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A B S T R A C T

Insects employ neuropeptides to regulate their growth & development, behaviour, metabolism and their internal
milieu. At least 50 neuropeptides are known to date, with some ancestral to the insects and others more specific
to particular taxa. In order to understand the evolution and essentiality of neuropeptides, we data mined publicly
available high quality genomic or transcriptomic data for 31 species of the largest insect Order, the Coleoptera,
chosen to represent the superfamilies’ of the Adephaga and Polyphaga. The resulting neuropeptide distributions
were compared against the habitats, lifestyle and other parameters. Around half of the neuropeptide families
were represented across the Coleoptera, suggesting essentiality or at least continuing utility. However, the re-
maining families showed patterns of loss that did not correlate with any obvious life history parameter, sug-
gesting that these neuropeptides are no longer required for the Coleopteran lifestyle. This may perhaps indicate a
decreasing reliance on neuropeptide signaling in insects.

1. Introduction

The order Coleoptera from class Insecta, is by far the largest (most
speciose) insect Order, and is categorized into four sub-orders spanning
a long evolutionary period. Archostemata, and Myxophaga, the two
smallest in terms of number of species, are the most ancient of the sub-
orders appearing close to 240 million years ago (MYA) (Hunt et al.,
2007). Adephaga and Polyphaga (roughly 90% of all beetle species)
appeared between 225 and 200 MYA (Hunt et al., 2007). Beetles show a
high diversity in terms of various parameters including age as described
above; size, habitat, and even diet (Lawrence and Newton, 1982; Beutel
and Leschen, 2005; Leschen et al., 2009, Mckenna et al., 2015). In terms
of size, beetles could be as small as a under a couple of millimetres long,
such as the Curculionoidean, Hypothenemus hampei to the large scarabs
such as Oryctes borbonicus right up to the massive Rhyzopertha dominica,
the adult of which has been known to grow above 5 cm long. While
most beetles tend to be terrestrial, some members of Adephaga (either
larvae or adults) are known to live in aquatic environments (Shull et al,
2001; Hunt et al., 2007). Coleopterans have diverse feeding preferences
as well, ranging from the most common that is herbivorous, followed by
saprophagous and xylophagous species while the ancient species pre-
ferred a predacious diet. Many species in the super families Cucujoidea,
Curculionoidea and Elaeroidea have shown a polymorphic nature

where the larvae and adults differ in their dietary preferences (Beutel
and Leschen, 2005; Crowson, 2013; Leschen and Beutel, 2014). The
diversity over the vast order of Coleopterans and their suborders, fa-
milies etc. have lead to interesting evolutionary questions towards
understanding the factors that may have either caused these differences
or the effects of divergence over the millions of years of beetle evolu-
tion.

Neuropeptides are considered to be vital in the regulation of growth
and development, reproduction, and water & ion homeostasis among
other physiological processes (Alstein and Nassel, 2010; Nassel and
Winther, 2010). With the advent of improved Next Generation Se-
quencing technologies it is now relatively commonplace to achieve the
genome or transcriptome of any living organism in a short but accurate
manner and more and more data is being made available globally, as
and when they are obtained. Taking advantage of this DNA or mRNA
data that has been made public has facilitated in the documentation of
many novel genes involved in the various functionalities of the organ-
isms. Neuropeptides and their corresponding GPCRs have now been
identified in a myriad of insects including Drosophila melanogaster
(Hewes and Taghert, 2001), Anopheles gambiae (Riehle et al., 2002),
Apis mellifera (Hummon et al., 2006), the model beetle Tribolium cas-
taneum (Li et al., 2008) , the rice stem borer Chilo suppressalis (Xu et al.,
2016) and many others (Christie, 2008, 2015; Predel et al., 2010).
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The huge and diverse order of Coleoptera thus provides an ideal
system in which to study evolutionary trends in neuropeptide adoption,
or indeed tests the dogma of their essentiality. A recent preprint has
performed an analysis of 17 beetle species (Veenstra, 2019); in this
study, we performed comprehensive in silico neuropeptidomics on 31
members of the order Coleoptera which have been identified as eco-
nomically significant pest species and supplemented with non-pest
species for comparison and whose transcriptomic data has been made
publicly available. Species were chosen to represent the major super-
families of the key Coleoptera suborders (Table 1). From the raw se-
quence data available, we performed transcriptomic assemblies for each
of these species, and using a Bioinformatics approach and pipelines
created for the purpose, performed prediction and identification of
genes of interest to create a matrix of all the neuropeptides precursors
as well as mature neuropeptides found in each species. We also per-
formed data analyses on these neuropeptidomes to identify significant
ecological and evolutionary trends caused by the expression (or ab-
sence) of neuropeptides and/or hormones on the basis of their date of
origin, habitat, diet and size.

