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Background: Conogethes pinicolalis (Lepidoptera: Crambidae), is similar to Conogethes punctiferalis (yellow peach
moth) and its host plant is gymnosperms, especially for masson pine. So far, less literature was reported on this
pest. In the present study, we sequenced and characterized the antennal transcriptomes of male and female C.

Results: Totally, 26 odorant-binding protein (OBP) genes, 19 chemosensory protein (CSP) genes, 55 odorant
receptor (OR) genes and 20 ionotropic receptor (IR) genes were identified from the C. pinicolalis antennae
transcriptome and amino sequences were annotated against homologs of C. punctiferalis. The neighbor-joining tree
indicated that the amino acid sequence of olfactory related genes is highly homologous with C. punctiferalis.
Furthermore, the reference genes were selected, and we recommended the phosphate dehydrogenase gene
(GAPDH) or ribosomal protein 49 gene (RP49) to verify the target gene expression during larval development stages
and RP49 or ribosomal protein L13 gene (RPL13) for adult tissues.

Conclusions: Our study provides a starting point on the molecular level characterization between C pinicolalis and
C. punctiferalis, which might be supportive for pest management studies in future.
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Background

Olfaction system plays a key role in insects, which in-
cludes kin recognition, mediating foraging, aggrega-
tion, toxic compound avoidance and oviposition
behaviors. However, the olfaction is a complex net-
work that contains odorant-binding proteins (OBP),
odorant receptors (OR), chemosensory proteins (CSP),
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sensory neuron membrane proteins (SNMPs), ionotro-
pic receptors (IR) and odorant degrading enzymes
(ODEs). They form a functional network with each
other in detecting different odorants types, thus
complete the odorants recognition process [1, 2]. In
Lepidoptera, OBPs are composed of pheromone-
binding proteins (PBPs), general odorant-binding pro-
teins (GOBPs) and antennal binding proteins (ABPs),
and they combined to detect a wide range of odors
and transport hydrophobic odorants to the ORs or
IRs [3]. The functions of CSPs are also similar to
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OBPs, localized in the lymph of trochoid sensilla [4].
IRs or ORs are localized on the dendrite of the che-
mosensory neuron, which can transform the chemical
signals from OBPs or CSPs into an electric signal and
transmit to the brain [5, 6]. The SNMPs and ODEs
are regarded to trigger ligand delivery to the receptor
and terminate the signal stimulation, respectively [6].

Conogethes pinicolalis (Lepidoptera: Crambidae), is a
sibling species of Conogethes punctiferalis (Lepidoptera:
Crambidae). Morphological features of C. pinicolalis egg,
larva, pupa and adult resemble those of C. punctiferalis
and it is considered as same species. In 1963, Koi-
zumi firstly identified the C. pinicolalis as an another
type of yellow peach moth and classified as pinaceae-
feeding type (PFT) [7]. Later, Honda and Mitsuhashi
identified and distinguished the difference between
these pests in the adults, larvae and pupal stages [8];
Konno et al. reported that they were different species
from their response to different spectra of host-plant
constituents [9]; In 2006, the pinaceae-feeding type
was named as C. pinicolalis [10]. Though these
studies have provided important information regard-
ing the identification of species, it is not entirely reli-
able because these insect groups were undergoing
speciation, genomic changes, or evolving into new
taxon [11]. Therefore, for its high reliability, molecu-
lar characterization technique can serve as a comple-
mentary method for further analysis. Especially, DNA
sequencing and mitochondrial DNA (mtDNA) have
been successfully used to deal with the species uncertainty
in morphological taxonomy [12—14]. For example, Sha-
shank integration of conventional taxonomy, DNA bar
code and others methods successfully confirmed the dif-
ference in populations of Conogethes which reared on
castor and cardamom in India [11]. Furthermore, Wang
et al. used mitochondrial DNA sequencing technique to
verify C. pinicolalis and C. punctiferalis were significantly
different species [15].

