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A B S T R A C T

We examined the genome of the soybean aphid, Aphis glycines, and an updated genome assembly of the pea
aphid, Acyrthosiphon pisum, for members of the three major families of chemoreceptors, the Odorant Receptors
(ORs), Gustatory Receptors (GRs) and Ionotropic Receptors (IRs), as well as the Odorant Binding Proteins
(OBPs). The soybean aphid has 47 ORs, 61 GRs, 19 IRs, and 10 OBPs, compared with 87 ORs, 78 Grs, 19 IRs, and
18 OBPs in the pea aphid, with variable numbers of pseudogenes in the OR and GR families. Phylogenetic
analysis reveals that while all of the IRs are simple orthologs between these two species, the OR, GR, and OBP
families in the pea aphid have experienced major expansions of particular gene lineages and fewer losses of gene
lineages. This imbalance in birth-and-death of chemosensory genes has led to the larger pea aphid gene re-
pertoire, which might be related to the broader host range of pea aphids versus the specialization of soybean
aphids on a single summer host plant. Examination of the expression levels of these chemosensory genes in
parthenogenetic and sexual females and males of pea aphids revealed multiple genes that are differentially
expressed in sexual females or males and might be involved in reproductive biology. Examination of the soybean
aphid genes in parthenogenetic females under multiple stressors revealed multiple genes whose expression levels
changed with heat or starvation stress, the latter potentially important in finding new food sources.

1. Introduction

Aphids are a major family of phytophagous hemipteran insects with
significant impacts on host plant biology that commonly extends to pest
insect status (van Emden and Harrington, 2007). They exhibit many
unusual features, such as parthenogenetic reproduction during the
summer alternating with sexual reproduction each autumn in tempe-
rate species. Some species also exhibit both winged and wingless adult
morphs, while all are dependent on endosymbiotic bacteria, especially
Buchnera, for their ability to live on phloem. Some aphids have become
crop pests, like the soybean aphid Aphis glycines, while others through
their specialization on diverse host plants have become a model for
speciation studies, like the pea aphid Acyrthosiphon pisum. A genome
sequence for the latter was produced a decade ago (International Aphid
Genomics Consortium, 2010) and has facilitated studies of the mole-
cular basis of many aspects of their biology, including the symbiosis

with Buchnera (e.g. Kim et al., 2018), their facultative winged state (e.g.
Grantham and Brisson, 2018), chromosomal evolution (e.g. Jaquiéry
et al., 2013, 2018), and their chemosensory biology and host race
formation (e.g. Smadja et al., 2009, 2012; Duvaux et al., 2014; Eyres
et al., 2016; Nouhaud et al., 2018).

Wenger et al. (2017) published a draft genome sequence for the
soybean aphid, however they did not analyse their chemosensory gene
repertoire. Aphids use chemicals to detect and identify their host plants,
locate and identify mates, and escape predators through alarm pher-
omones (Caillaud and Via, 2000; Del Campo et al., 2003; van Emden
and Harrington, 2007), so a complete description of their chemosensory
gene families is crucial to initiate studies of their roles in aphid che-
mical ecology (Pickett et al., 1992; Powell et al., 2006). Here we de-
scribe, and begin to examine the expression of, the three major families
of membrane-bound chemoreceptors expressed in their olfactory and
gustatory receptor neurons (Leal, 2013; Joseph and Carlson, 2015), as
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well as the small globular odorant binding proteins expressed by sup-
port cells at the base of chemosensory sensilla and secreted into the
sensillar lymph (Zhou et al., 2010; Wang et al., 2019; Bruno et al.,
2018), using the new soybean aphid genome assembly of Giordano
et al. (2019) and a new genome assembly v2 for the pea aphid (see
Jaquiéry et al., 2018; Nouhaud et al., 2018). These two aphids differ
considerably in the breadth of their host plants. The soybean aphid is a
specialist on soybeans during the spring and summer, and Rhamnus tree
species in winter (Ragsdale et al., 2004, 2011). Pea aphids are rather
more complex, having evolved diverse host races of varying differ-
entiation on multiple legumes (Eastop, 1971; Via, 2001; Peccoud et al.,
2015; Nouhaud et al., 2018), which on one level indicates specializa-
tion on single plant hosts, but on the other hand suggests an ability to
exploit multiple host plants much like a generalist species. These two
species therefore also provide another comparison of host specialists
and generalists to join many already studied (Robertson, 2019).

