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Abstract

Background The Rhus gall aphid Schlechtendalia chinensis specially uses the only species Rhus chinensis and certain
moss species (Mniaceae) as its primary host plant and secondary host plants, respectively. Rhus galls are formed on
the primary host by the sucking of aphids, and used in traditional medicine as well as other various areas due to their
high tannin contents. Chemoreception is critical for insect behaviors such as host searching, location and identifica-
tion of mates and reproductive behavior. The process of chemoreception is mediated by a series of protein gene
families, including odorant-binding proteins (OBPs), chemosensory proteins (CSPs), olfactory receptors (ORs), gusta-
tory receptors (GRs), ionotropic receptors (IRs), and sensory neuron membrane proteins (SNMPs). However, there have
been no reports on the analysis of molecular components related to the chemoreception system of S. chinensis at the
genome level.

Results We examined the genes of eight OBPs, nine CSPs, 24 ORs, 16 GRs, 22 IRs, and five SNMPs in the S. chinensis
genome using homological searches, and these chemosensory genes appeared mostly on chromosome 1. Phyloge-
netic and gene number analysis revealed that the gene families, e.g., ORs, GRs, CSPs and SNMPs in S. chinensis, have
experienced major contractions by comparing to Myzus persicae, while the two gene families OBPs and IRs had slight
expansion. The current results might be related to the broader host range of M. persicae versus the specialization of S.
chinensis on only a host plant. There were 28 gene pairs between genomes of S. chinensis and Acyrthosiphon pisum in
the chemoreceptor gene families by collinear comparison. Ka/Ks ratios (< 1) indicated that the genes of S. chinensis
were mainly affected by purification selection during evolution. We also found the lower number and expression
level of chemoreception genes in S. chinensis than in other 11 aphid species, such as ORs, GRs and IRs, which play an
important role in host search.

Conclusion Our study firstly identified the genes of the different chemosensory protein gene families in the S. chin-
ensis genome, and analyzed their general features and expression profile, demonstrating the importance of chemore-
ception in the aphid and providing new information for further functional research.
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Background

The Rhus gall (or sumacgall) aphids switch host plants
between the primary host plants Rhus (Anacardiaceae)
species and the secondary hosts certain mosses to com-
plete their life cycles, and form galls on their primary
host plants [1-3]. The galls, often used as the Chinese
medicines, are rich in tannins and economically impor-
tant in Asia because they have medicinal properties and
represent sources of industrial tannin [4, 5]. This aphid
group belongs to the subtribe Melaphidina in tribe For-
dini (Aphididae: Eriosomatinae) [6-8], and includes six
genera and 13 species [3, 9], among which S. chinensis is
the most common and wide-spread species with R. chin-
ensis as its unique primary host plant and Mniaceae spe-
cies as its secondary hosts, as well as having a life cycle
including both sexual and asexual reproduction stages
[10, 11].

The chemosensory system is critical for insects to
detect and locate suitable host plants [12]. It has been
demonstrated that this behavior is mediated by several
protein gene families, such as odorant-binding proteins
and chemosensory proteins (OBPs and CSPs) gene fami-
lies, and olfactory receptors, gustatory receptors and
ionotropic receptors (ORs, GRs and IRs) gene families,
and sensory neuron membrane proteins (SNMPs) gene
families [13-15].

OBPs are small, globular and water-soluble proteins
that play an important role in the first step of olfactory
recognition [16, 17]. The hallmark of the protein family
is the six conserved cysteines which contain three paired
disulfide bridges [18]. Based on the number of cysteine
residues they contain, OBPs are now classified into four
types, i.e., “Classic, “Minus-C’, “Plus-C’, and “Atypi-
cal” [19]. Since the first OBP was identified in Antheraea
polyphemus [20], a large number of OBP genes have been
identified from different insect species [19, 21]. CSPs are
small, soluble, acidic proteins composed of five o helices
and four conserved cysteines with two disulfide bridges
[22]. Like OBPs, the CSPs are also regarded as the first
step for the transportation of odorants in chemosensory
recognition and widely identified in almost all insect
groups [23]. The first CSP member called P10 was iden-
tified in the American cockroach Periplaneta americana
[24], and then a second was found in Drosophila anten-
nae named OS-D (olfactory segment D) or A-10 [25].

