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ARTICLE INFO ABSTRACT

Over the past several years, in silico analyses of arthropod genomes/transcriptomes have led to the identification
of several previously unknown peptide families. The CNMamides are one such peptide group, having been
discovered via computational analyses of the fruit fly, Drosophila melanogaster, genome; both a CNMamide
precursor and receptor were identified. Recently, a CNMamide family member, VMCHFKICNLamide (disulfide
bridging between the cysteine residues), was predicted via in silico mining of a crayfish, Procambarus clarkii,
transcriptome, suggesting the presence of this peptide group in members of the Decapoda. Here, using publically
accessible transcriptomic data, the phylogenetic/structural conservation, tissue localization, and possible
functions of the CNMamide family in decapods were explored. Evidence for CNMamide precursors was found for
members of each decapod infraorder for which significant sequence data are available, suggesting a ubiquitous
conservation of the CNMamide family in the Decapoda. For the Penaeoidea, Caridea, Astacidea and Achelata, the
isoform of CNMamide originally identified from P. clarkii appears to be ubiquitously conserved; in members of
the Brachyura, VMCHFKICNMamide (disulfide bridging between the cysteine residues) is the native isoform.
Interestingly, the decapod CNMamide gene appears to also have a splice variant in which the carboxy-terminal
portion of the preprohormone containing the CNMamide peptide is replaced by one containing a different
disulfide bridged peptide that is structurally unrelated to it; this second peptide shows considerable conservation
within, but variation among, decapod infraorders. A highly conserved putative CNMamide receptor was iden-
tified from members of the Penaeoidea, Astacidea and Brachyura. Phylogenetic analyses support the annotation
of the decapod receptor as a true member of the CNMamide receptor family. The presence of precursor and
receptor transcripts in both nervous system- and reproductive tissue-specific transcriptomes suggests
CNMamides serve as modulators of decapod neural and reproductive control systems.
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1. Introduction

Improvements in technology for high-throughput nucleotide se-
quencing, as well as for assembling the resulting data, has led to the
generation of genomes and transcriptomes for a growing number of
species. Not surprisingly, over the past several years, much work has
focused on generating genomes/transcriptomes for members of the
Arthropoda, as species from this phylum are important biomedical/
ecological/ecotoxicological models, vectors of human disease, agri-
cultural pests, and targets for agriculture/aquaculture (e.g., Adams
et al., 2000; Charrier et al., 2018; Northcutt et al., 2016; Poynton et al.,
2018; Tassone et al., 2016; Zhang et al., 2019). These genomic/
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transcriptomic datasets have been used for a variety of purposes, one of
which is the identification of peptide paracrines/hormones and their
cognate receptors (e.g., Bao et al., 2015, 2018; Buckley et al., 2016;
Christie, 2014; Dircksen et al., 2011; Hummon et al., 2006; Veenstra
et al., 2012; Ventura et al., 2014). In addition to expanding the taxa for
which previously described peptidergic signaling systems likely exist, in
silico transcriptome mining has also allowed for the identification of
previously unknown peptide groups, and in some cases, their receptors
(e.g., Christie, 2014; Dircksen et al., 2011; Jung et al., 2014; Veenstra
et al., 2012).

One peptide family recently identified via in silico genome mining is
the CNMamides, named for the structure of their carboxyl (C)-terminus
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(Jung et al., 2014). Originally described from the fruit fly, Drosophila
melanogaster, in silico analyses conducted on other arthropod datasets
suggested the CNMamides to be broadly, though not ubiquitously,
conserved in the Arthropoda (Jung et al., 2014). While a single
CNMamide receptor was identified in D. melanogaster, some species
appear to possess two CNMamide receptors (Jung et al., 2014). Inter-
estingly, in some species that lack a gene for the CNMamide precursor,
a putative CNMamide receptor is present (Jung et al., 2014). Im-
munohistochemistry revealed the expression of CNMamide peptides in
neurons in the brain and ventral nerve cord of D. melanogaster (Jung
et al., 2014), which suggests that one role played by CNMamide is as a
locally-released and/or circulating neuromodulator, though as of yet,
there is no direct demonstration of this proposed function. In fact, the
only demonstration of CNMamide function currently extant from any
species is that knockdown of the CNMamide precursor gene in D. mel-
anogaster increases the delay to sperm ejection by females following
copulation (Lee et al., 2015).