C. pinicolalis is a typical oligophagous pest that can
only feed on Pinus massoniana (masson pine) and few
pine trees. However, as a sibling species, C. punctiferalis,
is a polyphagous pest that can infest hundreds of plants
[9, 16]. High-throughput sequencing technology can
provide us with a lot of data and it has greatly promoted
the research on entomology [17, 18]. In this study, we
analyzed the difference of male and female antennae
transcriptome and identified the olfactory genes from
Gene Ontology (GO) annotation as well as sets of puta-
tive OBPs, CSPs, ORs and IRs in C. pinicolalis. Further-
more, we compared the difference of the genes with C.
punctiferalis. These results provide basically data for the
study of C. pinicolalis olfactory genes, also may help to
better understand the genetic evolution between these
two sibling species.
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Results

Overall sequence analysis

A total of 78,199,136 and 75,969,652 raw reads were ob-
tained from male and female antennae, respectively. We ob-
tained 77,254,390 and 74,994,240 clean reads from male and
female antennae after trimming adapter sequences, eliminat-
ing low-quality reads, and N represented sequences. A total
of 98,214 unigenes were obtained with an average length of
815 bp and with a N50 of 2968 (Table 1). The raw reads of
the C. pinicolalis are available from the SRA database (acces-
sion number: SRX5250688, SRX5250689, SRX5250690,
SRX5250691, SRX5250692 and SRX5250693).

Functional annotation of the C. pinicolalis antennal
unigenes

In total, 98,214 unigenes were successfully annotated in all
databases (Table 2), including 47,089 (47.94%) unigenes
matched to known proteins and 33,852 unigenes (34.46%)
in the Swiss-Prot database. GO analysis was used to clas-
sify the biological process, molecular function and cellular
components (Additional file 1: Figure S1A). Under the
molecular function category, the genes expressed in the
antennae were mostly related to binding, catalytic activity
and transporter activity (Additional file 1: Figure S1B).
From the Kyoto Encyclopedia of Genes and Genomes
(KEGG) annotation, 10,298 unigenes were classified into
five groups, cellular processes, environmental information
processing, genetic information processing, metabolism
and organismal systems (Additional file 1: Figure S1C).

Olfactory-related genes in the C. pinicolalis antennae

Totally, 26 OBP genes, 19 CSP genes, 55 OR genes and
20 IR genes were identified from the C. pinicolalis an-
tennae (Additional file 2: Table S1). Among the identi-
fied OBP genes, we found 4 PBP, 2 GOBP and 20 other
kinds of OBP genes. Furthermore, OBP and CSP genes
are detected in male and female antennae and showed
the significant differences in genes abundance (P < 0.05)
(Fig. 1). Interestingly, PBP2, OBP13 and OBP15 are male
biased expression, whereas the other PBPs (PBP1, PBP3
and PBP4), as well as GOBPs (GOBP1 and GOBP2) are
female bias expression. Furthermore, two of the other

Table 1 Summary of assembled contigs and unigenes

Type (bp) Contigs Unigenes
Total number 121,650 98,214
Total length 160,640,609 154,441,888
Min length 201 201

Mean length 568 815
Maximum length 25,856 25,856

N50 2825 2968

N90 467 612
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Table 2 Summary of annotations of unigenes

Type (bp) Number of Percentage (%)
Unigenes
Annotated in NR 47,089 47.94
Annotated in NT 31,124 31.68
Annotated in KO 18,774 19.11
Annotated in SwissProt 33,852 34.46
Annotated in PFAM 37,710 38.39
Annotated in GO 37,882 3857
Annotated in KOG 19474 19.82
Annotated in all Databases 8967 9.13
Annotated in at least one 59,764 60.85
Database
Total Unigenes 98,214 100

OBPs (OBP7 and OBP9) remained female biased expres-
sion (Fig. 1a). CSP genes (CSP4, CSP5, CSP14, CSP11 and
CSP17) showed female biased expression and significantly
different from the male (Fig. 1b), Other insignificantly
expressed genes were shown in Additional file 2: Table S1.

In OR gene sets, 7 pheromones receptors (PRs) and
47 other ORs were identified in male and female an-
tennae. Three PR genes (OR1, OR3 and OR6), as well
as OR34, showed significantly higher expression in
male antennae. However, a large number of ORs
(about 18 genes) were significantly higher expression
in female antennae. Especially the OR48 and ORS53,
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are highly expressed in female antennae with differen-
tial fold change (FC)>5. Six ORs with 2.0<FC<5.0
(P<0.05) and eight ORs with 1.5<FC<2.0 (P<0.05)
(Fig. 2a). Three IR genes (IR75p2, IR75d and IR4)
showed female biased expression (p <0.05) and other
four genes (IR2, IR75p2, IR75p, and IR64a) were male
biased expression (p <0.05) (Fig. 2b).

