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(OBPs), chemosensory proteins (CSPs), odour receptors 
(ORs), odour degrading enzymes (ODEs), ion receptors 
(IRs) and sensory neuron membrane proteins (SNMPs), 
participate in chemical perception (Leal, 2013; Cao et al., 
2014; El fekih et al., 2016, Fleischer et al., 2018). Volatile 
chemical signals and other stimuli of lipophilic compounds 
cannot be directly transported to chemosensory receptors 
across hydrophilic lymph and must be bound by OBPs and 
CSPs (Yi et al., 2014a). Therefore, OBPs and CSPs, which 
are known as carrier proteins, play key roles in insect ol-
faction (Dani et al., 2011). 

CSPs and well-studied OBPs, are low-molecular-mass 
and soluble proteins used in insect chemoreception (Pelosi 
et al., 2006). CSPs are characterized by four cysteine resi-
dues (C1-X6-8-C2-X16-21-C3-X2-C4) that form two disulfi de 
bridges (Tomaselli et al., 2006). Similar to OBPs, the 
rigid hydrophobic pocket in CSPs can capture and trans-
port external chemical cues to receptors. CSPs were fi rst 
discovered in the antennae of Drosophila melanogaster 
(Mckenna et al., 1994). Further studies revealed that CSPs 
were expressed not only in antennae but also in other insect 
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more, the CSPs were ubiquitously detected in all tissues and most of them were highly expressed in antennae, especially female 
antennae. We suggest the CresCSPs may contribute to female oviposition site recognition. CresCSPs that are highly transcribed 
in wings and legs, may function in gustation. This study provides a better understanding of the molecular mechanisms of olfaction 
in C. restitura and environmentally friendly pest management strategy for controlling C. restitura.
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INTRODUCTION

Clostera restitura Walker (Lepidoptera: Notodontidae) 
is one of the most destructive defoliators of poplar trees in 
China. This pest is widespread in southern China, especial-
ly in forest-rich provinces, such as Anhui, Jiangsu, Zheji-
ang, Shanghai, Fujian, Guangxi, Guang dong, Hunan and 
Hainan (Zhang, 1997; Liu et al., 2016; Fang et al., 2018; 
Xin et al., 2018). It also occurs widely in other Asian coun-
tries including India, Indonesia, Malaysia and Vietnam 
(Wu & Fang, 2003; Schintlmeister, 2008). An outbreak of 
C. restitura usually causes severe economic damage in a 
surprisingly short period. More and more scientists are ex-
ploring the biological characteristics, behaviour and con-
trol strategies for C. restitura (Jing et al., 2007; Tang et 
al., 2008).

Insects have evolved highly specifi c and sensitive ol-
factory sensory systems to perceive chemical information 
from the environment and transform this information into 
electrical signals. This process is essential for insect feed-
ing, courtship, defence and migration (Zwiebel & Takken, 
2004). Diverse kinds of proteins, odour binding proteins 
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friendly techniques to be used in the control C. restitura in 
the future.

MATERIALS AND METHODS
Insect rearing and sample collection

Clostera restitura eggs were collected from the leaves of 
7-year-old Populus euramericana cv. I-72 trees in an agricultural 
afforestation area, Pukou District, Nanjing (32°180´N, 118°28´E), 
Jiangsu Province, China and kept in an incubator (26 ± 0.5°C, 70 
± 5% relative humidity, 16L : 8D photoperiod) at the Laboratory 
of Entomology at Nanjing Forestry University. On hatching, lar-
vae were transferred to 15-cm-diameter sterilized Petri dishes and 
reared on fresh leaves of Populus deltoides. Pupae were placed in 
individual tubes. On emergence the adults were put into plastic 
boxes (15 × 10 × 10 cm) and fed ad libitum a 10% honey solution. 
The second generation eggs, larvae, pupae and adults were used 
in the experiments.

For the analysis of the pattern of expression, eggs (N = 30), 1st 
to 5th instar larvae (N = 3), pupae (N = 3), antennae of 1–6 day old 
virgin males and females (N = 30) and antennae of mated and vir-
gin adults (N = 30) were collected. The antennae, heads (without 
antennae, N = 3), legs (N = 30) and wings (N = 6) were dissected 
from newly emerged male and female adults. All these samples 
were immediately frozen in liquid nitrogen and stored at –80°C.

RNA extraction, cloning and sequencing
Total RNA was isolated using TRIzol Reagent (Ambion, State 

of Texas, USA) following the manufacturer’s instructions, before 
checking the quantity of RNA. First-strand cDNA for RT-PCR and 
RT-qPCR were synthesized from 1 μg total RNA using 1st Strand 
cDNA Synthesis Kit (TaKaRa, Dalian, China). Seven pairs of 
specifi c oligonucleotide primers (Table S1) were designed based 
on the transcriptome database for C. restitura (Gu et al., 2019) 
and used to amplify the complete open reading frames (ORFs). 
We performed PCRs to amplify the specifi c genes, following the 
manufacturer’s protocol (Zoman, Beijing, China). Amplifi cation 
products were purifi ed using a DNA purifi cation system (Tian-
gen, Beijing, China) and cloned into a pEasy-T1 cloning vector 
(TransGen Biotech, Beijing, China). Seven randomly selected 
positive clones per construct were sequenced.

Sequences and phylogenetic analyses
The ORFs of the putative chemosensory genes were identifi ed 

using ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) 
(Min et al., 2005). Similarity searches were performed using NC-
BI-BLAST (http://blast.ncbi.nlm.nih.gov/). Sequence alignments 
were performed using DNAMAN version 6.0. Signal peptides 
were identifi ed using SignalP 4.0 (http://www.cbs.dtu.dk/servic-
es/SignalP/) (Petersen et al., 2011). The molecular weights and 
isoelectric points of mature proteins were calculated using the 
ExPASy server program (http://www.expasy.ch/cgi-bin/pi_tool).

Phylogenetic trees were constructed based on the cDNA se-
quences of CSPs from C. restitura and CSPs in other Lepidoptera 
in the UniGene database at NCBI. Maximum-likelihood phyloge-
netic trees were constructed using MEGA 6 and bootstrapping of 
1,000 replicates (Tamura et al., 2011).

Real-time quantitative PCR
To determine the potential functions of the CSPs, we measured 

the relative levels of expression of these genes in the different 
developmental stages, virgin and mated individuals and different 
tissues using qPCR. We performed RT-qPCR with the previously 
mentioned cDNA templates. Reactions of each sample of the 
three biological replicates were run in triplicate. The qRT-PCR 
primers (Table S1) were designed online (https://www.genscript.

tissues, including legs (Picimbon et al., 2001), pheromone 
glands (Dani et al., 2011), wings (Zhu et al., 2015), probos-
cises (Liu et al., 2014), labial palps and maxillae (Angeli et 
al., 1999), which differs from OBPs. 