ORs are members of the G-protein-coupled recep-
tor family with seven transmembrane domains, com-
posed of 300 to 500 amino acids. The ORs, such as the
olfactory receptor co-receptor (Orco) and conventional
ligand-binding odorant receptors, play key roles in olfac-
tory behavior [26]. The ORs not only recognize odor
molecules alone but can form heteromeric complexes
with Orco. The sequence of common ORs is highly
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differentiated among different insects with low homol-
ogy, generally 20%. Orco is highly conserved among dif-
ferent insects and the homology among different species
can be more than 70% [27]. The OR family originated
from the GR family at the base of the insects [28]. The
GR family is far older than the OR family in animals and
consists of several major subfamilies [29]. GR genes were
initially screened in Drosophila melanogaster [30], which
consists of seven hydrophobic transmembrane (TM)
domains with approximately 300—500 amino acids. They
are divided into four major subfamilies regarding their
active ligands: fructose, sugars except fructose, carbon
dioxide (CO,) and bitter receptors [31]. GRs, similar to
ORs, may be ligand gated ion channels, most of which are
divergent and have low sequence identity between insect
species [32]. The IR gene family is a variant of the iono-
tropic glutamate receptor (iGIluR), which was initially
found in D. melanogaster using bioinformatic techniques
[33]. According to the amino acid sequence and gene
expression pattern, IRs are generally divided into three
subfamilies: olfactory, differentiated, and co-receptor IRs
[34]. IRs need to be co-expressed with IR co-receptors
to function. At present, four IR co-receptors have been
found, namely IR8a, IR25a, IR76b and IR93a, which are
relatively conservative among insect species [35].

SNMPs are the transmembrane domain-containing
proteins and belong to a large gene family of CD36 recep-
tors [36]. They are composed of 520 amino acids and
divided into two subfamilies: SNMP1 and SNMP2. The
homology of SNMP1 and SNMP2 within the same spe-
cies is relatively low, only 20-30% [37]. Among different
species, the homology of SNMP2 is higher than SNMP1.
SNMP1 found in D. melanogaster is the first insect
SNMP gene, that was functionally characterized to be
essential for its sex pheromone detection [38].

The chemoreception genes play a decisive role in the
host search of insects, and the Rhus gall aphid S. chinen-
sis is so specific to choose either the primary Rhus host
or secondary moss hosts. However, there is no report on
the chemoreception genes in the Rhus gall aphid S. chin-
ensis. Here, we used the third-generation sequencing
technology to obtain the whole genome of S. chinensis at
the chromosome level and performed the comprehensive
analysis of six gene families in the S. chinensis genome.
In detail, we conducted systematic identification and
molecular characterization, which included the member
identification of gene family, collinear analysis, chromo-
somal location, evolutionary selection pressure (Ka/Ks
analysis), and gene expression analysis. We highlighted
the characters of the key genes in the chemoreception
protein gene families to further investigate the mecha-
nism of the S. chinensis — host plant adaptive interactions
for future functional research.
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Results

Characteristics of chemoreception genes in S. chinensis

We identified the genes and analyzed their characteris-
tics in the six chemoreception gene families by homo-
logical search in the S. chinensis genome, where we finally
obtained eight genes in OBPs, nine genes in CSPs, 24
genes in ORs, 16 genes in GRs, 22 genes in IRs and five
genes in SNMPs. To better understand the evolutionary
relationships and structural components of chemore-
ception genes in S. chinensis, we analyzed the conserved
motifs, domain, exon—intron gene structures and phy-
logenetic relationship based on genome sequences and
protein sequences.
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The protein sequence analysis on the OBP genes of
S. chinensis (Fig. 1A) showed that four of eight OBPs
belonged to the classical OBP subclass with the typi-
cal six conserved cysteine residues, and the other four
OBPs belonged to the Plus-C subclass. The phylogenetic
tree of the S. chinensis and M. persicae OBPs divided
the sequences into three subgroups (Fig. 1B). The motif
of sequence from same subgroup was not conservative,
which might arise from the low conservation between
the gene sequences of OBPs. The conserved domain of all
the gene sequences included PBP_GOBP. The numbers of
exons ranged from three to eight from predictions of the
gene structure. A total of seven members exhibited 5" and
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Fig. 1 The general characteristics of OBPs and CSPs gene sequences in Schlechtendalia chinensis. Gene sequence alignment of OBPs (A) and CSPs
(€), and phylogenetic relationships, conserved motifs, domains and gene structures analysis of OBP (B) and CSP (D) gene family in S. chinensis and