2. Methods

2.1. Gene modeling

The chemosensory genes in the soybean aphid genome assembly
(v6) were detected using the original pea aphid proteins from Smadja
et al. (2009) for the ORs and GRs, Croset et al. (2010) and Terrapon
et al. (2014) for the IRs, and Zhou et al. (2010) for the OBPs as queries
in TBLASTN searches of the genome assembly. Iterative searches were
done to find all members of each family. We examined assembly ver-
sions 2 and 3 for any genes that appeared to be missing from v6. Gene
models were built manually using the Apollo genome browser available
at AphidBase (Legeai et al., 2010) at BioInformatics Platform for
Agroecosystem Arthropods (BIPAA) (https://bipaa.genouest.org/is/).
Existing gene models from the genome-wide automated gene modeling
effort (Giordano et al., 2019) were either accepted or modified in light
of both these TBLASTN results and guidance from spliced RNA-Seq
reads from diverse samples available in the genome browser. Frame-
shifts resulting from apparent single-base insertions or deletions were
encountered within exons of several genes, and each was checked
against raw ILLUMINA reads in the Sequence Read Archive (SRA) at the
National Center for Biotechnology Information (NCBI), and the genome
assembly repaired if that was indicated.

This manual annotation effort revealed several genes that were
absent from the original pea aphid gene sets for these families (Smadja
et al., 2009), as well as gene models that were incorrect or incomplete,
so the pea aphid gene families were updated to v2 of the pea aphid
genome assembly, also available from BIPAA, again with assistance
from RNA-Seq from diverse samples. This new genome assembly, while
considerably more contiguous, has misassemblies affecting 6 of these
232 genes, which were corrected, as were a few frameshifted genes.
Misassemblies in the v2 assembly were also noted by Jaquiéry et al.
(2018). Multiple alignments of the soybean and pea aphid proteins
were generated by ClustalX v2.0 (Larkin et al., 2007) using default
settings, and gene models were refined if necessary in light of these
alignments. All soybean aphid proteins and the updated pea aphid
proteins are available in FASTA format in the Supplement.

2.2. Phylogenetic analysis

The final protein alignments were generated using only the proteins
from the two aphids for the OR, GR, and OBP families, excluding
AglyGr10 and its ortholog ApisGr12 as they are so divergent as to
disrupt the tree analysis. For the much smaller and more conserved IR
family, the entire Drosophila melanogaster 60-protein set was included.
The resultant alignments were trimmed using TrimAl v1.4 (Capella-
Gutiérrez et al., 2009), with the “gappyout” option employed for the
ORs, GRs and OBPs, and the “strictplus” option for the IRs, which re-
moves much of their length- and sequence-divergent N-termini.

Phylogenetic analysis was conducted using the maximum likelihood
methods employed in PhyML v3.0 (Guindon et al., 2010) using the
webserver http://www.atgc-montpellier.fr/phyml/with default set-
tings, and in each case PhyML chose the VT model for amino acid
substitutions. The resultant trees were configured using FigTree v1.4.2
(http://tree.bio.ed.ac.uk/software/figtree/), and the final figures pre-
pared using Adobe Illustrator.

2.3. Gene expression

For the pea aphid, the RNA-Seq datasets of Jaquiéry et al. (2013) for
the adult morphs and Richard et al. (2017) for embryos were employed.
Jaquiéry et al. (2013) generated two samples each for adult males,
sexual females, and parthenogenetic females. These libraries range in
size from 12 to 22 million reads. They provided the numbers of reads
that mapped to genome assembly v1, and these have a narrow range of
approximately 300–800 fewer reads (Table S1). Richard et al. (2017)
generated many libraries from sexual and asexual embryos and we
chose one from each of comparable size to examine, because some
chemosensory genes appeared to be unusually lowly expressed in
adults, see the Results section. Because the millions of reads from the
adults almost all mapped to the genome, and we do not know the
number of mapped reads for each of the embryo libraries, we used the
total number of reads in each library to standardize our read counts.
Reads mapping to each chemosensory cDNA were counted using the
Burroughs-Wheeler Algorithm as described in Robertson et al. (2018b)
and standardized as Reads Per Kilobase transcript per Million reads in
each library (RPKM). Each gene was first examined in the Apollo
browser for evidence of overlap of each end with highly-expressed
neighboring genes, and if necessary one or more exons were removed
from the cDNA to avoid misleading results from such overlap. These
cDNAs are indicated with the suffix “m”, and mostly involved the last
one or two exons overlapping the extended 3’ UTR of a downstream
gene. Pseudogenes were not included in this analysis as they are all very
similar to intact genes.