The multi-tissue expression pattern of CSPs indicate 
they may also have other functions, apart from chemo sen-
sation (Tegoni et al., 2004). In fact, with the development 
of genome and transcriptome sequencing, recent studies 
have demonstrated that CSPs do contribute to other physi-
ological processes (Zhu et al., 2015; Kang, 2016; Zhang et 
al., 2017; Ting et al., 2018; Zeng et al., 2018). As carrier 
proteins, CSPs bind with small molecules, for instance nu-
trients, toxic compounds, hormones and semiochemicals, 
(Pelosi et al., 2017). Most CSPs identifi ed in Bombyx mori 
(Dani et al., 2011; Qiao et al., 2013), Plutella xylostella (Liu 
et al., 2010) and Sesamia inferens (Zhang et al., 2013) are 
widely expressed not only in antenna but also the female 
sex pheromone gland, which indicates a role in insect mat-
ing. In addition, CSP6 of Helicoverpa armigera is highly 
transcribed in sensory organs and pheromone glands, and 
has high binding affi nity for pheromone components, 
which reveals that HarmCSP6 is probably involved in 
transporting female sex pheromones in H. armigera (Li et 
al., 2015). A decrease in CSPs is associated with reduced 
survival and fecundity in females of Spodoptera exigua, 
which demonstrates that female survival and reproduction 
is closely associated with CSPs transcription (Gong et al., 
2012). Xin et al. (2017) reports that the mid gut expressed 
CSPs in Spodoptera litura may be responsible for its abil-
ity to adapt to different ecosystems. Populations of insec-
ticide-resistant Diatraea saccharalis have a higher CSPs 
transcription than susceptible populations, which indicates 
that CSPs participate in this insect’s immune response. A 
similar phenomenon is reported in Tribolium castaneum 
(Guo et al., 2012; Gao et al., 2018). Moreover, CSPs are 
essential for the development of the embryonic integument 
of Apis mellifera, behavioural phase change in migratory 
locust and insect tissue regeneration (Pelosi et al., 2006; 
Maleszka et al., 2007; Guo et al., 2011). Notably, RNAi 
reduction in NlugCSP8 transcript abundance causes a de-
crease in the behavioural response to particular attractants, 
which is likely to result in more effective and eco-friendly 
control strategies for the brown plant hopper (Muhammad 
et al., 2018).

This laboratory previously constructed a cDNA library 
for C. restitura and characterized the expression profi les 
of OBPs. It is likely that OBPs play a key role in forag-
ing, seeking mates and host recognition in C. restitura (Gu 
et al., 2019). In addition, we cloned the full-length of the 
cDNA encoding CresCSP3 and analyzed its tissue specifi c 
expression pattern. The CresCSP3 transcripts detected in 
heads, antennae, wings and legs indicate they may con-
tribute to insect development, mating behaviour and host 
location (Li et al., 2018). In this study, sequence cloning 
and analysis of the patterns of expression of CresCSPs are 
used to determine the physiological roles of 7 other CSPs 
in C. restitura, which will help in the development of eco-
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com/tools/real-time-pcr-tagman-primer-design-tool). The RPS13 
gene was used as a reference gene (Gu et al., 2019). qRT-PCRs 
were performed in an Applied Biosystem 7500 System (USA) 
using SYBR Premix Ex Taq II (TaKaRa, Dalian, China), accord-
ing to the manufacturer’s protocol. The cycling conditions were 
(1) 95°, 30 s; (2) 95°, 5 s; (3) 60°, 34 s; (4) go to (2) for 40 cycles, 
and this procedure was followed by an analysis of melting curves 
ranging from 60 to 95°C to verify the presence of a single discrete 
peak for each reaction product. The cDNA templates in 10-fold 
dilution series were used to construct a relative standard curve 
to determine the PCR effi ciency. In all experiments, all prim-
ers achieved amplifi cation effi ciencies of 95–100% (Table S1). 
The results of qRT-PCRs were analyzed using the 2–ΔΔCt method 
(Livak & Schmittgen, 2001).

Statistical analysis
All data was processed using SPSS Statistics V20.0 (IBM). A 

one-way analysis of variance (ANOVA) with least signifi cant dif-
ference (LSD) was used to analyze the patterns in the expression 
of genes in the various samples.

RESULTS

Identifi cation of CSP genes in C. restitura 
Based on the unigenes of the CSPs annotated in the C. 

restitura antennal transcriptome database (Gu et al., 2019), 
we used PCR to clone seven CSP genes from antennae of 
C. restitura, and the sequences of these genes were de-
posited in GenBank with accession numbers presented in 
Table S2. All of these CSPs had full-length ORFs with four 
conserved cysteines in the same corresponding positions 
according to multiple alignments of amino acid sequences 
of the seven CresCSPs (Fig. 1). The ORFs of CresCSP1-7 
ranged from 321 to 387 bp in length and the predicted mo-
lecular weight varied from 11.81 to 14.73 kDa. In addition, 
they were all predicted to have signal peptides of 16 to 18 
amino acids in length and isoelectric points from 5.35 to 
8.58 (Table S2). The results of a BLASTX search showed 
that CresCSP1 to CresCSP7 were very similar to the CSPs 
in other Lepidoptera (> 64%), especially the CSPs in S. 
litura and B. mori, whereas CresCSP8 was not similar to 
the CSPs of these organisms (39%).

Phylogenetic analyses of the CSP genes 
in C. restitura

A phylogenetic tree was constructed based on the cDNA 
sequences of CSPs from C. restitura and other Lepidoptera, 
including B. mori, Eogystia hippophaecolus, Grapholita 

molesta, H. armigera, Heliothis virescens, Lobesia botra-
na, Ostrinia furnacalis, Papilio xuthus, Plutella xylostella, 
S. exigua and S. litura (Fig. 2). The Maximum-Likelihood 
(ML) tree indicated that these seven Cres CSPs occur on 
different branches. CresCSP1 and CresCSP6 were clus-
tered with CSPs from P. xuthus (PxutCSP1 and PxutCSP7) 
in one subbranch, while CresCSP2 and CresCSP8 occurred 
on separate branches along with SexiCSP1-2 and SexiC-
SP6, respectively. CresCSP5 was very similar to LbotC-
SP13, whereas CresCSP4 was on a branch with CSPs from 
Noctuidae (Fig. 2).

Patterns of expression of CSP in C. restitura
Stage-specifi c expression of CSPs in C. restitura 

All seven CresCSPs were expressed throughout the life 
cycle of C. restitura (Figs 3–4). However, the expression 
patterns of CSPs in C. restitura differed in different stages. 
CresCSP7 was expressed in eggs at relatively high levels. 
In the fi rst instar, CresCSP4, CresCSP5 and CresCSP6 
were transcipted signifi cantly. mRNAs of CresCSP1 and 
CresCSP2 were especially dominant in the second and 
third instar, while that of CresCSP8 was strongly detected 
in the fourth and last instar. 

The expression patterns of CSP genes after adult emer-
gence were shown in Fig. 4. CresCSP1 and CresCSP8 
were expressed mainly in 3-day-old females and males. 
CresCSP2 showed high levels of expression in 4-day-old 
males, while CresCSP4 and CresCSP5 were abundant in 
4-day-old females. In addition, in 1-day-old C. restitura 
females there were many transcriptomes of CresCSP6, 
CresCSP7 and CresCSP8.Fig. 1. Alignment of mature CresCSP01, CresCSP02, CresCSP04, 

CresCSP05, CresCSP06, CresCSP07 and CresCSP08 from C. 
restitura. Conserved amino acids in all CSPs are shown with a 
black background. Positions of the four conserved cysteine resi-
dues are indicated by triangles.

