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Abstract

Background: The olfactory system plays a crucial role in regulating insect behaviors. The detection of odorants is
mainly mediated by various odorant receptors (ORs) that are expressed in the dendrites of olfactory neurons of che-
mosensilla. Anopheles sinensis is a major malaria vector in Eastern Asia and its genome has recently been successfully
sequenced and annotated. In this study, we present genome-wide identification and expression profiling of OR genes
indi erent chemosensory tissues of An. sinensis.

Methods: The OR genes were identified using the available genome sequences of An. sinensis. A series of bioinfor-
matics analyses were conducted to investigate the structure, genome distribution, selective pressure and phyloge-
netic relationships of OR genes, the conserved domains and specific functional sites in the OR amino acid sequences.
The expression levels of OR genes were analyzed from transcriptomic data from An. sinensis antennae, proboscis and
maxillary palps of both sexes.

Results: A total of 59 putative OR genes have been identified and characterized in An. sinensis. This number is signifi-
cantly less than that in An. gambiae. Whether this di erence is caused by the contraction or expansion of OR genes
after divergence of the two species remains unknown. The RNA-seq analysis showed that AsORs have obvious tissue-
and sex-specific expression patterns. Most AsORs are highly expressed in the antennae and the expression pattern and
number of AsORs expressed in antennae are similar in males and females. However, the relative levels of AsOR tran-
scripts are much higher in female antennae than in male antennae, which indicates that the odor sensitivity is likely
to be increased in female mosquitoes. Based on the expression patterns and previous studies, we have speculated

on the functions of some OR genes but this needs to be validated by further behavioral, molecular and electrophysi-
ological studies. Further studies are necessary to compare the olfactory-driven behaviors and identify receptors that
respond strongly to components of human odors that may act in the process of human recognition.

Conclusions: This is the first genome-wide analysis of the entire repertoire of OR genes in An. sinensis. Characterized
features and profiled expression patterns of ORs suggest their involvement in the odorous reception of this species.
Our findings provide a basis for further research on the functions of OR genes and additional genetic and behavioral
targets for more sustainable management of An. sinensis in the future.
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Japanese encephalitis virus and Rickettsia felis [2].
Malaria outbreaks and re-emergence have only occurred
in regions with An. sinensis in recent years in China [3,
4].  erefore, the control of An. sinensis is considered to
be one of the most e ective measures to prevent malaria
transmission in China. However, malaria control inter-
ventions face many challenges due to the increase in drug
resistance in parasites and insecticide resistance in mos-
quitoes. e impact of these trends on existing control
measures should be of great concern and the exploration
of new mosquito-centered control strategies should be
strengthened.

As in other mosquito species, An. sinensis females
require a blood meal to complete each gonotrophic cycle,
which includes alternate host-seeking, blood-feeding,
resting and egg-laying [2]. Vector-host interactions are
largely dependent on e ective mosquito responses to
cues from vertebrate hosts, such as olfaction, vision,
mechanical vibration, sound, humidity and thermal
cues. Among these cues, olfaction plays a critical role in
female behavior (host seeking, blood feeding, oviposi-
tion site selection, etc.) and thus directly impacts their
vector capacity to transmit pathogens [5].  erefore,
intensive molecular studies on the An. sinensis olfactory
system will provide the necessary insights required for
the development of new strategies to disrupt host-seek-
ing behavior.

Olfactory recognition in insects is a complicated pro-
cess that is principally accomplished through a series
of proteins located in olfactory appendages, such as
antennae, proboscis and maxillary palps.  ese proteins
include odorant receptors (ORs), gustatory receptors
(GRs), ionotropic receptors (IRs), odorant-binding pro-
teins (OBPs), chemosensory proteins (CSPs), sensory
neuron membrane proteins (SNMPs), odorant degrading
enzymes (ODEs) and Niemann-Pick protein C2 (NPC2)
[6, 7]. e ORs, such as the olfactory receptor co-recep-
tor (Orco) and conventional ligand-binding odorant
receptors, play key roles in olfactory behavior [8]. Since
the first identification of insect ORs in Drosophila mela-
nogaster in 1999, many OR genes have now been iden-
tified in species from at least seven insect orders, which
include Diptera, Lepidoptera, Hymenoptera, Coleop-
tera, Homoptera, Orthoptera and Blattodea [9-21].
In mosquitoes, OR repertoires have been identified in
Anopheles gambiae, Anopheles darlingi, Aedes aegypti,
Culex quinquefasciatus and Aedes albopictus through
genome-wide identification [9, 11, 13, 17, 22]. e num-
ber of OR genes vary considerably from 18 in An. dar-
lingi [22] to 112 in Cx. quinquefasciatus [13] and up to
158 in Ae. albopictus [17]. s reflects extensive gene
gains and losses over the evolution of mosquito ORs. e
OR genes are mainly expressed in antennae and other
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chemosensory appendages, where they detect various
volatile compounds and are involved in diverse olfaction-
driven behaviors [11, 23—25].

e ORs do not recognize odor molecules alone but
can form heteromeric complexes with Orco. e com-
plex converts chemical signals into electrical signals and
transmits nerve impulses to dendrites in olfactory neu-
rons [26]. Studies have shown that ORs are involved in
host-seeking, mating, oviposition site searching and
other important behaviors in mosquitoes. After mutat-
ing the Orco gene of Ae. aegypti, using ZFN technology,
the Orco mutant showed a significantly reduced response
to honey. In the absence of CO, it was unresponsive to
human odors and lost its host preference [27]. Further
analysis revealed that the host preference of Ae. Aegypti,
for human odor, was associated with increased expres-
sion of AaegOr4, which recognizes a human odorant,
sulcatone [28]. Reduced levels of Ae. albopictus AalOrco
result in a significant decrease in host-seeking and confu-
sion in host preference [29]. e An. gambiae ORs seem
to be narrowly tuned to several odor components that
emanate from humans, such as 1-octen-3-ol, 2, 3-butan-
edione and indole [30]. Anopheles gambiae AgamOr8 and
Ae. aegypti AaegOr8 are specifically expressed in maxil-
lary palps and respond strongly to 1-octen-3-ol and CO,
[11, 31, 32]. In addition, studies have shown that a spe-
cific OR gene was the target of DEET and other repel-
lents as well as the natural repellent, methyl jasmonate
[27, 33-36].