Comparable RNA-Seq datasets are not available for the soybean
aphid, in part due to the difficulty of generating sexual males and fe-
males in this species in the lab (R. Giordano, personal communication).
We instead examined a RNA-Seq set generated by Enders et al. (2015)
who studied the responses of adult parthenogenetic female aphids to
heat, starvation, and plant defense. We used the same approach as for
the pea aphid to generate the results illustrating overall expression le-
vels (employing one library of three replicates for each treatment –
Table S1). Enders et al. (2015) found that on average 56% of reads from
these 12 libraries mapped to their assembled transcriptome, but for
standardization purposes here we again used the total number of reads
per library. We also used the full RNA-Seq dataset of three replicate
libraries per stress condition to test for significant effects of stress on
transcript abundance. Abundance of each transcript in each library was
quantified by pseudoaligning the RNA-Seq reads from each library to
the predicted cDNA sequence of each chemosensory gene using kallisto
(Bray et al., 2016). One hundred bootstrap replicate sets of transcript
abundance estimates were generated for each library to estimate the
“inferential variance” due to reads that pseudoaligned to multiple
transcripts (see Bray et al., 2016 for details). The likelihood ratio test
implemented in the sleuth package, which takes into account bootstrap
estimates of inferential variance (Pimentel et al., 2017), was used to test
for differential gene expression in response to each stress condition
versus un-stressed controls. Genes were declared to be significantly
differentially expressed at a false discovery rate of 0.1. Obp2, Gr4, and
Ir68a and 324 completely overlap the 3’ UTRs of highly-expressed
flanking genes, so could not be included in the analysis.
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3. Results

3.1. The OR family

The OR family originated from within the GR family at the base of
the insects (Brand et al., 2018). In the soybean aphid it consists of the
single highly conserved Odorant receptor co-receptor (Orco) and 46
“specific” ORs, each of which is thought to pair with Orco to form a
functional olfactory receptor tetramer (Butterwick et al., 2018). All of
these genes are modeled as encoding full-length proteins, with five of
them being pseudogenes, and all but five of the existing gene models in
the automated annotation were improved (Table S2). Four genes are
missing from the v6 assembly, but are present in the v2/3 assemblies.
Updating the 79 gene models in the pea aphid to genome assembly v2
resulted in the loss of two models (ApisOr19 and Or47), which were
nearly identical to ApisOr20 and Or48, respectively, and appear to have
been separate assemblies of alternative haplotypes in the original
genome assembly v1. Eleven new models were added to the family, two
of which are pseudogenes, and these were named ApisOr80-90 to avoid
changing any of the original gene names as these have now been em-
ployed in multiple studies (e.g. Smadja et al., 2009, 2012; Duvaux et al.,
2014; Eyres et al., 2016, 2017; Nouhaud et al., 2018). As these new
genes are phylogenetically and chromosomally near various already-
named genes, they are significantly “out of order” in the numbering
scheme. There is also a duplicate copy of Or5 37 kb upstream of the
original copy but missing the final short exon, which was ignored as a
possible assembly artifact because raw read depth for Or5 is similar to
singleton genes. In addition, 35 of the original models were improved in
significant ways involving changes in gene structure beyond just oc-
casional changes in particular amino acid residues. The final count is 86
“specific” OR genes, of which 17 are pseudogenes. Most of these
pseudogenes are in a recently highly expanded clade, and there are
many additional gene fragments in the genome indicating considerable
additional gene duplication, pseudogenization, and loss (as well as
possible genome assembly artifacts). Phylogenetic analysis reveals that
while these two aphids have 1:1 orthologs for 15 genes in addition to
Orco, the major differences between them are in the large expansions
specific to the pea aphid, as well as losses of four gene lineages from the
soybean aphid (the orthologs of ApisOr16 and 41 are present as se-
verely damaged and short pseudogenes in the soybean aphid genome,
while the ApisOr35/36 and Or26-30 lineages appear to have been
completely lost) (Fig. 1). Conversely, the soybean aphid has only a few
small gene-lineage expansions, the largest of which are six genes each
(AglyOr30-25 and Or41-46), while the pea aphid has lost only one
lineage (AglyOr4). The end result is that the pea aphid has almost twice
as many OR genes as the soybean aphid.