Fig. 2. Phylogenetic analysis of cDNA sequences of CresCSPs 
and those of other Lepidoptera using the maximum likelihood 
method with 1,000 bootstrap replications. The sequences used in 
the construction of this phylogenetic tree are listed in Table S3.
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Fig. 3. Relative levels of expression of CresCSPs in eggs, larvae of different instars and pupae determined using qPCR. Data presented 
are the means of three replicates. Different lower case letters indicate signifi cant differences (P < 0.05).

Fig. 4. Relative levels of expression of CresCSPs in 1 to 6-day-old female and male adults determined using qPCR. 1 – 1-day-old, 2 – 
2-day-old, 3 – 3-day-old, 4 – 4-day-old, 5 – 5-day-old and 6 – 6-day-old. Data presented are the means of three replicates. Different lower 
case letters indicate signifi cant differences (P < 0.05).



376

Li et al., Eur. J. Entomol. 116: 372–391, 2019 doi: 10.14411/eje.2019.039

Mating-specifi c expression of CSPs in C. restitura
The expression levels of CSP genes associated with 

mating status were shown in Fig. 5. Adult males h  ad less 
mRNA of CresCSP1, CresCSP4, CresCSP6 and CresCSP7 
after mating, but there were many transcripts of CresCSP2, 
CresCSP5 and CresCSP8 in mated males. There was an 
increase in the expression raised of CresCSP8 in mated 
females of C. restitura and decrease in the expression of 
CresCSP1 and CresCSP4 after mating.

Tissue-specifi c expression of CSPs in C. restitura
The qRT-PCR results revealed that seven genes in C. res-

titura were expressed at different levels in a wide range 
of tissues (Fig. 6). All seven CresCSPs, however, were 
mainly detected in antennae, with higher transcription 
levels of almost all the CresCSPs except for CresCSP2 in 
female antennae than in male antennae. We also recorded 
an enriched level of transcripts of CresCSP1, CresCSP7 
and CresCSP8 in the wings of C. restitura and a recordable 
amount of those of CresCSP1, CresCSP2 and CresCSP8 
in the legs.

DISCUSSION

We have compiled a library of the cDNA and thirteen 
CSPs in the antennae of C. restitura in order to identify 
the olfactory-related genes expressed in its antennae (Gu et 
al., 2019). Currently, eight CSPs with high levels of tran-

scription among the thirteen CresCSPs from the antennae 
of C. restitura were cloned, which is fewer than that re-
ported in other Lepidoptera. The number of CSPs varied 
among Lepidoptera. According to previous studies, there 
were twenty candidate CSPs in B. mori (Gong et al., 2007), 
14 in third instar larvae of E. obliqua (Sun et al., 2017) 
and 24 in H. armigera (Li et al., 2015). These results indi-
cated that the number of CSPs genes varied in insects and 
was associated with different ligands that enabled them 
to adapt to changing environmental conditions. BLASTX 
results indicated that CresCSPs were very similar to the 
CSPs in other Lepidoptera, e.g., CSPs in S. litura and B. 
mori, which implied that CSPs in insects were highly con-
served. In addition, the bioinformatics analysis showed 
that CresCSPs have the same signature as other CSPs, low 
molecular weight, an N-terminal signal peptide sequence 
and four conserved cysteine residues, which supported the 
hypothesis that CSPs were highly conserved (Wanner et 
al., 2014). 

The phylogenetic analysis showed that different CresC-
SPs had a distant genetic relationship. Similar results were 
reported for many Lepidoptera (Liu et al., 2010; Li et al., 
2015; Zhu et al., 2015; Sun et al., 2017). The diversifi cation 
of CSP-encoding genes in C. restitura might be correlated 
with the various functions of CresCSPs. Similarly, Gong 
et al. (2015) reported six of seven CsupCSP genes were in 
each branch with Papilionidae CSPs. We also found that 

Fig. 5. Relative levels of expression of CresCSPs in virgin and mated adults determined using qPCR. Data presented are the means of 
three replicates. Different lower case letters indicate signifi cant differences (P < 0.05).



377

Li et al., Eur. J. Entomol. 116: 372–391, 2019 doi: 10.14411/eje.2019.039

six of eight CresCSPs form a branch with CSPs from other 
Lepidoptera, especially the Noctuidae, which suggests that 
CresCSP genes may have evolved similarly to that of CSP 
genes in other moths. Although these species belong to dif-
ferent families, the CSPs in these insects were conserved, 
indicating that the diversifi cation of CSPs within a family 
might by duplication (Zhu et al., 2015).

Investigations of the expression patterns of chemosen-
sory protein genes in the different development stages, 
sexes, individuals of different mating status and tissues in 
C. restitura, might provide new insights into the functions 
of CSPs. We found transcripts of all CresCSPs in all the de-
velopmental stages, but the levels of expression differed in 
each stage. For example, CresCSP7 was recorded mainly 
in eggs and CresCSP4, CresCSP5 and CresCSP6 mainly in 
1st-larvae. Therefore, we speculated that CresCSP7 might 
be involved in the development of the eggs of C. restitura 
and CresCSP4, CresCSP5 and CresCSP6 in the searching 
for food after hatching. Our results were consistent with 
the study of CSP5 in Apis mellifera using RNAi, which 
shows that CSPs were involved in embryonic development 
(Maleszka et al., 2007). In addition, we found that CresC-
SP1, Cre sCSP2 and CresCSP8 were abundant in 2nd to 4th 
instar larvae. Under natural conditions, 2nd instar larvae of 
C. restitura rapidly consumed leaves and moved from de-

foliated trees to other trees in the vicinity in search of food 
(Sangha et al., 2005). These CresCSPs might contribute to 
perception by larvae of polar volatiles. An increasing num-
ber of studies indicated that insect CSPs were responsive 
to host plant volatiles (Liu et al., 2010; Hua et al., 2013; Yi 
et al., 2014b), thus, the CresCSPs might be responsible for 
the perception by larvae of polar volatiles.

After emergence, C. restitura males and females mated 
with each other when they were 3 to 4 days old (Sang-
ha et al., 2005). Interestingly, most of CresCSPs, such as 
CresCSP1, CresCSP2, CresCSP4, CresCSP5 and CresC-
SP8 were mainly expressed in 3 to 4-day-old adults and, 
therefore, might be associated with mating behavior, in 
particular the secretion of sex-pheromone by females of 
C. restitura and their location by males. Many studies re-
vealed that CSPs had a close connection with insect mating 
and egg-laying (Gong et al., 2012, 2015; Ju et al., 2014). 
Ligand-binding assays of CSPs in Plutella xylostella and 
Sesamia inferens reported higher binding to non-volatile 
oviposition deterrents and pheromone components, which 
supported the above suggestion (Liu et al., 2010; Zhang 
et al., 2014). Our results accorded with these studies and 
confi rm the participation of CresCSPs in mating behav-
iour. Sower et al. (1973) certifi ed that insect males and fe-
males produced sex-pheromones in order to attract each 

Fig. 6. Relative levels of expression of CresCSPs in head (without antennae), antennae, wings and legs determined using qPCR. Data 
presented are the means of three replicates. Different lower case letters indicate signifi cant differences (P < 0.05).
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other and for release before mating (Sower et al., 1973). 
Recently, many studies suggested high levels of transcrip-
tion of CSPs in the sex pheromone gland of females (Dani 
et al., 2011; Gu et al., 2013; Zhang et al., 2013). In this re-
search, the low expression of CresCSP1 and CresCSP4 in 
mated adults indicated that CSP proteins could store phero-
mone components before release. The abundance of tran-
scripts of CresCSP2, CresCSP5 and CresCSP8 in mated 
males refl ected their role in mate seeking behaviour. It was 
worth noting that these three CresCSPs were more asso-
ciated with mating behaviour than with ageing. Females 
of C. restitura normally couldn’t automatically oviposit at 
spawning sites, but fi rst examined them using their tarsal 
sensillae (Thompson, 1988; Singh & Sangha, 2012). The 
post mating up-regulation of the expression of CresCSP8 
in females of C. restitura revealed that this gene might be 
involved in the search for oviposition sites. 