2. Materials and methods

2.1. Transcriptomic and genomic read data

The aim of this study was to predict and identify neuropeptides from
multiple representative species of different families and sub-families
found in the Order Coleoptera and perform evolutionary trend analyses
on this data. Species representing both the abundant sub-order
Polyphaga as well as the more under-represented and older sub-order
Adephaga were chosen. The 31 species (see Table 1), which have been

studied in this project, are represented in the species tree shown in
Fig. 1, which illustrates their estimated date of origin (in MYAs), along
with the divergence of the various sub-orders & families. The RNA-seq
datasets used in this study were obtained from the NCBI Sequence Read
Archive or SRA (Leinonen et al., 2010) and were downloaded using the
SRA Toolkit (https://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?view=
software). For inclusion in the study, the tissues analysed (typically
whole-body or head) were required to contain CNS (Table 1); inter-
estingly an antennal transcriptome of one species (Rhyzopertha do-
minica) was included as the representative of the Bostrichidae, because
it contained 34 neuropeptides. Preference was given to RNA-sequence
raw data of adult whole tissue samples, but where other data (such as
larval or other tissues) was available, it was utilized as well. The only
exceptions to these were the sequence data for the well-studied insect
model, the red flour beetle, Tribolium castaneum (Richards et al., 2008)
and the mountain pine weevil Dendroctonus ponderosae (Keeling et al.,
2013) where pre-sequenced and assembled genomic data was used for
further analysis.

2.2. Transcriptome assembly

All the transcriptomic raw data that was downloaded from the SRA
was taken through an assembly and analysis pipeline for neuropeptide
prediction and identification. Quality assessment was done pre- and
post-assembly using FastQC (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/created by Andrews, 2016). From the results of
FastQC, any data that required removal of sequencing adaptors or re-
moval of low-quality reads, duplicates, and any artefacts that may cause
a reduction in the quality of the assembly was run through Cutadapt
(Martin, 2011) and/or Trimmomatic (Bolger et al., 2014). This was

Table 1
Species under study with information on their taxonomic classification and their respective Sequence Read Archive (SRA) IDs 1 Neuropeptides already identified
from the Genome of D. ponderosae were used 2 Neuropeptides already identified from the Genome of T. castaneum were used.

Species Suborder Super Family Family Subfamily SRA ID Tissue Sample

Gyrinus marinus Adephaga Gyrinoidea Gyrinidae Gyrininae SRR921604 Whole Body
Carabus granulatus Adephaga Caraboidea Carabidae Carabinae SRR596983 Head and

Thorax
Amphizoa insolens Adephaga Dytiscoidea Amphizoidae – SRR5930489 Whole Body
Rhyzopertha dominica Polyphaga Bostrichoidea Bostrichidae Dinoderinae SRR1130516 Antennae
Anoplophora glabripennis Polyphaga Chrysomeloidea Cerambycidae Lamiinae SRR1799851, SRR1799852 Whole Body
Callosobruchus maculatus Polyphaga Chrysomeloidea Chrysomelidae Bruchinae SRR3113351 Whole Body
Chrysomela populi Polyphaga Chrysomeloidea Chrysomelidae Chrysomelinae SRR1014805 Whole Body
Leptinotarsa decemlineata Polyphaga Chrysomeloidea Chrysomelidae Chrysomelinae SRR2556962 Whole Body
Diabrotica virgifera Polyphaga Chrysomeloidea Chrysomelidae Galerucinae SRR7818015, SRR7818014, SRR7818013 Whole Body
Cryptolaemus montrouzieri Polyphaga Cucujoidea Coccinellidae Scymninae SRR343064 Whole Body
Propylea japonica Polyphaga Cucujoidea Coccinellidae Coccinellinae SRR1299012 Whole Body
Harmonia axyridis Polyphaga Cucujoidea Coccinellidae Coccinellinae SRR1283228 Whole Body
Coccinella septempunctata Polyphaga Cucujoidea Coccinellidae Coccinellinae ERR1145724, ERR1145725, ERR1145726, ERR1145727,

ERR1145728, ERR1145729
Whole Body

Adalia bipunctata Polyphaga Cucujoidea Coccinellidae Coccinellinae ERR1145718, ERR1145719, ERR1145720, ERR1145721,
ERR1145722, ERR1145723

Whole Body

Aethina tumida Polyphaga Cucujoidea Nitidulidae Nitidulinae SRR1798556 Whole Body
Cylas brunneus Polyphaga Curculionoidea Brentidae Cyladinae SRR3113351 Whole Body
Cylas puncticollis Polyphaga Curculionoidea Brentidae Cyladinae SRR1611772 Whole Body
Cylas formicarius Polyphaga Curculionoidea Brentidae Cyladinae SRR3065078 Whole Body
Hylobius abietis Polyphaga Curculionoidea Curculionidae Molytinae SRR6765939, SRR6765940, SRR6765941 Whole Body
Dendroctonus ponderosae1 Polyphaga Curculionoidea Curculionidae Scolytinae – Whole Body
Hypothenemus hampei Polyphaga Curculionoidea Curculionidae Scolytinae SRR2163439 Whole Body
Tribolium castaneum2 Polyphaga Tenebrionoidea Tenebrionidae Tenebrioninae – Whole Body
Tenebrio molitor Polyphaga Tenebrionoidea Tenebrionidae Tenebrioninae SRR1291244 Whole Body
Agrilus planipennis Polyphaga Buprestoidea Buprestidae Agrilinae SRR1615254, SRR16152523, SRR1615252, SRR1615251,