3.2. The GR family

The GR family is far older in animals (Saina et al., 2015; Robertson,
2015; Eyun et al., 2017) and consists of several major subfamilies. In
the soybean aphid the family has 60 genes, again all full-length gene
models, twelve of which are pseudogenes, but again only five of which
were correctly modeled by the automated methods, while one is only
present in the v2/3 assemblies (Table S3). One gene is modeled as
encoding two isoforms in a fashion typical of these chemoreceptors in
many insects, with alternative long first exons spliced into three shared
short final exons, a model supported by spliced RNA-Seq reads
(AglyGr23a/b, orthologous to ApisGr21a/b). Updating the pea aphid
77 GR gene set revealed that five models no longer exist and appear to
have been alternative haplotype assemblies (ApisGr23, 49, 52, 61, and
76), while five new models were added to the gene set, two of which are
pseudogenes. In addition, 7 existing models were improved. The re-
sultant set of 77 ApisGr genes encoding 78 GRs includes 14 pseudo-
genes. Phylogenetic analysis reveals that in addition to 31 1:1 ortho-
logous relationships (including AglyGr10/ApisGr12 excluded from the

tree analysis), there are many instances of gene duplications in each
species, for example, one of the four shared sugar receptor lineages was
duplicated in the pea aphid into three genes (ApisGr2-4) (Fig. 2). Unlike
the OR family, there are no obvious losses of gene lineages from either
species. Like the pea aphid, soybean aphid does not have relatives of the
carbon dioxide receptor subfamily of endopterygote insects, a gene
lineage present back to basal pterygote insects (Benoit et al., 2016;
Ioannidis et al., 2017; Robertson et al., 2018a). The only other aphid GR
of likely known function is the fructose receptor subfamily related to
DmGr43a (Miyamoto et al., 2012), represented here by AglyGr9 and
ApisGr11. The amplification of GR lineages in both species and no gene
lineage losses results in roughly comparable gene family sizes in these
two aphids, with the slightly larger pea aphid family resulting again
from some very recent gene duplications.

3.3. The IR family

The IR family is evolutionarily independent of the OR/GR families,
which together form the insect chemoreceptor superfamily (Robertson
et al., 2003), having arisen in basal protostomes as a variant lineage of
the ancient ionotropic glutamate receptor superfamily (Benton et al.,
2009; Croset et al., 2010; Rytz et al., 2013; Eyun et al., 2017). Croset
et al. (2010) included 11 IRs in their compilation for the pea aphid, and
Terrapon et al. (2014) added 8 to these for a total of 19. The soybean
aphid has simple 1:1 orthologs for each of these, all of which are full-
length gene models with no pseudogenes, only two of which were
correctly modeled in the automated gene set while one is only present
in the v2/3 assemblies (Table S4). The pea aphid gene set was updated
for 12 of these 19 gene models. For the phylogenetic analysis the entire
IR family from D. melanogaster (Benton et al., 2009) was included,
showing why the subset of conserved proteins are named for their fly
homologs, with the more divergent proteins named Ir322-327 (Fig. 3).
The IR family is far more conserved in these two aphids than are the OR
or GR families, with no gene losses or duplications. Likely functions can
be assigned to many of these aphid IRs based on their conservation or
similarity with Drosophila IRs. Ir8a, 25a, and 76b are co-receptors that
function with subsets of the other IRs (Rytz et al., 2013), and are the
most conserved members of the family. The next most conserved pro-
teins are Ir21a, 40a, 68a, and 93a, which are involved in perception of
temperature and humidity in D. melanogaster (Knecht et al., 2017). The
members of the Ir75 clade with known functions detect acids in Dro-
sophila flies (Prieto-Godino et al., 2017). Ir100a in the aphids was
named for DmelIr100a (Croset et al., 2010), however our analysis
suggests these are not really orthologs, instead there is a small clade of
aphid IRs related to Ir100a/10a in Drosophila, but their ligands are
unknown. The Ir7 and Ir20a clades in flies are both involved in gus-
tation (Croset et al., 2010; Koh et al., 2014; Stewart et al., 2015;
Sánchez-Alcañiz et al., 2018), so it is reasonable to suggest that the
remaining divergent aphid IRs distantly related to these two clades
might also be involved in gustation.