 Analysis of the patterns in the expression of chemosen-
sory genes in insects might contribute to predicting their 
functions. Like OBPs, CSPs were mainly expressed in in-
sect antennae. In our study, most CresCSPs were highly 
expressed in the antennae, especially in female antennae 
(except for CresCSP2), which manifested that CresCSPs 
might participate in chemosensory processes. These results 
were similar to patterns of expression of CSP18 in Athetis 
lepigone and CSP14 and CSP15 in H. armigera (Li et al., 
2015; Zhang et al., 2017). Our previous studies discovered 
a high enrichment of two pheromone binding proteins PBPs 
(CresPBP1 and -PBP3) and three OBPs (CresOBP9, −10, 
and −16) in male antennae (Gu et al., 2019). We speculated 
that OBPs might contribute to recognition of pheromone 
molecules, whereas most CresCSPs play an important role 
in the recognition of spawning sites or binding host vola-
tiles in females of C. restitura. 

CresCSPs were wi dely distributed in chemosensory tis-
sues in the head, antennae, wings and legs, which suggest-
ed they might be associated with physiological processes 
other than olfaction (Yang et al., 2014). Some CresCSPs 
(CresCSP1, CresCSP7 and CresCSP8) were highly tran-
scribed in wings, which revealed they might be associated 
there with gustatory functions (Xu et al., 2009). In addi-
tion, there were high expressions of CSPs in the legs of 
many insects, such as, S. litura, S. exiguas and Cyrtorhinus 
lividipennis (Zhang et al., 2012; Zhu et al., 2015; Wang 
et al., 2017). A certain amount of CresCSP1, CresCSP2 
and CresCSP8 was also recorded in the legs of C. restitu-
ra, which based on the conclusions of Kitabayashi et al. 
(1998), might indicate they were involved in regeneration 
or help in the regeneration of their legs. Some reports in-
dicated the CresCSPs in the legs might have a gustatory 
function. To some extent, the expression of CresCSPs in 
legs could be associated with the creeping behavior occa-
sionally related to feeding in adult C. restitura. This chem-
osensory function remained to be verifi ed. 

In this study, seven CresCSPs were identifi ed in the an-
tennae of C. restitura. Different levels of expression of 
the CresCSPs and a phylogenetic analysis indicated that 
these genes had particular functions. These genes were ex-

pressed in all the developmental stages and tissues tested, 
and the levels of expression changed after mating. It was 
possible they had an important role in olfaction and other 
physiological processes. We aim to further the understand-
ing of the biological functions of these CSP genes in the 
future by ligand-binding, RNAi and CRISPR/Cas9 experi-
ments. This study provides valuable information on the 
molecular mechanisms of olfaction in C. restitura and a 
possible novel way of controlling C. restitura and other 
Lepidoptera pest.

ACKNOWLEDGEMENTS. This work was supported by the Natu-
ral Science Foundation of China (31170606, 31470650), Post-
graduate Research & Practice Innovation Program of Jiangsu 
Province (KYCX19-1083), the Natural Science Foundation of 
Jiangsu Province (BK20131421) and the Priority Academic Pro-
gram Development (PAPD) of Jiangsu Province. 

REFERENCES
ANGELI S., CERON F., SCALONI A., MONTI M., MONTEFORTI G., MIN-

NOCCI A., PETACCHI R. & PELOSI P. 1999: Purifi cation, structural 
characterization, cloning and immunocytochemical localiza-
tion of chemoreception proteins from Schistocerca gregaria. 
— Eur. J. Biochem. 262: 745–754.

CAO D.P., LIU Y., WEI J.J., LIAO X.Y., WALKER W.B., LI J.H. & 
WANG G.R. 2014: Identifi cation of candidate olfactory genes in 
chilo suppressalis by antennal transcriptome analysis. — Int. J. 
Biol. Sci. 10: 846–860.

DANI F.R., MICHELUCCI E., FRANCESE S., MASTROBUONI G., CAPPEL-
LOZZA S., MARCA G.L., NICCOLINI A., FELICIOLI A., MONETI G. 
& PELOSI P. 2011: Odorant-binding proteins and chemosensory 
proteins in pheromone detection and release in the silkmoth 
Bombyx mori. — Chem. Senses 36: 335–344.

ELFEKIH S., CHEN C.Y., HU J.C., BELCAID M. & HAYMER D. 2016: 
Identifi cation and  preliminary characterization of chemosenso-
ry perception-associated proteins in the melon fl y Bactrocera 
cucurbitae using RNA-seq. — Sci. Rep. 6: 19112, 10 pp.

FANG L.C., LIU H.L., WEI S.Y., KEEFOVER-RING K. & YIN T.M. 
2018: High-density genetic map of populus deltoides con-
structed by using specifi c length amplifi ed fragment sequenc-
ing. — Tree Genet. Genom. 14: 79, 10 pp.

FLEISCHER J., PREGITZER P., BREER H. & KRIEGER J. 2018: Access 
to the odor world: olfactory receptors and their role for signal 
transduction in insects. — Cell. Mol. Life Sci. 75: 485–508.

GAO S.S., XIONG W.F., WEI L., LIU J.J., LIU X., XIE J., SONG X. & 
BI J.X. 2018: Transcriptome profi ling analysis reveals the role 
of latrophilin in controlling development, reproduction and in-
secticide susceptibility in Tribolium castaneum. — Genetica 
146: 287–302.

GONG D.P., ZHANG H.J., ZHAO P., LIN Y., XIA Q.Y. & XIANG Z.H. 
2007: Identifi cation and expression pattern of the chemosenso-
ry protein gene family in the silkworm, Bombyx mori. — Insect 
Biochem. Mol. Biol. 37: 266–277.

GONG L., LUO Q., RIZWAN-UL-HAQ M. & HU M.Y. 2012: Cloning 
and characterization of three chemosensory proteins from Spo-
doptera exigua and effects of gene silencing on female survival 
and reproduction. — Bull. Entomol. Res. 102: 600–609.

GONG Z.J., LIU S., JIANG Y.D., ZHOU W.W., LIANG Q.M., CHENG 
J., ZHANG C.X., ZHU Z.R. & GURR G.M. 2015: Construction 
and analysis of antennal cDNA library from rice striped stem 
borer, Chilo suppressalis (Walker) (Lepidoptera: Pyralidae), 
and expression profi les of putative odorant-binding protein and 
chemosensory protein genes. — Arch. Insect Biochem. Physiol. 
89: 35–53.