While one crustacean, the cladoceran Daphnia pulex, was among the
species from which CNMamide signaling systems were initially identi-
fied (Jung et al., 2014), very little is currently known about CNMamide
in the Crustacea. In fact, the only reports currently extant are the pre-
diction of a putative partial CNMamide precursor from a crayfish,
Procambarus clarkii, eyestalk transcriptome (Veenstra, 2015) and the
prediction of a putative CNMamide precursor and receptor from the
crab, Carcinus maenas (Oliphant et al., 2018). To help further our un-
derstanding of CNMamide signaling systems in the Crustacea, and
specifically members of the Decapoda, we have used transcriptomic
analyses of publicly accessible decapod datasets to investigate four
questions: (1) To what extent is the presence of the CNMamide family
conserved in the order?; (2) To what extent is there structural con-
servation of the native decapod CNMamide isoform(s) and receptor(s)?;
(3) Can any assessment be made about possible tissue localization of
CNMamide peptides/receptors in members of the taxa; and (4) Can any
physiological/behavioral functions be proposed for decapod CNMa-
mides based on their tissue localization(s)?.

2. Materials and methods

2.1. In silico transcriptome mining and peptide/receptor structural
prediction

2.1.1. In silico transcriptome mining

Searches of publicly accessible decapod transcriptomic datasets for
putative CNMamide precursor- and receptor-encoding sequences were
conducted on or before April 12, 2019 using a well-vetted protocol (e.g.,
Christie et al., 2015, Christie et al., 2018; Christie and Yu, 2019).
Briefly, the database of the online program tblastn (National Center for
Biotechnology Information, Bethesda, MD; http://blast.ncbi.nlm.nih.
gov/Blast.cgi) was set to “Transcriptome Shotgun Assembly (TSA)” and
restricted to data from specific decapod taxa for which sequences have
been publicly deposited, i.e., “Penaeoidea (taxid:111520)”, “Caridea
(taxid:6694)”, “Astacidea (taxid:6712)”, “Achelata (taxid:6730)”, and
“Brachyura (taxid:6752)”. For decapod CNMamide precursor searches,
a P. clarkii partial CNMamide preprohormone deduced from an eye-
stalk-specific transcript (Accession No. GARH01035775; Manfrin et al.,
2015) was used as the query sequence; the deduced protein was iden-
tified previously as a putative CNMamide precursor (Veenstra, 2015).
For decapod CNMamide receptor searches the sequences of the D.
melanogaster (Accession No. AAF50229; Adams et al., 2000) and
Daphnia magna (Accession No. KZS12306; unpublished direct GenBank
submission) CNMamide receptors were used as the initial query pro-
teins.

2.1.2. Peptide structural prediction
The putative mature structures of decapod CNMamide isoforms
were predicted using a well-established workflow (e.g Christie and
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Pascual, 2016; Christie et al., 2015, Christie et al., 2018; Christie and
Yu, 2019). Specifically, the hits returned by a given BLAST search were
translated using the ExPASy Translate tool (http://web.expasy.org/
translate/) and assessed for completeness. Precursor proteins listed as
“full-length” exhibit a functional signal sequence (including a “start”
methionine) and are flanked on their C-terminus by a stop codon.
Proteins listed as “partial” lack a start methionine (referred to as C-
terminal partial proteins), a stop codon (referred to as amino [N]-
terminal partial proteins), or both of these features (referred to as in-
ternal fragment proteins). Next, each full-length or N-terminal partial
precursor protein was assessed for the presence of a signal peptide using
the online program SignalP 4.1 (http://www.cbs.dtu.dk/services/
SignalP/; Petersen et al., 2011); the D-cutoff values of SignalP were
set to “Sensitive” to better match the sensitivity of version 3.0 of this
freeware program. Prohormone cleavage sites were identified based on
information presented in Veenstra (2000). When present, the sulfation
state of tyrosine residues was predicted using the online program Sul-
finator (http://www.expasy.org/tools/sulfinator/; Monigatti et al.,
2002). Disulfide bonding between cysteine residues was predicted by
homology to known peptide isoforms or by using the online program
DiANNA (http://clavius.bc.edu/~clotelab/DiANNA/; Ferré and Clote,
2005). Other post-translational modifications, ie., cyclization of N-
terminal glutamine/glutamic acid residues and C-terminal amidation at
glycine residues, were predicted by homology to known arthropod
peptides. All protein/peptide alignments were done using the online
program MAFFT version 7 (http://mafft.cbre.jp/alignment/software/;
Katoh and Standley, 2013). To determine amino acid conservation
between selected precursor proteins or peptides, the sequences in
question were aligned using MAFFT, and amino acid identity/similarity
subsequently determined using the alignment output. Specifically,
percent identity was calculated as the number of identical amino acids
divided by the total number of residues in the longest sequence ( x 100),
while amino acid similarity was calculated as the number of identical
and similar amino acids divided by the total number of residues in the
longest sequence (X 100).