Significantly expressed genes were confirmed by quan-
titative real-time PCR (RT-qPCR) (Additional file 1:
Figure S2). Expressions of female biased genes from class
OBP (PBP1, PBP3, PBP4, GOBP1, GOBP2, OBP6, OBP7
and OBP9) were enormously consistent with the tran-
scripts per kilobase million (TMP) values.. The same re-
sults were obtained in the expression of CSPs, ORs and
IRs (Additional file 1: Figure S2).

Phylogenetic analysis

Phylogenetic trees were constructed by using 95 OBPs, 157
ORs, 89 CSPs and 59 IRs from different species of Lepidop-
tera (Fig. 3; Additional file 1: Figure S3). The GOBP/PBP
genes sequences include six subgroups (GOBP1 and 2,
PBP1-4) formed a conserved order (Fig. 3). Furthermore,
OBPs, CSPs, ORs and IRs showed a very close relationship
with C. punctiferlis, only a few CSPs and IRs clustered with
other insects (Fig. 3; Additional file 1: Figure S3). Most of
the olfactory related genes showed more than 90% identity.
Moreover, 4 OBP, 5 OR, 2 IR and 2 CSP genes had 99%
sequence similarity with the C. punctiferlis (Table 3). ORs
and IRs genes indicated the Ostrinia furnacalis is the next
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Fig. 1 Scatter plots showing the differential regulation of OBP and CSP genes in male and female C. pinicolalis antennae. Transcripts that exhibit
significant differences in abundance (P < 0.05), are color-coded according to their weighted fold change (FC). The expression levels are shown as
the mean Log10 (TPM + 1) for all of the three biological replicates for both sexes
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significant differences in abundance (P < 0.05), are color-coded according to their weighted fold change (FC). The expression levels are shown as
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close neighbor in the same clade. On the other hand, OBPs
and CSPs genes showed Cnaphalocrocis medinalisin in the
same clade as a close neighbor after C. punctiferlis.
Olfactory-related genes in Bombyx mori showed gene diver-
gence when compared with these two sibling species.

Reference genes selection

The gene stability results obtained from both the soft-
ware seems to be similar (Fig. 4). In the adult tissues
(antanna, head, throax, abdomen, leg and wings) riboso-
mal protein 49 gene (RP49) and ribosomal protein L13
gene (RPL13) showed more stability than GADPH gene,
and Actin gene was unstable (Fig. 4b and d). However,
RPL13 performed unstable in different development
stages of the C. pinicolalis. The results of GeNorm soft-
ware showed that Actin and phosphate dehydrogenase
gene (GAPDH) are the most stable gene (Fig. 2a); while
NormFinder software considered RP49 to be the most
stable gene (Fig. 4b).

Discussion

The application of next-generation sequencing technol-
ogy in the field of entomology has greatly promoted the
efficiency and quantity of gene annotation [19]. Mean-
time, a lot of antennal transcriptomes olfactory-related
genes were identified [20-22]. In this research, we iden-
tified 26 OBP genes, 19 CSP genes, 55 OR genes and 20
IR genes from the C. pinicolalis antennal transcriptome,
these genes have been reported for the first time in this
species. C. pinicolalis is a sibling species of C.

punctiferlis, and had ever been recognized as the same
species [10]. In C. punctiferlis, totally 25 OBPs, 15 CSPs,
62 ORs and 10 IRs were identified from antennae tran-
scriptome [23], and the numbers of OBPs, CSPs and ORs
are similar with C. pinicolalis, whereas more IRs were
identified from the C. pinicolalis antennal transcriptome
dataset, this may depend on the depth of the sequencing.
The sequence similarity of olfactory-related genes was an-
alyzed and shown in the evolution tree (Fig. 3, Table 3),
OBP, CSP, OR and IR genes sequences showed high simi-
larity with C. punctiferlis. Most of the identities are more
than 90%. 4 OBP, 5 OR, 2 IR and 2 CSP genes had 99% se-
quence similarity with the C. punctiferlis (Table 3). These
two pests were first identified by Koizumi et al. [7] and
classified into pinaceae-feeding type (PFT) and fruit-
feeding type (FFT) based on their feeding habits and
morphological characters. They were later named as C.
pinicolalis and C. punctiferalis [10]. Further investigation
revealed their behaviors, morphologies, and feeding pat-
terns, and indicated reproductive isolation between these
two types [9, 16, 18]. Wang et al. have shown that the C.
pinicolalis was different from that of C. punciferalis
through mitochondrial cytochrome ¢ oxidase subunits I, II
and cytochrome b gene sequences [15]. The phylogenetic
tree also revealed an evolutionary relationship with other
Lepidopteran species. The GOBP/PBP genes sequences
include six subgroups (GOBP1 and 2, PBP1-4) formed a
conserved order (Fig. 3). ORs and IRs genes indicated the
Ostrinia furnacalis is also the close neighbor in the same
clade (Additional file 1: Figure S3). On the other hand,