After the release of the genome sequence of An. sinen-
sis [37], chemosensory genes, such as CSPs [38], OBPs
[39] and IRs [40—42], have been characterized. However,
genome-wide identification and analysis of ORs, GRs,
ODEs and SNMPs have not been completed. Currently,
only 33 OR genes have been identified in An. sinensis [37,
43]. However, the number, classification, expression char-
acteristics and functions of OR genes are still unknown.
Like other mosquitoes, female An. sinensis detect odor-
ants or various chemical cues in their environment,
through several receptor genes, to find their hosts and
blood supply. erefore, a comprehensive understand-
ing of the cues that attract mosquitoes to humans and
the receptors that detect them will provide the necessary
insight into developing new strategies to disrupt host-
seeking behavior [27].

In this study, all OR genes were identified using the
available genome sequence of An. sinensis and a series of
bioinformatics analyses were conducted.  ese included
analysis of the structure, genome distribution, selec-
tive pressure, phylogenetic relationships, conserved
domains and specific functional sites in their amino acid
sequences. Expression levels of OR genes were analyzed
using transcriptomic data from An. sinensis antennae,
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proboscis and maxillary palps of both sexes. is study
established an information framework for An. sinensis
OR genes and enriched the data for traditional OR genes,
which will facilitate their functional studies and investi-
gations into mechanisms of olfactory-driven behavior in
An. sinensis.

Methods

Sequence retrieval and identification of OR genes in An.
sinensis

Two versions of the An. sinensis genome were used for
the identification of OR genes. One version was down-
loaded from GenBank (gca 000441895.2). e other
was sequenced using the PacBio sequencing approach
at the Beijing Genomics Institute (BGI) by Chongging
Normal University (in preparation). e final contigs
spanned 245.6 Mb with an N50 contig size of 3.1 Mb. e
integrity of gene region was 97%, as evaluated by EST/
Unigenes, and the assembly integrity, by BUSCO evalu-
ation, was 97.9%. Due to the high coverage and good
quality assembly, this study mainly used the An. sinensis
genome sequenced by Chongging Normal University and
used the released genome (gca_000441895.2) as a refer-
ence. Two sets of transcriptome data were downloaded
from the National Center for Biotechnology Information
(NCBI) EST database (Accession numbers: SRA073189
and GAFE01000001-GAFE01028133).

To identify orthologous genes that encode ORs in An.
sinensis, the full-length amino acid sequences of the ORs
in An. gambiae, Cx. quinquefasciatus, Ae. aegypti and D.
melanogaster were sourced from FlyBase, Uniprot and
GenBank. ese were then used as query sequences to
perform a local BLASTp search (E-value cuto of<18~°)
against the An. sinensis genome database. In addition,
Hidden Markov Model (HMM) searches were conducted
against the protein database of An. sinensis using the OR
protein domain, HMM profile (Pfam02949). e dupli-
cated genes and incomplete sequences were manually
removed, and original candidate genes were obtained.

e identified AsOR genes were named in accordance
with their closest An. gambiae homologs to facilitate
comparison. Abbreviations (As: Anopheles sinensis, Ag:
Anopheles gambiae, CX: Culex quinquefasciatus and Aa:
Aedes aegypti) of the species names were used as prefixes
to the specific gene name for identification.

Sequence characterization

Molecular weight (MW) and isoelectric point (pl) of
ORs were predicted using ExPASy (http://web.expasy.
org/protparam/). e transmembrane helices were ana-
lyzed using the online server GPCRHMM (http://gpcrh
mm.sbc.su.se/) and HMMTOP (http://www.enzim.hu/
hmmtop/). Signal peptides and subcellular localization
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prediction were performed by SignalP4.1 (http://www.
cbs.dtu.dk/services/ SignalP/) and WOLF PSORT
(https://wolfpsort.hgc.jp/). Conserved domains were
analyzed by SMART (http://smart.embl-heidelberg.de/)
and CD-search, with the default parameters (http://www.
ncbi.nlm.nih.gov/Structure/cdd/ docs/cdd_search. html).

e pairwise identity matrix of all ORs was generated by
MEGAX and visualized using the pheatmap package in R
(https://cran.r-roject.org/web/packages/pheatmap/index.
html).

Scaffold location, gene structure and conserved motif
analysis

e physical chromosomal location data for each AgOR
was downloaded from Supporting Online Material [9]
and mapped onto the chromosomes using Maplnspect.
To map the AsOR genes onto the sca old, a BLASTN
search was conducted against the An. sinensis genome.
To illustrate the gene structure of AsOR genes, the exon-
intron structure, including exon positions and gene
length, was constructed using the online Gene Struc-
ture Display Server (http://gsds.cbi.pku.edu.cn/). Protein
sequence motifs were identified using Multiple En for
Motif Elicitation (MEME) (http://meme-suite.org/tools/
meme), with the following parameters: number of repeti-
tions: any, the maximum number of motifs: 10, optimum
motif width set to>6 and<200. e predicted MEME
motifs were searched in the Expasy-Prosite database with
the ScanProsite server (https://prosite.expasy.org/scanp
rosite/).

Identification of ortholog pairs in four mosquito species

e OrthoMCL program was applied to identify OR
orthologs in four mosquito species. In brief, the BlastP
search against Diptera ortholog categories was performed
with an e-value of<1e™%. Gene duplication was consid-
ered with the following criteria: (1) genes with>70% cov-
erage of the alignment length; (2) identity>70% within
the aligned region. Tandem duplication was considered
when two closely related ASOR genes were located on the
same sca old.