379

Li et al., Eur. J. Entomol. 116: 372–391, 2019 doi: 10.14411/eje.2019.039

GU T.Z., HUANG K.R., TIAN S., LI H., CHEN C. & HAO D.J. 2019: 
Antennal transcriptome analysis and expression profi les of 
odorant binding proteins in Clostera restitura. — Comp. Bio-
chem. Physiol. (D) 29: 211–220.

GUO W., WANG X., MA Z., XUE L., HAN J., YU D. & KANG L. 2011: 
CSP and Takeout genes modulate the switch between attraction 
and repulsion during behavioral phase change in the migratory 
locust. — PLoS Genet. 7(2), e1001291, 13 pp.

GUO Z., CHENG Z.Y., HUANG F., LUTTRELL R. & LEONARD R. 2012: 
Microarray analysis of global gene regulation in the Cry1Ab-
resistant and Cry1Ab-susceptible strains of Diatraea sacchara-
lis. — Pest Manag. Sci. 68: 718–730.

HUA J.F., ZHANG S., CUI J.J., WANG D.J., WANG C.Y., LUO J.Y., 
LV L.M. & MA Y. 2013: Functional characterizations of one 
odorant binding protein and three chemosensory proteins from 
Apolygus lucorum (Meyer-Dur) (Hemiptera: Miridae) legs. — 
J. Insect Physiol. 59: 690–696.

JING T.Z., WANG Z.Y. & QI F.H. 2007: Molecular characterization 
of diapause hormone and pheromone biosynthesis activating 
neuropeptide from the black-back prominent moth, Clostera 
anastomosis (Lepidoptera, Notodontidae). — Insect Biochem. 
Mol. Biol. 37: 1262–1271.

JU Q., LI X., JIANG X.J., QU M.J., GUO X.Q., HAN Z.J. & LI F. 
2015: Transcriptome and tissue-specifi c expression analysis of 
OBP and CSP genes in the dark black chafer. — Arch. Insect 
Biochem. Physiol. 87: 177–200.

KANG K. 2016: Identifi cation and Expression of Olfactory Genes 
in Hyphantria cunea (Drury). MSc Thesis, Anhui Agricultural 
University, pp. 25–57.

KITABAYASHI A.N., ARAI T., KUBO T. & NATORI S. 1998: Molecular 
cloning of cDNA for p10, a novel protein that increases in the 
regenerating legs of Periplaneta americana (American cock-
roach). — Insect Biochem. Mol. Biol. 28: 785–790.

LEAL W.S. 2013: Odorant reception in insects: roles of receptors, 
binding proteins, and degrading enzymes. — Annu. Rev. Ento-
mol. 58: 373–391.

LI Z.Q., ZHANG S., LUO J.Y., ZHU J., CUI J.J. & DONG S.L. 2015: 
Expression analysis and binding assays in the chemosensory 
protein gene family indicate multiple roles in Helicoverpa ar-
migera. — J. Chem. Ecol. 41: 473–485.

LI H., GU T.Z., CHEN C.Y., HUANG K.R., TIAN S., ZHAO X.D. & 
HAO D.J. 2018: cDNA cloning, sequence analysis and expres-
sion profi le of a chemosensory protein from the Clostera res-
titura (Lepidoptera: Notodontidae). — Sci. Silv. Sin. 54(4): 
67–75. 

LIU X., LUO Q., ZHONG G., RIZWANULHAQ M. & HU M. 2010: Mo-
lecular characterization and expression pattern of four chem-
osensory proteins from diamondback moth, Plutella xylostella 
(Lepidoptera: Plutellidae). — J. Biochem. 148: 189–200.

LIU Y.L., GUO H., HUANG L.Q., PELOSI P. & WANG C.Z. 2014: 
Unique function of a chemosensory protein  in the proboscis 
of two Helicoverpa species. — J. Exp. Biol. 217: 1821–1826.

LIU S., SHI X.X., ZHU Q.Z., JIAO W.J., ZHU Z.J., YU H., WANG 
G.Y. & ZHU Z.R. 2015: Identifi cation and expression profi les 
of putative chemosensory protein genes in Cnaphalocrocis 
medinalis (Lepidoptera: Pyralidae). — J. Asia-Pac. Entomol. 
18: 99–105.

LIU H.L., YANG W.X., HOU J., HU N., YIN T.M. & LI S.X. 2016: 
Genetic identifi cation of 43 elite clonal accessions of Popu-
lus deltoides by SSR fi ngerprinting. — Can. J. Plant Sci. 96: 
494–502.

LIVAK K.J. & SCHMITTGEN T.D. 2001: Analysis of relative gene ex-
pression data using real-time quantitative PCR and the 2(-delta 
delta C(T)) method. — Methods 25: 402–408.

MALESZKA J., FORÊT  S., SAINT R. & MALESZKA R. 2007: RNAi-in-
duced phenotypes suggest a novel role for a chemosensory pro-
tein CSP5 in the development of embryonic integument in the 
honeybee (Apis mellifera). — Dev. Genes Evol. 217: 189–196.

MCKENNA M.P., HEKMAT-SCAFE D.S., GAINES P. & CARLSON J.R. 
1994: Putative Drosophila pheromone-binding protei ns ex-
pressed in a subregion of the olfactory system. — J. Biol. 
Chem. 269: 16340–16347.

MEI T., FU W.B., LI B., HE Z.B. & CHEN B. 2018: Comparative 
genomics of chemosensory protein genes (CSPs) in twenty-
two mosquito species (Diptera: Culicidae): Identifi cation, char-
acterization, and evolution. — PLoS ONE 13(1): e0190412, 18 
pp.

MIN X.J., BUTLER G., STORMS R. & TSANG A. 2005: Orfpredictor: 
predicting protein-coding regions in est-derived sequences. — 
Nucl. Acids Res. 33: W677–W680.

MUHAMMAD I.W., ANEELA Y., MUHAMMAD T.Q., LIU H., ASIF A., 
SAQIB A., HAZEM E.A., ZENG F.F. & WANG M.Q. 2018: Silenc-
ing of chemosensory protein gene NlugCSP8 by RNAi induces 
declining behavioral responses of Nilaparvata lugens. — 
Front. Physiol. 9: 379–396.

PELOSI P., ZHOU J.J., BAN L.P. & CALVELLO M. 2006: Soluble pro-
teins in insect chemical communication. — Cell. Mol. Life Sci. 
63: 1658–1676.

PELOSI P., IOVINELLA I., ZHU J., WANG G. & DANI F.R. 2017: Be-
yond chemoreception: diverse tasks of soluble olfactory pro-
teins in insects. — Biol. Rev. Camb. Philos. Soc. 93: 184–200.

PETERSEN T.N., BRUNAK S., VON H.G. & NIELSEN H. 2011: Sig-
nalP 4.0: discriminating signal peptides from transmembrane 
regions. — Nat. Meth. 8: 785–786.

PICIMBON J.F., DIETRICH K., KRIEGER J. & BREER H. 2001: Identity 
and expression pattern of chemosensory proteins in Heliothis 
virescens (Lepidoptera, Noctuidae). — Insect Biochem. Mol. 
Biol. 31: 1173–1181.