Jing et al. BMC Genomics (2020) 21:244

Page 5 of 13

o
03 g 5 -
0o =5 VP I~ ©
0203822 Sesoa@d @ o .
o2 == 5 5000002 =~
- e > o @ @ g ~
c = < 00 ®® c o c o o Q0
0 5 2000 gwovo=- =55 <00 a4
002 05%e2 T ina2a 352082 N A
02 ¢ 2 % 220 e0006SsI2 < Q0 &y
0200«')00@'0»—3>® OOQEQ\QCOOQ)Q’Q%“
- e i Q< o @
o % 0 0 G s Lo
O/)) oo /,)O @’Q 6\'0 % o Y H Q) O\ 6‘0 > O‘b Q
) PR 2 >R L
0, %, "0, S, % Q)O@@e O R,
0 %0 28, % 0 % O ot e
“, G @)y‘ O & O PSS
e, " %6, s 70, O N
o " 3 @
K Sp ~ © 07 o1
95, %n RS o
o, "o 8n ” 0 (07 oM
Y O& O ) N
c,. 70, 8r o' O A
Ly, 8n, ¢ o' (0% 10
8, O8s ’2 ot 08
Mo 7o med et
of 8p G do\a
c u,on 7. O‘“e dOBP3
p“noBP: cm® dOBP5
Punog, cme” oet
of 1 edO
“’OBP, cm oBP23
CmedOBPG cmed 02
CpunoBp2g . CmedOBP
CpinOBP1 ‘ CmedOBP4
CpunPBP1
CpunOBP4
CpinPBP1
CmedOBP25
oBP18 \ Cmedpgp,
(‘,pmoaP1B OfurpBF,1
un m
cp dOBP‘A °rPgp,
cme pA® °rPgp
Py =) Py 2
cme B?\1 ° ”PBp
8 > bip 2
cme e® c, "Pap
R 28 Me 2
ot ° le) ap
0®" e TUpy BB
%" % Lo ry, Pep, °
o™ 0 on o rp 5
o 0% oA® v, Sn
o0 o e L Co, 10, "8
PGSR ) 920 9P
e 0% A o) ©, Aé’ 3
o o QR o™ o 6, 9
0 R R g 0, %, "6,
7 O N ® u, 9%
X O o> > o e N
AFCHPC A S 70, %
< PSR PRI FO% ., ERCN
o O o RN H [ 23
Q H Y [¢] 2 £
SO P, i o"’f@ % S @
SRS I I H : 092 %% % s
DSIROE I PIRES ‘ 9022 % % e v
OC XYoo 2gaflon 003 2 > @, %
O o & J ol gang NN wo O v 3 e H 0
€ P o0 ¥d3J gy a3z =32 ¢co 2", 0 ¥
9 g s 90%0 S omg o35> 280 ®
o s o< oa g ° -9 ® 00 %
Q¥ q 3 3 § o @ o a fo) =y o © o ® © © T,
©Ca I3 8 o 00 g% -
(6] o o0 @ 2 g O g0 2w o - -
£ O w5 W@ 0T
o © 5 0 0° o w
N ~N
0.06
Fig. 3 Phylogenetic relationship of olfactory-related gene from C. pinicolalis and other insects. Red font represents the genes from C. pinicolalis;
Cpun, Ofur, Bmor and Cmed are the abbreviation of C. punctiferalis, O. furnacalis, B. mori and Cnaphalocrocis medinalis, respectively

