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A B S T R A C T

The cotton aphid Aphis gossypii Glover is a worldwide agricultural pest that feeds on cotton, melon, and other
landscape plants, causing a high level of economic loss. In addition to the common characteristics shared with
other aphids, Ap. gossypii has evolved multiple biotypes that present substantial differences in host adaption.
These intriguing biological features are of interest from both a fundamental and applied perspective. However,
the molecular studies of Ap. gossypii have been restrained by the lack of a reference genome. Furthermore, in
order to establish a platform for the development of novel and sustainable control methods, it is necessary to
generate genomic resources for Ap. gossypii. Here, we present a 294Mb draft genome sequence of Ap. gossypii,
which consists of 4,724 scaffolds with an N50 size of 438 kb. Compared to other aphid species with published
genomes, Ap. gossypii presents the most compact genome size. A total of 14,694 protein-coding genes were
predicted and annotated in the consensus gene set, 98.03% of CEGMA genes and 93.5% of BUSCO genes were
captured respectively. Genome-wide selection analyses revealed that significantly evolving pathways in the
genus Aphis are related to biological processes of detoxification, steroid biosynthesis, and ethylbenzene de-
gradation. The acquisition of the genome of Ap. gossypii makes it possible to understand the molecular me-
chanism of intricate biological traits of this species, and will further facilitate the study of aphid evolution.

1. Introduction

Aphids are a group of tiny sap-sucking insects well known for their
flexible reproductive strategies (Moran, 1992). Responding to seasonal
changes, aphids exhibit reversible life cycles by shifting between
asexual and sexual reproduction. Generally, parthenogenetic genera-
tions are successive during spring and summer for rapid colony ex-
pansion, while replaced by the sexual generation in late autumn, in
which frost-resistant eggs are laid for overwintering (Le Trionnaire
et al., 2012; Moran, 1992; Ramos et al., 2003). Unexpectedly, this al-
ternation strategy between asexual and sexual generations has been lost
in some aphid species (Vereschagina and Gandrabur, 2014). Further-
more, the evolution of aphids has been shown to be associated with that
of their host, providing an ideal model to study the interaction and co-

evolution between herbivores and plants.
Aphis gossypii is an important cosmopolitan pest on Malvaceae and

Cucurbitaceae plants (Carletto et al., 2009; Ebert and Cartwright,
1997). Cotton aphids present a similar life-cycle as other aphids species
(Fig. 1). During spring and summer, the parthenogenetic population
expands rapidly, resulting in a high nutrient consumption of the host
plant. The accumulated honeydew produced by large aphid population
promotes the growth of molds, which greatly decrease the photo-
synthetic activity of plants lamina and hence contaminate themselves
(Slosser et al., 2002). Moreover, cotton aphids could transmit various
types of plant viruses, such as the cucumber mosaic virus and atypical
cotton leafroll dwarf virus etc. (Agrofoglio et al., 2017; Schoeny et al.,
2017). For decades, the control of Ap. gossypii has largely relied on
chemical pesticides. However, evolved resistance and uncontrolled
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pesticide usage had resulted in even more serious population outbreaks
(Cao et al., 2008; Herron and Wilson, 2017; Pan et al., 2015).

In addition to the applied research on population control in the
field, the cotton aphid has been a popular organism for adaptive evo-
lutionary studies for decades. The recorded plant host spectrum of
cotton aphid comprises hundreds of botanical species, making it one of
the most polyphagous aphid species. Importantly, this generalist con-
sumer is recognized to be partially subdivided into numerous host-
specific races which present a high level of host specialization (Carletto
et al., 2009; Wang et al., 2016). The existence of these evident host-
associated biotypes made the cotton aphid an ideal model for the study
of adaptive evolution.

Recently, most studies of Ap. gossypii have focused on reproductive
alternation (Kwon and Kim, 2017; Liu et al., 2014), wing polyphenism
(Gu et al., 2013; Yang et al., 2014), host specialization (Zhang et al.,
2017), and insecticide resistance (Gong et al., 2014, 2017; Pan et al.,
2015). However, these studies were somehow limited due to the lack of
genomic resources. Although several aphid genomes have been pub-
lished (International Aphid Genomics, 2010; Mathers et al., 2017;
Nicholson et al., 2015; Wenger et al., 2017), the great divergence
among aphid species made it impossible to apply these available
genomic resources in the study of Ap. gossypii. In this study, we pro-
vided a high quality draft genome, along with a comprehensive anno-
tation, for the cotton aphid Ap. gossypii.

