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a b s t r a c t
The couch potato (CPO) protein is a key biomolecule involved in regulating diapause through the RNA-binding
process of the peripheral and central nervous systems in insects and also recently discovered in a few crustacean
species. As such, ectoparasitic copepods are interesting model species that have no evidence of developmental
arrest. The present study is the ﬁrst to report on the cloning of a putative CPO gene from the salmon louse Caligus
rogercresseyi (CrCPO), as identiﬁed by high-throughput transcriptome sequencing. In addition, the transcription
expression in larvae and adults was evaluated using quantitative real-time PCR. The CrCPO cDNA sequence
showed 3261 base pairs (bp), consisting of 713 bp of 5′ UTR, 1741 bp of 3′ UTR, and an open reading frame of
807 bp encoding for 268 amino acids. The highly conserved RNA binding regions RNP2 (LFVSGL) and
RNP1 (SPVGFVTF), as well the dimerization site (LEF), were also found. Furthermore, eight single nucleotide
polymorphisms located in the untranslated regions and one located in the coding region were detected. Gene
transcription analysis revealed that CrCPO has ubiquitous expression across larval stages and in adult individuals,
with the highest expression from nauplius to copepodid stages. The present study suggests a putative biological
function of CrCPO associated with the development of the nervous system in salmon lice and contributes
molecular evidence for candidate genes related to host–parasite interactions.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
The couch potato (CPO) protein was ﬁrst isolated and cloned from
Drosophila embryos, and its expression in neuronal precursors and
their daughter cells evidences its pivotal role in the development and
proper biological functioning of the peripheral and central nervous
systems (Bellen et al., 1992; Glasscock and Tanouye, 2005). In addition
to the expression of CPO in the nervous system, this protein is also
expressed in larval ring glands, suggesting a biological function likely
involved with neuroendocrine activity during larval development
(Harvie et al., 1998). Regarding its molecular characteristics, CPO
belongs to an RNA-binding protein family that has complex structural
Abbreviations: CPO, couch potato protein; UTR, untranslated region; RNP1, RNA
binding region 1; RNP2, RNA binding region 2; RNA-seq, RNA sequencing; EST, expressed
sequence tag; NCBI, National Center for Biotechnology Information; RACE, rapid ampliﬁcation of cDNA ends; NJ, neighbor-joining method; SNPs, single nucleotide polymorphisms;
PSVs, paralogous sequence variants; CDS, coding sequence; mRNA, messenger RNA; HKG,
housekeeping gene; qPCR, quantitative PCR; PCR, polymerase chain reaction; ANOVA,
analysis of variance; bp, base pairs; RRM, RNA recognition motif; blast, Basic Local
Alignment Search Tool; GluCl, glutamate-gated chloride channel; GABA-Cl, γaminobutyric acid chloride channel; ABC, ATP-binding cassette transporters; Pgp,
P-glycoprotein.
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features such as a molecular size over 100 kb that encodes for at least
three transcripts with alternative splicing, a lack of the AUG initiation
codon, and the probable encoding of three different proteins (Bellen
et al., 1992).
The CPO gene gains its name from several partial loss-of-function
alleles that cause hypoactive behavior, such as abnormal geotaxis, phototaxis, and ﬂight behavior, in adults of Drosophila, thus evidencing a
mutant genotype in insects with life strategies that involve diapause
(Saunders et al., 1989). Diapause is a classic adaptation to seasonality
in arthropods, and its expression can result in an extreme extension of
lifespan as well as an enhanced resistance to environmental challenges.
So far, experiments using quantitative trait mapping, as carried out by
Schmidt et al. (2008), have revealed the RNA-binding protein encoding
CPO to be major genetic locus that modulates the diapause phenotype
in Drosophila melanogaster. Furthermore, sequence analysis from natural populations demonstrated that variation for the diapause phenotype
is caused by a single Lys/Ile substitution, and the polymorphisms also
show geographic variation according to latitudinal cline (Tyukmaeva