Selective pressure analysis of OR orthologs between An.
sinensis and An. gambiae

e nonsynonymous to synonymous substitution ratios
(Ka/Ks) for OR orthologous pairs in An. sinensis and
An. gambiae were calculated using the yn00 program of
PAML 4 [44,45]. e Ka/Ks ratios were used to assess the
selection pressure on OR genes and Ka/Ks ratio>1,<1
or=1 indicated positive, negative or neutral evolution,
respectively.
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Phylogenetic analysis of OR genes in four mosquito species
e reconstruction of evolutionary relationships was
performed using the amino acid sequence of the con-
served OR domains because the flanking regions of the
conserved domain were either nonhomologous or too
divergent. Pseudogenes and incomplete genes were
excluded. Multiple sequence alignments were performed
using MAFFT, with the default settings [46]. Positions of
ambiguous alignment were removed using the online ver-
sion of Gblocks, with the “less stringent” options (http://
molevol.cmima.csic.es/castresana/Gblocks_server.
html). e best substitution model for the alignment
was determined using ProtTest serverV3.2.1. Phyloge-
netic inference for the aligned sequences was conducted
using a Maximum-likelihood method, as implemented
in RAXMLv8.2.0, with 1000 bootstrap replicates [47].
e phylogenetic tree was viewed and edited using iTOL
(http://itol.embl.de/index.shtml).

Insect rearing and sample collection

e An. sinensis laboratory population was reared at
28 °C, in 75-80% relative humidity (r.h.) and a light:
dark=12 h:12 h photoperiod at the Institute of Entomol-
ogy and Molecular Biology, Chongging Normal Univer-
sity. e larvae were fed on fish food (Tetramin, Melle,
Germany) and were maintained at densities of approxi-
mately 120 per liter of water. Pupae were collected and
allowed to eclose in plastic cages. Adults were reared with
a 10% glucose solution and blood-fed on anesthetized
mice for approximately 20 min at third after emergence.
To obtain mosquitoes for RNA-seq analyses, pupae were
sorted by sex, and males and females were kept separately
in plastic cages. e emerged mosquitoes were removed
from the cage each day to obtain mosquitoes of the same
age. Female or male adult mosquitoes at 0, 6, 12 and 18 h
on the 3rd day after emergence were collected sepa-
rately, and the four samples of the same sex were mixed
together in equal proportions and placed in petri plates
onice. e antennae, proboscis and maxillary palps were
manually dissected under a dissection microscope and
stored immediately in RNAlater®-lce (Ambion, Austin,
TX, USA). Approximately 1000 females and males were
dissected for each replicate, and three replicates were
included for each olfactory tissue. e samples were kept
at — 80 °C until total RNA was extracted.

RNA extraction, library preparation and sequencing

e total RNA was isolated from each sample using TRI-
zol reagent (Invitrogen, Carlsbad, CA, USA), in accord-
ance with the protocol provided by Invitrogen. To
remove genomic DNA, the RNA samples were treated
with RNase-Free DNase I, following the manufacturer’s
protocol (Cwbio, Beijing, China). e RNA integrity was
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assessed using the RNA Nano 6000 Assay Kit of the Bio-
analyzer 2100 system, with a minimum integrity number
of seven (Agilent, CA, USA). Sequencing libraries were
generated using the NEBNext® Ultra™ RNA Library Prep
Kit from Illumina® (NEB, USA), following the manu-
facturer’s recommendations. Index codes were added
to attribute sequences to each sample. e clustering of
the index-coded samples was performed on a cBot Clus-
ter Generation System, using the TruSeq PE Cluster Kit
v3-cBot-HS (lllumina), in accordance with the manufac-
turer’s instructions. After cluster generation, the library
preparations were sequenced on an lllumina Hiseq plat-
form and 125 bp/150 bp paired-end reads were generated
at Novogene Bioinformatics Technology Co., Ltd. (Tian-
jin, China).

Read mapping and data processing

Clean reads were obtained by removing reads that con-
tained adapters, reads that contained poly-N and low-
quality reads from the raw data. e Q20, Q30 and GC
content of the clean data were also calculated. After fil-
tering, reads from each sample were mapped to the An.
sinensis reference genome (AsinS2.6) using Hisat2 v2.0.4
[48], allowing for two base-pair mismatches. We used
HTSeq v0.9.1 to count the read numbers mapped to each
gene. e fragments per kilobase of transcript per million
mapped reads (FPKM) of each gene was calculated based
on gene length and the number of mapped reads. Read
alignment and expression quantification were performed
separately for each sample. e expression levels of the
transcripts were expressed as FPKM values of mRNA
using Cu inks v2.2.1 [49] and StringTie v1.3.3 [50]. A
value of 1 was added to the FPKM value of each gene,
before log, transformation, to avoid infinite values. Pear-
son’s correlations were estimated across di erent tissues,
and hierarchical clustering was performed using Multi
Experiment Viewer (MeV version 4.9.0).

Identification of chemosensory genes and differential gene
expression
To identify candidate chemosensory genes (ORs, IRs,
GRs, SNMPs, OBPs and CSPs), the available sequences
of OR, IR, GR, SNMP, OBP and CSP proteins from An.
gambiae, Ae. aegypti, Cx. quinquefasciatus and D. mela-
nogaster were used as queries. e retrieved queries were
used to blast against our transcriptomes using tBLASTN,
with an e-value cut-o <1e~°. Subsequently, all identified
candidate unigenes were manually checked by BLASTX
searches against the NCBI Nr database (e-value<1e—5).
e ORFs (open reading frames) of candidate chemosen-
sory genes were predicted in the ORF finder tool of the
NCBI (https://www.ncbi.nlm.nih.gov/or nder/). Moreo-
ver, each transcript was analyzed by BLAST analysis of
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Table 1 Identification and characteristics of An. sinensis OR genes