M. persicae
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3’ UTRs, while seven members presented no UTR. All
the gene sequences of CSPs in the S. chinensis genome
contained four highly conserved cysteine residues, which
are characteristic of typical insect CSPs (Fig. 1C). The
phylogenetic tree constructed by CSPs gene sequences
from the S. chinensis and M. persicae genomes suggested
that all the sequences were divided into four subgroups
(Fig. 1D). Subgroup 1 and subgroup 2 were relatively
conservative and included motif 3-1-2. Subgroup 3 and
Subgroup 4 included motif 9-1-2 and motif 4-5-1-2,
respectively. The conserved domain contained OS-D
and GH18_chitinase. The protein gene sequences were
less conserved, which might be related to their relative
relationship and feeding habits. The numbers of exons
ranged from two to five from the predictions of the gene
structure. Gene length varied among the CSPs, among
which genes with a length less than 10 kb accounted
for the majority (88%), while genes longer than 10 kb
accounted for a small portion. Major members exhibited
5" and 3’ UTRs, while four members presented no UTR.
In the S. chinensis genome, the OR family consists
of the single highly conserved Odorant receptor co-
receptor (Orco) and 23 “specific” ORs, each of which is
thought to pair with Orco to form a functional olfactory
receptor tetramer. The phylogenetic tree of the OR pro-
tein gene sequences in the S. chinensis and M. persicae
genomes were distributed in three subgroups (Fig. 2).
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The members of subgroup 1 and subgroup 2 were con-
servative with motif order 4-7-5-6-3-8-1-2 and 4-7-
10-9-6-3-8-1-2, respectively. The conserved domain of
protein gene sequences contained 7tm_6. The numbers
of exons ranged from two to nine from the predictions
of the gene structure. Gene length varied among the
ORs, among which genes with a length less than 10 kb
accounted for the majority, while few genes were longer
than 10 kb. Major members presented no UTR, and
12 members exhibited 5" and 3’ UTRs. The phyloge-
netic tree constructed by the GR’ protein sequences in
the S. chinensis and M. persicae genomes were distrib-
uted in four subgroups (Fig. 3), and seven GRs genes
of S. chinensis belonged to sugar receptors. There are
ten conservative motifs in the GRs gene sequences of
S. chinensis and M. persicae. The motif orders of sub-
group 1 and 2 were motif 5-4-6-2-1 and motif 8-7-3-
10-2-1, respectively. The frequency of motif 1 was the
highest, which existed in all gene sequences except for
Schi02G002620. In the gene family, some motifs were
found only in a subfamily. For example, motif 9 just
existed in sugar receptor subgroup genes. The con-
servative domain was similar to ORs, e.g., 7tm_7, which
might be related to the origin of ORs from GRs. The
structural analysis suggested that the longest gene was
14 kb in the GRs, and most genes existed four or five
exons accounted for the majority (77.7%). However,
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Fig. 2 Phylogenetic relationships, conserved motifs, domains and gene structures of the OR gene family in S. chinensis and M. persicae
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Fig. 3 Phylogenetic relationships, conserved motifs, domains and gene structures of the GR gene family in S. chinensis and M. persicae

there may be a small subset of genes containing 9 or 10
exons, e.g., Schi02G003090 and Schi02G003100.

The 22 IRs in the S. chinensis genome included IR25a,
IR21a, IR40a, IR93a, IR75a and iGluRs subfamily.
Two members (Schi05G009800 and Schi02G001670)
from IR25a with subsets of the other IRs are the most
conserved members of the gene family IRs (Fig. 4A).
Schi01G027330 and Schi08G005320 belonged to IR21a
and IR40a, respectively, and three members belonged
to IR93a which were secondary most conserved genes.
In addition, one gene and three genes belonged to non
NMDA iGluRs and IR75a, genes of which in are involved
in perception of various acids. Phylogenetic results from
the S. chinensis and M. persicae IRs gene sequences
showed that all the sequences were divided into five
subgroups and the motif of each part was conserva-
tive. All sequences had the motif order 3-2-6, while the
complete motif order was motif 8-7-3-9-5-4-2-1-10-6.
The conservative domain included PBP1_iGluR_Kainata
and PBP1_iGluR_NMDA. The numbers of exons ranged
from two to 19 from predictions of the gene structure,
and the longest gene was 21 kb in the IRs. Most genes
included more than 10 exons accounted for 68.2%.
Thirty-four percent of members exhibited 5’ and 3
UTRs, while 14.6% of members presented 5’ or 3’ UTR
and 20% members had no UTR. Just one member from
M. persicae had four UTRs.

The phylogenetic trees of SNMPs in S. chinensis and
M. persicae divided the sequences into two subgroups:
SNMP1 and SNMP2 (Fig. 4B). Three genes of S. chinen-
sis belonged to SNMP1 and the sequences had the same
motif order 1-2-8-5-7-9-3, which were as a co-receptor.
Two genes belonged to SNMP2 with the same motif order
1-2-6-8-5-7-9-3-4. The conservative domain belonged to
a large gene family of CD36 receptors. The numbers of
exons was nine or ten, except for Mper001211 with one
from predictions of the gene structure. Just two members
had no UTR, and others exhibited 5’ and 3’ UTRs.

Chromosomal location and collinearity of chemoreception
genes in S. chinensis

The location and collinearity analysis of all 84 chemore-
ception genes showed that they were unevenly distrib-
uted on chromosomes 1-13, except for chromosome 7
and 12 (Fig. 5A).