3.4. The OBP family

OBPs are short secreted proteins that can bind biomolecules and are
thought to function in transport of chemicals (Pelosi et al., 2018) and
quenching of the chemosensory signal (Larter et al., 2016). Thirteen
full-length OBPs were described in the pea aphid (Zhou et al., 2010), for
which 10 orthologs were found in the soybean aphid, albeit one is only
in assemblies v2/3 (Table S5) (six are perfectly modeled in the auto-
mated gene set). These OBPs were named for their orthologs, following
the approach of Wang et al. (2019) who examined them in multiple
aphids. An ortholog for ApisOBP1 is not present in any of the genome
assemblies, or in the independent genome sequence of Wenger et al.
(2017), a finding that agrees with Wang et al. (2019). Most of the re-
maining OBPs had simple 1:1 orthologs in the two species, however
Obp3 is of special interest. The soybean aphid has a single gene
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encoding this protein, as do most other aphids (Wang et al., 2019),
however there are at least six paralogs of this gene in the pea aphid
genome assembly v2. Zhou et al. (2010) included two of these in their
compilation as Obp11 and 12, and mentioned two more possible
paralogs as incomplete models Obp14/15. We find that v2 of the
genome assembly does not have an exact copy of Obp12, which was
apparently an alternative haplotype assembly, and it is hard to de-
termine which of the six paralogs are their Obp14/15, so we name them
Obp14-18. Obp16 is a pseudogene, and there are at least three addi-
tional shorter and more highly degraded likely-pseudogenic fragments
in the genome assembly. All of these paralogs and gene fragments are
inside large scaffolds, so are unlikely to be alternative haplotype as-
semblies or misassemblies. Furthermore, examination of raw read da-
tasets in the SRA at NCBI using BLASTN with an internal exon that is
near 100% identical across these paralogs as query shows that read
depth for these genes is several fold higher than the other OBPs, con-
sistent with multiple copies of them. Obp3/11/14–18 share at least
90% DNA and protein identity, so despite being distributed around the
genome, are recent duplicates (Fig. S1). Furthermore, there is a pseu-
dogenic duplicate of Obp10 immediately upstream of Obp10, which we
name Obp12P. Finally, the version of Obp13 provided in Zhou et al.
(2010) and Wang et al. (2019) has the first 13 amino acids incorrect,

they should be an unusually long N-terminal 133 amino acids, some-
thing shared by the soybean aphid ortholog and well-supported by
RNA-Seq reads in both species (although in the pea aphid assembly v2
the first two exons encoding these 133 amino acids are misassembled
62 kb downstream of the rest of the gene, and also duplicated in an-
other large scaffold – the gene in assembly v1 is intact and not dupli-
cated). Thus the OBP family is considerably larger in the pea aphid,
however most of this is due to the duplications of Obp3, and only Obp1
has been lost from the soybean aphid, a loss that Wang et al. (2019)
found in all examined members of the Aphis genus.

3.5. Expression of the pea aphid chemosensory genes

We examined the expression of these pea aphid chemosensory genes
in published RNA-Seq sets representing the three adult forms (Jaquiéry
et al., 2013) and embryos (Richard et al., 2017), specifically two
samples each from males, sexual females, and parthenogenetic females,
as well as single samples from sexual and asexual embryos (from a
much larger dataset). The full results are in Tables S6–9 and Figs. S2–5,
with representative and interesting results for the chemoreceptors
shown in Fig. 4 (each result in Fig. 4 was confirmed by examining the
raw RNA-Seq reads mapped against the genome in the Apollo browser

Fig. 1. Phylogenetic relationships of the soybean and pea aphid odorant receptors (ORs). This maximum likelihood tree was rooted with the Orco proteins,
which are highly conserved 1:1 orthologs in most insects, and represent a basal lineage of the OR family (Robertson et al., 2003; Brand et al., 2018). The two Orco
proteins are indicated outside the circle, while asterices indicate the locations of soybean aphid OR gene losses. Soybean aphid names abbreviated as Agly are in blue,
while pea aphid names abbreviated as Apis are in green. The scale bar indicates amino acid substitutions per site, and the filled circles on nodes indicate support
levels from approximate Likelihood Ratio Tests (aLRT) in PhyML ranging from 0 to 1. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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at BIPAA).
As expected for a gene expressed in each olfactory sensory neuron

that has a specific OR (Butterwick et al., 2018), Orco is the most con-
sistently highly expressed member of the OR family, and the RPKM
values from the two samples of each sex are reasonably consistent.
Asexual embryos have considerably higher expression than sexual
embryos, consistent with the relatively high expression in partheno-
genetic females (Fig. 4). The deep RNA-Seq for Orco also revealed that
there are three possible transcription start sites for this gene, the most
upstream of which yields a possible protein that is seven amino acids
longer than the other two, suggesting that the shorter version might be
the actual protein sequence. Most of the specific OR genes have low
levels of expression, as expected for genes expressed in a small subset of
olfactory sensory neurons, however some have expression biased to one
sex. Thus Or17, 18, 21, 22, 26, 31, 33, 72 and 78 are relatively highly
expressed in males (represented by Or31 in Fig. 4), while Or9, 29, 49,
50, and 83 are relatively highly expressed in sexual females (re-
presented by Or9 in Fig. 4). Some of these ORs expressed primarily in
the sexual lifestages might be involved in reproductive behavior, for
example, some of these male-biased ORs might mediate perception of
components of the female sex pheromone (Dawson et al., 1990). De-
spite the high levels of Orco expression in parthenogenetic females, no
specific OR is unusually highly expressed in them, but most of those not
exhibiting differential expression in sexuals do show expression in