SRR1609311, SRR1609066, SRR1604813
Whole Body

Chauliognathus flavipes Polyphaga Elateroidea Cantharidae Chauliognathinae SRR4413771 Whole Body
Aspisoma lineatum Polyphaga Elateroidea Lampyridae Lampyrinae SRR4407797 Whole Body
Photinus pyralis Polyphaga Elateroidea Lampyridae Lampyrinae SRR6345452 Whole Body
Oryctes borbonicus Polyphaga Scarabaeoidea Scarabaeidae Dynastinae SRR2970555 Whole Body
Protaetia brevitarsis Polyphaga Scarabaeoidea Scarabaeidae Cetoniinae SRR7418790 Whole Body
Nicrophorus orbicollis Polyphaga Staphylinoidea Silphidae Nicrophorinae SRR6286784 Whole Body
Aleochara curtula Polyphaga Staphylinoidea Staphylinidae Aleocharinae SRR921563 Whole Body
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followed by digital normalization of the raw reads to increase the ef-
ficiency of the assembly by down-sampling the number of reads used in
the assembly (Brown et al., 2012). This was done using the script for
normalization included in the Trinity software suite (Grabherr et al,
2011) with the default settings including max coverage of 30. Following
this, de novo transcriptome assembly was performed using the popular
and robust software, Trinity version 2.2.0, that utilizes de Bruijn graphs
for assembly of short reads using raw data from either paired-end se-
quencing or single strand sequencing. The assembly was run with de-
fault settings (Kmer 25) and adjusted for either paired end data or
single strand data as per the protocol created by Haas et al. (2013).
Prior to further analysis, BUSCO v3 (Benchmarking Universal Single-
Copy Orthologs) was used to assess the completeness of the assembled
transcriptome (Simao et al., 2015) using the insect set obtained from
the OrthoDB v9 (Zdobnov et al., 2016).

2.3. Verification of data for use

Checks were carried out on suitability of the sequence data to make
sure they were good enough for analyses and further neuropeptide
prediction and identification. These checks were done at various stages
including at the FastQC stage to check for quality of the sequencing,

post assembly statistical checks to check for quality of the assembly and
also using BUSCO to assess the completeness of the transcriptome. Any
species whose data did not meet a “pass” criterion of quality from
FastQC quality scores, and a high level of transcriptome completeness
from the BUSCO analysis were discarded and other species were mined
to complete all the possible family and sub-family options.

2.4. Neuropeptide precursor and mature peptide prediction

Neuropeptide precursor and mature peptide prediction and identi-
fication was done using the transcript/genomic sequences obtained
from the assembly for each of the insect species following a prediction
pipeline defined in Pandit et al. (2018). The transcript sequences were
initially compared to precursor sequences found in the model Co-
leopteran Triboleum castaneum (Li et al., 2008), D. ponderosae (Keeling
et al., 2013) and Hylobius abietis (Pandit et al., 2018) using BLASTx and
tBLASTn (Altschul et al., 1990). The entire set of mature peptide se-
quence data for all insects available from DINeR (a Databaset for Insect
Neuropeptide Research) [http://www.neurostresspep.eu/diner/
infosearch] (Yeoh et al., 2017) were also downloaded. The transcript/
genomic sequences from all the species under study were compared
against the downloaded DINeR data using both BLASTx and tBLASTn to

Fig. 1. A species tree illustrating all the species under study and their taxonomical nomenclature including their Order (Coleoptera), Suborders (Adephaga and
Polyphaga) and their respective, underlying Families. The date of origin in the unit Million Years Ago (MYA) is denoted next to each species scientific names.
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help in the identification of putative neuropeptide precursors. The
BLAST searches were done using the Galaxy Project (Afgan et al., 2016)
server at the University of Glasgow (http://heighliner.cvr.gla.ac.uk/).
Once a set of predicted precursor sequences for each species per neu-
ropeptide was created, each sequence was run through the SignalP
software (Peterson et al., 2011) for prediction of signal peptides. The
mono and dibasic cleavage sites for the mature peptides were identified
using the K and R combinations rules (Veenstra, 2000) as well as using
the current version of the online software NeuroPred (Southey et al.,
2006) available at http://stagbeetle.animal.uiuc.edu/cgi-bin/
neuropred.py for determining putative mature peptides from the neu-
ropeptide precursors. It should be noted that this approach identifies
neuropeptide members of known families with widespread distribution
across the insects; we did not attempt here to identify novel neuro-
peptides ab initio.