2.1.3. Peptide receptor structural prediction and vetting

A workflow developed to help provide provisional annotation to a
variety of protein types, including peptide receptors, was used to vet the
annotation of the deduced putative decapod CNMamide receptors (e.g.,
Christie et al., 2015, Christie et al., 2018; Christie and Yu, 2019;
Dickinson et al., 2019). First, nucleotide sequences were translated
using the Translate tool of ExXPASy and assessed for completeness (see
Section 2.1.2). Next, to confirm that the D. melanogaster CNMamide
receptor is the most similar protein to each of the putative decapod
CNMamide receptors, each decapod sequence was employed as the
input query in a BLAST search of the annotated Drosophila protein da-
taset present in FlyBase version FB2019_01 (http://flybase.org/blast/
index.html; Thurmond et al., 2019). Finally, protein structural motifs
were predicted for each of the putative decapod CNMamide receptors
using the online program Pfam 32.0 (http://pfam.xfam.org/; El-Gebali
et al., 2019). The same procedure used to determine amino acid con-
servation between peptide precursor/peptide isoforms was used to
calculate identity/similarity scores for selected receptor proteins (see
Section 2.1.2).

2.2. Assessment of phylogenetic relationships among receptor proteins

The phylogenetic relationships of the putative decapod CNMamide
receptors with a diverse set of D. melanogaster receptors were inferred
from a multiple sequence alignment constructed using default MUSCLE
(Edgar, 2004) settings in Geneious v10.1.3. Evolutionary analyses were
conducted in MEGA X (Kumar et al., 2018) using the maximum like-
lihood method based on the Le and Gascuel model (Le and Gascuel,
2008). Initial tree(s) for the heuristic search were obtained auto-
matically by applying Neighbor-Join and BioNJ algorithms to a matrix
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A. Alignment of Type-1 CNMamide precursors from four different decapod infraorders
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B. Alignment of Portunus sanguinolentus Type-1 and Type-2 CNMamide precursors
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Fig. 1. MAFFT alignment of selected full-length putative decapod CNMamide (CNMa) precursor proteins. (A) Alignment of Type-1 precursors from members of four
different decapod infraorders. (B) Alignment of Type-1 and Type-2 Portunus sanguinolentus CNMamide gene splice variants. In each protein, the signal peptide is
shown in gray, the CNMamide isoform in the Type-1 precursor is shown in red, the variant disulfide bridged peptide in the Type-2 precursor is shown in pink, and
linker/precursor-related peptides in both precursor types are shown in blue. In the line immediately below each sequence grouping, the symbol “*” indicates amino

@ »

acids that are identical in all four proteins, while “.

and “:” denote amino acids that are similar in structure among all four sequences. Species abbreviations: Penmo,

Penaeus monodon; Macto, Macrobrachium tolmerum; Homam, Homarus americanus; Carma, Carcinus maenas; Porsa, Portunus sanguinolentus. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

of pairwise distances estimated using a Jones-Taylor-Thornton model
(Jones et al., 1992) and then selecting the topology with superior log
likelihood value. A discrete gamma distribution was used to model
evolutionary rate differences among sites (two categories [+ G, para-
meter = 1.3245]). The analysis involved 38 amino acid sequences and
all positions with less than 95% site coverage were eliminated such that
fewer than 5% alignment gaps, missing data, and ambiguous bases were
allowed at any position. The final dataset consisted of total of 280
positions. The tree shown reflects the topology with the highest log
likelihood (—21213.82). Phylogenetic inferences made using neighbor
joining (Saitou and Nei, 1987) and minimum evolution (Rzhetsky and
Nei, 1992) approaches in MEGAX generated trees with similar topolo-
gies.