2. Materials and methods

2.1. Sample preparation and genome sequencing

The Ap. gossypii samples were collected in 2013, from a cotton field
located at the Institute of Plant Physiology and Ecology, Chinese
Academy of Sciences, in Shanghai, China. The collected aphids were
reared on cotton plants at 25 °C with 70% humidity under a 16:8 h
light/dark photoperiod. For genome sequencing, a parthenogenetic
cotton aphid line from a single female was used for genomic DNA
preparation. Four paired-end libraries with insert sizes of 290 bp, 420
bp, 5 Kb and 10 Kb were constructed (Table 1). All libraries were se-
quenced on an Illumina HiSeq 2000 platform. We applied a classic high-

throughput sequencing technology for the de novo assembly of the
genome.

2.2. Genome assembly and evaluation

We first trimmed adapter sequences and low-quality bases using
platanus_trim of the Platanus software (Kajitani et al., 2014). Since
aphids generally carry symbionts, we further filtered reads that mapped
to the sequences of Buchnera, the primary endosymbiont of aphids, from
the non-redundant nucleotide database of NCBI (NR; release 68). Fil-
tered reads were first assembled into contigs using ALLPA-
THS-LGv52488 (Gnerre et al., 2011) with default settings. Mate-pair
reads of 5-Kb and 10-Kb libraries were used for joining contigs into
scaffolds using ScaffMatch v0.9 (Mandric and Zelikovsky, 2015). Gap-
Closer v1.12 available in SOAPdenovo (Li et al., 2010) was used to fill
the gaps within scaffolds using short reads. We note that most de Bruijn-
based assembling approaches cannot clearly differentiate highly similar
repeats from heterozygote-caused redundancy. Also, those tandem re-
peats would be inappropriately merged due to the algorithm of de
Bruijn. Thus, a certain fraction of repeats might be inappropriately
excluded from the final assembly, causing an underestimated genome
size. To assess the integrity and quality of the genome assembly, both
core eukaryotic genes mapping (CEGMA v2.4) (Parra et al., 2007) ap-
proach and Benchmarking Universal Single-Copy Orthologs software
(insecta_odb9 of BUSCO v3) (Waterhouse et al., 2017) were used to
evaluate the completeness of the draft assembly.

2.3. Gene prediction and annotation

We integrated three lines of evidence to predict protein coding
genes in the Ap. gossypii genome, including ab initio features, homology
of related species, and RNA-seq data for this species. For ab initio pre-
dictions, we applied AUGUSTUS v3.1 (Stanke et al., 2006), Genscan
v1.0 (Burge and Karlin, 1997), SNAP v20060728 (Korf, 2004), and
Maker v2.26 (Cantarel et al., 2008) to generate four independent gene
sets. To train AUGUSTUS and SNAP, we performed an iterative
strategy. In short, we randomly selected ∼20Mb genomic sequences
out of the whole assembly and performed an initial round of prediction
using the EST mode of Maker, based on all downloaded expressed se-
quence tags (ESTs) of Ap. gossypii available in the NCBI (downloaded in
Feb 2016); resulted gene models were then used to train SNAP. In the
subsequent rounds of predictions by Maker, trained SNAP was set as the
ab initio predictor to yield an improved set of gene models, which were
then used to train SNAP and AUGUSTUS further. For homology-based
predictions, protein sequences from Uniprot database (the Hemiptera
subset; release-2015_12) and five related insect species (the bed bug
Cimex lectularius (Benoit et al., 2016), the Triatomine bug Rhodnius
prolixus (Mesquita et al., 2015), the pea aphid Acyrthosiphon pisum
(International Aphid Genomics, 2010), the Russian wheat aphid Diur-
aphis noxia (Nicholson et al., 2015), and the model insect Drosophila
melanogaster (FlyBase, 1998)) were aligned to the Ap. gossypii genome
using TBLASTN with an e-value cutoff of E < 10−5; high-scoring pairs
(HSPs) were processed by genblast A v1.0.1 (She et al., 2009) and
GeneWise v2.2.0 (Birney et al., 2004) to generate gene structures. RNA-
seq reads of Ap. gossypii were obtained from SRR1257338,
SRR1257339, and SRR1257340 (Liu et al., 2014). Two independent