Gene Sca old location ORF length (bp) AA length MW (kD) pl TM number Exon number Transcript
AsOR1 sca 0ld150:540332:543772 1269 422 49 825 6 8 +
AsOR2 sca 0ld1:506824:508434 1125 374 43 9.17 7 7 +
AsOR3 sca 0ld46:262985:268589 1173 390 45 878 7 8 +
AsOR4 sca 01d46:261448:264690 1122 373 43 891 6 3 +
AsOR5 sca 01d46:260519:262038 1170 389 45 8.73 7 6 +
AsOR6 sca 0ld15:5845033:5847829 1173 390 44 6.45 6 8 +
AsOrco sca 01d14:22701831:22712003 1437 478 54 831 7 8 +
AsOR8 sca 0ld116:1663019:1664456 1200 399 46 675 7 3 +
AsOR9 sca 01d49:7034401:7037271 1290 429 50 936 7 7 +
AsORT0 sca 0ld1:529437:530935 1125 374 43 836 7 6 +
AsOR11 sca 0ld55:2028484:2029955 1347 448 50 877 7 4 +
AsOR13 sca 0ld1:2092994:2094445 1161 386 44 712 6 5 +
AsOR14 sca 0ld5:10696239:10697883 1266 421 42 847 7 6 +
AsOR16 sca 0ld1:2096624:2098069 1158 385 44 7.58 5 5 +
AsOR18 sca 0ld5:10692278:10692850 573 190 - - - ND
AsOR22 sca 0ld56:2773936:2777792 1164 387 45 7.99 6 5 +
AsOR23 sca 01d4:1133159:1134710 1161 386 44 75 6 4 +
AsOR24 scafolld9:589896:591445 1197 398 42 829 7 5 +
AsOR28 sca 0ld14:28752212:28754554 1197 398 46 6.6 6 7 +
AsOR29 sca 01d1:2102202:2103548 1056 384 45 863 7 3 +
AsOR30 sca 01d1:2100386:2101733 1161 386 41 748 8 4 +
AsOR31 sca 0ld25:5159352:5160749 1092 363 41 8.74 7 4 +
AsOR32 sca 01d25:5344272:5345620 1152 383 43 76 6 4 +
AsOR33 sca 0ld25:1030198:1033992 1203 400 46 7.16 7 6 +
AsOR34 sca 01d14:17229952:17231316 1113 370 44 9.14 7 4 +
AsOR35 sca 0ld25:5196612:5197973 1231 401 45 878 7 4 +
AsOR36a sca 0ld16:7366107:7367604 1200 399 47 9.28 7 2 +
AsOR36b  sca 0ld16:7363992:7365407 1200 399 47 928 8 2 +
AsOR37 sca 0ld14:17227440:17228838 1185 394 47 947 9 4 +
AsOR38 sca 0ld25:9882907:9884968 1257 418 49 846 7 8 +
AsOR39 sca 0ld100:3667511:3669156 1260 419 49 849 6 6 +
AsOR40 sca 0ld14:22677686:22679863 1359 456 54 841 6 4 +
AsOR41 sca 0ld16:5533963:5535221 1116 371 43 8.76 7 3 +
AsOR42 sca 0ld14:8897108:8898493 1173 390 45 6.45 7 4 +
AsOR43 sca 0ld9:470702:472176 1161 386 44 6.75 8 5 +
AsOR44 sca 01d9:473734:475189 1161 386 45 606 8 5 +
AsOR45 sca 0ld14:276476:280805 1158 385 43 87 7 1 +
AsOR46 sca 0ld1:2087486-2089114 1164 387 45 8.66 7 5 ND
AsOR48 sca 0ld20:3319392:3321000 1182 393 46 897 7 4 +
AsOR49 sca 01d20:3316974:3318519 1269 422 49 935 7 5 +
AsOR51 sca 01d5:10696148:10697573 1197 398 46 843 7 4 ND
AsOR52 sca 0ld16:5626401:5627787 1200 399 47 95 6 4 +
AsOR54 sca 01d5:10598358:10599825 1218 405 47 6.5 7 5 +
AsOR56 sca 0ld14:34769099:34770620 1203 400 46 861 7 5 ND
AsOR57 sca 0ld14:34771769:34773365 1170 389 45 752 7 4 ND
AsOR58 sca 0ld91:47717:49012 1212 403 46 8.94 7 2 +
AsOR59 sca 0ld14:16993846:16995214 1218 405 48 897 7 3 +
AsOR60 sca 0ld7:5061115:5062517 1269 422 50 9.12 8 3 +
AsOR61a  sca 0ld7:4935846:4938118 1242 413 48 632 7 4 +
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Table 1 (continued)

Gene Sca old location ORF length (bp) AA length MW (kD) pl TM number Exon number Transcript
AsOR61b sca 0ld7:4935841:4940099 1269 422 49 8.98 7 3 +
AsOR62 sca 0ld7:5078106:5079494 1263 420 49 927 7 3 +
AsOR63 sca 0ld7:4954285-4955667 1251 416 50 844 7 3 ND
AsOR64 sca 0ld7:4940417-4941826 981 326 38 8.74 5 3 +
AsOR66 sca 0ld14:12884846:12886225 1176 391 46 6.45 8 3 +
AsOR68 sca 01d2:89904:91961 1170 389 45 814 6 4 +
AsOR69 sca 0ld2:106626:108152 1164 387 45 563 7 6 +
AsOR70 sca 01d2:109094:110469 1116 371 43 6.16 7 5 +
AsOR76 sca 0ld14:39976695:39978056 1233 410 47 8.82 8 3 +
AsOR77 sca 01d14:39982048:39985415 1146 381 44 892 8 2 +

ORF open reading frame, AA amino acid, pl isoelectric point, Mw molecular weight, ND not detected, - no data

several databases. Transcripts that showed significant
matches with proteins involved in chemosensation were
identified. Di erential expression analysis was performed
using the DESeq R package. e criteria of significant dif-
ferential expression were |log,Ratio|>1 [51] and False
Discovery Rate (FDR) <0.001[52]. If there was more than
one transcript for a gene, the longest transcript was used
to calculate its expression level and coverage.