_

OBPs and CSPs genes showed Cnaphalocrocis medinalisin
in the same clade as a close neighbor after C. punctiferlis.
Olfactory-related genes in Bombyx mori showed gene di-
vergence when compared with these two sibling species.
Menken et al. [24] suggested the two major transi-
tions in the evolution of larval (Lepidoptera) feeding,
switching from litter-feeding to herbivory. Larvae
feeding on leaf-litter from a single dominant tree spe-
cies would have been the main precursor for evolving
from litter-feeding to leaf-mining type. In the course
of evolution, leaf-mining type gained the new type of
enzymatic system to digest the nutritious freshly
fallen leaves. Once this evolved niche had been ac-
quired the ability of leaf-mining and with the special
digestive system could apparently exploit the diversity
more and larval feeding mode had evolved in search-
ing of new host-plants [25]. Insects olfaction system
allows them to recognize and track the volatile cues
from host-plant, mating and evade from their preda-
tors. The polyphagous insects significantly adapted to

recognize, digest and detoxify a large variety of host-
plants. Polyphagous insects must handle the defensive
toxic molecules (secondary metabolites) produced by
the host-plant. Genes from the moth pheromone
glands could have evolved and altered the normal
fatty acid metabolism [26]. In a previous study, exper-
iments proved the major change in the pheromone
blend in various moth species, the existence of differ-
ent desaturase from mRNA in the moth pheromone
gland [27]. In Spodoptera frugiperda, due to tandem
duplications within a single region of the genome 10
OBP genes expansion was observed when compared
with B. mori. In the same study, the author showed a
difference in IRs gene count between the strains, S.
frugiperda corn strain had 42 IRs and rice strain had
43 IRs [28]. Similarly, in our study C. pinicolalis had
10 more IRs when compared with C. punctiferlis. Evi-
dently, the selection of host plant is also a reason
that leads to gene duplications, insertions or deletions
when there is a need to adapt to an environment.
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As in other insects [29-31] OBPs and CSPs were de-
tected in the antennae of both male and female (Add-
itional file 2: Table S1). Among these genes, many of
them were sexual biased genes (Fig. 1). PBPs were widely
thought to be sex pheromone binding function, normally
insects have 3-5 PBP genes. Previous studies suggested
that at least one PBP family isoform could well interact
with the sex pheromones [32-34]. In our analysis, PBP2
showed significantly male biased expression, and PBPI,
PBP3 and PBP4 showed significantly female biased ex-
pression. In male moth, the main assignment is to trail
the sex pheromones to find a female moth for mating.
We speculated the PBP2 might play a critical role in
pheromone binding. Females are often selective in seek-
ing a healthy counterpart for mating. GOBP1 and
GOBP2 genes, as well as OBP6, OBP7 and OBP9, were
also highly expressed in female, this may play some im-
portant roles and need for further study. GOBPs are
proposed to detect host plants volatiles, food and ovipos-
ition sites and PBPs play a key role in detecting sex
pheromones [35-37]. However, some studies have dem-
onstrated that GOBPs can interact with sex pheromones
and possibly responsible for conducting the function
[38]. Our another study have showed that PBP2 and
GOBP1 genes may play similar roles in detecting and
transporting sex pheromones and host plant volatiles in
C. pinicolalis [39]. There are also evolutionary evidence

that GOBPs may evolved from PBP by gene duplication,
PBP and GOBP2 in Manduca sexta show close relation-
ship and play an important role in coordinated olfactory
behaviors [40, 41]. Although the transcriptome of C.
pinicolalis and C. punctiferlis possess higher similarity,
the C. pinicolalis adult rely on fresh masson pine
branches for laying eggs, which the case is very different
in C. punctiferlis adult, they have a wide variety of host
plants selection. Therefore, both GOBPs and PBPs from
C. pinicolalis and C. punctiferlis might have a greater
interest in future research.