Chromosome 1 had the most members of chemore-
ception genes with 23 genes, among which there were
12 genes in ORs, four genes in IRs, two genes in SNMPs,
OBPs and CSPs, respectively, one gene in GRs. Chromo-
some 10 had the fewest chemoreception genes with only
one member. The distribution of the genes on chromo-
somes showed no bias to the 5" or 3’ ends, which may be
related to their function. There were five pairs of genes
in the chemoreception genes which had collinearity, i.e.,
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Schi01G027330 and Schi01G043730, Schi01G043730
and Schi08G006940 from the IR gene family;
Schi01G000360 and Schi01G019810, Schi01G001430
and Schi01G019280, Schi01G019280 and Schi01G003280
from the OR gene family. There was no gene tandem rep-
lication on chromosome 1 (Fig. 5B). The collinear com-
parison map of the chemoreception gene family between
S. chinensis and A. pisum was established by MC Scan
X (Fig. 5C). There were 28 pairs of collinearity (homol-
ogous gene pairs) in S. chinensis and A. pisum genome,
including three in CSPs and SNMPs, five in GRs, OBPs
and ORs, and seven in IRs. There were more homologous
gene pairs for IRs between the S. chinensis and A. pisum
genome, which may be related to the large number of the
gene families.

The Ka/Ks ratio has been used for genomic analysis
of gene families, which can provide insights into selec-
tive evolutionary pressures that act on genes. To better
understand whether chemoreception genes in S. chinen-
sis and A. pisum were subjected to different evolutionary
constraints, the pairwise Ka/Ks was calculated for each
ortholog group (Fig. 5D). The Ka/Ks analysis of 28 pairs
of homologous genes existing in S. chinensis and A. pisum
was carried out. The ratios of Ka/Ks between gene pairs
were all < 1, which indicated that negative selection (puri-
fication selection) drove chemoreception gene family

evolution as the primary force in two species. However,
the Ka/Ks ratios of two genes from CSPs and GRs were
much higher than others, which indicated that they had
undergone positive selective pressure.

Evolution of chemoreception genes in S. chinensis

For estimating the evolutionary relationship among
chemoreception genes of S. chinensis, the six chemore-
ception protein gene families from 12 Hemiptera spe-
cies were used to construct the NJ phylogenetic tree,
respectively. Among the investigated species, the gene
number of OBPs in the A. pisum genome was the most
with 10 OBPs, followed by C. cedri with nine OBPs. The
other species have less than eight OBPs (Table 1). The
phylogenetic analysis of the OBP genes in the 12 spe-
cies included in this study showed that the genes were
clustered into four clades, and the eight OBP genes of
S. chinensis occurred in four clades (Fig. 6). The num-
ber of CSP genes in S. chinensis (nine members) was
the same as in R. maidis, M. sacchari, A. craccivora
and A. gossypii, while less than the other species, which
have more than 10 CSPs; B. tabaci had the most CSP
genes with 17 members. The CSPs were phylogeneti-
cally clustered into nine clades, while CSPs in S. chinen-
sis occurred in eight clades lacking a gene of subgroup
5 (Fig. 7). It indicated that S. chinensis might loss the
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Fig. 5 Location and collinearity analysis of all chemoreception genes in S. chinensis. A Scaffold location and gene tandem. Green represent IRs; Blue
represent ORs; brown represent GRs; black represent SNMPs; Red represent OBPs; purple represent CSPs B Chromosomal location and collinearity.
Grey boxes represent chromosomes. Lighted lines connect chemoreception gene duplication. C Synteny on gene families of S. chinensis and
Acyrthosiphon pisum. D Ka/Ks ratios of chemoreception genes of S. chinensis

Table 1 Chemoreception gene numbers of 11 Aphididae and one Aleyrodidae species

Family Species GRs ORs OBPs IRs CSPs SNMPs Total

Aleyrodidae Bemisia tabaci 16 2 5 30 17 21 91

Aphididae Sipha flava 15 19 6 19 12 8 79
Cinara cedri 23 22 9 22 15 9 170
Schlechtendalia chinensis 16 24 8 22 9 5 84
Acyrthosiphon pisum 26 36 10 24 10 8 114
Diuraphis noxia 12 8 6 21 1 8 198
Myzus persicae 29 37 6 19 10 8 109
Rhopalosiphum maidis 29 33 8 21 9 109
Melanaphis sacchari 24 23 8 18 8 218
Aphis craccivora 22 20 6 24 8 89
Aphis glycines 25 22 8 21 10 9 95
Aphis gossypii 32 30 6 18 9 9 184