Total RNA isolation and quantitative real time PCR
(RT-qPCR)

Total RNA from antennae, proboscis and maxillary palps
was extracted using TRIzol Reagent (Invitrogen, Carls-
bad, CA, USA). e extracted RNA was quantified and
qualified using a NanoDrop ND-1000 spectrophotom-
eter and 2% agarose gel electrophoresis, respectively. e
RNA was treated with DNase | (Cwbio, Beijing, China)
to remove genomic DNA contamination. Approximately
1 ug of RNA was reverse transcribed into the first-strand
cDNA using the SuperScript Il RT Kit (Invitrogen,
Carlsbad, CA, USA). e RT-qPCR was performed using
PrimeScript™ RT Master Mix (Takara, Dalian, China)
in a 25-pl system that contained 200 nM forward and
reverse primers, 200 yM dNTPs, 25U TB Green Pre-
mix Ex Taq Il and 1 pyl cDNA template (approximately
40 ng). e thermal cycling conditions were as follows:
95 °C for 30 s, 40 cycles of 95 °C for 5 s and 60 °C for
30s. ree biological and three technical replicates were
performed for each sample. e data were analyzed by
the 2724CT method [53], and results were expressed as
log,-transformed fold change values. A housekeeping
gene, RpS7, was used as an internal control. Gene-spe-
cific primers that spanned exon-intron boundaries were
designed using Primer 5.0 and are listed in Additional
file 1: Table S1.

Statistical analysis

All data were represented as means+SE. e expression
data from the RT-gPCR were analyzed using one-way
ANOVA for di erent tissues from males or females, and
a Student’s t-test analysis was performed for the same tis-
sue. Statistical significance was considered at "P<0.05.

Results and discussion
Identification, nomenclature and characterization of ORs
in the An. sinensis genome

e analysis of available transcriptomic and genomic
data from An. sinensis allowed us to identify 59 OR-like
sequences.  irty-three of these AsORs have previously
been automatically annotated in the An. sinensis genome
by Zhou et al. [37, 43]. Using Sca old5, a deduced amino
acid sequence fragment that was similar to An. gam-
biae AgOR18 was detected near AsOR5I and showed
46% amino acid identity with the partial sequence of
AgORI18. However, we were not able to obtain a complete
gene, and it is possible that this was a pseudogene. e
AsOR64 gene was provisionally annotated as an incom-
plete gene because the conserved OR domain was miss-
ing. Of the remaining 57 genes, 5 (AsOR46, AsORS1,
AsOR56, AsOR57 and AsOR63) did not have transcrip-
tion support but their amino acid sequences were char-
acteristic of the functional domains, and they shared a
high sequence identity (>30%) with the ORs reported in
other mosquitoes and D. melanogaster (Additional file 2:
Table S2). As a consequence, these five genes were con-
sidered to be functional genes. e candidate An. sin-
ensis ORs were designated as AsOR1 to AsOR77, based
on their orthologous relationship with An. gambiae OR
genes. Basic information about these genes is provided
in Table 1 and Additional file 2: Table S2. e cDNA and
protein sequences of the 59 genes are provided in Addi-
tional file 3: Table S3.
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e complete AsORs typically ranged between 351and
429 amino acids (aa), which was similar to ORs of An.
gambiae, Cx. quinquefasciatus and Ae. Aegypti. How-
ever, AsOrco (477 aa) and AsOR40 (456 aa) were slightly
longer (Table 1). All the OR genes were predicted to be
located in the plasma membrane. e C-terminus was
the most conserved region among AsORs and, in most
cases, included a SYS motif near the extreme C-terminus
of the conceptual translation. s is a feature that is con-
served in D. melanogaster, An. gambiae and Ae. aegypti
[9, 11, 54]. e AsOR motifs obtained from the MEME

analysis showed that the individual members display a
high degree of sequence divergence (Additional file 4:
Fig. S1), which was consistent with the requirement for
recognition of many odorant molecules [55]. As is the
hallmark of all G-protein-coupled receptors (GPCRs)
in the chemosensory receptor family, all the AsOR pep-
tides contained multiple transmembrane regions.  ese
regions were relatively conserved, as observed in An.
gambiae, Cx. quinquefasciatus and Ae. aegypti (Table 1,
Additional file 5: Fig. S2). e membrane orientation pre-
dictions showed that most of these mosquito ORs had



He et al. Parasites & Vectors (2022) 15:143

Page 8 of 16

B 90.41 Mya Anopheles gambiae (79)
Anopheles sinensis (59)
145.03 Mya 70.75 Mya Aedes albopictus (158)
|: Aedes aegypti (131)
2391 Mya | 102.97 Mya Culex quinquefasciatus (112)

42.66 Mya I:

Culex pipiens pallens

Drosophila melanogaster

Fig. 2 Venn diagram of orthologous groups of OR genes in four mosquito genomes and the phylogenetic relationship of six important mosquito
species. A Ortholog categories were analyzed by Blast searches against Diptera orthologs. The numbers displayed in the Venn diagram correspond
to the number of ortholog groups. Overlapping regions show the number of ortholog groups shared by two, three or four species. Areas that do
not overlap between circles indicate unique genes for each species. B The phylogenetic tree was constructed through the taxonomy browser in
GenBank. The divergent time was cited from Hao et al. [78]. The numbers in brackets indicate the number of OR genes

an intracellular N-terminus, which was consistent with
the known structure of Drosophila ORs [8]. In contrast,
mouse ORs are predicted to have an extracellular N-ter-
minus [56].

Gene structure, distribution and syntenic analysis of An.
sinensis ORs

To characterize the structural diversity of AsOR genes,
their intron-exon organization was analyzed. As shown
in Additional file 6: Fig. S3, the majority of AsORs con-
tained three to seven exons, while five genes (AsORI,
AsORG6, AsOR7 and AsOR38) possessed eight exons. e
size of most introns ranged from 60 to 100 bp. e larg-
est intron (3789 bp) was found in AsOrco. e intron
number, intron phase and exon length were highly
conserved within the same gene group. Further analy-
sis indicated that these patterns were also highly con-
served in OR genes of An. gambiae, Ae. aegypti and Cx.
quinquefasciatus.

e genomic organization analysis revealed that 59
OBP genes were distributed across 19 di erent scaf-
folds in An. sinensis, with an uneven distribution pattern
(Fig. 1). Some sca olds had a high gene density when
compared to others. Sca old 1 possessed the highest
density, with four genes covering a region of 500 kb. Scaf-
fold 14 had the largest numbers of AsOR genes (13 genes)
but a low density (0.3 gene/M bases). Moreover, multi-
ple AsOR genes were clustered on the same sca old and
were tightly linked as pairs, triplets and larger clusters of
up to five genes. Sixteen AsORs existed as single genes
(Table 1, Fig. 1). s distribution pattern was similar to
the organization of odorant receptors in An. gambiae [9]
and Ae. aegypti [11].