Fig. 1. Life cycle of the cotton aphid, Ap. gossypii. Responding to seasonal
changes, cotton aphids exhibit complex life cycles shifting between asexual and
sexual reproduction. In winter, the sexual phase produces frost-resistant eggs to
adapt to cold conditions; this stage mainly occurs on its primary hosts, such as
Rose of Sharon, pomegranate, and Chinese prickly ash. In spring, eggs initiate
hatching and produce wingless, asexual female offsprings. After several par-
thenogenetic generations, partial winged migratory aphids are produced to
colonize secondary hosts, such as cotton, cucumber, and pumpkin. On these
secondary hosts, cotton aphids initiate parthenogenetic generations till the
early fall. In the late fall, sexual females and males are produced and oviparous
sexual females deposit eggs. Fx, fundatrix; Afg, apterous fundatrigeniae; Wm,
winged migrate; PF, parthenogenetic females; Wsx, wing sexuparae; Sf, sexual
female, M, male.

Table 1
Statistics of sequencing data for the genome project of Ap. gossypii.

Library type Insert size (bp) Sequencing data (Gb) Coverage (X)

Paired-end 290 34.14 116.1
Paired-end 420 34.22 116.4
Mate pair 5,000 5.09 17.3
Mate pair 10,000 3.87 13.2
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approaches were utilized to integrate these transcriptome data into the
genome. In the mapping approach, transcript structures were generated
by a classic approach of Tophat and Cufflinks (Ver. 2.2.1) (Kim et al.,
2013; Trapnell et al., 2010); on the other hand, Trinity v2.3.2 (Grabherr
et al., 2011) was used to de novo assemble RNAseq reads to transcripts,
which were then processed by EXONERATE v2.2.0 (Slater and Birney,
2005) to generate gene models. Finally, we used GLEAN (Elsik et al.,
2007) to integrate all above independent gene sets to generate a con-
sensus gene set. Detailed information of the gene sets used in this study
is listed in Table 2.

The entire gene set of Ap. gossypii was annotated by aligning protein
sequences against three public databases, including UniRef (UniRef50;
release-2015_12), NCBI RefSeq (the invertebrate subset; release 69),
Kyoto Encyclopedia of Genes and Genomes (proteins of KO), using
BLASTP with an E-value cutoff of E < 10−5. Local run of InterProScan
v5.13–52.0 (Jones et al., 2014) with all implemented methods was used
for the identification of Interpro and PFAM domains, and the Gen-
eOntology terms (GO terms) in this gene sets. ESTs and assembled
transcripts of Ap. gossypii were also aligned using BLASTN to support
the gene models without homology evidence from other species.

2.4. Ap. gossypii orthology and evolution analysis

To investigate genome evolution in hemipteran insects, especially in
aphids, we compared the proteome of Ap. gossypii with those of eight
other hemipterans, including the whitefly Bemisia tabaci (Chen et al.,
2016), the brown planthopper Nilaparvata lugens (Xue et al., 2014), the
bed bug C. lectularius, the Triatomine bug R. prolixus, and four aphid
species (pea aphid Ac. pisum, green peach aphid Myzus persicae
(Mathers et al., 2017), Russian wheat aphid D. noxia and soybean aphid
Aphis glycines (Wenger et al., 2017)). Another five representative ar-
thropod species (the termite Zootermopsis nevadensis (Terrapon et al.,
2014), the body louse Pediculus humanus humanus (Kirkness et al.,
2010), the western honey bee Apis mellifera (Weinstock et al., 2006), the
fruit fly D. melanogaster, the cotton bollworm Helicoverpa armigera
(Pearce et al., 2017)) were also used in the orthology analysis. From
these 14 collected gene sets (NCBI accession numbers and genome
download links were listed in Table S1) we trimmed the very short
proteins (< 10aa) and those that contained a large percentage of stop
codons (> 20%), resulting in a dataset of 249,148 protein sequences as
the input for OrthoMCL-v2.0.9 (Li et al., 2003). We utilized 372 single-
copy universal genes to infer the phylogenetic relationships across all
examined species. Muscle v3.8.31 (Edgar, 2004) and Gblocks v0.91b
(Talavera and Castresana, 2007) were used to perform multiple align-
ment and identify conserved blocks across species, respectively. The
species tree was reconstructed using RAxML v8.2.10 (Stamatakis, 2014)

under the PROTGAMMAJTT model with 100 bootstrap replicates. Ac-
cording to the results of InterProScan, conserved domains were further
compared across the five aphid species. InterPro (IPR) domains only
present or absent in Ap. gossypii were defined as the species-specific or
lost IPR domains, respectively.