function of a homologous gene from subgroup 5. We  while the species A. pisum, M. persicae, R. maidis and
identified 24 ORs in S. chinensis. Several OR candidate A. gossypii have over 24 ORs. The phylogenetic tree
genes were identified in each of the 12 species studied, showed that the OR genes in S. chinensis were clustered
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Fig. 6 Neighbor-joining tree of OBPs gene sequences in S. chinensis and other Hemiptera species. The genes of S. chinensis are highlighted in red
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into five clades (Fig. S1), which was consistent with the
phylogenetic tree division of 12 species. A total of 16
GR genes were identified in S. chinensis, which were
divided into seven clades (Fig. S2). We found less than
32 GRs (A. gossypii) in each of the 12 species studied.
The 22 IR genes of S. chinensis were dispersed in 10
clades. The 12 Hemiptera species generally had 18 to
24 1Rs, except B. tabaci with 30 IRs (Fig. S3). Similarly,
the candidate SNMP genes were clustered into eight
subgroups. The SNMPs of S. chinensis occurred in all
subgroups except subgroup 2, 4 and 7. The numbers
of candidate SNMP genes identified in the genomes of

the 12 species ranged from five to nine, with 21 in B.
tabaci (Fig. S4).

Expression profiles of chemoreception genes in S. chinensis
We examined 17 chemoreception genes in the tran-
scriptome data of S. chinensis, among which there were
six genes in CSPs, two genes in GRs, four genes in IRs,
one gene in OBPs and ORs, three genes in SNMPs,
respectively. The expression of Schi01G030200 and
Schi09G001260 from CSPs was the highest with 285.82
FPKM, while Schi02G001670 in IRs was the least
(Table 2). The genes with the more number of copies,
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Fig. 7 Neighbor-joining tree of CSPs gene sequences of S. chinensis and other Hemiptera species. The gene of S. chinensis is highlighted in red
shadow. Gene names are same as Fig. 6

for example ORs, GRs, IRs, had lower expression level, as its secondary host plants, and they have evolved as an
which might mainly result from the host specificity of obligate mutualism relationship [39]. Chemoreception
the Rhus gall aphid S. chinensis for these genes play an  relative genes play important roles in the host finding
important role in looking for hosts. process [12]. In this study, we identified the chemore-
ception gene family of S. chinensis at the whole genome
Discussion level, and analyzed its basic characteristics including
The species S. chinensis is predominant in the Rhus gall  motif, conserve domain and gene structure. Moreover,
aphids, and is widely distributed in East Asia, mainly in  the collinearity, evolution and expansion/contraction of
China, and economically valuable because it lives on its  chemoreception revealed evolutionary relationships of
primary host plant Rhus chinensis in the family Anacar- chemoreception relative genes in aphids with different
diaceae to form galls with high tannins [5]. In addition, feeding habits.
this aphid species used only R. chinensis as its unique We identified 84 chemoreception genes in S. chinen-
primary host plant and several moss species (Mniaceae)  sis, which was the least by comparison to other aphids



He et al. BMC Genomics (2023) 24:222 Page 10 of 15

Table 2 Expression profiles of chemoreception genes in Schlechtendalia chinensis at the stage of alate migrants

Gene family Gene ID Transcriptome ID Ren_lA4601 Ren_lA4603 Ren_lA462

CSPs Schi01G030200 TRINITY_DN483_c0_g1 251.79 366.84 238.82
Schi03G005120 TRINITY_DN1981_c0_g2 47.62 242 12.99
Schi04G004120 TRINITY_DN20590_c0_g1 4.19 1.1 04
Schi04G004140 TRINITY_DN795_c2_g1 57.34 915 104.1
Schi09G001240 TRINITY_DN4954_c0_g1 25.77 14.98 15.35
Schi09G001260 TRINITY_DN3437_c0_g1 199.37 161.65 73.86

GRs Schi02G002620 TRINITY_DN5285_c0_g1 14.72 2267 8.8
Schi05G002730 TRINITY_DN16137_c0_g1 1.62 1.05 1.72

IRs Schi02G001670 TRINITY_DN22358_c0_g1 0.82 052 1.39
Schi05G003070 TRINITY_DN3565_c0_g1 11.32 21.28 10.89
Schi05G009800 TRINITY_DN15399_c0_g1 091 0.93 0.85
Schi06G006010 TRINITY_DN2800_c0_g1 2494 36.05 17.29

OBPs Schi01G026570 TRINITY_DN6444_c0_g1 8.46 4.03 9.54

SNMPs Schi01G012860 TRINITY_DN6299_c0_g1 324 571 297
Schi08G006300 TRINITY_DN635_c0_g1 100.93 45.98 104.4
Schi01G003480 TRINITY_DN2496_c0_g1 9.9 10.51 843