To further explore the evolutionary relationship
between AsOR genes and AgOR genes, syntenic map-
ping was conducted. All AsORs were mapped to the cor-
responding syntenic blocks of the An. gambiae genome,
which covered five genomic regions of chromosome X,
2R, 2L, 3R and 3L in An. gambiae (Fig. 1). Interestingly,
16 AgORs on chromosome 2R and 3R had no ortholo-
gous or paralogous genes identifiable in the An. sinensis
genome, which indicated that gene expansion occurred
in the An. gambiae genome after divergence. It was noted
that two genes on sca old 5 were mapped to the synteny
block of An. gambiae chromosome 3R (AsOR5I) and
3L (AsOR54). Similarly, the gene orthologs of AsOR31,
AsOR32, AsOR33, AsOR35 and AsOR38 on sca old 25
were localized on An. gambiae chromosome 2L and 2R.

is syntenic pattern suggested that intrachromosomal
translocation events may have taken place in the genome
during the evolution of these two mosquitoes.

Ortholog identification and clustering of An. sinensis ORs

Ortholog clustering can be used to identify important
patterns in gene conservation across diverse organisms
and reveal unigue gene sets that are important to one spe-
cies. To this end, ortholog identification of genes among
four mosquito genomes was performed using OrthoMCL
against Diptera ortholog datasets. irty-four of 52
AsORs were categorized into 14 ortholog groups (OG),
36 of 73 AgORs were grouped into 13 OGs, 57 of 112
CqORs were categorized into 8 OGs, and 32 of 75 AaORs
were categorized into nine OGs. Five OGs (OR49B,
OR85D, ORCO, OR56A and OR67D) were shared by the
four mosquito species (Fig. 2a). Eleven OGs were shared
by phylogenetically close An. gambiae and An. sinensis,
while seven OGs were shared by Cx. quinquefasciatus
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Fig. 3 Phylogenetic tree of OR proteins in An. sinensis, An. gambiae, Ae. aegypti and Cx. quinquefasciatus. Conserved domains of AsOR proteins were
aligned using ClustalX, and the phylogenetic tree was constructed by RAXMLv8.2.0, using the maximum-likelihood method (1000 bootstrap) based
on the best fit model of JTT+1+G

CqORs and 17 AaORs were categorized into the OR67D
group. It has been reported that communication between
aggressive partners and their social environment in D.
melanogaster is mediated by the 11-cis-vaccenyl acetate
receptor, OR67D, in the trichoid sensilla [59—61]. e
expansion of OR67D in four mosquito species may point

and Aa. aegypti. Interestingly, OR19A (AsORI4) and
ORG63A (AsOR38) were unique to An. sinensis. Previ-
ous studies showed that Drosophila favor egg-laying on
citrus fruit, mediated by OR19A [57, 58]. In addition,
some orthologous groups contained multiple paralogous
genes in a species. For example, 13 AgORs, 11 AsORs, 39



He et al. Parasites & Vectors (2022) 15:143

Ka
1.5 4
Ka/Ks=1 Ka/Ks=0.5,
.
1.2 1 *
L]
0.9 1
L]
0.6 1 ® e
. o
% oo S % « * .
03 t tc e .
el 8% . .
° o°® 'o
® ° .
Ks

0 .
0 05 1.0 15 20 25 3.0 35 40 45
Fig. 4 Ka/Ks ratios of ASORs

to its importance in enhancing their pheromone percep-
tion and mate selection.

Phylogenetic and evolutionary analysis of An. sinensis ORs
e individual family members were extremely diver-
gent and most exhibited from 7 to 28% amino acid iden-
tity.  is is similar to the fly odorant receptors, which
share 17 to 26% sequence identity at the amino acid
level [55]. However, five gene sets had high identities:
AsOR14/AsOR51 (88.9%), AsOR36a/AsOR36b (76.3%),
AsOR61a/AsOR61b (85.7%), AsOR43/AsOR44 (84.1%)
and AsOR56/AsOR57 (81.0%). Taken together, genomic
clustering, conserved gene orientation and sequence
similarly provided strong evidence that these genes
may be expanded or duplicated from the same ancestor
gene. Comparisons between di erent mosquito species
revealed that the main feature of molecular evolution in
the OR gene family was the expansion of subfamilies that
are specific to the mosquito lineage. For example, there
was a large subfamily of 22 ORs in An. gambiae, 85 ORs
in Cx. quinquefasciatus and 104 ORs in Ae. Aegypti, with
no close An. sinensis relatives (Additional file 2: Table S2).
e phylogenetic tree showed that all ASORs had orthol-
ogous genes in An. gambiae or other mosquitoes (Fig. 3).
Gene expansion was also reflected in the high levels
of variation in number of OR genes between di erent
mosquitoes (Fig. 2b). e OR number in An. sinensis (59
genes, which included one pseudogene and one incom-
plete annotated gene) was less than that in An. gambiae
(79 OR genes) [9]. However, the number of identified
gene families, such as CSP, OBP and ionotropic gluta-
mate receptor genes (iGIuRs), was similar between the
two species [38, 39, 41].  us, the An. gambiae OR gene
family underwent gene expansion after divergence of the
two species. Further research is needed into gene expan-
sion. When compared with Culicinae mosquito species
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(158 ORs in Ae. albopictus, 131 ORs in Ae. aegypti and
112 ORs in Cx. quinquefasciatus) [9, 11, 13], the number
of OR genes was reduced in Anophelinae mosquitoes. In
addition to OR genes, Ae. aegypti and Cx. quinquefascia-
tus have significantly more chemosensory gene members
of CSP, OBP and iGluRs than An. sinensis and An. gam-
biae [38, 41, 63, 64]. Both An. sinensis and An. gambiae
are nighttime, indoor feeders, while Ae. aegypti and Cx.
quinquefasciatus are daytime, aggressive outdoor feeders
[39]. e expansion and contraction of the OR gene fam-
ily may be linked to di erent host preferences or lifestyle
habits [16, 19].  erefore, there is a great need for sys-
tematic comparative and functional genomics studies on
the OR repertoires of An. sinensis and other mosquitoes
to further understand the olfactory-driven behaviors.