2.5. dN/dS ratios in two Aphis species

To explore the genome-wide adaptive evolution in the cotton aphid,
we estimated the nonsynonymous-to-synonymous substitution (dN/dS)
ratios for 8,808 1:1 orthologs between Ap. gossypii and Ap. glycines,
using M. persicae as outgroup (Table S2). The ratio of dN/dS was cal-
culated using the Codeml program in the PAML package v4.8 (Yang,
2007). To present the evolutionary pattern at the functional level, we
mapped these genes to KEGG pathways and calculated the median
value of dN/dS for each pathway. Rapidly evolving pathways were de-
fined as pathways with significantly higher level of dN/dS than other
pathways in the same lineage. Significance was determined using the
one-tailed Z test. Pathways with less than 5 genes were excluded from
the analysis.

2.6. Gene families related to aphid-host interaction

We performed manual annotation and comparisons on genes of
potential relationships with environmental adaptation in insects. We
applied a classic iterative approach to identify gustatory (GR) and ol-
factory receptor (OR) genes in all aphid species considered in this
analysis (Zhou et al., 2012). Briefly, well characterized protein se-
quences in D. melanogaster (Robertson et al., 2003) and Ac. pisum
(Smadja et al., 2009) were collected as seeds. TBLASTN (E < 10−5)
was used to find potential loci across the genome, which were further
processed using GeneWise v2.2.0 (Birney et al., 2004) to predict gene
structures. This approach was iterated until no novel genes were
identified. Ionotropic receptors (IR) were identified based on conserved
protein domains of InterProScan. Odorant-binding proteins (OBPs),
detoxification genes, and immune related genes in five aphid species
were identified using BLASTP with the corresponding gene sets of D.
melanogaster as seed sequences, the best scored protein sequenced by
reciprocal alignments were determined as the potential corresponding
genes.

See the Supplementary Methods for detailed information.

3. Results and discussion

3.1. Genome assembly and evaluation

A total of 77.3 Gb of clean reads, representing 263X coverage of the
genome, were generated for de novo assembling of the Ap. gossypii
genome. Based on the strategy described above, our de novo assembly
resulted in a 294Mb draft genome of Ap. gossypii, including 22,569
contigs with an N50 size of 45.6 Kb and 4,724 scaffolds with an N50
length of 438 Kb. The largest contig and scaffold was 471.7 Kb and
5.6Mb, respectively (Table 3). Compared to the published genomes of
other aphid species (International Aphid Genomics, 2010; Mathers
et al., 2017; Nicholson et al., 2015; Wenger et al., 2017), the Ap. gossypii
genome presented the most compact genome size and the lowest GC
content (Table 4). We note that the assembled genome size is relatively
smaller than the previously estimate based on flow cytometry (Wenger
et al., 2017), probably due to the underrepresentation of repeats in de
Bruijn-based assembly.

The assembly assessment using CEGMA showed that 94.35% po-
tential conserved genes were completely recovered and 97.18% of them
were partially recovered (Table 3). Additionally, the BUSCO approach
(Waterhouse et al., 2017) revealed that 94.0% of the universal single-
copy orthologs were captured and 91.0% of them were intact. These
features suggest that the genome assembly of Ap. gossypii presents

Table 2
Statistics of independent gene sets used in this study.

Gene set Gene
numbers

Average
CDS
length

Average
Gene
length

Mean
Exon
per
gene

Average
Exon length

GLEAN 15,467 1,342 7,410 7 192
Ab initio AUGUSTUS 14,172 1,050 3,854 5 210

SNAP 56,425 303 1,954 6 51
Gen scan 14,048 696 5,593 3 232
maker 15,321 903 3,129 5 181

RNA-seq Cufflinks 16,570 906 1,975 3 302
Trinity 28,833 491 941 2 246
EST 31,184 567 704 2 284

homolog R. prolixus 10,810 639 1,164 3 213
D.melanogaster 8,111 813 1,728 4 203
Ac. pisum 27,603 429 571 1 429
C. lectularius, 8,891 885 1,911 4 221
D. noxia 17,025 747 1,452 3 249
Uniprot 19,683 648 1,194 2 324
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relatively complete gene content, which is comparable or superior to
the four previously published aphid genome assemblies (Table 3).