ORs Schi11G003600 TRINITY_DN21115_c0_g1 249 0.34 1.71

the unit of gene expression level is Fragments Per Kilobase of exon model per Million mapped fragments (FPKM)

including A. pisum (114), M. persicae (109), A. gossypii
(184) and D. noxia (198). In the subfamily Aphidinae,
A. pisum, M. persicae and D. noxia belong to tribe Mac-
rosiphini, while the other species belong to the tribe
Aphidini [40]. Acyrthosiphon pisum was the first aphid
species that had its genome completely sequenced and
there are many gene replication events [41]. A. gossypii
feeds on widely feed diverse crops in the species of the
families Malvaceae, Rutaceae, and Cucurbitaceae [42].
D. noxia feed on the members of Gramineae family. Fur-
thermore, A. pisum and D. noxia are oligophagous, while
A. gossypii and M. persicae are polyphagous. Insects uti-
lize their senses of taste and smell to determine whether
to feed on certain plants [43]. Thus, the number of chem-
oreception genes is closely related to eating habits and
characteristics and types of host plant [44]. S. chinensis
feeds on only limited host plant and has fewer chemore-
ception genes than other aphids. In addition, OBPs and
CSPs are regarded as the first step of host recognition,
and the number of OBPs and CSPs were significantly less
than GRs, ORs and IRs in S. chinensis, which suggested
that S. chinensis has poor host recognition. This maybe
also related to its special and oligophagous host plants.
We performed a characteristic analysis of six chem-
oreception gene families in S. chinensis and M. persicae.
The chemoreception genes in the same groups had dif-
ferent motif patterns, which might be the reason for the
differences in their physiological functions. The protein
sequence of OBPs showed less conservation in S. chin-
ensis, which was consistent with the previous study that

the protein sequences of OBPs had low similarity and
were highly differentiated between species and within
species [45]. Compared with OBPs, CSPs are relatively
conserved in evolution, and have high sequence similar-
ity among different species, including S. chinensis. Both
of them are key proteins involved in sensing chemical
information, and usually contain multiple relatively con-
served cysteine (Cys) [46]. The conserved domain was
PBP_GOBP and OS_D, exhibiting the typical character-
istics of insect OBP and CSP. The PBP_GOBP and OS_D
domain of proteins are involved in general odor-binding
activities, which have the function of recognizing, bind-
ing and transporting chemical substances such as odor
molecular pheromones in the process of host search
[47]. In S. chinensis, the gene structure of some members
within the same subfamily showed similar intron/exon
structure and intron phases. The conserved domains of
GRs and ORs had a similarity which both belonged to
the 7tm superfamily. This may be related to the fact that
OR evolved from GR [28]. ORs and GRs of the S. chinen-
sis and M. persicae genomes in the same class had simi-
lar motif patterns and gene structure. The ORs of two
aphids had Orco which has the same function in differ-
ent insects and plays a key role in the process of insect
olfactory recognition. GRs in S. chinensis only had the
sugar receptor, which are partially co-expressed in a sin-
gle GRN of each taste sensillum and primarily respon-
sible for the insect’s ability to accurately find sugars and
avoid toxic substances [48]. The IR family is evolution-
arily independent of the OR/GR gene families, which
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together form the insect chemoreceptor superfamily [36].
The IRs in S. chinensis included IR25a, IR75a and IR93a,
which belonged to co-receptor IRs and were conserved
between insect species [49]. The protein sequences of IRs
in the same clade shared similar motifs and same con-
serve domain, but the gene structure had some differ-
ences. High variation in the sequence structure revealed
that IRs family members have acquired changes in their
genome during evolution events that affected their func-
tions [50]. The ORs, GRs, and IRs deliver chemical pher-
omones or environmental odors to the chemoreceptors
of sensory neurons in the process of host search [51].
The gene number of SNMPs was fewer than other chem-
oreception gene families and the gene structure varia-
tion of the homologous SNMP1 and SNMP2 in the same
species was low [52]. SNMPs dendrite membranes that
assist ORs in the process of sex pheromone recognition
in S. chinensis. The gene family in any species have classic
domains, indicating a relatively conservative evolutionary
pattern to ensure functional stability. However, the struc-
tural domains, motifs and gene structure of the members
of the same subfamily show a more or less conserved pat-
tern, implying differentiation of function and also repre-
senting different selective pressures [53].