In addition to the above, the multiple sequence alignment tool,
Clustal Omega (Sievers and Higgins, 2018) found at http://www.ebi.ac.
uk/Tools/msa/clustalo/was used to generate sequence alignments and
consensus generation while graphical representations of these multiple
alignments in the form of sequence logos were generated using We-
blogo 3.4 (Crooks et al., 2004).

2.5. Evolutionary trend analysis

The data for the various parameters studied under the evolutionary
analyses including the divergence, habitat, diet, size, etc. were gathered
from various websites, papers, books and databases created for this
information. These include but are not limited to Encyclopedia of Life,
available at http://eol.org; BugGuide, available at https://bugguide.
net/; InsectaPro available at http://insecta.pro/and Wikipedia avail-
able at https://en.wikipedia.org/. Other papers and books have been
listed in the References section. The heat maps were created in
Microsoft Excel. Lineage data was obtained from the Taxonomy
Browser available at https://www.ncbi.nlm.nih.gov/Taxonomy/
Browser/wwwtax.cgi. The species tree was generated using the
lineage information obtained from the NCBI Taxonomy Browser using
the Common Tree generator functionality.

Multiple sequence alignments were performed using both Clustal
Omega as well as the CLC Genomics Workbench 9 (https://www.
qiagenbioinformatics.com/), which was also used for phylogenetic tree
creation using the Neighbour Joining method with 1000 fold bootstrap
resampling. Phylograms were created in the nexus file format for vi-
sualization in the CLC Genomics Workbench.

3. Results

3.1. Transcriptomics

The sequencing of each of the species was either done by Paired-end
sequencing or single-read sequencing as specified in Supplementary
Table 1. Fastq files containing the sequenced reads were extracted from
their respective SRA files. Paired-end sequencing libraries were split
into files for ‘left’ reads and ‘right’ reads which were further used for
assembly. Single-read files were used as they were. Following normal-
ization, transcriptome assembly was performed on the reads for each
species separately.

The assembled reads were filtered a further two times after the as-
sembly using scripts created in-house. In the first instance, all short
contigs (< 300 bp) were removed. From the resulting data, contigs with
low expression i.e. with an FPKM (Fragments Per Kilobase of transcript
per Million mapped reads) value less than 1 were removed. This filtered
data as well as the initial unfiltered transcript datasets were used for
further identification of neuropeptide precursors and mature peptides.
The summary of the assemblies is displayed in Supplementary File
Table 1.

3.2. Assessment of completeness

As mentioned in the earlier section, verification of the data for
further analyses was done at all the stages pre-assembly as well as post-
assembly. As part of the post-assembly stage verifications, the
Benchmarking Universal Single-Copy Orthologs or BUSCO scores were
measured on the assembly of each species. The assessment was done by
comparing each of the assemblies to the 1658 single-copy, conserved
and annotated insect orthologs BUSCO library. Almost all the species
had BUSCO scores above 90% (Complete and Fragmented) and a ma-
jority of them had very high scores (over 96%). The only exception to
this was Carabus granulatus with a BUSCO score of 87% (Complete and
Fragmented), which was included as there was no other species data
available for that sub-order Adephaga and family Carabidae. Any spe-
cies that had a very low BUSCO score was discarded and another re-
presentative of that family or sub-family was used for the analysis.
Fig. 2(a) shows the BUSCO scores of the species whose transcriptome
were assembled (with the exception of T. castaneum and D. ponderosae),
while Fig. 2(b) displays the range of the BUSCO scores of the species we
have assembled compared against the scores of other insects whose
BUSCO scores have been measured and recorded in earlier studies. To a
first approximation, the BUSCO scores for a particular dataset indicate

Fig. 2. (a) BUSCO (Benchmarking Universal Single Copy Orthologs) analysis
comparison of the 29 out of 31 species under study (T. castaneum and D. pon-
derosae were not included in this study). The table shows the percentage of
complete, fragmented and missing BUSCOs when compared to the 1658 single-
copy, annotated and conserved insect orthologs in the Insecta library (b) A
comparison of the BUSCO scores of the species under study (denoted in Green
font) with the scores of other insects whose scores have previously been cal-
culated. The BUSCO score of each species was used in the verification of the
assemblies and only those species with a satisfactory score were used in this
study. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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the percentage of single copy genes that would be present in that da-
taset, and thus the percentage of neuropeptides that we could expect to
find in that dataset.

3.3. Neuropeptide profiles

Following the neuropeptide prediction pipelines discussed in the
above section, the neuropeptide precursors that were identified in the
31 species have been shown in Fig. 3. Allatostatin B, Insulin-Like Pep-
tides, Neuroparsins, CCHamides, Diuretic Hormone, ITG, Myosup-
pressins and Neuropeptide F are the most prevalent over all the species
while Allatotropin, CCAP, Trissin, Natalisin and ACP are the least
prevalent. Neuropeptides such as Corazonin, Allatostatin A, Allatostatin
CCC and Sex Peptides were not identified, and none of these have been
identified in any beetle species so far. The profiles of each neuropeptide
have been discussed in further detail below.

