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Neuropeptides are the most abundant and diverse signal molecules in insects. They

act as neurohormones and neuromodulators to regulate the physiology and behavior of

insects. The majority of neuropeptides initiate downstream signaling pathways through

binding to G protein-coupled receptors (GPCRs) on the cell surface. In this study,

RNA-seq technology and bioinformatics were used to search for genes encoding

neuropeptides and their GPCRs in the cowpea aphid Aphis craccivora. And the

expression of these genes at different developmental stages of A. craccivora was

analyzed by quantitative real-time PCR (qRT-PCR). A total of 40 candidate genes

encoding neuropeptide precursors were identified from the transcriptome data, which

is roughly equivalent to the number of neuropeptide genes that have been reported in

other insects. On this basis, software analysis combined with homologous prediction

estimated that there could be more than 60 mature neuropeptides with biological activity.

In addition, 46 neuropeptide GPCRs were obtained, of which 40 belong to rhodopsin-like

receptors (A-family GPCRs), including 21 families of neuropeptide receptors and 7

orphan receptors, and 6 belong to secretin-like receptors (B-family GPCRs), including

receptors for diuretic hormone 31, diuretic hormone 44 and pigment-dispersing factor

(PDF). Compared with holometabolous insects such as Drosophila melanogaster, the

coding genes for sulfakinin, corazonin, arginine vasopressin-like peptide (AVLP), and

trissin and the corresponding receptors were not found in A. craccivora. It is speculated

that A. craccivora likely lacks the above neuropeptide signaling pathways, which is

consistent with Acyrthosiphon pisum and that the loss of these pathways may be a

common feature of aphids. In addition, expression profiling revealed neuropeptide genes

and their GPCR genes that are differentially expressed at different developmental stages

and in different wing morphs. This study will help to deepen our understanding of the

neuropeptide signaling systems in aphids, thus laying the foundation for the development

of new methods for aphid control targeting these signaling systems.
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FIGURE 2 | Phylogenetic tree of A-family neuropeptide GPCRs (LGRs are excluded). The maximum-likelihood tree was constructed using FastTree software with local

support values calculated based on the Shimodaira-Hasegawa (SH) test. The tree is rooted by the metabotropic glutamate receptor CG11144 from D. melanogaster.

Ac, A. craccivora; Dm, D. melanogaster; Ap, A. pisum; Bm, B. mori; Nl, N. lugens; ACYPIxxxxx, sequences from A. pisum; GLEANxxxxx, sequences from T.

castaneum.

Expression Profiles of Neuropeptides and
Their GPCRs at Different Developmental
Stages of A. craccivora
The expression profiles of A. craccivora neuropeptides and their
GPCRs at different developmental stages were determined by
qRT-PCR. For most of the measured neuropeptide-encoding
genes, the expression abundance showed a trend of decreasing
first and then increasing during development, i.e., the expression
level was significantly downregulated at the 2nd and 3rd instar
stages (Figure 5). For the neuropeptide GPCR genes, most were

differentially expressed at different developmental stages and in
different wing morphs, and moreover, most were more abundant
in the adult stage than in other stages (Figure 6). The two TK
receptors, A24 and A29, had basically the same developmental-
stage expression pattern, while the expression patterns of the
two members of NPF receptor family, A31 (NPFR ortholog) and
A33 (NPY2R ortholog), were different (Figure 6). Overall, the
gene expression patterns of most neuropeptide-encoding genes
and their presumed GPCR-encoding genes were not consistent
(Figures 5, 6).
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FIGURE 3 | Phylogenetic tree of LGRs. The maximum-likelihood tree was constructed using FastTree software with local support values calculated based on the

Shimodaira-Hasegawa (SH) test. The tree is rooted by the serotonin receptor CG1056 from D. melanogaster. Ac, A. craccivora; Dm, D. melanogaster; Ap, A. pisum;

Bm, B. mori; Nl, N. lugens; ACYPIxxxxx, sequences from A. pisum; GLEANxxxxx, sequences from T. castaneum.

DISCUSSION

Based on RNA-seq technology, we identified a large number
of genes encoding neuropeptides and their GPCRs from A.
craccivora in this study. The types and numbers of these genes
are basically similar to those found in other insects, indicating
that RNA-seq can be used as a powerful tool for the excavation
of these genes from insects in the absence of whole-genome data.
For some neuropeptide signaling systems, A. craccivora seems to
lack both receptor and neuropeptide precursor (SK, Crz, AVLP,
trissin, and elevenin). For others, the neuropeptide was not found
or is lacking, but its presumed GPCR is present (e.g., PDF, RYa,
CNMa, etc.). Why were they not found? There may be three main
reasons. Firstly, the sequenced samples probably did not cover
all stages of the A. craccivora life cycle, and some genes may not
have been expressed in these measured samples; in other cases,
some genes are expressed at low abundance in certain tissues
or at certain developmental stages and the transcripts would
be further diluted in the mixed sample. Secondly, due to the
lack of strong sequence conservation among some neuropeptide
precursors or neuropeptide GPCRs, their clear orthologs could
not be found in A. craccivora based on homology searches.
Thirdly, the neuropeptides may truly be absent in this species, a

