR
	RNAi Assay
	Statistical Analysis

	Results
	Characterization of C. septempunctata ACC, ACSL, ELO, and KAR
	Expression Profiles of CsACC, CsACSL, CsELO, and CsKAR During the Diapause Process
	Effect of Silencing CsACC, CsACSL, CsELO, and CsKAR Expression
	Confirmation of RNAi Efficacy
	Impact of Gene Silencing on Lipid Accumulation in C. septempunctata


	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