et al., 2011).
Aquatic organisms are constantly exposed to environmental stimuli
or anthropogenic pollutants. As such, diapause is of critical importance
for the life history of some crustaceans, including calanoid and cylopoid
copepods (Hirche, 1996; Bron et al., 2011). For instance, a prolonged
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dormancy phase during the life cycle of Calanus ﬁnmarchicus is a strategy, which allows it to avoid the unfavorable environmental conditions
typical of the upper ocean from late summer to early spring in the
subarctic North Atlantic (Carmichael et al., 2013; Olsvik et al., 2013).
Furthermore, the functional genomics approach has been used to identity putative CPO homologs in C. ﬁnmarchicus (Christie et al., 2013).
Mining of 454 pyrosequencing datasets and bioinformatics analyses
from published databases resulted in the identiﬁcation of two fulllength CPO proteins and two additional putative sequences in the parasitic copepod Lernaeocera branchialis and the shrimp Penaeus monodon.
According to the authors, no convincing CPO-encoding transcripts were
identiﬁed for crustacean species with very large datasets, such as
Litopenaeus vannamei, Daphnia pulex, and Lepeophtheirus salmonis,
suggesting that CPO transcription has a low expression or is absent in
some crustacean species.
The salmon louse Caligus rogercresseyi is a marine ectoparasite that is
the cause of high economic losses for the salmon aquaculture industry
in Chile. This parasite produces signiﬁcant physiological and pathological consequences for infected ﬁsh (Bartsch et al., 2013). For instance,
heavy infections lead to the erosion of the epidermis, exposure of the
dermis, and in severe cases, exposure of skeletal muscle (Skilbrei et al.,
2013). However, subclinical and physiological effects, which include
stress, increased plasma cortisol concentrations, and changes in blood
glucose, electrolyte, and plasma sex-steroid concentrations, are the
more common impacts of sea lice (Saksida et al., 2013). Salmon lice
infestations have been managed by antiparasitic agents such as organophosphates (Jones et al., 1992; Roth et al., 1996), pyrethroids (Sevatdal
and Horsberg, 2003), hydrogen peroxide (Bravo et al., 2010), and
avermectins (Duston and Cusack, 2002; Bravo et al., 2008). However,
the overexposure of parasites to chemical control agents tends to promote drug resistance in wild populations (ffrench-Constant et al.,
2004). In order to address this concern and that of the scarce genomic
knowledge on the molecular functions affected by anti-sea louse treatments, investigations of novel candidate genes that could be related to
the invertebrate nervous system are required. In this context, CPO is of
interest to the current study as there is evidence related to its functional
role during early developmental stages in C. ﬁnmarchicus. Interestingly,
the model species C. rogercresseyi differs in comparison to other sea lice
in regard to its life cycle strategy and association with its host ﬁsh and in
its lack of a diapause stage.
This study is the ﬁrst to report a putative CPO gene from the salmon
louse C. rogercresseyi, as identiﬁed by high-throughput transcriptome
sequencing. Additionally, transcription expression was performed in
copepodid and chalimus larval stages and in female and male adults
so as to evaluate expression patterns associated to ontogenetic
development.
2. Materials and methods
2.1. Laboratory conditions for salmon lice culturing
Ovigerous specimens of C. rogercresseyi were collected from recently
harvested ﬁsh at the AquaChile salmon processing plant in Puerto
Montt, Chile. Individuals were transported back to the laboratory on
ice, and their egg strings were then removed and placed in culture
buckets supplied with seawater ﬂow (12 °C) and gentle aeration. Eggs
were allowed to hatch and develop until the infectious copepodid
stage, at which point they were harvested for RNA extraction and
cDNA library construction. The culture procedure was carried out
according to Bravo (2010).
2.2. High-throughput sequencing from C. rogercresseyi transcriptome
Total RNA was extracted from pools containing 10 individuals for
each larval stage (nauplius I, nauplius II, copepodid and chalimus) and
adults (female and male) using the Ribopure™ kit (Ambion®, Life