CSPs were found in insect contact and sensilla olfac-
tory, but other members exhibited peculiar functions. In
Apis mellifera, CSPs have been reported to be involved
in larval growth and brood pheromone transportation
[42, 43]. In a cockroach Blatta germanica, a CSP is in-
volved in leg regeneration [44]. CSPs binding affinity to-
wards volatile compounds was similar to that of OBPs
[45]. In C. pinicolalis antennae transcriptome, we totally
identified 19 putative CSPs, and found the transcript per
kilobase million (TPM) values of five CSPs (CSP4, CSP5,
CSP11, CSP14, and CSP17) were significantly higher in
female antennae (Fig. 1b). MsepCSP8 of Mythimna sep-
arate was specially expressed in female antennae and
showed less sensitive to plant volatiles after RNAi [46].
Also in Locusta migratoria, nearly 17 CSPs abundantly
expressed in the female reproductive organs [47]. Higher
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numbers of CSPs in female antennae provide a valuable
understanding that CSPs may play an important role in
female moths, particularly when it comes to tracking the
volatile cues from host-plants and oviposite.

Totally there were 55 OR genes identified from
male and female antennal transcriptome dataset,
among them 22 ORs showed a significant difference
in TPM ratio (Additional file 2: Table S1). In Lepi-
doptera, OR1 and OR3-8 were identified as phero-
mone receptors (PR). Our result obviously showed
OR1, OR3 and OR6 were specially expressed in male
antennae, this may suggest OR1, OR3 and OR6 genes
focus on sex pheromones recognition. OR34 also per-
formed biased expression in male antennae, but till
now, the function is unknown. More numbers of ORs
were highly expressed in female antennae (Fig. 2), this
is also discovered in mosquitos [48]. In Bombyx mori,
more female biased ORs suggested having function of
oviposition cues or male-produced courtship phero-
mones [49]. This indicated more OR bias in female
C. pinicolalis might provide more receptors for the
detection of correct host plants and sex pheromones
as well.

IRs were proven for its multiple functions such as ol-
faction, chemosensory modalities, taste and response to-
wards non-chemosensory factors like temperature
sensing [50—-53]. These IRs are highly sensitive to amines
and acids [52]. We have identified 20 IRs in C. pinicola-
lis that is much more than the number of IRs reported
in C. punctiferlis. Indeed, the number of IRs are different
in many species. For example, some IRs were exclusively
identified in Spodoptera littoralis and Helicoverpa armi-
gera [54, 55]. Also, many IR genes were identified in gus-
tatory organs in Drosophila melanogaster and the long-
range attraction to polyamines is mediated by IR76b and
IR41a [50, 56]. However, in this study the IR gene family
from transcriptome data analyzed only from the C. pini-
colalis antennae and compared with C. punctiferlis an-
tennal dataset. Based on the transcriptome data analysis,
we cannot conclude that there are only 20 (C. pinicola-
lis) and 11 (C. punctiferlis) [23] IR isoforms in C. pinico-
lalis and C. punctiferlis antenna. The identified IR
isoforms in C. pinicolalis could help to study gene ex-
pansion/deletion and existence of other possible IR iso-
forms in the C. punctiferlis antenna and evolutionary
relationship between these two species.

NormFinder and geNorm programs are commonly
used to screen and optimize the number of internal
reference genes for qRT-PCR analysis [57, 58]. At the
same time, the difference between reference genes
can be compared, but only one optimal gene can be
screened when using the NormFinder [59]. In this re-
search, we used both methods to screen the reference
gene. The GeNorm result showed Actin and GAPDH
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were more stable during different development stages
of the C. pinicolalis, and NormFinder showed the
RP49 as a stable reference gene. This variation may
be due to different algorithms coded in this software.
Different software were used for calculating the refer-
ence gene stability at different developmental stages
in the yellow peach moth, RP49 and GAPDH were
found to be more stable [60]. Since the expression of
the reference gene differs for developmental stages
and tissues, therefore the selection of two or more
reference genes is useful to calibrate the expression
level. Gao et al. [61] reported three different reference
genes (Actin, RPL13 and peptidylprolyl isomerase) for
different developmental stages in Aphidius gifuensis.
Also, Actin, GAPDH and RP49 reported being the
most stable reference gene in the Calliphoridae family
[62]. According to our results, it is recommended to
use GAPDH or RP49 at different developmental
stages of the C. pinicolalis. On another hand, riboso-
mal proteins are involved in translation and protein
synthesis, this recommended us to use RP49 and
RPL13 for different tissues in yellow peach moth [60].
Similarly, our findings indicate that both RP49 and
RPL13 are the best reference genes for the different
body part of the adult.