3.4. Myoregulation

Members of the allatostatins family including Allatostatin B also
known as the Myoinhibitory peptide (Schoofs et al., 1991; Blackburn
et al., 1995), Allatostatin C, a cyclic neuropeptide characterized by a
two cysteine residue disulphide bridge (Bendena and Tobe, 2012) and
its paralog Allatostatin CC (Veenstra, 2009) have all been identified in
more than 50% of the insects under study. AstB was found in all the
species under study with each of the multiple mature peptides copies in
the precursors easily distinguished by their C-terminal amidated end W
(X6)Wamide (see Fig. 4(a)). The mature peptide of AstC is identified by
its C-terminal penta-peptide –P(VI)SCF and was identified in 27 species
while the mature peptide for AstCC's C-terminal is –NAVTCF or a slight
variation therein and was found in 18 species. Allatotropins, which
have also been known to play a role in myostimulation during feeding
(Duve et al., 1999; Masood and Orchard, 2014; Rudwall et al., 2000),
have however been identified in very few of the studied species
(n= 15).

Fig. 2. (continued)
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Primarily the functionality of FMRFamide related peptides (FaRP)
family members include myostimulation but given the multi-function-
ality of neuropeptides, they are also involved in ecdysis related beha-
viour, fluid secretion, even myoinhibition (Duve et al., 1992; Orchard
et al., 2001; Kim et al., 2006; Nässel and Winther, 2010; Sedra and
Lange, 2014; Suggs et al., 2016). Mature peptides sequences of
FMRFamide are found as multiple copies in the precursor and are
marked by their C-terminal FMRFa motifs. Myosuppressins, known to
have inhibitory effects on the heart and visceral muscles in locusts and
fruit flies (Orchard et al., 2001; Dickerson et al., 2012) have been
identified in all except for T. molitor where it has not been identified.
The mature peptide (QDVDHVFLRF–amide) shows a high level of

conservation throughout all of the species in which it was identified
(see Fig. 4(b)). Proctolin, which holds the distinction of being the first
neuropeptide to be identified in insects (Starratt and Brown, 1975), also
shows a highly conserved motif –RYLPT (Fig. 6 (a)) over all the species
in this study where it was identified (n= 28).

Neuropeptide F (NPF) and short Neuropeptide F (sNPF) belong to
the FaRP family as well but have been found to have multifunctional
roles in insects including feeding and reproduction. Most of the NPF
precursors identified in this study show two splice variants (one long
and one short) as seen in Supplementary Table 3, and these variants
have been observed in other insects (Xu et al., 2016; Veenstra, 2014;
Derst et al., 2016). sNPFs on the other hand are smaller sequences with

Fig. 3. A summary of the neuropeptide precursors identified in the 31 species under study. Boxes in gray are ones where the precursors were identified, while boxes
in black are where no precursors were found.
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a distinctive and highly conserved RLRFamide C-terminal (Broeck,
2001; Mertens et al., 2002) as observed in Fig. 4(c).

Kinin, first isolated from L. maderae (Holman et al 1986, 1987) is
known to play an important role in myostimulation in visceral, re-
productive muscles as well as in the secretory functionality of renal
tubules (Coast et al., 1990; Schoofs et al., 1993; Dow, 2009). Although
basal to the insects, Kinin has not been found in any beetle; but
Veenstra (2019) identified both kinin and its receptor in the Adephagan
Pogonus chalceus. Here, we have also identified a putative Kinin pre-
cursor in a second Adephaga member Gyrinus marinus (Fig. 5) by
comparing against the sequence identified in P. chalceus. The presence
of this putative Kinin precursor would need to be verified experimen-
tally using other methods to confirm its presence to show evolutionary
significance given that no other Adephaga members or any of the
Polyphaga members in this study have shown the presence of Kinin.

3.5. Reproduction

Neuropeptides that play a major role in reproduction include the

ubiquitous Neuroparsin (NP) which was found in 30 of the species
under study, SIFamide found in 26, Pheromone Biosynthesis Activating
Neuropeptide (PBAN) found in 24 species while the least prevalent one
was Natalisin or NTL (n= 13). NP was first isolated in Locusta mi-
gratoria and is a homo-dimer comprised of two bridged cysteine-rich
peptides (Girardie et al., 1989). SIFamide has been known to cause an
increase in promiscuity in male Drosophila, while making females more
receptive to mating (Tehrzaz et al., 2007). Its function in Coleopterans
has not been studied in detail yet, however, the neuropeptide has
clearly been identified in most of the species under study (Fig. 4 (d)).
PBAN is found on a precursor that is responsible for encoding other
neuropeptides such as Pyrokinin (PK) and Diapause hormone (DH).
PBAN regulates pheromone biosynthesis (Raina and Menn, 1993) and
works in tandem with DH, which is responsible for inhibition of insect
diapause (Zhang et al., 2011). NTLs share an ancestry with tachykinin-
related peptides (Jiang et al., 2013) and although they are not abun-
dantly identified in most of the species in this study, multiple copies are
found for each of the species where the precursor for Natalisin was
identified.