Technologies™, USA) following the manufacturer's instructions. Quantity, purity, and quality of isolated RNA were measured in TapeStation
2200 (Agilent Technologies Inc., Santa Clara, CA, USA) using the R6K reagent kit according to the manufacturer's instructions. Subsequently,
double-stranded cDNA libraries were constructed using the TruSeq
RNA Sample Preparation kit v2 (Illumina®, San Diego, CA, USA). Two
biological replicates for each sample pool (n = 12) were sequenced
by the MiSeq (Illumina®) platform using sequenced runs of 2 × 250
paired-end reads at the Laboratory of Biotechnology and Aquatic
Genomics, Interdisciplinary Center for Aquaculture Research (INCAR),
University of Concepción, Chile.
2.3. In silico identiﬁcation of CPO from C. rogercresseyi
The raw data for each pool of samples were separately trimmed and
de novo assembled in a unique ﬁle using CLC Genomics Workbench
software (Version 6.0.1, CLC Bio, Denmark). The overlap settings for
this assembly were a mismatch cost of 2, an insert cost of 3, a minimum
contig length of 200 bp, a similarity of 0.8, and a trimming quality score
of 0.05. This assembly yielded 125,813 contigs that were annotated
according to Gene Ontology terms with the Blast2Go software (Conesa
et al., 2005) by mapping against protein resources. Furthermore,
tBLASTn analysis was performed against EST-datasets downloaded
from the NCBI for crustacean species, and speciﬁcally for EST encoding
putative CPO proteins. From this, a CPO homologous contig of 1643 bp
from C. rogercresseyi transcriptome was identiﬁed with an e-value of
8.99E− 76.
2.4. Cloning of the CPO gene from C. rogercresseyi
The partial sequence of the CPO gene was used as a template for
primer design with the Primer3 tool (Rozen and Skaletsky, 2000)
(Table 1) included in the Geneious Pro software (Version 6.0,
Biomatters, New Zealand). For gene ampliﬁcation, total RNA was isolated using the TRI reagent® (Invitrogen, Carlsbad, CA, USA) protocol. The
purity was determined (ratio A260/A280) with a Nanodrop ND1000
spectrophotometer (Thermo Fisher Scientiﬁc, Copenhagen, USA), and
the integrity was determined by agarose gel under denaturant conditions. From 200 ng/μl of total RNA, cDNA was synthesized using the
RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientiﬁc,
Glen Burnie, Maryland, USA). PCR analysis was performed using 1 μl
of cDNA, 10 μM of each primer (Table 1), 1.5 mM MgCl2, and 0.06 U
taq DNA polymerase (Thermo Scientiﬁc, Maryland, USA). PCR was performed in 35 cycles of denaturation at 94 °C for 30 s, annealing at 60 °C
for 30 s, and extension at 72 °C for 45 s. The PCR product was observed
by electrophoresis on 1% agarose gel and sequenced in the ABI 3730xl
sequencer (Applied Biosystems, CA, USA). The sequence was analyzed
using the Geneious Pro software (Version 6.0, Biomatters Ltda.). The
resulting partial sequence was used for designing speciﬁc new primers
(Table 1) for the ampliﬁcation of the 3′ and 5′ UTR ends through the
SMARTer™ RACE cDNA Ampliﬁcation Kit (Clontech) according to the
manufacturer's instructions. The fragments obtained for the 5′ and 3′
UTR ends were cloned in the TOPO TA Cloning Kit (Invitrogen™, Life
Technologies, Carlsbad, CA, USA) and transformed into E. coli JM109