3.2. Gene prediction and annotation

Our official gene set of 14,694 protein coding genes (OGS1.0) was
based on the non-redundant GLEAN models with at least one type of
evidence from either transcriptome or insect homologs. Quality control
showed that OGS1.0 is able to recover 98.03% of CEGMA genes and
93.5% of BUSCO genes, respectively. Overall, nearly 99.6% of our
predicted genes could be annotated with evidence from selective public
databases, and 74.02% genes were supported by transcriptome se-
quences (Table 5).

3.3. Genome evolution in Ap. gossypii

The orthology analyses identified 1,168 (7.9%) single-copy uni-
versal genes, as well as 6,747 (45.9%) multi-copy universal genes. We
only found 347 Ap. gossypii specific genes, which is the smallest set
across all examined aphid species and greatly less than that in the pea
aphid Ac. pisum (4,356) (Fig. 2). We also found 1,110 genes that are
universally presented in all examined aphid species and exclusively to
other lineages (Fig. 2), which provided an important resource to study
the unique biology of aphids.

We next compared the counts of IPR domains across the genomes of
five examined aphid species. In Ap. gossypii, we identified a number of

domains, in which 34 domains were unique, while 123 other domains
were missing (Table S3). We also found 157 overrepresented and 272
underrepresented domains, which were specific to Ap. gossypii (Table
S3). As shown in Fig. S1, we note that the prominent overrepresented
domains in Ap. gossypii are largely related to processes of oxidation-
reduction, methylation, and hydrogenation, while the most prominent
contraction of domains are mainly related to carbohydrate metabolic
processes and exonuclease activity.

As expected, our phylogenetic analysis clearly clustered the nine
species of Hemiptera together. Within the hemipteran clade, five aphid
species were further clustered as a single clade and shown to be closely
related to the whitefly. In accordance with morphological classification,
the two species within the genus Aphis (Ap. gossypii and Ap. glycines)
formed a sister clade to other aphid species (Fig. 2).

3.4. Rapidly evolving pathways in the evolution of the genus Aphis

We characterized genes and pathways under rapid evolution in Ap.
gossypii. The pathways with high level of dN/dS were significantly oc-
curred in sugar biosynthesis and metabolism pathways, such as the
pathways of pentose and glucuronate interconversions, starch and su-
crose metabolism, and other types of O-glycan biosynthesis (Fig. 3).
Interestingly, we also found rapidly evolving genes in the circadian
rhythm pathway (Fig. 3). In addition, we consistently identified path-
ways under rapid evolution in the genus Aphis. Three out of the nine
identified pathways seemed associated with detoxification (Fig. 3).
Given that both Ap. gossypii and Ap. glycines are world–wide agricultural
pests, the finding of detoxification related pathways are under rapid
evolution may provide insights into understanding the resistance to
pesticides in Aphis aphids (Hanson et al., 2017; Pan et al., 2018; Xi
et al., 2015).

3.5. Gene families related to environmental adaptation in Ap. gossypii

3.5.1. Chemosensory related genes
It is well known that chemosensory related genes play critical roles

in locating host plants and detecting flavors in insect herbivores
(Benton et al., 2009; Smadja et al., 2009). We annotated the full sets of
chemosensory related genes, including various receptors and binding
proteins, and performed comparisons across the other four aphid spe-
cies. We identified a total of 34 ORs, 50 GRs, 23 IRs, and 12 OBPs in the
Ap. gossypii genome (Table 6). Compared to other aphid species, the
repertoire of chemosensory genes in Ap. gossypii presented a reduction
in IRs (Table 6), while ORs and GRs were of the second smallest gene
number only after D. noxia. Previously studies have hypothesized a
potential relationship between the host range and the family size of
chemosensory genes in aphids (Cao et al., 2014; Nicholson et al., 2015).
Among the five aphid species, Ap. gossypii is the most highly poly-
phagous, it has the widest host range and can feed on over 500 different
plants (Blackman and Eastop, 2000); M. persicae and D. noxia are also
polyphagous, which can feed on over 400 and 140 plant species,

Table 3
Features of the genome assembly across five aphid species with published genomes.