Fig. 4. Weblogos created from the alignments of the
mature peptides for (a) Allatostatin B, (b)
Myosuppressin (c) short Neuropeptide F (d)
SIFamide (e) Sulfakinin and (f) Vasopressin-like from
the various insect species under study. All sequences
are presented in the N-terminus to C-terminus di-
rection. In AstB, the characteristic W(X6)Wamide C-
terminal is well conserved throughout all the se-
quences. For the Sulfakinin weblogo created from the
alignment the highly conserved amidated motif
HLRF on the C-terminal is seen, while for MS, sNPF,
SIFa and VPL, all the mature peptides that were
identified in the species under study were well-con-
served as can be seen from the above Weblogos.

Fig. 5. Pairwise sequence alignment carried out on the putative precursor sequences Kinin (or Leucokinin as it is commonly denoted) of Pogonus chalceus (as
identified by Veenstra, 2019) and Gyrinus marinus, both members of Sub order Adephaga. The putative mature peptide sequences for each are highlighted above in
gray and the cleavage sites in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.6. Feeding

RYamides, characterized by their C-terminal RYamide ending, have
been found to reduce an insect's motivation to feed (Ida et al., 2011a)
triggered by satiety. Each precursor usually encodes two mature pep-
tides for RYamide and this has been the case for most of the species

under study where the precursors were identified (n= 24) with a few
exceptions. Sulfakinins (SK) are also members of the RFamide family,
but additionally characterized by a sulfated C-terminal (YGHMRFa-
mide) [see Fig. 4(e)]. Like the RYamides, these neuropeptides are also
responsible for feeding inhibition and are normally encoded as two
mature peptides per precursor. Although broadly present, they were not

Fig. 6. Multiple sequence alignments showing alignments of the (a) Proctolin (Proc) (b) Diuretic Hormone (DH31) (c) Adipokinetic Hormone or AKH and (d)
Crustacean Cardioactive Peptide or CCAP mature peptide sequences of the various species in which they were identified. The consensus sequences of each show a
very high percentage of similarity especially for CCAP as well as for Proc where the peptide sequence is highly conserved.
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found in two predatory species. Limostatins (Lst) have been studied in
Drosophila and have been known to be responsible for production of
ILPs (Alfa et al., 2015), although they haven't been studied extensively
in Coleopterans. The mature peptides of Trissin that have been identi-
fied in the species in this study (n=14) show a high degree of con-
servation. It is structurally composed of six highly conserved cysteine
residues forming three disulfide bridges (Ida et al., 2011b).

3.7. Water and ion regulation

Diuretic hormones were identified in the various species in this
study. They play a major role in fluid secretion as has been widely
studied (Coast et al., 2001, Mirabeau and Joly, 2013; Zandawala, 2012)
but are also functional in muscle contractions, reproduction and
molting. The sequences of the mature peptides for DH31 (named thus
due to the peptide being 31 amino acids long) in the various species
where it was identified show a high conservation and this can be seen in
Fig. 6(b). The corticotropin-releasing factor-like diuretic hormone
(CRF-DH) peptides are however more prevalent in the species under
study, with all 31 species displaying their presence. The glycoproteins
GPA2 and GPB5 contain 10 cysteine residues, which are highly con-
served, and have been recently identified to have a function in ion
transport (Paluzzi et al., 2014). Precursors and the encoding mature
peptides were identified for both of these GPA2 (n= 22) and GPB5
(n=26) in the species under study. The Ion Transport Peptide (ITP)
whose main functionality is modulation of ion transport (Audsley et al.,
1992; King et al., 1999) and was one of the most prevalent neuropep-
tides predicted in the species under study (n= 29). Capability/CAP2B
or CAPA neuropeptide precursors usually contain two CAPA peptides
and a pyrokinin peptide. The CAPA peptides (CAPA-1 and CAPA-2) are
involved in various functionality such as anti-diuresis (Paluzzi et al.,
2008), myotropicity (Wegener et al., 2002) but an intensive study by
Halberg et al., (2015) showed that CAPA peptides were involved in the
stimulation of secretion in Malpighian tubules of several insects,
whereas the functionality of CAPA-PK is still unknown. The highly
conserved Vasopressin-like peptide (Fig. 4(f)) was seen in close to 60%
of the species under study and has also been found to be involved in
triggering diuresis in T. castaneum (Aikins et al., 2008). Kinin peptides
were covered in a previous section.