Table 1
Sequence of oligonucleotide primers used.
Primer name

Sequence (5′ to 3′)

Speciﬁcation

Cr-CPO_3o
Cr-CPO_3i
Cr-CPO_5o
Cr-CPO_5i
Cr-CPO_qF
Cr-CPO_qR

GAGATGATGATAAGGGAGGGA
ACGATACACACACGATGGAA
TATACTATAATAGCTTTGGATA
ATCTCCTCCAGGGAAGACAAA
CGAACACTATTTGTGAGCGG
CGAGGACGTCTTCCCATTTT

3′-RACE
3′-RACE
5′-RACE
5′-RACE
qPCR
qPCR
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electrocompetent bacteria in LB/amp/IPTG/Xgal plates overnight at
37 °C. The positive clones were selected and puriﬁed in order to obtain
plasmid with the E.Z.N.A® Plasmid DNA Mini Kit II (Omega Bio-tek,
Doraville, GA, USA). The acquired plasmids were sequenced in both
directions, and their sequences were then assembled using the
Geneious Pro software (Version 6.0, Biomatters Ltda.). Furthermore, in
silico modeling was performed using the putative CPO sequence and
the PSIPRED bioinformatic tool (Buchan et al., 2013). The CPO gene
sequence was submitted to the NCBI Genbank database (Accession
number KF678437).

2.5. Amino acid sequence analysis of CPO homologues
Protein alignments and the phylogenetic tree were constructed
using MUSCLE included in the Geneious software according to the
neighbor-joining (NJ) method, as based on the consensus sequence of
C. rogercresseyi and other known sequences from crustaceans and
insects (Table 2). The data were bootstrapped 1000 times to estimate
the internal stability of each node. Crassostrea gigas was used as outgroup.

2.6. SNP mining in the CPO gene
De novo assembly was applied to mine SNP variants from the
transcriptome of eight pools of salmon lice using the CLC Genomics
Workbench software (Version 6.0.1, CLC Bio, Denmark). The assembly
parameters used were a mismatch cost of 2, a deletion cost of 3, an
insert cost of 3, a minimum contig length of 200 bp, and a trimming
quality score of 0.05. The de novo assembly described above was used
to mine SNPs within the contig annotated as CPO using the CLC Genomic
Workbench Software (Version 6.0.1, CLC Bio). To exclude paralogous
sequence variants (PSVs), an overlap criterion of 70% and a similarity
of 0.9 were applied (Renaut et al., 2010). Candidate SNPs were called
with the following settings: window length = 11, maximum gap and
mismatch count = 2, minimum average quality of surrounding
bases = 15, minimum quality of central base = 20, maximum
coverage = 100, minimum coverage = 8, minimum variant frequency
(%) = 35.0, and maximum expected variations (ploidy) = 2. Further
analyses, such as synonymous or non-synonymous SNPs identiﬁcation
and the SNPs position in the mRNA (CDS, 3′ UTR, 5′ UTR), were
performed in the Geneious Software (version 6.0, Biomatter Ltda.,
New Zealand).

Table 2
Blastp analysis of CPO sequences reported from arthropods against Caligus rogercresseyi.
Species

Accession no.

E-value

Caligus rogercresseyi
Calanus ﬁnmarchicus
Culex pipiens
Tribolium castaneum
Apis mellifera
Apis ﬂorea
Nasonia vitripennis
Camponotus ﬂoridanus
Drosophila melanogaster 61.1
Drosophila melanogaster
Drosophila grimshawi
Drosophila mojavensis
Drosophila persimilis
Drosophila sechellia
Drosophila willistoni
Drosophila simulans
Crassostrea gigas

*
ES237551
ADW77182
XP_968800
XP_392443
XP_003693144
XP_001605039
EFN71193
CAA78696
AAN71324
XP_001994632
XP_001998295
XP_002019784
XP_002041026
XP_002070044
XP_002103008
EFX80516