A more refined examination of the phylogenetic relationships
among Type-1 and Type-2 CNMamide receptor (Jung et al., 2014) se-
quences from diverse arthropods was also conducted. As before, a
multiple sequence alignment was constructed using default MUSCLE
settings and phylogeny estimated using the maximum likelihood
method in MEGAX. A discrete gamma distribution was used to model
evolutionary rate differences among sites (two categories [+G, para-
meter = 1.2178]). The rate variation model allowed for some sites to be
evolutionarily invariable ([ + 1], 12.72% sites). The analysis involved 22
amino acid sequences. As before, all positions with less than 95% site

coverage were eliminated and the final dataset consisted of 217 posi-
tions. The tree shown reflects the topology with the highest log like-
lihood (—5911.06). Similar tree topologies were generated using
neighbor joining and minimum evolution approaches.

3. Results and discussion

3.1. Transcriptome mining suggests the CNMamides are broadly conserved
in decapod species

Prior to this study, the presence of members of the CNMamide fa-
mily in decapods was limited to the crayfish, P. clarkii and the crab, C.
maenas, where transcripts encoding a putative CNMamide precursors
were identified via transcriptome mining (Oliphant et al., 2018;
Veenstra, 2015). Using the C-terminal partial protein deduced from the
P. clarkii transcript, the extant decapod TSA datasets in NCBI were
searched for transcripts encoding putative homologs. Via these sear-
ches, evidence for the presence of CNMamide precursors was found for
at least one member of each decapod infraorder for which significant
sequence data has been publicly deposited (Supplemental Table 1).
Specifically, putative precursor-encoding transcripts were identified
from Penaeus monodon and Litopenaeus vannamei, two members of the
Penaeoidea (penaeid shrimp), and from Macrobrachium tolmerum,
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Fig. 2. MAFFT alignment of full-length/near full-length putative decapod CNMamide receptor (CNMaR) proteins. In the line immediately below each sequence

grouping, the symbol “*” indicates amino acids that are identical in all four proteins, while

w»

and “:” denote amino acids that are similar in structure among all four

sequences. Rhodopsin family seven-transmembrane receptor domains identified by Pfam in the putative decapod CNMamide receptors are highlighted in black.
Species abbreviations: Carma, Carcinus maenas; Canbo, Cancer borealis; Procl, Procambarus clarkii; Penmo, Penaeus monodon.

Macrobrachium novaehollandiae, and Macrobrachium australiense, three
members of the Caridea (caridean shrimp). In addition to P. clarkii,
putative CNMamide-encoding transcripts were identified from Homarus
americanus and Cherax quadricarinatus, two other members of the As-
tacidea (clawed lobsters and freshwater crayfish), and from Jasus ed-
wardsii, a member of the Achelata (spiny and slipper lobsters). Finally,
putative CNMamide-encoding transcripts were identified from C.
maenas, Cancer borealis, Portunus sanguinolentus, Eriocheir sinensis, and
Scylla olivacea, five members of the Brachyura (true crabs). Taken col-
lectively, these data support the CNMamide family being broadly, if not
ubiquitously, conserved in the Decapoda.

3.2. At least two isoforms of CNMamide appear to exist in the Decapoda

The putative mature structures of native decapod CNMamides were
predicted from the precursor proteins deduced from the identified
transcriptomic sequences (Fig. 1A and Supplemental Fig. 1). The pep-
tide VMCHFKICNLamide (a disulfide bridge between the two cysteine
residues) was the sole CNMamide isoform identified for members of the
Penaeoidea, Caridea, Astacidea and Achelata, while VMCHFKI-
CNMamide (a disulfide bridge between the two cysteine residues) was

the sole CNMamide isoform identified for members of the Brachyura.
The two peptides differ via a conserved substitution at position 10 of
their sequences, a leucine in the former and methionine in the latter.
Thus, there appear to be at least two CNMamide in the Decapoda, one
broadly conserved, and the other, possibly infraorder-specific.