3.8. Moulting and development

Bursicon (alpha and beta) have been found to induce wing expan-
sion, tanning and plays an important role in ecdysis in various insects
(Luo et al., 2005; Mendive et al., 2005; Dai et al., 2008; Peabody et al.,
2008). Burs alpha was identified in 26 while Burs beta or partner of
Bursicon was identified in only 16 of the 31 insects under study. One of
the main peptides involved in ecdysis in insects (Ewer, 2005) and which
is responsible for the release of the ecdysis triggering hormone (ETH) is
the Eclosion hormone or EH. EH and ETH were both identified in the
species under study however, EH was found in a considerable number
more (n=24) than ETH (n=17). Adipokinetic hormone/corazonin
related peptide or ACP was not identified in many of the species under
study (n=14), but this could be due to its high similarity with Adi-
pokinetic hormone (AKH), which is found in 24 of the 31 species under
study (Fig. 6(c)). Unlike AKH, which is known to be multifunctional
with its roles in heart rate stimulation, lipid synthesis, locomotory and
myotropic activity and protein inhibition (Gäde, 1997; Gäde and
Auerswald, 2003; Bharucha et al., 2008; Gäde, 2009; Nässel and
Winther, 2010; Hauser and Grimmelikhuijzen, 2014), the functionality
of ACP has not been clearly defined although some studies by
Zandawala et al. (2015) have suggested their role in development and
ecdysis. Prothoracicotropic hormone (PTTH) regulates the production
and release of ecdysome, which is responsible for the coordination of
molting and metamorphosis (Gilbert et al., 2002). It also regulates de-
velopment with the production of ecdysone (Rewitz et al., 2009).

3.9. Multifunctional neuropeptides

Certain neuropeptides are considered multifunctional either be-
cause they play multiple roles in the various regulatory processes on an
insect, or they have shown different roles in different insects. Insulin-
like peptides or ILP precursors contain numerous encoding genes ran-
ging from 1 to 38 (Mizoguchi and Okamoto, 2013). In the species under
study, they range from 1 to 4 in some cases. These were, like AstB, one
of the most prevalent neuropeptides identified across all the studied
Coloepterans (n=31). ILPs are involved in quite a few regulatory
processes in insects including but not limited to growth and develop-
ment, reproduction and metabolism. This also is the case in Tachykinin-
related peptides (TRP), the precursors of whom encode multiple pep-
tides paracopies and like ILPs are part of multiple functionalities in the
insects including locomotion, modulation of olfactory input, regulation
of insulin producing neurons, metabolism and even aggression in male
flies (Kahsai et al., 2010; Birse et al., 2011; Asahina et al., 2014; Ko
et al., 2015). 29 of the Coleopterans studied in this project showed the
presence of precursors and the encoded mature peptides for TRP. Or-
cokinins which show myostimulatory properties in crustaceans have
been identified in Coloeopterans (26 out of the 31 species in this study)
and other insect orders but their functionality differs in the various
species. It has been found to play a role in the circadian clock in
cockroaches, have neurosensory functionality in certain locusts and
have also been known to play a function in gut activities (Pascual et al.,
2004; Hofer et al., 2005; Hofer and Homberg, 2006). CCAP or the
crustacean cardioactive peptide first discovered in Carcinus maenas
(Stangier et al., 1987) as its name suggests is responsible for a multitude
of cardio active functions in insect species. Although it was only iden-
tified in 16 of the species under study, they all show a high conservation
of the peptide sequence PFCNAFTGCamide (Fig. 6(d)).

3.10. Neuropeptides with unknown function

There are two CCHamide genes each coded as CCH1 and CCH2
where the function of the latter is known to cause feeding irregularities
(Ren et al., 2015; Sano et al., 2015) whereas the function of CCH1 is not
yet known. The precursors for CCHamide were quite prevalent and the
two distinct peptides were found in 28 of the 31 species under study, as
were the precursors for ITG-like peptides (n=31) and NVP-like pep-
tides (n=28) both of whose function has not been determined yet. A
study by Veenstra (2014) showed that a gene that encodes calcitonin
has been identified in locust and termite genomes. In the precursors of
the Coleopteran species under study, interestingly in some cases we
found three transcript variants that code for different mature Calcitonin
peptides. CNMamides are named accordingly based on their amidated
Cysteine-Aspartic Acid-Methionine C-terminal (Jung et al., 2014) and
this can be observed in the 19 species in which it was identified. Si-
milarly the two-cysteine residue peptide Elevenin identified in other
insects (Veenstra, 2010) was identified in 18 of the species under study.
The functions of either of these have not been identified so far.

3.11. Ecological and evolutionary trend analysis

From the results of the neuropeptide identification above, we have
performed trend analysis on various parameters including phylogenetic
divergence, habitat, diet and size to understand any evolutionary trends
over these parameters.

The oldest beetles are known to have originated approximately 240
MYA with the two oldest known sub-orders being Archostemata and
Myxophaga. Adephaga is believed to have diverged around 200 MYA
while Polyphaga, that contains the largest number of beetle species, is
believed to have diverged around 225 MYA. By ordering the species
based on their dates of origin and arranging their neuropeptidomes
from most prevalent to least prevalent, we can see that neuropeptides
are more easily identified in more phylogenetically recent beetle
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species (see Fig. 7). The absence of neuropeptides could also be due to
loss of their functionality or the presence of other neuropeptides that
are more necessary than others.