*
1e− 86
2.00E− 77
7.00E− 82
2e− 75
2e− 75
1.00E− 72
7.00E− 61
2.00E− 72
3.00E− 78
1.00E− 75
3.00E− 74
1e− 71
2.00E− 71
2.00E− 72
1.00E− 69
7.00E− 54
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2.7. Gene transcription analysis of CrCPO
To compare transcription expression of CPO among the four developmental stages, quantitative expression analysis was performed by
the real-time PCR thermocyler StepOnePlus (Applied Biosystems, Life
Technologies, USA) using the ΔCt method (Livak and Schmittgen,
2001). This method requires efﬁciency values close to 100%, and, as
such, dynamic range assays were performed to calculate the reaction efﬁciency of each gene. Furthermore, three putative housekeeping genes
(HKG), elongation factor alpha, α-tubulin, and β-tubulin, were statistically analyzed with the NormFinder algorithm to assess their transcriptional expression stability. Here, β-tubulin was selected as the HKG for
gene normalization. Each qPCR reaction was carried out in a total
volume of 10 μl using the Maxima SYBR Green/ROX qPCR Master mix
(Thermo Scientiﬁc, USA). The conditions for ampliﬁcation were as
follows: 95 °C for 10 min (holding state), 40 cycles at 95 °C for 30 s
(denaturation), 60 °C (T° annealing) for 30 s, and 72 °C for 30 s
(extension). Finally, to evaluate signiﬁcant differences of gene expression, an ANOVA test was performed at p b 0.05 using the STATISTICA
7 software (Statsoft Inc. USA). In addition to qPCR analysis, RNA-seq
analysis was performed using the Illumina reads generated by highthroughput sequencing against the CPO contig. The RNA-seq settings
were a minimum length fraction of 0.6 and a minimum similarity
fraction (long reads) of 0.5. The expression value was set in unique
gene reads.
3. Results
3.1. Molecular characterization of CPO cDNA from C. rogercresseyi
From the in silico analysis of high-throughput transcriptome sequencing and RACE technique, a complete cDNA sequence of a putative
CPO gene from the sea louse C. rogercresseyi was obtained. The molecular characteristics showed a total length of 3261 base pairs (bp), which
contained an open reading frame of 807 bp encoding for 268 amino
acids. Untranslated regions were also identiﬁed with lengths of
713 bp and 1741 bp for 5′ UTR and 3′ UTR, respectively. This latter
sequence showed a polyadenylation signal region (AATAAA) and a
poly(A) tail site. With respect to the coding region, the putative CPO
transcript had the highly conserved RNA binding regions RNP2
(LFVSGL) and RNP1 (SPVGFVTF), as well as the dimerization site (LEF)
(Fig. 1). The calculated molecular weight was 29.5 kD and the theorical
isoelectric point corresponded to 9.79. Moreover, structural analysis of
the CPO, and speciﬁcally of the amino acid RNA recognition motif
(RRM), revealed it to contain four main, anti-parallel β-strands and
two α-helices, which together formed the topological structure
βαββαβ characteristic of most RNA binding proteins (Fig. 2).
3.2. Phylogenetic analysis of CrCPO
Multi-alignment analysis of CPO sequences revealed a high identity
percentage with proteins reported for other arthropods such as Culex
pipiens (82.2%), D. melanogaster (68.8%), Apis mellifera (64.7%), and
Tribolium castaneum (66.2%). In relation to copepods, the unique CPO
reported for C. ﬁnmarchicus showed an identity of 72.3% with CrCPO
(Fig. 3). These results are congruent with the e-value estimated by
Blastp analysis against published sequences of CPO (Table 2). The alignment revealed high levels of amino acid conservation for the RNA recognition motif. Phylogenetic analysis carried out by the neighbor-joining
method demonstrated that the CrCPO sequence forms a single clade
closely related to C. ﬁnmarchicus (Fig. 4) at a conﬁdence level of 71.3%
Furthermore, another clade related to the subphylum Hexapoda
showed two nodes (A and B) with a conﬁdence level of 72.4% and
contained CPO sequences belonging to the Suborder Apocrita, which includes a wasp, a bee, and ants. The B node composed of CPO sequences
belonging to the Order Diptera was represented by fruit ﬂies and the
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Fig. 1. Schematic representation of complete CrCPO for C. rogercresseyi sequence obtained by RACE-PCR. Full-length cDNA sequence and predicted amino acid sequence for CrCPO are
shown in blue. The conserved RNP2, RNP1 and RRN dimerization site are shown in purple. SPNs positions are indicated with red triangle, and the primers used for RACE are noted
with green arrows.