3.3. At least two splice variants of the CNMamide gene appear be present in
decapod species

An unexpected finding from our in silico investigation was that the
decapod CNMamide gene appears to give rise to two distinct precursors,
one containing the CNMamide peptide (Type-1 precursors), and one in
which the C-terminal portion of the preprohormone containing the
CNMamide is replaced by one having a different disulfide bridged
peptide that is structurally unrelated to CNMamide (Type-2 precursors).
With the exception of this relatively short region of putative alternative
splicing, the two variants are otherwise identical in all species for which
both precursor types were identified (Fig. 1B and Supplemental Fig. 1).
Evidence for the second putative splice variant was found for members
of the Penaeoidea (P. monodon), Caridea (M. tolmerum), Astacidea (C.
quadricarinatus and Astacus astacus), and the Brachyura (C. maenas, P.
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Fig. 3. MAFFT alignment of Carcinus maenas (Carma) and Drosophila melanogaster (Drome) CNMamide receptor (CNMaR) proteins. In the line immediately below
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each sequence grouping, the symbol

indicates amino acids that are identical in all four proteins, while “.” and “:” denote amino acids that are similar in structure

among all four sequences. Rhodopsin family seven-transmembrane receptor domains identified by Pfam in the CNMamide receptors are highlighted in black.

sanguinolentus, S. olivacea, and Charybdis feriata), suggesting it is a
conserved phenomenon for the decapod CNMamide gene. Interestingly
given the extreme level of conservation seen for the decapod CNMa-
mide isoforms, the bridged peptide in the Type-2 splice variant, while
showing considerable conservation within members of the same infra-
order, is quite variable among infraorders, i.e., PCILYIRICPFRSL in P.
monodon, FCINWLKFCPF in M. tolmerum, pEASWPCILWVKFCPLamide
and pEAIWPCVLWVKFCPLamide in C. quadricarinatus and A. astacus,
respectively, and GRKWHCGLWMPICPFSamide in C. maenas, pERKW-
HCGLWMPICPFSamide in both P. sanguinolentus and S. olivacea, and
ARKWHCGLWMPICPFSamide in C. feriata (disulfide bridging between
the two cysteines in each peptide).

3.4. Identification of a putative highly conserved decapod CNMamide
receptor

Using the sequences of the D. melanogaster CNMamide receptor
(Accession No. AAF50229; Adams et al., 2000) and a putative CNMa-
mide receptor from the cladoceran crustacean D. magna (Accession No.
KZS12306; unpublished direct GenBank submission), the extant dec-
apod TSA datasets were also searched for transcripts encoding putative
decapod CNMamide receptor proteins. Transcripts encoding a highly
conserved putative CNMamide receptor were found in members of the
Penaeoidea, Astacidea and Brachyura (Supplemental Table 1). A full-
length protein was deduced from a C. maenas transcript (Brachyura),
likely the same receptor reported by Oliphant et al. (2018), with pre-
sumably near full-length C-terminal partial proteins deduced from C.
borealis (Brachyura), P. monodon (Penaeoidea), and P. clarkii (Asta-
cidea) transcripts (Fig. 2). Alignment of these sequences shows that the
putative decapod CNMamide receptors are highly conserved in terms of
their amino acid sequences (Fig. 2), e.g., the putative C. maenas and P.
monodon CNMamide receptors are 81% identical/93% similar in amino
acid sequence over their region of overlap. Fragments of the putative

CNMamide receptor were also identified from L. vannamei (Penaeoidea)
and E. sinensis and S. olivacea (both members of the Brachyura) tran-
scripts (Supplemental Fig. 1).