Ap.gossypii Ap.glycines D.noxia M.persicae Ac.pisum

Assembled size (Mb) 294 303 395 347 542
Number of Scaffolds 4,724 8,397 5,637 4,022 23,924
Scaffold N50 size (bp) 437,960 174,505 397,774 435,781 518,546
Scaffold N90 size (bp) 69,749 23,219 37,041 69,715 43,176
Largest Scaffold length (bp) 5,574,629 1,366,044 2,142,037 2,199,663 3,073,041
Number of Contigs 22,569 35,012 53,013 8,249 60,623
Contig N50 size (bp) 45,572 56,892 12,406 144,275 28,192
Contig size (Mb) 278 303 297 345 500
Largest contig length (bp) 471,691 439,536 147,337 955,056 424,120
CEGMA genome (complete/partial) 94.35%/97.18% 92.74%/93.95% 88.31%/95.16% 95.97%/99.19% 94.35%/99.60%
BUSCO genome (complete/partial) 91.0%/94.0% 91.2%/93.1% 88.1%/93.0% 94.5%/95.9% 94.0%/95.5%

Table 4
Genomic features of aphid species with published genomes.

Ap. gossypii Ap. glycines M. persicae Ac. pisum D. noxia

% Repeat 13.55 16.14 18.69 29.44 16.18
% G + C 27.26 27.79 30.03 29.76 29.06
% Coding 7.00 7.85 7.19 13.26 5.55
# Protein-coding

genes
14,694 19,182 18,529 36,195 19,097a

Mean CDS length
(bp)

1,402 1,240 1,347 1,984 1,804

a The number of sequences we were able to download from NCBI is 17,476.

Table 5
Feature summaries of the Ap. gossypii gene set.

Annotated genes % percentage of all genes

UniRef terms 14,134 96.19
RefSeq terms 13,555 92.25
KO terms 8,144 55.42
InterPro domains 10,005 68.09
PFAM domains 9,440 64.24
GO terms 7,231 49.21
EST terms 10,139 69.00
mapped RNAseq reads 10,876 74.02

Q. Quan et al. Insect Biochemistry and Molecular Biology 105 (2019) 25–32

28



respectively (Pike et al., 1991; Blackman and Eastop, 2000). By con-
trast, Ap. glycines and Ac. pisum are specialists and oligophagous insects
which only feed on Glycine/Rhamnus and fabaceae, respectively
(Kanvil et al., 2014; Ragsdale et al., 2004). Correspondingly, gene
numbers of GRs and IRs were found to be lower in polyphagous insects
(Ap. gossypii, M. persicae and D. noxia) than those of specialists and
oligophagous insects (Ap. glycines and Ac. pisum). Thus, this observation
indicates a possible relationship between the gene family size of these
two chemoreception receptors (GRs and IRs) and the host range of
aphids (Cao et al., 2014; Nicholson et al., 2015).

3.5.2. Detoxification gene family
Insect herbivores need to adapt to a variety of plant secondary

metabolites and insecticides, which are generally processed by the de-
toxification system (Ramsey et al., 2010). This system mainly involves
several gene families, including cytochrome P450 monooxygenases

(P450s), ATP-binding cassette transporters (ABCs), glutathione-s
transferases (GSTs), carboxyl/cholinesterases (CCEs), and UDP-glyco-
syltransferases (UGTs). In total, we identified 62 P450, 78 ABC, 7 GST,
20 CCE, and 56 UGT genes in the genome of Ap. gossypii (Table 6). In
comparison to other aphids, we found the genome of Ap. gossypii en-
codes the fewest GST genes. More interestingly, the two Aphis species
(Ap. gossypii and Ap. glycines) with relatively small genome size occu-
pied more ABC genes than other aphid species, except for Ap. pisum.
Unexpectedly, the two sister Aphis species (Ap. gossypii and Ap. glycines)
showed a similar number of detoxification genes, even though their
plant host ranges are highly divergent. This result suggests that there is
little concordance between the family size of detoxification related
genes and plant host range in aphids. Alternatively, it is possible that
the structure and functional divergence of the detoxification proteins or
salivary proteins (Li et al., 2004; Nicholson et al., 2015) may influence
the process of aphid-plant interactions and hence determine the host
range of an aphid species; further research is needed to explore this
possible explanation.