Estimation of the positive selection of OR genes in An.
sinensis

e Ka/Ks ratio has been a popular parameter for
genomic analysis of gene families and can provide
insights into selective evolutionary pressures that act on
genes. Of the 59 AsORs, 57 were orthologs, with counter-
parts in An. gambiae, but 23 genes in An. gambiae Were
absent from the An. sinensis genome. To better under-
stand whether OR genes in An. sinensis and An. gambiae
were subjected to di erent evolutionary constraints, the
pairwise Ka/Ks was calculated for each ortholog group
(Fig. 4). All Ka/Ks ratios were < 1, which implied that
negative selection (purification selection) drove OR gene
family evolution as the primary force in An. sinensis and
An. gambiae. However, the Ka/Ks ratios of AsORI8 and
AgOR38 were much higher than others, which indicated
that they had undergone positive selective pressure.
Olfactory genes of An. sinensis, such as IRs [41] and OBPs
(unpublished data), were also subjected to purifying
selection. A similar evolutionary pattern was observed in
the D. melanogaster genome, in which purifying selection
was the main selection pressure driving the diversities of
ORs, GRs and OBPs [62].

Tissue-specific expression analysis by RNA-seq

Mapping and transcript prediction

Female mosquitoes use a combination of cues to find
their vertebrate hosts and blood-feed [65]. Our long-
term goal is to use genome-engineering techniques cou-
pled with behavioral analysis to investigate the genetic
and chemical ecological bases of host-seeking behaviors
in An. sinensis. Exploration of the olfactory genes that
sense these cues and their signaling pathways will help to
explain the olfactory mechanisms by which mosquitoes
track their hosts. Anopheles sinensis starts to blood-feed
approximately 3 days after emergence. To fully under-
stand the expression profiling of chemosensory genes in
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the olfactory appendages of An. sinensis at this develop-
mental stage, triplicate transcriptomes were obtained
from antenna, proboscis and the maxillary palp of adults
of both sexes. General assembly statistics are summa-
rized in Additional file 7: Table S4. e lllumina reads
have been submitted to the Sequence Read Archive
(SRA) at the NCBI (BioProject accession: PRINA791160).

e sequencing yielded a high number of clean reads,
ranging from 42,950,993 to 57,016,567. e propor-
tion of reads that successfully mapped to the An. sinen-
sis genome assembly was high in all six transcriptomes,
ranging from 88.96 to 91.77%. e combined Trinity
assembly of all above transcriptomes resulted in 19,319
nonredundant putative transcripts, of which 1663 were
novel. Principal component analysis (PCA) showed that
the samples between the groups were scattered and
the samples within the groups were clustered together
(Additional file 8: Fig. S4). e cluster analysis also con-
firmed the overall quality of replicates in our RNA-seq
procedure (Additional file 9: Fig. S5) and facilitated the

identification of OR genes that represented transcrip-
tome profile signatures of the di erent tissues and sexes.

Overall expression profiles of the chemosensory genes

Chemosensory genes have been identified across the
genome of An. sinensis in the past few years.  ese genes
have included 8 CSPs [38], 64 OBPs [39], 56 iGluRs [40—
42], 59 ORs (in this study) and 77 Grs (unpublished data).
Other chemosensory genes, such as ODEs and SNMPs,
have not been reported. Based on the above results, a
total of 146 chemosensory genes, which included 4 CSPs,
22 OBPs, 39 ORs, 39 Irs and 42 GRs, were identified in at
least one tissue of 3-day-old adults of both sexes (Addi-
tional file 10: Table S5; Additional file 11: Table S6).

Gene expression profiles were analyzed by RNA-
seq and quantified by FPKM values. e FPKM val-
ues of 49.32% of chemosensory genes ranged from
0t00.1, which meant that nearly half of the genes were
not expressed or were expressed at low levels. Using
FPKM>0.1 as the threshold, 104 chemosensory genes
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were expressed in at least one tissue and exhibited obvi-
ous tissue- and sex-specific or preferential expression
patterns (Additional file 12: Table S7). We observed that
most chemosensory genes were enriched or specifically
expressed in the antennae. Similar results were also found
in Ae. albopictus [25], An. gambiae [23), Ae. aegypti [66]
and other insects [18, 67, 68]. e di erences in expres-
sion profiles of chemosensory genes strongly suggested
that the odor coding of antennae is far more complex
and stronger than that of the maxillary palp or proboscis.
Moreover, OBPs, ORs and IRs were mainly expressed in
antennae and the maxillary palp, while Grs were mainly
expressed in the proboscis (Additional file 11: Table S6).