parthenogens (represented by Or37 in Fig. 4), so some of these ORs
might be important for host plant detection. The only aphid OR with a
known ligand is Or5, which mediates response to the sesquiterpene
alarm pheromone (E)-β-farnesene (Zhang et al., 2017), however like
many other ORs it is expressed at low levels (Fig. 4 – just 1 or 2 reads
for three of the samples, compared with 20–379 reads per sample for
Orco – Table S6).

Among the GRs (Table S7, Fig. S3), five of the six sugar receptors
(Gr1-6) are expressed in most samples (represented by Gr1 in Fig. 4),
however Gr4 has no reads mapping to it in any samples, suggesting that
despite being intact in the coding regions, it might have lost regulatory
regions, perhaps during the recent tandem duplications that led to Gr2-
4. Most of the other GRs have low levels of expression, among the
highest being the candidate fructose receptor Gr11, as well as Gr24,
which is relatively highly expressed in parthenogens (Fig. 4). Only Gr3,
21a/b, 42, and 57 are clearly more highly expressed in males (re-
presented by Gr21b in Fig. 4), while none are clearly differentially
expressed in females, suggesting that taste is not as important in pea
aphid reproductive biology. It is noteworthy that most GRs are ex-
pressed in embryos, suggesting that GR expression is well underway
before they are required for function, or some might be involved in
earlier aphid biology.

Among the IRs (Table S8, Fig. S4), the three co-receptors (Ir8a, 25a,
and 76b) are not expressed at particularly high levels in adults, except

Fig. 2. Phylogenetic relationships of the soybean and pea aphid gustatory receptors (GRs). This maximum likelihood tree was rooted with the candidate sugar
receptors, which are a divergent lineage at the base of the insect GR tree in larger analyses (Robertson, 2015). The candidate sugar receptor subfamily and the
candidate fructose receptor are indicated outside the circle. Other details as for Fig. 1.
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Fig. 3. Phylogenetic relationships of the soybean and pea aphid ionotropic receptors (IRs). This maximum likelihood tree was rooted with the Ir8a and Ir25a
proteins, which are basal to the family (Croset et al., 2010; Terrapon et al., 2014; Eyun et al., 2017). The proteins with clear Drosophila relatives are indicated outside
the circle, as are other major clades or subfamilies, and highlighted with colors. D. melanogaster IRs are colored tan. Other details as for Fig. 1. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Expression levels in RPKM for selected pea aphid chemoreceptors in the three adult morphs and embryos.
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that Ir76b is highly expressed in females, while Ir25a is somewhat
unusually not expressed in females (Fig. 4). Like most of the other IRs,
all three are expressed in embryos, so perhaps this early expression
suffices for their lifetime, however the high expression of Ir76b in fe-
males is enigmatic. In Drosophila flies, Ir76b is involved in perception of
salt, amines, amino acids, and fatty acids (e.g. Zhang et al., 2013;
Ganguly et al., 2017; Ahn et al., 2017), but this likely role does not
readily explain why it should be highly expressed in sexual females. The
four IRs involved in sensing temperature and humidity all have similar
low expression profiles, exemplified by Ir93a in Fig. 4. The five mem-
bers of the Ir75 clade, members of which in Drosophila flies are involved
in perception of various acids (Prieto-Godino et al., 2017), also have
generally low expression, as do the divergent IRs. Overall the levels of
IR expression are comparable to those of the ORs and GRs.

Finally, the OBPs are expected to show far higher levels of expres-
sion, and indeed the highest are about 100 times higher than the
highest chemoreceptor expression levels (Table S9 and Fig. S5). Obp1 is
the most consistently highly expressed, and Obp6-10 are more highly
expressed in males than either female, making them candidates for
binding the female pheromone components (Dawson et al., 1990), al-
though Sun et al. (2012) reported that Obp7 can bind the alarm pher-
omone. Obp3 and 4 are higher in females, Obp3 being known for
binding the alarm pheromone (Qiao et al., 2009; Sun et al., 2012),
while the remaining Obps have relatively low expression levels. The
paralogs of Obp3 all have low expression, suggesting that they might
not play much of a role in pea aphid biology.