phenomenon that is common in insects. For example, sex peptide
was reported only in the Drosophila genus; while neuroparsin is
missing in D. melanogaster and other Drosophila species (54).
Compared to D. melanogaster, B. mori, and T. castaneum, we
found neither the genes coding for SK, Crz, AVLP, trissin, and
elevenin in A. craccivora nor the genes coding for their receptors.
If both neuropeptide and its receptor are truly absent, it is more
likely that this signaling system is lacking as a whole based
on neuropeptide-receptor co-evolution in this aphid species.
Likewise, the former four signaling systems are not found in A.
pisum (10, 12). These absent pathways are mainly involved in
feeding, ecdysis and osmotic homeostasis in other insects (55–
58), suggesting the absense is the result of constant adaptation
to the environment during evolution of aphids. SK, Crz, and
AVLP neuropeptide signaling systems were found in another
hemipteran insect, N. lugens, but the trissin signaling system
was absent in this species (6). For the neuropeptide GPCRs, two
receptor genes for LK, SIFa and NPF have been identified from
A. craccivora, A. pisum, and N. lugens (Figure 2), suggesting that
each of these receptor genes duplicated in the evolution. These
3 types of receptors are mainly functionally involved in water
balance, sexual behavior, and feeding behavior (59–62). However,
we cannot conclude from these findings that the replication of
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FIGURE 4 | Phylogenetic tree of B-family neuropeptide GPCRs. The maximum-likelihood tree was constructed using FastTree software with local support values

calculated based on the Shimodaira-Hasegawa (SH) test. The tree is rooted by the serotonin receptor CG1056 from D. melanogaster. Ac, A. craccivora; Dm, D.

melanogaster; Ap, A. pisum; Bm, B. mori; Nl, N. lugens; ACYPIxxxxx, sequences from A. pisum; and GLEANxxxxx, sequences from T. castaneum.

these genes is a common feature of hemipterans, because they
are a highly diverse group of insects.

A total of 40 genes enconding neuropeptides were identified
from A. craccivora. Compared with another aphid species A.
pisum (10), ITP and several ILPs were not detected from A.
craccivora. ITP is a member of the crustacean hyperglycaemic
hormone/ITP (CHH/ITP) superfamily, which stimulates the
ileum to transport Cl− ion and may act as an antidiuretic
hormone in insects (63, 64). In addition to ITP peptide,
the ITP gene also encodes an alternatively spliced variant
without C-terminal amidation (known as ITP-like or ITPL)
(64). Only the transcript encoding ITPL was found in the A.
craccivora transcriptome, whereas the ITP-encoding transcript
was not. Generally, invertebrate genomes contain multiple genes
encoding ILPs including 10 ILP precursor-encoding genes in
the A. pisum genome (10), while only 6 of this family were
found in A. craccivora. In contrast to ITPs and ILPs, an NPLP3

ortholog is present in A. craccivora but not in A. pisum. There
are 4 NPLP-encoding genes, NPLP1-4, in D. melanogaster (65);
NPLP2 and NPLP3 were found in A. mellifera (25). However,
only one NPLP-encoding gene, NPLP1, was found in A. pisum
(10). We found NPLP1 and NPLP3 in A. craccivora, which is
consistent with that previously reported in a hemipteran insect,
Diaphorina citri (7), while NPLP1, NPLP3, and NPLP4 are
present in another hemipteran insect,N. lugens (6). Interestingly,
no genes encoding PTTH orthologs were originally identified in
hemipteran insects such as A. pisum and R. prolixus, probably
due to insufficient conservation of PTTH sequences (6, 10).
However, we used the sequences of PTTH precursors reported
in other insects as a query to conduct a homology search and
found a unigene in the A. craccivora. Moreover, a homologous
sequence (ARM65502.1) was also found in A. pisum by the
Blast program. PTTH is a polypeptide hormone that stimulates
prothoracic glands to synthesize and release ecdysone and it was
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FIGURE 5 | Relative expression levels of neuropeptide-encoding genes at different developmental stages of A. craccivora. The transcript level was measured via

qRT-PCR and normalized against RPS8. Data are presented as the mean ± SD. The data were statistically analyzed by one-way ANOVA followed by Tukey’s HSD

test. Different lowercase letters indicate significant differences at the 0.05 level. “−1” indicates wingless aphids; “−2” indicates winged aphids.