QIAO H.L., DENG P.Y., LI D.D., CHEN M., JIAO Z.J., LIU Z.C., 
ZHANG Y.Z. & KAN Y.C. 2013: Expression analysis and binding 
experiments of chemosensory proteins indicate multiple roles 
in Bombyx mori. — J. Insect Physiol. 59: 667–675.

SANGHA K.S., SHERA P.S. & MAKKAR G.S. 2005: Biology of leaf 
defoliator, Clostera restitura (Walker) (Lepidoptera: Noto-
dontidae) on poplar. — J. Insect Sci. 18: 47–51.

SCHINTLMEISTER A. 2008: Palaearctic Macrolepidoptera. Vol. 1: 
Notodontidae. Apollo Books, Stenstrup, 402 pp.

SINGH G. & SANGHA K.S. 2012: Ovipositional preference and lar-
val performance of poplar defoliator, Clostera restitura on dif-
ferent poplar clones in north-western India. — J. Forestry Res. 
23: 447–452.

SOWER L., KAAE R.S. & SHOREY H.H. 1973: Sex pheromones of 
Lepidoptera. XLI. Factors limiting potential distance of sex 
pheromone communication in Trichoplusia ni. — Ann. Ento-
mol. Soc. Am. 66: 1121–1122.

SUN L., MAO T., ZHANG Y.X., WU J.J., BAI J.H., ZHANG Y.N., JIANG 
X.C., YIN K.S., GUO Y.Y., ZHANG Y.J. & XIAO Q. 2017: Char-
acterization of candidate odorant-binding proteins and  chem-
osensory proteins in the tea geometrid Ectropis obliqua Prout 
(Lepidoptera: Geometridae). — Arch. Insect Biochem. Physiol. 
94(9): e21283, 18 pp.

TAMURA K., PETERSON D., PETERSON N., STECHER G., NEI M. & 
KUMAR S. 2011: MEGA5: molecular evolutionary genetics 
analysis using maximum like lihood, evolutionary distance, 
and maximum parsimony methods. — Mol. Biol. Evol. 28: 
2731–2739.

TANG F., WANG Y. & GAO X. 2008: In vitro inhibition of carboxy-
lesterases by insecticides and allelochemicals in Micromelal-
opha troglodyta (Graeser) (Lepidoptera: Notodontidae) and 



380

Li et al., Eur. J. Entomol. 116: 372–391, 2019 doi: 10.14411/eje.2019.039

Clostera anastomosis (L.) (Lepidoptera: Notodontidae). — J. 
Agric. Urban Entomol. 25: 193–203.

TEGONI M., CAMPANACCI V. & CAMBILLAU C. 2004: Structural as-
pects of sexual attraction and chemical communication in in-
sects. — Trends Biochem. Sci. 29: 257–264.

THOMPSON J.N. 1988: Evolutionary ecology of the relationship be-
tween oviposition preference and performance of offspring in 
phytophagous insects. — Entomol. Exp. Appl. 47: 3–14.

TOMASELLI S., CRESCENZI O., SANFELICE D., AB E., WECHSELBERGER 
R., ANGELI S., SCALONI A., BOELENS R., TANCREDI T. & PELOSI P. 
ET AL. 2006: Solution structure of a chemosensory protein from 
the desert locust Schistocerca gregaria. — Biochemistry 45: 
10606–10613.

WANG G.Y., ZHU M.F., JIANG Y.D., ZH OU W.W., LIU S., HEONG 
K.L., CHENG J. & ZHU Z.R. 2017: Identifi cation of candidate 
odorant-binding protein and chemosensory protein genes in 
Cyrtorhinus lividipennis (Hemiptera: Miridae), a key preda-
tor of the rice planthoppers in Asia. — Environ. Entomol. 46: 
654–622.

WANNER K.W., WILLIS L.G., THEILMANN D.A., ISMAN M.B., FENG 
Q. & PLETTNER E. 2004: Analysis of the OS-D-like gene family. 
— J. Chem. Ecol. 30: 889–911.

WU C.S. & FANG C.L. 2003: Fauna Sinica, Insecta, Vol. 31, Lepi-
doptera: Notodontidae. Science Press, Beijing, 808 pp.

XIN Y., QI J., ZHOU X., MEI Y.H. & GUO H.Z. 2017: Differen-
tial expression of chemosensory-protein genes in midguts in 
r esponse to diet of Spodoptera litura.— Sci. Rep. 7: 296–317.

XIN H.Y., ZHANG T., HAN Y.H., WU Y.F., SHI J.S., XI M.L. & JIANG 
J.M. 2018: Chromosome painting and comparative physical 
mapping of the sex chromosomes in Populus tomentosa and 
Populus deltoides. — Chromosoma 127: 313–321.

XU Y.L., HE P., ZHANG L., FANG S.Q., DONG S.L., ZHANG Y.J. & LI 
F. 2009: Large-scale identifi cation of odorant-binding proteins 
and chemosensory proteins from expressed sequence tags in 
insects. — BMC Genomics 10: 632–645.

YANG K., HE P. & DONG S.L. 2014: Different expression profi les 
suggest functional differentiation among c hemosensory pro-
teins in Nilaparvata lugens (Hemiptera: Delphacidae). — In-
sect Sci. 14: 270, 8 pp.

YI X., LIU X.L., ZHAO H.M., WANG P.D., RIZWAN-UL-HAQ M., HU 
M. & ZHONG G.H. 2014a: Identifi cation of a novel interacting 

partner of the chemosensory protein 1 from Plutella xylostella. 
— Int. J. Biol. Macromol. 63: 233–239.

YI X., WANG P., WANG Z., CAI J., HU M. & ZHONG G. 2014b: In-
volvement of a specifi c chemosensory protein from Bactrocera 
dorsalis in perceiving host plant volatiles. — J. Chem. Ecol. 
40: 267–275.

ZENG Y., YANG Y.T., WU Q.J., WANG S.L. & ZHANG Y.J. 2018: 
Genome-wide analysis of odorant-binding proteins and chemo-
sensory proteins in the sweet potato whitefl y, Bemisia tabaci. 
— Insect Sci. 26: 620–634.

ZHANG Z.Z. 1997: Forest Entomology. China Forestry Press, Bei-
jing, 491 pp.

ZHANG Y., DONG X., LIU J., HU M., ZHONG G., GENG P. & YI X. 
2012: Molecular cloning, expression and molecular modeling 
of chemosensory protein from Spodoptera litura and its bind-
ing properties with Rhodojaponin III. — PLoS ONE 7(10): 
e47611, 10 pp.

ZHANG Y.N., JIN J.Y., JIN R., XIA Y.H., ZHOU J.J., DENG J.Y. & 
DONG S.L. 2013: Differential expression patterns in chemosen-
sory and non-chemosensory tissues of putative chemosensory 
genes identifi ed by transcriptome analysis of insect pest the 
purple stem borer Sesamia inferens (Walker). — PLoS ONE 
8(7): e69715, 19 pp.

ZHANG Y.N, YE Z.F., YANG K. & DONG S.L. 2014: Antenna-pre-
dominant and male-biased CSP19 of Sesamia inferens is able 
to bind the female sex pheromones and host plant volatiles. — 
Gene 536: 279–86.

ZHANG Y.N., ZHU X.Y., MA J.F., DONG Z.P., XU J.W., KANG K. 
& ZHANG L.W. 2017: Molecular identifi cation and expression 
patterns of odorant binding protein and  chemosensory protein 
genes in Athetis lepigone (Lepidoptera: Noctuidae). — Peer J. 
5: e3157, 21 pp.