3.6. Expression of the soybean aphid chemosensory genes

Comparable RNA-Seq datasets for soybean aphid by morph are not
available, so instead we analysed a dataset generated to examine re-
sponses of these aphids to three stressors, specifically starvation, heat,
and plant defense (Enders et al., 2015). These four libraries are ap-
proximately 10-fold larger than those for the pea aphid (Table S1).
Unfortunately the Gr4, Ir68a and 324, and Obp2 genes all completely
overlap neighboring highly-expressed genes, so they had to be excluded
from the analysis. The complete data are shown in Tables S10–13 and
Figs. S6–9, with selected genes shown in Fig. 5. The genes showing
statistically significant up or down expression are shown in Table 1, and
the statistical analyses presented in Figs. S10–14.

As expected, Orco is the most consistently highly expressed member
of the OR family, most genes having relatively low expression such as

Or1. Several ORs showed responses to the various stressors, e.g. Or11 to
heat and starvation, Or29 and 40 to heat only, and Or37 to starvation
only (Fig. 5, others listed in Table 1). Among the GRs, the sugar re-
ceptors (represented by Gr1 in Fig. 5) are up-regulated under starva-
tion, as are several other genes like the candidate fructose receptor Gr9
and most impressively Gr39, while Gr40 and 41 led the way in being
down-regulated with starvation. Several GRs had elevated expression
under heat stress, especially the tandemly-arrayed set of close relatives,
Gr5-8, while Gr41 and 51 were down-regulated. Among the IRs, the co-
receptors Ir8a, 25a, and 76b have relatively uniform expression in these
adults, as do the temperature- and humidity-sensing Ir21a, 40a, and
93a (Ir68a could not be evaluated). Most of the other IRs have lower
expression levels (exemplified by Ir75d2 in Fig. 5), and only Ir323 and
326 have elevated expression with heat and starvation, respectively.
Finally, the OBPs are again expressed at approximately 100-fold higher
levels, however none exhibited particularly striking expression changes
with these stressors. As was the case in the transcriptome-wide analysis
of Enders et al. (2015), plant stress caused relatively little expression
level changes for these chemosensory genes.

4. Discussion

Our annotation of these four major families of chemosensory genes
in these two aphids reveals some major differences between them. The
most prominent is that the OR family is almost twice as large in the pea
aphid, resulting from recent increased birth of genes in the pea aphid
and a few losses from the soybean aphid. Similar but less extreme
patterns are present for the GR and OBP families, while the IRs are
conserved in number. These differences for the OR and GR families are
most likely related to the breadth of host plants each aphid lives on.
Soybean aphids are specialists on just one legume, the soybean, albeit
utilizing a second woody host in the winter (Ragsdale et al., 2004,
2011), while the pea aphid is a complex of multiple host races of dif-
ferent levels of genetic divergence living on a diversity of legume hosts
(Eastop, 1971; Via, 2001; Peccoud et al., 2015; Nouhaud et al., 2018).
In addition to the sequence differentiation of these host races at several
of these chemosensory genes (discussed below), they differ in copy
number for over 50% of ORs and GRs (Duvaux et al., 2014), indicating
an ongoing process of gene birth and death. On-going gene flow might
explain why individual host races, like the sequenced reference strain
examined here, retain large numbers of duplicates including pseudo-
genes. This pattern of larger chemosensory gene repertoires in

Fig. 5. Expression levels in RPKM for selected soybean aphid chemoreceptors under starvation, heat, and plant defense stress.
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generalists versus specialists has now been found in many other studies
(Robertson, 2019). The different sizes of the OBP family, however, are
probably not related to host plant breadth, because the loss of Obp1
from the soybean aphid is true of the Aphis genus (Wang et al., 2019),
while the duplications of Obp3 in the pea aphid are unlikely to be re-
lated to host breadth as it is apparently a binding protein for the alarm
pheromone (Qiao et al., 2009; Sun et al., 2012), and these duplicate
genes have extremely low expression levels for OBPs.