The phylogenetic results showed that chemoreception
genes of S. chinensis were distributed closely to S. flava,
D. noxia and C. cedri. This indicated that gene family
clustering was not necessarily based on species affinity,
but clustered according to similar functions. The num-
ber of genes differ among species of Hemiptera, which is
related to the complexity of the chemoreceptor genes in
these species. In Hemiptera, the number of OBP genes
varies greatly among species. We found an expansion of
the OBP family in A. pisum, relative to other species. In
addition, B. tabaci in Aleyrodidae had a contraction of
OBP family. The number of CSP genes showed differ-
entiation among species. Among all species, S. chinen-
sis had the lowest number of the three kinds of soluble
protein genes, which may be attributed to its specificity
to its plant host. Each of the 12 Hemiptera species have
a large OR and GR family. Tandem duplication has been
extensively found in the OR family, and the expansion
of the OR family is usually accompanied with contrac-
tion of the GR family [54]. In addition, the numbers of
SNMPs show difference among Hemiptera species. Bemi-
sia tabaci showed marked expansion. S. chinensis lacked
genes in three subgroups, which suggested a partial lack
of function. Among all the 12 species, M. sacchari has the
most abundant chemoreceptor genes. The difference in
the number of gene family members may be due to gene
duplication or loss in the process of gene evolution. Gene
duplication and loss were the main evolutionary driving
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forces for the expansion or contraction, and duplicated
genes could lead to gene redundancy [55].

The collinearity analysis showed that chemorecep-
tion gene family of S. chinensis has experienced duplica-
tion events. It was reported that gene duplications were
critical for the evolution of new genes and novel func-
tions, which were the major forces for driving gene fam-
ily expansion [56]. Notably, the values of Ka/Ks for all
gene pairs in S. chinensis suggested that they were under
strong negative selection pressures. A similar evolution-
ary pattern was observed in the D. melanogaster genome,
in which purifying selection was the main selection pres-
sure driving the diversities of ORs, GRs and OBPs [57].
Additionally, all Ka/Ks values of the chemoreception
gene family were further away from 1 with IRs lower than
the values of other gene family, suggesting that they expe-
rienced stronger selective pressures and needed shorter
genes to duplicate easily that took less time.

Conclusions

In the present study, we identified chemoreception gene
families including eight OBPs, 16 GRs, 24 ORs, 22 IRs,
nine CSPs and five SNMPs in the S. chinensis genome.
Gene structure and protein motif analysis suggested that
chemoreception genes in different families were conserv-
ative in S. chinensis. Synteny analysis showed that many
chemoreception genes demonstrated a favorable col-
linearity within A. pisum and were undergoing a purify-
ing selection, and several pairs of chemoreception genes
of S. chinensis experienced duplication events. The gene
family expansion/contraction and phylogenetic analy-
sis revealed that the chemoreception gene families sig-
nificantly contracted during the evolution of S. chinensis,
and A. pisum had most chemoreception genes. Further-
more, transcriptome data showed that only a few chem-
oreception genes were expressed in S. chinensis. All in
all, our study firstly identified the chemoreception genes
of the different gene families in the S. chinensis genome,
and analyzed their general features and expression in
detail, and highlighted the characters of the chemorecep-
tion genes in the S. chinensis-host adaptive interactions,
which will afford important basic information for the fur-
ther functional studies.

Methods

Sample information

The mature Rhus galls formed by the species Schlech-
tendalia chinensis were collected from its host plant
Rhus chinensis in the Rhus gall breeding base in Wufeng
county (30°19’ N, 110°67" E, 329 m above sea level),
Hubei Province, China. The base has cultivated Rhus gall
for more than twenty years, and specially the botanist Jun
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Wen from the Smithsonian Institution, US, visited the
base in 2019 and confirmed the host plant Rhus chinensis.
About 30 live aphid individuals from one gall were used
to extract the total genome DNA for genomic sequenc-
ing by the third-Generation high throughput technol-
ogy, which was performed with the sequencing depth of
60 x through the PacBio platform of Biomarker Tech-
nologies Corporation (Beijing, China). Fundatrigeniae
with wings and without wings in a gall were from the
same clone to be treated as one sample. We also collected
alate migrants from three mature galls, and the aphids
in this stage will look for and fly to winter hosts as soon
as they are out from the natural open gall. Total mRNA
of S. chinensis individuals from these three mature galls
were extracted and sequenced using an Illumina HiSeq
2500 device in a 2 x 150 paired-end format. All the clean
reads were used together for assembling for transcrip-
tion sequencing to characterize the chemoreception
gene expression pattern in S. chinensis genome. There
are thousands of clonal individuals from one fundatrix
in one gall, and some of the aphid individuals were used
for sequencing, and the others were stored as the speci-
men, which are deposited in the herbarium at School
of Life Science in Shanxi University, China, with the
voucher number Ren_IA4601, Ren_I1A4602, Ren_IA4603,
Ren_IA4621.