Furthermore, the female bias genes expression level of
OBPs (PBP1, PBP3, PBP4, GOBP1, GOBP2, OBPS,
OBP7 and OBP9) were verified by RT-qPCR and ex-
tremely consistent with the TMP values obtained from
the transcriptome dataset. In addition, the fold change
expression results of CSPs, ORs and IRs are consistent
with the TMP values (Additional file 2: Figure S2).
Therefore, we compared these olfactory-related gene ex-
pression levels of C. pinicolalis with C. punctiferalis, re-
ported by Ge xing et al., 2016 [23]. Gene expression
pattern reported from C. punctiferalis mostly differs
from our study. Noteworthy, most of the ORs (OR2,
OR3, OR5, OR6, OR13 and OR15) were significantly
expressed in male antenna, whereas in C. punctiferalis
the ORs were highly expressed in female antenna. At
this point, we suggest these ORs might be functionally
active in male moths when comparing with C. punctiferalis
males. On the other hand, OBPs (OBP2, 5 and 6) and
GOBPs (GOBP1 and 2) expression patterns were simi-
lar to that of C. punctiferalis. Exclusively, PBP (PBP1,
2, 3 and 4) genes expression was highly recorded in
the C. punctiferalis male antenna [23]. In contrast,
PBP1, 3 and 4 genes were significantly expressed in C.
pinicolalis female antenna, only PBP3 had a similar
expression pattern. However, most of the gene expres-
sion patterns of these olfactory-related proteins were
different when compared with C. punctiferalis dataset
[23], since C. pinicolalis is a monophagous pest that
mainly feeds on Masson pines.
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Conclusion

We mainly performed a comprehensive analysis of the
antennal transcriptome of C. pinicolalis and mined many
sexual bias expression olfactory related genes. Mean-
while, transcriptome data analysis revealed that most of
the olfactory related genes had more than 90% identity
with the C. punctiferlis. Noteworthy, 4 OBP, 5 OR, 2 IR
and 2 CSP genes had 99% sequence similarity with its
sibling species C. punctiferalis. This study provides a
starting point to understand the genetic difference at the
molecular level and further intensive studies are required
to understand the evolutionary relationship between
these two species.

Methods

Insects rearing and antennae collection

C. pinicolalis larvae were collected from the masson pine
in Quanjiao County (32.07 N 117.54 E), Anhui Province,
China. Fresh masson pine branch was used to feed the
larvae under ambient conditions 27 +0.5°C, with 70—
75% relative humidity (RH) and a photo period of 16:8 h
light: dark (L:D). After emergence, the moths were feed
on 10% honey solution [63]. Three days old moths were
selected from both sexes (20 moths/sex) and the anten-
nae were excised for RNA extraction.

RNA extraction and first-strand cDNA synthesis

Total RNA from male and female antennae was isolated
using the Quick-RNA™ MicroPrep Kit (ZYMO Research,
USA) according to the manufacturer’s protocol. Ten
pairs of antennae were excised from both the sexes.
Three biological replicates were maintained (10 pairs/
replication). The integrity of the total RNA was analyzed
using 1.5% agarose gel electrophoresis [64]. The quality
and concentration were analyzed on NanoDrop 2000
spectrophotometer (Thermo Scientific, USA). The
c¢DNA was synthesized by following the instructions
from RT™ All-in-One Master Mix Kit (Herogen Biotech,
USA). The first strand cDNA synthesis reaction was car-
ried out from 1 pg of total RNA. Anchored oligo (dT)
from the kit is used and cDNA was synthesized by fol-
lowing the manufacturer’s protocol. The final cDNA
samples were stored at — 20 °C until further analysis.

lllumina sequencing

Transcriptome sequencing was performed at Novogen
Co., Ltd. Beijing, China, and the RNA samples (including
3 biological replicates) were sequenced on the Illumina
Hiseq 4000 platform. The raw reads were curated by re-
moving adaptor sequences and low quality reads, then
assembled into unigenes using Trinity v2.4.0 [65, 66].
Reads with uncertain nucleotides larger than 10% of the
fragment sequence were removed. Trinity de novo pro-
gram with a default k-mer was used to assemble the
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clean reads. Sequences redundancy were minimized
using CD-HIT program to obtain longest transcript con-
tigs. Annotation-based metrics was adapted for the
study. DESeq2 v1.6.3 was used to calculate the identified
candidate genes differential expression levels (log2 fold
change, P <0.05) [67].