first cloned and characterized in B. mori (66). Mature B. mori
PTTH is a homodimer. Each monomer contains 7 conserved
Cys residues, of which 6 Cys form 3 internal disulfide bonds
and the 7th Cys forms a disulfide bond between two monomers
(66, 67). PTTH was later identified in several lepidopterans (68)
and D. melanogaster (69). Compared with other neuropeptides,
the sequence similarity of PTTH between different insects was
relatively lower. However, the position of Cys residues and the
folding structure of dimers were highly conservative (69–72).
Tanaka et al. (6) used B. mori PTTH as a query to search for
the analog in the N. lugens transcriptome and finally found
a unigene whose theoretical protein has conserved structural
features of PTTH. This is the first PTTH-like gene identified
from hemimetabolous insects. We also found a unigene from
the A. craccivora transcriptome that lacks the 5′-end of the ORF

and may encode a partial sequence of the PTTH precursor.
Sequence alignment revealed that the PTTH-like precursor of A.
craccivora lacks the Cys residue at position 4 (Figure S2). The
PTTH ortholog in A. pisum (ARM65502.1) also lacks the Cys
residue at this position. Notably, all the 7 Cys residues of PTTH
monomer are involved in the formation of disulfide bonds, which
is required for PTTH to achieve biological activity (70). The effect
of the absence of the fourth Cys residue on the formation of
the PTTH advanced structure and whether it affects its normal
biological function in aphids deserves further investigation.

We also carried out the expression profiling of genes encoding
neuropeptides and their receptors in different developmental
stages. Unfortunately, the low expression level of some measured
genes reduced the accuracy of their qRT-PCR data. Thus,
such genes were not included in the results (Figures 5, 6).
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FIGURE 6 | Relative expression levels of the genes encoding G protein-coupled receptors for the neuropeptides at different developmental stages of A. craccivora.

The transcript level was measured via qRT-PCR and normalized against RPS8. Data are presented as the mean ± SD. The data were statistically analyzed by

one-way ANOVA followed by Tukey’s HSD test. Different lowercase letters indicate significant differences at the 0.05 level. Neuropeptide receptors A1–A40 are

abbreviated as A1–A40, respectively; Neuropeptide receptors B1–B6 are abbreviated as B1–B6, respectively. And the receptors are marked with their predicted

neuropeptide ligand partners in brackets; orphan receptors are not marked. “−1” indicates wingless aphids; “−2” indicates winged aphids.
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The expression and functions of insect neuropeptides may
change with development (73). In the present study, the tested
neuropeptide genes also showed different levels of expression
during development of A. craccivora. However, whether the
differential temporal expressions of these genes have a biological
role on development needs further investigation. It is worth
noting that NPF was expressed in A. craccivora wingless adults at
a significantly higher level compared with that in winged adults.
NPF is homologous to the vertebrate neuropeptide Y (NPY)
and its functional roles are well-known in regulation of feeding
behavior in a wide range of insects (60). This neuropeptide was
also suggested to play a positive role in the regulation of food
intake in A. pisum using RNAi knockdown (74). In view of this,
whether the differential expression of NPF between morphs has
an impact on feeding behavior of different wing-morph adults or
not, worths further research.

Nutritional conditions are key environmental factors that
affect the growth and development of insects. The ILPs play a
main role in systematically regulating the growth of the body
in response to nutritional conditions (75). A prominent feature
of insect ILPs is that multiple genes encode different ILPs. For
example, 8 ILPs have been identified in D. melanogaster (76, 77),
while 39 ILPs have been identified in B. mori (78). The synthesis
and secretion of different ILPs in the same insect species exhibits
different temporal and spatial pattern, and their functions are
also different (79). In A. pisum, ILP5 has attracted the attention
of researchers due to its abundant expression. It is speculated
that this gene may be involved in the rapid development of
aphids (10). It has also been reported that ILP5 is involved in
embryonic development during wing differentiation in A. pisum
(79). From the RPKM values, the expression abundance of ILP5
gene in A. craccivora is much higher than other ILP-encoding
genes, which is consistent with that reported in A. pisum (80).
The ILP5 transcript was detected from both the head as well
as the mixed whole-body samples of A. craccivora. Besides, it
was abundantly expressed in the head of wingless adult aphids.
A. pisum ILP5 gene shows the similar expression pattern: it is
expressed systemically inA. pisum adults and third instar nymphs
with the highest expression level in the head of wingless adults
(including the antennae) (81). This expression characteristic of
ILP5 in aphids suggests the importance of its biological function
and deserves further in-depth investigation.

In this study, the sequence similarity between neuropeptide
precursors is very high among different species of aphids.
Several neuropeptide genes, such as sNPF, SIFa, AstC, AstCC,
and Proc, even encode identical mature active peptides in

different species of aphids. For neuropeptide GPCRs, besides
high sequence similarity, all of the identified A. craccivora
neuropeptide GPCRs have a one-to-one orthologous relationship
with the homologs of A. pisum. This result indicates that the
aphid neuropeptide GPCRs are also highly conserved reflected by
their types and numbers. In summary, the neuropeptide signaling
systems in aphids are highly conserved and provide potential
insecticide targets for the control of aphids. In addition, most
neuropeptide signalings are conserved in both holometabolous
and hemimetabolous insects, suggesting that they play key roles
in the physiological processes of insects (3). Some neuropeptide
signaling systems are lost in specific species, possibly due
to functional redundancy that occurs during adaptation and
evolution or other neuropeptide signalings taking over their
functions (3).
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