ZHU J.Y., ZE S.Z. & YANG B. 2015: Identifi cation and expression 
profi ling of six chemosensory protein genes in the beet army-
worm, Spodoptera exigua. — J. Asia-Pac. Entomol. 18: 61–66.

ZWIEBEL L.J. & TAKKEN W. 2004: Olfactory regulation of mos-
quito-host interactions. — Insect Biochem. Mol. Biol. 34: 
645–652.

Received March 31, 2019; revised and accepted September 23, 2019
Published online November 6, 2019

Supplementary material follows (Tables S1–S3, Fig. S1).



381

Li et al., Eur. J. Entomol. 116: 372–391, 2019 doi: 10.14411/eje.2019.039

Table S1. Oligonucleotide primers used for cloning ORFs and in the expression Analyses of CresCSPs.

Primer name Primer sequence (5’ → 3’)
Specifi c primers for cloning CSP ORFs
CSP1F
CSP1R
CSP2F
CSP2R
CSP4F
CSP4R
CSP5F
CSP5R
CSP6F
CSP6R
CSP7F
CSP7R
CSP8F
CSP8R
Specifi c primers to determine expression patterns
RPS13-F
RPS13-R
CSP1qRT-F
CSP1qRT-R
CSP2qRT-F
CSP2qRT-R
CSP4qRT-F
CSP4qRT-R
CSP5qRT-F
CSP5qRT-R
CSP6qRT-F
CSP6qRT-R
CSP7qRT-F
CSP7qRT-R
CSP8qRT-F
CSP8qRT-R

ATGAATCTACTAGTTTTATG
TTAGTCATCACGGGCTAGGA
ATGAAGTCCGTAGTTCTGTG
TTATACGTGTCTTAGATCAC
ATGAAGGTACTAGCTATTCT
TTAATTTTTGACTGCTTCGA
ATGAAGTTCTTCATAATGAC
TTAGTCCGTCCCCAGAAGGA
ATGAAGGTTTTATTACTCAC
TTAATTTCCTTCCAATAAGT
ATGAACACATTACTAGTCTT
TTACTTTGATCCCTTAATGT
ATGAAGGTCGCATTCTGCGT
TTAATCTTTCTTCATTAACT

CGCACCTGGTAAGGGTATTT
CACCAATTTGTGAGGGGAGTG
AGCGCACGGCAAATTGTGAA
CACGGGCTAGGAAAGCTTCG
CCTTGGCAACTCACGACTGC
CTTGTGCCAGCGCTTCTCTG
GTGGCAGTGTACGCCAAACC
AGGAGTGCATCGGCCTTTGT
TGCCGAGTTCAGAAAGCTGGT
TCGCTTAGGGCCTTGACAGT
CCTGTGTCTGGCTACGGCTT
GCAGTACACGGCCCTTGAAAC
AGCGCACGGCAAATTGTGAA
CACGGGCTAGGAAAGCTTCG
AAGTTGAAGGACGCCGTGGA
GCGCGTTGCTCTGAAGTACA

Amplifi cation effi ciencies
95%

95%

96%

95%

97%

98%

96%

95%

R2
0.997

0.996

0.995

0.996

0.996

0.996

0.996

0.996

Table S2. Summary of CSP genes identifi ed in C. restitura.

Gene 
name Acc. no. ORF

(bp)
Signal
peptide

Isoelectric
point

Molecular
weight (kDa)

Best blastx match
Species Gene Acc. no. E-value Identity (%)

CSP1 MG518396 372 18 5.72 14.39 Spodoptera litura CSP3 ALJ30214.1 5e-56 64
CSP2 MG518397 378 17 8.58 14.16 Spodoptera litura CSP5 ABM67688.1 1e-50 70
CSP4 MG518399 381 17 6.73 14.49 Bombyx mori CSP10 XP_012549237.1 5e-68 79
CSP5 MG518400 369 18 5.17 13.87 Spodoptera exigua CSP16 AKT26491.1 5e-62 72
CSP6 MG518401 366 16 5.35 13.68 Bombyx mori CSP2 AFF18035.1 7e-46 65
CSP7 MG518402 387 17 8.21 14.73 Athetis dissimilis CSP9 AND82451.1 3e-56 68
CSP8 MG518403 321 18 5.85 11.81 Helicoverpa armigera CSP7 AEX07268.1 2e-10 39
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Table S3. Sequences used in the alignment and phylogenetic tree construction.