is is consistent with the well-established knowledge
that the antennae and maxillary palps are the main olfac-
tory organs, while the proboscis mainly processes gusta-
tory information during food intake, oviposition and host
recognition [69, 70]. In situ hybridization and single-
sensillum electrophysiological recordings of fruit flies,
mosquitoes and other insects indicated that neurons that
express ORs and IRs respond to multiple volatile odors,
which include many odors from humans [30, 71, 72],
while GRs respond to a variety of stimuli, such as taste
agents, pheromones, warmth and carbon dioxide [31, 73,
74].  ese results confirmed that the mosquito anten-
nae, maxillary palp and proboscis had large di erences in
chemical perception at the molecular, cellular and elec-
trophysiological levels, although these appendages likely
evolved from a common origin.
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Expression profiles of OR genes
Of the 59 ORs, 39 were identified in the transcriptome
data. Of these, 34 ORs were detectable in the antennae,
24 in the proboscis and 24 in the maxillary palp (Addi-
tional file 11: Table S6). Using FPKM >0.1 as the thresh-
old, nearly 72% of OR genes (28 ORs) were expressed
in at least one of the analyzed tissues. Of these, 25 OR
genes were expressed in antennae, 8 in the maxillary palp
and 9 in the proboscis. Unidentified or unexpressed ORs
may be tissue or development stage specific. For exam-
ple, AgOR37, AgOR40, AgOR52 and AgORS58 of An. gam-
biae were specifically expressed in the larval stage [75].
eir orthologous genes (AsOR37, AsOR40, AsORS52 and
AsORS58) in An. sinensis were not expressed in 3-day-
old adult mosquitoes, which suggested that they were
likely to be larval-specific genes. e RT-PCR results
confirmed that AsOR37, AsOR40, AsOR52 and AsORS58
were expressed in larvae but not in adults (Additional
file 13: Fig. S6). Transcriptome analysis of the female
mosquito legs, 3 days after emergence, showed that
AgOR31, AgOR34, AgOR41, AgOR43, AgOR44, AgOR48
and AgOR54 were expressed in the legs (unpublished
data) but not in the olfactory tissues. e AgOR2 gene
was highly enhanced in the female antennae of An. gam-
biae [23], which is narrowly tuned to a small set of aro-
matics, such as indole [30]. However, AsOR2 was not
detectable in adult An. sinensis. e AsOR10 gene, which
responds strongly to 3-methylindole, is directly involved
in the identification of oviposition sites [43]. is was
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Fig. 6 Expression profiling of selected preferentially expressed AsOR genesin di erent tissues, based on RT-qPCR. The relative expression levels of
nine genesin di erent tissues of adult mosquitoes of both sexes. Three biological and three technical replications were tested using RT-qPCRs. The
expression ratios of each gene, normalized against the Rps7 reference gene, are represented in bars, and the standard deviation is shown on the top
of the bar, with di erent letters indicating significant di erences determined by a one-way ANOVA (P<0.05)
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surprising as AsORI0 was not detected in the adult olfac-
tory tissues of An. sinensis.

Gene expression patterns of all 39 ORs in olfactory tis-
sues were presented in a heatmap (Fig. 5). Apart from
AsOR3 and AsOrco, which were broadly expressed in all
chemosensory tissues of both sexes, other genes showed
obvious tissue-specific expression patterns. e major-
ity of AsORs had higher FPKM values in the antennae
than in other tissues, which was consistent with the gene
expression pattern of their orthologous genes in An.
gambiae [23]. Moreover, the relative levels of AsOR tran-
scripts were much higher in the female antennae than in
the male antennae. Previous studies revealed that AsOrco
is required for establishing the function of OR complexes
[43, 76], while the functions of AsOR3 remain unknown.
In the entire set of AsOR genes expressed in the anten-
nae, AsORI1, AsOR6, AsOR9, AsOR22, AsOR30, AsOR32,
AsOR33, AsOR38, AsOR4S5, AsORS59, AsOR60, AsOR61,
AsOR66, AsOR68, AsOR69 and AsOR77 were antenna-
specific expression genes. In particular, AsOR6, AsOR4S5,
AsOR66 and AsOR68 were specifically expressed in
female antennae, which suggested that they may have a
role in female mosquito-specific behaviors, such as host-
seeking and oviposition.

Compared with the antennae, fewer OR genes were
expressed in the maxillary palp and proboscis, and
they were expressed at a lower level (Additional file 7:
Table S4). e AsOR8 and AsOR28 genes were specifi-
cally expressed in the maxillary palp, which was con-
sistent with the expression pattern of their orthologous
genes (AgOR8 and AgOR28) in An. gambiae [23, 31] and
AaOR8 of Ae. aegypti [11]. Previous studies have shown
that olfactory receptor neurons in the maxillary palps of
Ae. aegypti [13], Cx. quinquefasciatus [77] and An. gam-
biae [31] modulated the response to octenol and CO,.
For An. gambiae and Ae. aegypti, OR8 showed a strong
response to 1-octen-3-ol, which is a human volatile that
is strongly attractive to mosquitoes [30—32].  erefore,
whether AsOR8 could also respond to 1-octen-3-ol
and CO, needs to be studied further. Among the nine
genes expressed in the proboscis, AsOR4 was specifi-
cally expressed in female mosquitoes, but its function is
unclear.

To validate the gene expression patterns observed in
the above RNA-seq experiments, nine AsOR genes were
selected, and RT-gPCRs were performed. Generally,
there was a high correlation between gene expression
levels given by both approaches. e expression patterns
of nine AsOR genes were significantly di erent between
tissues (one-way ANOVA: AsOR3: F (5, 12)=174.6,
P<0.0001; AsOrco: F (5, 12)=4144, P<0.0001; AsORS:
F (5, 12)=14,595, P<0.0001; AsORI1: F (5, 12)=4082,
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P<0.0001; AsORI16: F (5, 12)=2111, P<0.0001; AsOR24:
F (5, 12)=1791, P<0.0001; AsOR33: F (5, 12)=1141,
P<0.0001; AsOR52: F (5, 12) =439.8, P<0.0001; AsOR60:
F (5, 12)=4895, P<0.0001), which was consistent with
the results obtained by RNA-seq (Fig. 6).  ese results
also confirmed the reliability of our gene expression data.

Conclusions

In this study, we identified and characterized 59 puta-
tive OR members in An. sinensis. We also examined the
expression profiles of these genes in various chemosen-
sory tissues. is was the first comprehensive study of
ORs in An. sinensis, which is a major malaria vector in
China and countries in Southeast Asia. Compared to the
OR family of An. gambiae, the number of OR genes iden-
tified in An. sinensis was significantly lower. Whether this
di erence is caused by the contraction or expansion of
ORs genes after divergence of the two species remains to
be studied further. Analysis of RNA-seq data showed that
AsORs exhibited obvious tissue- and sex-specific expres-
sion patterns. e great majority of AsORs were strongly
expressed in the antennae. Moreover, the relative levels of
AsORs were significantly higher in female antennae than
in male antennae, which indicated that odor sensitivity
is likely to be enhanced in females. We combined results
from previous studies to speculate on the functions of
some OR genes. However, this still requires validation
by further behavioral, molecular and electrophysiologi-
cal studies. e results of this study provided genetic and
behavioral research directions and targets for future vec-
tor control.
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