Unigenes annotation and classification

The unigenes were searched using BLASTX against the
non-redundant (nr) NCBI protein database [68]. Using
Blast2Go [69], we predicted and classified functions of
unigenes by EuKaryotic of orthologous groups (KOG)
database [70]. In addition, the online KEGG Automatic
Annotation Server (KAAS) was employed for KEGG
pathway enrichment analysis following the procedure
pathway annotations for unigenes [71, 72].

Identification of olfactory genes and phylogenetic
analyses

The candidate OBPs, ORs and IRs olfactory genes were
analyzed using BLASTX, open reading frames (ORFs)
were also identified. Phylogenetic tree based on amino
acids of these genes was performed with MEGA?7.0 soft-
ware with the neighbour-joining (NJ) method by 1000
replication.

Analysis of differential gene expression

In order to investigate the expression bias in the antennae
of both male and female of C. pinicolalis adults, we com-
pared and reported the transcript abundance in units of
TPM in both sexes. In the whole dataset of the transcrip-
tome, we identified the interested candidate genes accord-
ing to their FC, as assessed using corrected p-value (P) of
<0.05 (n=3). Genes were considered as interesting bias
expressed at a FC > 2 and of potential interest if the genes
exhibited 1.5 < FC < 2, both with P < 0.05.

Reference genes selection in C. pinicolalis

To obtain the stably expressed gene as a reference gene
for quantitative real-time PCR (RT-qPCR) and provide a
useful message in C. pinicolalis study, we selected p-
actin gene (Actin), glyceraldehyde 3- GAPDH, RP49 and
RPL13 as candidate reference genes based on reference
genes in other insect species. The candidate reference
gene expression pattern in different development stages
(egg, larva, pupa and adult) and the different body part
of the adult (antanna, head, throax, abdomen, leg and
wings) of the C. pinicolalis were assessed by RT-qPCR.
Ct values were evaluated by using the GeNorm and
NormFinder method to identify the stable reference gene
for specific tissues (Additional file 3: Table S2).
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RT-qPCR analysis

The RT-qPCR analysis was performed on select genes
to verify the fold changes expression explained in
transcriptome data. The primers for RT-qPCR were
designed using Primer 3 (http://bioinfo.ut.ee/primer3-
0.4.0/primer3/) (Additional file 3: Table S3). The
primers efficiency was tested by using 10-fold diluted
c¢DNA samples and the standard curve was generated.
The Ct values are plotted against the Log of the
cDNA dilutions, efficiency percentage and R* values
are within the acceptable range [73]. Quantitative
PCR was performed using SybrGreen qPCR Master-
mix (DBI Bioscience, Germany), according to manu-
facturers’ protocol on ABI 7500 Fast (Applied
Biosystems, USA) by using the following two-step
program: denatured for 2 min at 95 °C followed by 40
cycles: 10s at 95°C; 30s at 60 °C; melting curve ana-
lysis was performed from 60°C to 95°C to determine
the specificity of PCR products. Three independent
biological replicates were maintained for all the sam-
ple and four technical replicates were performed form
each biological sample. The 27**“T method was used
to calculate relative fold change expression [74]. Fold
change expression was analysed using ¢-test, software
package SPSS v20.0.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512864-020-6648-3.

Additional file 1: Figure S1. A) functional annotation of assembled
sequences based on gene ontology (GO) categorization; b) EuKaryotic of
orthologous groups (KOG) classification; €) is KEGG pathway annotation
of the transcriptome. Figure S2. Quantitative RT-gPCR expression levels
of olfactory genes from female and male moth of C. pinicolalis. The ex-
pression levels were statistically significant (t-test, *P < 0.05, **P < 0.01,
*#**P < 0,001, NS: not significant). Figure S3. Phylogenetic relationship of
olfactory-related gene from C. pinicolalis and other insects. A: ORs, B: IRs,
C: CSPs. Red font represents the genes from C. pinicolalis; Cpun, Ofur,
Bmor, Cmed, Ehip, Harm and Mcin are the abbreviation of C. punctiferalis,
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Helicoverpa armigera, Macrocentrus cingulum, respectively.

Additional file 2: Table S1. Candidate OBPs, CSPs, ORs and IRs genes in
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