3.5.3. Immune system
Symbionts play multiple roles in the biology of aphids (Gauthier

et al., 2015; Wilson and Duncan, 2015). Correspondingly, aphids have
evolved a specific immune system to maintain the host-bacteria inter-
action. We characterized the full repertoire of immune related genes in
five aphid species using the information of D. melanogaster (Early et al.,
2017) as references. The insect immune system is generally categorized
into three classes, i.e., recognition, signaling, and effector (Early et al.,
2017). In the genome of Ap. gossypii, we annotated 27,244, and 24
genes in these three classes, respectively (Table 7). Among five ana-
lyzed aphid species, Ap. gossypii encodes the fewest genes in effecting
processes, and the second fewest genes in both signaling and recogni-
tion classes. In addition, Ap. gossypii encodes an incomplete immune
system in comparison with specialists and oligophagous aphids (Ap.
glycines and Ac. pisum). It has been proposed that such gene contraction
in the immune system may owe to the acquisition of microbial sym-
bionts in Ac. pisum (International Aphid Genomics, 2010). The more
substantial reduction in immune-related genes in Ap. gossypii may
promote the acquisition of symbionts, hence help Ap. gossypii adapt to a

Fig. 2. Phylogeney and orthology comparison be-
tween Ap. gossypii and other insect species. The
maximum-likelihood phylogenetic tree was built
using D. melanogaster as the outgroup (left).
Relationships of ortholog genes were compared
among 14 insect species (right). "1:1:1” indicates
single-copy genes in all species; “N:N:N” indicates
multi-copy genes in all species; “Aphid” indicates
aphid-specific genes and presence in all five aphid
species; “Hemiptera” indicates hemipteran insects-
specific genes; “HOM” indicates partial homology
detected with E < 10−5 but no orthology grouped;
“SD” indicates species-specific duplicated genes;
“ND” indicates species-specific genes; “Other” in-
dicates unclassified orthologs.

Fig. 3. Pathways under selection in Ap. gossypi and Ap. glycines. KEGG pathways
of significantly higher median values of dN/dS are highlighted for Ap. gossypii
(in red), Ap. glycines (in green), and both (in purple). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Table 6
Statistics of detoxification- and chemosensory-related genes across aphid spe-
cies.

Detoxification Chemosensory

P450 ABC GST CCE UGT OR GR IR OBP

Ap. glycines 64 87 11 23 49 37 64 26 8
Ap. gossypii 62 78 7 20 56 34 50 23 12
M. persicae 67 70 13 22 60 50 56 27 11
D. noxia 55 66 10 20 43 31 30 25 12
Ac. pisum 82 131 20 26 59 79 77 30 14

Table 7
Statistics of immune-related genes across aphid species.

D. noxia M. persicae Ap. glycines Ap. gossypii Ac. pisum

Functional class
Effector 26 25 32 24 34
Recognition 32 24 35 27 42
Signaling 228 272 295 244 392
Immune process
IMD 44 68 47 48 99
JAK/STAT 33 39 49 30 60
Toll 42 61 55 52 99
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wider range of plant hosts. There is a need for further explorations of
the relationship between aphids immune system, their profiles of
symbionts and plant host range.

4. Conclusions

In this study, we have presented a high-quality draft genome of Ap.
gossypii, together with a consensus gene set and comprehensive anno-
tations. Comparative analyses suggest that Ap. gossypii encodes the most
compact genome in comparison to other published aphid genomes. We
have also analyzed and compared gene families with respect to che-
moreception, detoxification, and the immune system. These analyses
will not only help to understand the complicated biological character-
istics in Ap. gossypii, but also provide insights into the genome evolution
of aphids. Furthermore, we find that rapidly evolving genes in the
genus Aphis are enriched in pathways related to detoxification, a
characteristic likely associated with the widespread development of
resistance to chemical control in Aphis species.

List of acronyms

CEGMA: core eukaryotic genes mapping; BUSCO: benchmarking
universal single-copy ortholog; ESTs: expressed sequence tags; CSP:
chemosensory protein; GO terms: gene ontology terms; GR: gustatory
receptor; IR: ionotropic receptor; OR: olfactory receptor; OBP: odorant-
binding proteins; P450: cytochrome P450 monooxygenases; ABC: ATP-
binding cassette transporters; GST: glutathione-s transferase; UGT:
UDP-glycosyltransferases, NR database: non-redundant database; KEGG
KO terms: Kyoto encyclopedia of genes and genomes KO terms; HSPs:
high-scoring pairs.
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