The pea aphid has become a prominent study system for under-
standing the differentiation of phytophagous insects on different host
plants, potentially leading to sympatric or ecological speciation (Via,
2001; Peccoud et al., 2009, 2015), a process that is expected to involve
differentiation of host plant recognition, especially mediated by che-
mosensation (Pickett et al., 1992; Powell et al., 2006). Nouhaud et al.
(2018) reported the first genome-wide re-squencing effort to identify
genomic hotspots of differentiation between different host races, iden-
tifying 392 such hotspots, which overlap 10 OR and 14 GR genes. Of
course, not all these genes are necessarily involved in host race differ-
entiation, however they noted that several (ORs 3, 14, 20, 21, and 22,
and GRs 15, 37, 45, 60, 65, and 66) were also identified by Smadja et al.
(2012) and Eyres et al. (2017) as exhibiting high levels of sequence
differentiation between host races. Our observations on these genes and
their expression levels might be relevant. The Or14 gene was initially
described as a pseudogene with a stop codon within the first coding
exon (Smadja et al., 2009) and the stop codon is also present in v2 of
the genome assembly, however the raw ILLUMINA reads from Nouhaud
et al. (2018) reveal that this stop codon is not present in the three host
races they examined or in nine more races with data available in the
SRA at NCBI, so the model was fixed herein. This observation is more
consistent with a possible role in host plant choice, however we find no
expression for this gene in any adult morph (Table S6, Fig. S2), al-
though low expression of chemoreceptors in whole body RNA-Seq
studies does not preclude expression in a few olfactory sensory neurons
and a role in host plant specificity. Or3 and 20 also have almost no
expression in our analysis, while Or21 and 22 are highly differentially
expressed in males, which seems at odds with involvement in host plant
selectivity (Table S6, Fig. S2). Similarly, all of these six GR genes have
low expression levels, with Gr65, which was considered a pseudogene
in Smadja et al. (2009) due to a ten-amino-acid insertion relative to its
closest relatives but here is considered to be intact, being the most
highly expressed and in all morphs (Table S7, Fig. S3). Again, low ex-
pression in whole animal RNA-Seq does not preclude a role in host plant
specificity.

Our expression analyses in pea aphid, which must be considered
preliminary because they are from entire animals, rather than from
separated chemosensory organs like antennae, mouthparts, legs, or
genitalia, nevertheless reveal some interesting patterns that suggest
receptors for future investigation. In particular we identified several
ORs and a few GRs that are differentially expressed in males and sexual
females, which are candidates for involvement in reproductive biology.
These putatively differentially-expressed chemoreceptor genes were not
previously noted by the authors of this RNA-Seq dataset because they
focused on questions of chromosomal gene evolution (Jaquiéry et al.,
2013). In other insects some chemoreceptors have been found to be
expressed in testes (e.g. Pitts et al., 2014), which might explain some
differential expression in males. The spatial expression patterns of a
subset of the OBP genes have been studied in pea aphid using RT/PCR
and most are expressed in antennae and heads, and immunostaining
shows presence of the proteins in chemosensory sensilla on both
structures (De Biasio et al., 2015; Bruno et al., 2018), so most are
clearly involved in chemosensation. Differential expression in the sexes
has apparently not previously been examined, so our finding that OBPs
8–10 are differentially highly expressed in males warrants further in-
vestigation of their possible roles in reproductive biology.

Our examination of the soybean aphid revealed that several genes
are differentially expressed with the three stressors, most impressivelyTa
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with heat and starvation, in agreement with the overall results of
Enders et al. (2015). The changes with heat are not easily interpreted,
however some of the changes with starvation do make sense, especially
the up-regulation of the sugar receptors, which might improve ability to
find new food sources, as chemical stimulants are particularly im-
portant to aphids (Del Campo et al., 2003). Similar up-regulation with
starvation might suggest the importance of some other GRs like Gr39 in
detection of food (ortholog of ApisGr45, one of the host-race-differ-
entiated GRs), as well as ORs like Or11 (ortholog of ApisOr21, a host-
race-differentiated OR) and Or37 as well as Ir326. Differential expres-
sion of chemoreceptors with changing physiological needs have been
noted before in other insects, most prominently in mosquitoes after a
blood meal (e.g. Rinker et al., 2013). While difficult to do, it would be
interesting to look for different chemoreceptors up-regulated in the
sexual soybean aphid morphs because in addition to possibly being
involved in mating behaviors, some might be involved in detection of
their Rhamnus tree hosts in autumn (Ragsdale et al., 2004, 2011).

The most limiting aspect of this kind of study is our very limited
knowledge of the ligands of almost all the ORs and most of the GRs,
with functions for half of the IRs only imputed from Drosophila flies.
This study nevertheless indicates particular chemoreceptors worthy of
follow-up study of their ligands that would shed additional light on the
chemical ecology of these important players in insect-plant interactions.
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