To increase confidence that the putative decapod proteins annotated
as CNMamide receptors truly represent members of the CNMamide
receptor family, the full-length C. maenas and near full-length C. bor-
ealis, P. monodon, and P. clarkii proteins were used as the query se-
quences in searches of the annotated D. melanogaster proteins curated in
FlyBase. As expected, the CNMamide receptor was returned as the top
hit for each search; the full-length C. maenas putative CNMamide re-
ceptor is 30% identical/59% similar in amino acid sequence to its D.
melanogaster counterpart (Fig. 3). Assessment of the phylogenetic re-
lationships among the putative decapod CNMamide receptors and a
large set of D. melanogaster receptors (Supplemental Fig. 2) revealed the
decapod sequences formed a receptor specific clade with significant
bootstrap support (98%) with the D. melanogaster CNMamide receptor
(Fig. 4). Assessment of the phylogenetic relationships among the pu-
tative decapod CNMamide receptors and previously identified ar-
thropod Type-1 and Type-2 CNMamide receptors (Jung et al., 2014)
(Supplemental Fig. 3) showed the decapod proteins clustered with
significant bootstrap support (100%) with the Type-2 sequences
(Fig. 5). Pfam analyses of the full-length/near full-length decapod re-
ceptors revealed each to contain a single rhodopsin family seven-
transmembrane receptor domain, a domain also predicted for the D.
melanogaster CNMamide receptor (Fig. 3).

3.5. Possible functions for CNMamides in decapod crustaceans

While most of the transcripts encoding putative decapod CNMamide
precursors/receptors come from assemblies derived from mixed tissues,
several were identified from tissue-specific transcriptomes
(Supplemental Table 1), providing insight into possible functions the
CNMamide signaling system may play in members of the Decapoda.
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Fig. 4. Phylogenetic relationship of putative decapod CNMamide receptors
with select Drosophila melanogaster receptors. Maximum likelihood tree de-
picting the inferred evolutionary history of the respective receptor sequences.
The tree with the highest log likelihood is drawn to scale with branch lengths
measured in the number of substitutions per site. The percentage of trees in
which the associated taxa clustered together across 1000 replicates is shown
next to the branches. Decapod sequences are shown in bold font. Receptor
abbreviations: AKHR (adipokinetic hormone receptor); AST-AR (allatostatin A
receptor); AST-BR/SPR (allatostatin B receptor/sex peptide receptor); AST-CR
(allatostatin C receptor); BursR (bursicon receptor); CAPAR (Capa receptor);
CCHaR (CCHamide receptor); CNMaR (CNMamide receptor); CRZR (corazonin
receptor); CCAPR (crustacean cardioactive peptide receptor); DH31R (diuretic
hormone 31 receptor); DH44R (diuretic hormone 44 receptor); ETHR (ecdysis-
triggering hormone receptor); FMRFaR (FMRFamide receptor); LKR (leucokinin
receptor); MSR (myosuppressin receptor); NPFR (neuropeptide F receptor);
PDFR (pigment-dispersing factor receptor); ProcR (proctolin receptor); PKR
(pyrokinin receptor); RYaR (RYamide receptor); SIFaR (SIFamide receptor);
SKR (sulfakinin receptor); SNPFR (short NPF receptor); TRPR (tachykinin-re-
lated peptide receptor); TrissinR (trissin receptor). Species abbreviations:
Canbo, Cancer borealis; Carma, Carcinus maenas; Drome, Drosophila melanoga-
ster; Penmo, Penaeus monodon; Procl, Procambarus clarkii. Accession numbers of
sequences used for the analyses are listed in Supplemental Fig. 2.
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Fig. 5. Phylogenetic relationship of putative decapod CNMamide receptors
with Type-1 and Type-2 CNMamide receptors (see Jung et al. (2014)) from
diverse arthropods. Maximum likelihood tree depicting the inferred evolu-
tionary history of the respective receptor sequences. The tree with the highest
log likelihood is drawn to scale with branch lengths measured in the number of
substitutions per site. The percentage of trees in which the associated taxa
clustered together across 1000 replicates is shown next to the branches. Dec-
apod sequences are shown in bold font. Species abbreviations: Acrec, Acro-
myrmex echinatior; Acypi, Acyrthosiphon pisum; Anoga, Anopheles gambiae; Artsi,
Artemia sinica; Bomim, Bombus impatiens; Bommo, Bombyx mori; Bomte, Bombus
terrestris; Camfl, Camponotus floridanus; Canbo, Cancer borealis; Carma, Carcinus
maenas; Danpl, Danaus plexippus; Dapma, Daphnia magna; Drome, Drosophila
melanogaster; Harsa, Harpegnathos saltator; Nasvi, Nasonia vitripennis; Pedhu,
Pediculus humanus corporis; Penmo, Penaeus monodon; Procl, Procambarus clarkii;
Soliv, Solenopsis invicta; Trica, Tribolium castaneum. Accession numbers of se-
quences used for the analyses are listed in Supplemental Fig. 3.