Gene Name Species Accession number
CresCSP1 chemosensory protein1 Clostera restitura MG518396
CresCSP2 chemosensory protein2 Clostera restitura MG518397
CresCSP3 chemosensory protein3 Clostera restitura MG518398
CresCSP4 chemosensory protein4 Clostera restitura MG518399
CresCSP5 chemosensory protein5 Clostera restitura MG518400
CresCSP6 chemosensory protein6 Clostera restitura MG518401
CresCSP7 chemosensory protein7 Clostera restitura MG518402
CresCSP8 chemosensory protein8 Clostera restitura MG518403
BmorCSP1-2 chemosensory protein CSP1 Bombyx mori AF509239.1
BmorCSP1 chemosensory protein1 Bombyx mori DQ855507.1
BmorCSP10 chemosensory protein10 Bombyx mori AB243753.1
BmorCSP10 chemosensory protein10 Bombyx mori DQ855516.1
BmorCSP11 chemosensory protein11 Bombyx mori DQ855517.1
BmorCSP11-2 chemosensory protein CSP11 Bombyx mori AB243754.1
BmorCSP13 chemosensory protein13 Bombyx mori DQ855519.1
BmorCSP14 chemosensory protein14 Bombyx mori DQ855520.1
BmorCSP15 chemosensory protein15 Bombyx mori DQ855521.1
BmorCSP16 chemosensory protein16 Bombyx mori DQ855522.1
BmorCSP2-2 chemosensory protein CSP2 Bombyx mori AF509238.1
BmorCSP2 chemosensory protein2 Bombyx mori DQ855508.1
BmorCSP3-2 chemosensory protein CSP3 Bombyx mori AB243746.1
BmorCSP3 chemosensory protein3 Bombyx mori DQ855509.1
BmorCSP4-2 chemosensory protein CSP4 Bombyx mori AB243747.1
BmorCSP4 chemosensory protein4 Bombyx mori DQ855510.1
BmorCSP5-2 chemosensory protein CSP5 Bombyx mori AB243748.1
BmorCSP5 chemosensory protein5 Bombyx mori DQ855511.1
BmorCSP6-2 chemosensory protein CSP6 Bombyx mori AB243749.1
BmorCSP6 chemosensory protein6 Bombyx mori DQ855512.1
BmorCSP7-2 chemosensory protein CSP7 Bombyx mori AB243750.1
BmorCSP7 chemosensory protein7 Bombyx mori DQ855513.1
BmorCSP8-2 chemosensory protein CSP8 Bombyx mori AB243751.1
BmorCSP8 chemosensory protein8 Bombyx mori DQ855514.1
BmorCSP9-2 chemosensory protein CSP9 Bombyx mori AB243752.1
BmorCSP9 chemosensory protein9 Bombyx mori DQ855515.1
EhipCSP13 chemosensory protein13 Eogystia hippophaecolus KX655948.1
EhipCSP14 chemosensory protein14 Eogystia hippophaecolus KX655949.1
EhipCSP15 chemosensory protein15 Eogystia hippophaecolus KX655950.1
EhipCSP17 chemosensory protein17 Eogystia hippophaecolus KX655952.1
EhipCSP18 chemosensory protein18 Eogystia hippophaecolus KX655953.1
EhipCSP2 chemosensory protein2 Eogystia hippophaecolus KX655937.1
EhipCSP3 chemosensory protein3 Eogystia hippophaecolus KX655938.1
EhipCSP4 chemosensory protein4 Eogystia hippophaecolus KX655939.1
EhipCSP6 chemosensory protein6 Eogystia hippophaecolus KX655941.1
EhipCSP7 chemosensory protein7 Eogystia hippophaecolus KX655942.1
GmolCSP11 chemosensory protein 11 Grapholita molesta KR003783.1
GmolCSP3 chemosensory protein3 Grapholita molesta KR003780.1
GmolCSP8 chemosensory protein8 Grapholita molesta KR003781.1
GmolCSP9 chemosensory protein9 Grapholita molesta KR003782.1
HarmCSP21 chemosensory protein 21 Helicoverpa armigera KY810185.1
HarmCSP22 chemosensory protein 22 Helicoverpa armigera KY810186.1
HarmCSP23 chemosensory protein 23 Helicoverpa armigera KY810187.1
HarmCSP25 chemosensory protein 25 Helicoverpa armigera KY815026.1
HarmCSP26 chemosensory protein 26 Helicoverpa armigera KY815027.1
HassCSP chemosensory protein Helicoverpa assulta DQ285667.1
HassCSP20 chemosensory protein 20 Helicoverpa assulta KY810189.1
HassCSP21 chemosensory protein 21 Helicoverpa assulta KY810190.1
HassCSP22 chemosensory protein 22 Helicoverpa assulta KY810191.1_
HassCSP23 chemosensory protein 23 Helicoverpa assulta KY810192.1
HassCSP24 chemosensory protein 24 Helicoverpa assulta KY810193.1
HassCSP25 chemosensory protein 25 Helicoverpa assulta KY810194.1
HvirCSP2 chemosensory protein 2 Heliothis virescens AY101511.1
HvirCSP1 chemosensory protein 1 Heliothis virescens AY101512.1
LbotCSP10 chemosensory protein10 Lobesia botrana MG788191.1
LbotCSP13 chemosensory protein13 Lobesia botrana MG788194.1
LbotCSP14 chemosensory protein14 Lobesia botrana MG788195.1
LbotCSP18 chemosensory protein 18 Lobesia botrana MG788196.1
LbotCSP19 chemosensory protein 19 Lobesia botrana MG788197.1
LbotCSP2 chemosensory protein2 Lobesia botrana MG788184.1
LbotCSP20 chemosensory protein 20 Lobesia botrana MG788198.1
LbotCSP21 chemosensory protein 21 Lobesia botrana MG788199.1
LbotCSP23 chemosensory protein 23 Lobesia botrana MG788201.1
LbotCSP3 chemosensory protein3 Lobesia botrana MG788185.1
LbotCSP4 chemosensory protein4 Lobesia botrana MG788186.1
LbotCSP5 chemosensory protein5 Lobesia botrana MG788187.1
LbotCSP6 chemosensory protein6 Lobesia botrana MG788188.1
OfurCSP1 chemosensory protein 1 Ostrinia furnacalis LC027702.1
OfurCSP10 chemosensory protein 10 Ostrinia furnacalis LC027711.1
OfurCSP12 chemosensory protein 12 Ostrinia furnacalis LC027713.1
OfurCSP13 chemosensory protein 13 Ostrinia furnacalis LC027714.1
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Fig. S1. Alignment of mature CresCSPs and CSPs of other Lepi-
doptera. Amino acids conserved in all CSPs are shown with a black 
background. The sequences used in the construction of this phylo-
genetic tree are listed in Table S3.

Table S3 (continued).

Gene Name Species Accession number
OfurCSP16 chemosensory protein 16 Ostrinia furnacalis LC027717.1
OfurCSP2 chemosensory protein 2 Ostrinia furnacalis LC027703.1
OfurCSP4 chemosensory protein 4 Ostrinia furnacalis LC027705.1
OfurCSP5 chemosensory protein 5 Ostrinia furnacalis LC027706.1
OfurCSP6 chemosensory protein 6 Ostrinia furnacalis LC027707.1
OfurCSP7 chemosensory protein 7 Ostrinia furnacalis LC027708.1
OfurCSP8 chemosensory protein 8 Ostrinia furnacalis LC027709.1
PxutCSP1 chemosensory protein1 Papilio xuthus AB260116.1
PxutCSP10 chemosensory protein10 Papilio xuthus AB260126.1
PxutCSP11a chemosensory protein11a Papilio xuthus AB430775.1
PxutCSP11b chemosensory protein11b Papilio xuthus AB430776.1
PxutCSP12 chemosensory protein12 Papilio xuthus AB430777.1
PxutCSP13 chemosensory protein13 Papilio xuthus AB430778.1
PxutCSP2 chemosensory protein2 Papilio xuthus AB260117.1
PxutCSP3 chemosensory protein3 Papilio xuthus AB260118.1
PxutCSP4 chemosensory protein4 Papilio xuthus AB260119.1
PxutCSP4a chemosensory protein4a Papilio xuthus AB430771.1
PxutCSP4b chemosensory protein4b Papilio xuthus AB430772.1
PxutCSP4c chemosensory protein4c Papilio xuthus AB430773.1
PxutCSP5 chemosensory protein5 Papilio xuthus AB260120.1
PxutCSP6 chemosensory protein6 Papilio xuthus AB260121.1
PxutCSP7 chemosensory protein7 Papilio xuthus AB260122.1
PxutCSP8 chemosensory protein8 Papilio xuthus AB260123.1
PxutCSP8a chemosensory protein8a Papilio xuthus AB260124.1
PxutCSP8b chemosensory protein8b Papilio xuthus AB430774.1
PxylCSP1 chemosensory protein CSP1 Plutella xylostella EF186791.1
PxylCSP2 chemosensory protein CSP2 Plutella xylostella EF186792.1
PxylCSP3 chemosensory protein CSP3 Plutella xylostella EF202828.1
PxylCSP4 chemosensory protein CSP4 Plutella xylostella EF202829.1
PxylCSP5 chemosensory protein5 Plutella xylostella EF202830.1
SexiCSP1-1 chemosensory protein 1 Spodoptera exigua KM275345.1
SexiCSP1 chemosensory protein1 Spodoptera exigua EF186793.1
SexiCSP2-1 chemosensory protein 2 Spodoptera exigua KM275346.1
SexiCSP2 chemosensory protein2 Spodoptera exigua EF186794.1
SexiCSP3-1 chemosensory protein 3 Spodoptera exigua KM275347.1
SexiCSP3 chemosensory protein3 Spodoptera exigua EF186795.1
SexiCSP6 chemosensory protein 6 Spodoptera exigua KM275350.1
SlitCSP chemosensory protein Spodoptera litura DQ007458.1
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