Identification of chemoreception gene families in S.
chinensis

All protein-coding sequences of the families OBPs, GRs,
ORs, IRs in the S. chinensis genome were searched against
the protein database of another aphid species Acyrthosi-
phon pisum [58] by applying BLASTP (e-value=1x 107°
and identity > =40). The protein-coding gene sequences
of CSPs and SNMPs in S. chinensis were obtained by
searching in the annotation table, which was obtained
by integrating three approaches, namely de novo pre-
diction, homology search, and transcript-based assem-
bly, by using the key words of chemoreception genes.
All sequences were determined by the NCBI Conserved
Domain Database (NCBI-CDD) (e-value=1 x 1073), and
the sequences that lacked conservative structures were
discarded [59]. All sequences verified by the two methods
were considered as potential genes.

Protein motif and structure of chemoreception genes

The protein sequences of the species Myzus persi-
cae were downloaded from the Insect BASE website
(http://v2.insect-genome.com/). The chemoreception
protein sequences of M. persicae were obtained by blast
with homologous gene of A. pisum (e-value=1x 107°
and identity > =40). A neighbor-joining (NJ) tree was
established using MEGA-X with 1000 replicates of
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bootstrap [60]. The conserved structure alignment of
chemoreception protein sequences was performed by
TBtools. Conserved motifs were identified via Motif-
based sequence tools (MEME, http://meme-suite.org/)
with the number of motifs as 10 [61], and the con-
served domain was analyzed by the Conserved Domain
Database (NCBI-CDD) (e-value=1x10—3). The
exon and intron structures were displayed in all gene
sequences using the Gene Structure Display Server
(GSDS) (http://gsds.cbi.pku.edu.cn/). TBtools was used
to visualize and merge the results of basic characteris-
tics which contained the phylogenetic tree, motif pat-
tern, domain and gene structure [62].

Chromosomal locations, synteny analysis and Ka/Ks
calculation

To understand the distributions of chemoreception genes
on chromosomes, positional information was extracted
from the GFF3 profile of S. chinensis and displayed on the
13 chromosomes via MG2C (http://mg2c.iask.in/mg2c_
v2.1/) [63]. MCScanX was leveraged to detect the col-
linearity and duplication events in the intra- and inter-
specific relationship of the chemoreception genes family
of S. chinensis and A. pisum genomes [64]. The ratios of
synonymous (Ks) and non-synonymous (Ka) nucleotide
substitutions (Ka/Ks) of homologous gene pairs were also
calculated via the Simple Ka/Ks Calculator of TBtools
[62], in which Ka/Ks <1 indicated purifying selection.

Phylogenetic analysis of chemoreception genes

In order to analyze the phylogenetic relationship of
chemoreception protein gene families in Hemiptera, 12
species were selected, including 11 species in Aphidinae,
i.e., Cinara cedri, M. persicae, A. pisum, Rhopalosiphum
padi, Aphis glycines, Aphis gossypii, Diuraphis noxia,
Rhopalosiphum maidis, Melanaphis sacchari, Aphis
craccivora, Sipha flava and one in Aleyrodidae, Bemi-
sia tabaci, respectively. The species protein sequence
was downloaded from the Insect base database [65]. To
confirm the OBP, CSP, OR, IR, SNMP, GR genes fami-
lies, we searched the protein sequences in the genomes
of all 12 species using BLAST with the known genes
from A. pisum as references, following the method used
in the previous study [66]. We checked the conservative
domains of the candidates manually in NCBI-CDD and
removed these without the typical domain elements of
the corresponding gene family. The reliable candidates
were aligned using ClustalW software [60]. We con-
structed a phylogenetic tree using the neighbor-joining
(NJ) method with the parameters of a Poisson model,
complete deletion and 1000 bootstrap replicates, and
visualized and improved the tree using the program
Evolview (http://www.evolgenius.info/evolview/) [67].
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Expression profile of chemoreception genes

We extracted the total RNA from the whole body of the
S. chinensis samples of three galls by the Trizol method
[68], and then carried out library construction and Illu-
mina HiSeq sequencing (2 x 150 bp) at Biomarker Tech-
nologies Corporation (Beijing, China). The obtained raw
data underwent filtering, removal of adapters and primer
sequences and elimination of low-quality sequences
to obtain high-quality clean data by SeqPrep software
(https://github.com/jstjohn/SeqPrep). Trinity software
(https://github.com/trinityrnaseq/trinityrnaseq/wiki)
was used to assemble the clean data [69]. Finally, the uni-
gene sequences of S. chinensis were obtained. We used
Blast software for a unigenes (>150 bp) Blast search
(e-value<107° for all databases) and annotation against
NR, Swiss-Prot, Pfam, COG, GO, and KEGG data-
bases (e-value=1 x 107°%) [70, 71]. We blasted the CDS
sequences of the genomic chemoreception genes against
unigene sequence of RNA database. The gene expres-
sion values are represented by transcript Fragments Per
Kilobase of exon model per Million mapped fragments
(FPKM). Genes with 100% similarity were identified as
chemoreception genes expressed in the transcriptome of
S. chinensis.
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