With regards to habitat, we have categorized the species based on

whether they are aquatic or terrestrial. The ancient Adephaga members
are aquatic while most if not all Polyphaga members are terrestrial
(Fig. 8). Terrestrial species would require better water regulation
especially after activities that result in water loss such as myoactive

Fig. 7. A heat map of the neuropeptide profiles of each of the species under study grouped in descending order from oldest to youngest in terms of divergence in
MYA. Lengthwise from left to right the neuropeptides are arranged from most prevalent to least prevalent. Missing neuropeptides are displayed as black boxes.

Fig. 8. A heat map of the neuropeptide profiles of each of the species under study grouped in according to their habitat, either aquatic or terrestrial. Lengthwise from
left to right the neuropeptides are arranged from most prevalent to least prevalent. Missing neuropeptides are displayed as black boxes.
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behaviour, eclosion, and most importantly, excretion. The presence or
absence of certain neuropeptides such as diuretic hormones and pep-
tides, among others involved in these functionalities, would be of great
significance. The lack of a substantial number of aquatic species is a
major factor that does not allow an accurate and definitive trend ana-
lysis on the effect this parameter has on the presence or absence of
neuropeptides. Similarly with the terrestrial species, there could be
trends based on their particular habitats but that is beyond the scope of
this study.

Evolutionarily, beetles have been either primarily predacious or
herbivorous i.e. plant feeding. Over time, their dietary behaviour has
evolved into xylophagous (feeding on plants and plant products i.e.
grain, cereal, flowers etc.) or even saprophagous (feeding on animal
carcass, animal material, flour derived from plant products among
others.). Some of the phylogenetically more recent beetles show a
mixed diet i.e. different stages consume different type of food. An ex-
ample would be the two Lampyridaens, Photinus pyralis and Aspisoma
lineatum whose larvae feed on snails and slugs while adults feed pri-
marily on nectar. Fig. 9 shows the trends of the various groups of
species based on their diet. Herbivore, polymorphic and saprophagous
species show more neuropeptides than the predacious and xylophagous
ones but this could be attributed to the number of species for each
category available for this study.

Beetles are found in a multitude of sizes as mentioned before. Size
may play a factor on the presence or absence of neuropeptides, wherein
differently sized species may have differing osmoregulatory or growth
requirements. With the species in this study, although there is no clear
trend in terms of divergence and age, we can observe that the smallest
beetles and the relatively middle sized ones showed more neuropep-
tides than the larger ones. The exception to this is the largest,
Rhyzopertha dominica, in which we identified 34 of the total neuro-
peptides under study (Fig. 10).

4. Discussion

In this study, using Bioinformatics pipelines, we have assembled and

analysed the sequence data of 29 different members of the order
Coleoptera (and studied the pre-assembled genomic data for two) and
further identified putative neuropeptide precursors and mature pep-
tides to create neuropeptide profiles for each of them. The species in-
clude the sub orders, Polyphaga and Adephaga and representative
species from their underlying families and sub-families thus accounting
for a wide diversity of species. It should be noted that the focus of this
study was the identification of neuropeptides with known homologs
rather than novel neuropeptide discovery. Interestingly, peptide fa-
milies range from always found (AstB, ILP, DH44 and ITG), through
those found in all but one species studied (NP, MS, NPF), through a
large majority found in a subset of species, to kinin (now found in just
two species) and Corazonin (not found). Although absence of a neu-
ropeptide in a single species could reflect poor sequence coverage, the
high BUSCO threshold used here makes it very unlikely that reported
absence across multiple species is entirely due to such sequencing
shortfalls. The emerging picture therefore, is that while nearly all
peptide families have uses and have been known to perform or be in-
volved in multiple functionalities, and presumably offer adaptive ad-
vantages (in the form of carrying out each other's roles, thereby di-
minishing the need for numerous neuropeptides), the subset of essential
peptide families is much smaller than we had previously supposed. This
could lead us to speculate that these factors could gradually contribute
to a reduction in the number of peptides involved in neuropeptide
signaling.

We have also looked at the evolutionary development and trends in
terms of date of origin i.e. divergence, habitat, dietary behaviour and
size parameters to gain a better understanding of gene conservation/
differentiation of neuropeptide families across this comprehensive set
of Coleopteran species. To our surprise, although there were some
suggestions of relationships, there was no clear-cut association between
size, habitat or diet. As new genomes are sequenced, it will be inter-
esting to survey the peptide families across all the Insecta.

Fig. 9. A heat map of the neuropeptide profiles of each of the species under study grouped in according to their dietary behaviour including herbivorous, mixed,
predacious, saprophagous and xylophagous. Lengthwise from left to right the neuropeptides are arranged from most prevalent to least prevalent. Missing neuro-
peptides are displayed as black boxes.
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