Specifically, transcripts encoding both a putative CNMamide precursor
and putative CNMamide receptor were identified in a C. borealis ner-
vous system-specific assembly (BioProject No. PRJNA310325;
Northcutt et al., 2016), suggesting that the CNMamide signaling system
serves to modulate nervous system functioning, as has been found for
many other peptidergic signaling systems in members of the Decapoda
(e.g., Christie, 2011; Christie et al., 2010), a function also proposed for
the CNMamides in D. melanogaster (Jung et al., 2014). At least one
likely site of CNMamide production in the decapod nervous system
appears to be the eyestalk ganglia, which is the locus of the X-organ-
sinus gland system (XO-SG), a major neuroendocrine organ (e.g.,
Christie, 2011), as transcripts encoding putative CNMamide precursors
were identified from P. clarkii (BioProject No. PRINA205889; Manfrin
et al.,, 2015), H. americanus (BioProject No. PRINA338672; Christie
et al., 2017), and E. sinensis (BioProject No. PRINA259036; Xu et al.,
2015) eyestalk-specific transcriptomes. The presence of a transcript
encoding a CNMamide receptor in the E. sinensis eyestalk assembly
suggests the possibilities that CNMamide modulates photic input to the
nervous system and its integration and/or modulation of peptide hor-
mone production/release from the XO-SG system.

In addition to the nervous system, there is evidence for expression of
both the CNMamide precursor and its cognate receptor in decapod re-
productive tissues. Specifically, transcripts for both are present in a S.
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olivacea testis-specific transcriptome (BioProject No. PRINA289610;
Waiho et al., 2017), whereas putative precursor-encoding sequences
were identified from P. sanguinolentus (BioProject No. PRJINA415705;
Zhang et al., 2018) and C. feriata (BioProject No. PRJINA415670; un-
published direct GenBank submission) mixed testis-ovary assemblies.
Enrichment of CNMamide precursor-encoding transcripts in the ovary
was reported previously for P. clarkii (Veenstra, 2015). Collectively
these findings suggest a role for the CNMamides in decapod re-
productive control and/or the signaling of reproductive state to other
physiological/behavioral control systems, e.g., the nervous system. In-
terestingly, the only assemblies that contain transcripts encoding Type-
2 CNMamide precursor variants (the variant missing the CNMamide)
are those that contain reproductive tissue as at least one source of RNA,
raising the possibility that expression of this splice variant is re-
productive tissue-specific.

4. Summary and conclusions

In this study, publicly accessible transcriptomic data were used to
assess the phylogenetic/structural conservation, tissue localization, and
possible functions of CNMamide signaling systems in members of the
Decapoda. This peptidergic signaling system appears broadly, if not
ubiquitously, conserved in this taxon. Interestingly, the decapod
CNMamide gene appears to give rise to two splice variants, one con-
taining CNMamide and one in which the C-terminal portion of the
precursor containing the CNMamide peptide is replaced by a structu-
rally distinct and unrelated bridged peptide. Furthermore, the re-
spective cognate CNMamide receptor is present in members of the
Decapoda as a single highly conserved protein that aligns with the
Type-2 CNMamide receptor group. Given the presence of both pre-
cursor and receptor transcripts in nervous system- and reproductive
tissue-specific transcriptomes, we propose that members of the
CNMamide family are likely to serve as modulators of both the nervous
and reproductive systems. These data provide a foundation for in-
itiating molecular and physiological studies of the CNMamide signaling
system in decapod species.
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