common mosquito. Additionally, the species Tribolium castaneum, of the
Order Coleoptera, was not integrated into the previous clades (98.7% of
bootstrapping).
3.3. Identiﬁcation of SNPs from Cr-CPO
A total of 9 SNPs from CrCPO mRNA were identiﬁed. SNPs were located in the 5′ and 3′ UTR as well as in the coding region. However, 7 SNPs
were located in the 3′ UTR of the CPO messenger, with three mutations
being transversion and four transitions. The 5′ UTR only revealed a
unique transition SNP. The coding region had one SNP, but a synonymous mutation was archived (Table 3).
3.4. Expression of CrCPO during the developmental stages of C. rogercresseyi
One of the aims of this study was to evaluate the gene expression of
CPO from C. rogercresseyi transcriptome and, speciﬁcally, its relationship
with the development of the nervous system. This objective was carried
out using qPCR analysis and in silico illumina reads expression. From
this, CrCPO transcripts were identiﬁed from the following six developmental stages: nauplius I, nauplius II, copepodids, chalimus, and adult
females and males. The results of both transcription analyses were
highly congruent with one another. Fig. 5 shows the noted differences
in gene transcription expression among the six developmental stages.
Expression of CrCPO was highest from nauplius I–II to copepodids,
with transcript values from 815 to 2356 unique gene reads and 0.9 to
1.7 of mRNA relative expression normalized to β-tubulin. After these
early developmental stages, the transcriptional activity of CrCPO
decreased almost 10-fold in the chalimus stage. Then, an increasing

expression of CrCPO was observed from the chalimus stage to an adult
salmon louse. Differences in transcription expression between sexes of
C. rogercresseyi were observed, with a higher CrCPO expression related
to adult males. Thus, over the course of development from nauplius to
adult salmon lice, CrCPO revealed its highest transcriptional activity in
association with early developmental stages in the salmon louse
C. rogercresseyi.

4. Discussion
Copepods are a group of small aquatic crustaceans described as the
most abundant metazoans on earth, and their life histories comprise
planktonic and benthic cycles with important ecological links in the
marine ecosystem (Humes, 1994; Hirche, 1996), including parasitic interactions with both farmed and wild marine ﬁnﬁsh (Krkosek, 2010;
Nowak et al., 2011). Members of the family Caligidae, and especially of
genera Caligus and Lepeophtheirus, are the most important parasites of
the salmon farming industry due to the direct and indirect economic
losses that annually reach US$480 million (Costello, 2009). In addition,
there is concern that the chemical control of salmon lice infestations
could produce impacts for the marine environment and create a drug
resistance due to overuse of antiparasitics as a management strategy
(Johnson et al., 2004; Torrissen et al., 2013).
Recently, salmon lice have been the subject of extensive molecular
investigations, including both genomic and transcriptomic studies
(Eichner et al., 2008; Yasuike et al., 2012). However, advances are still
not publicly available, contrary to the publicly available genomic knowledge gained from crustacean model species such as D. pulex (Colbourne
et al., 2011). This fact, in combination with molecular and biological
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Fig. 2. In silico modeling and three-dimensional structure of CPO from C. rogercresseyi. The
prediction of the four anti-parallel β-strands and two α-helices, comprising the βαββαβ
topological structure characteristic for RNA binding proteins.
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features, has resulted in the emergence of D. pulex as a model organism
for studying the neurochemical controls involved in its remarkable ability for adaption to environmental changes and even chemical agents
(Christie and McCoole, 2012). In this context, genomic research contributes to the study of candidate genes related to the development of the
central nervous system in non-model species such as salmon lice. Interestingly, investigations on the molecular effects of antiparasite drugs in
invertebrates have addressed genes related to the nervous system, such
as glutamate-gated (GluCl) and γ-aminobutyric acid (GABA-Cl) chloride channels (McCavera et al., 2007; Carmichael et al., 2013). Furthermore, ATP-binding cassette (ABC) transporters such as P-glycoprotein
(P-gp) are known to be involved in parasiticide resistance by mediating
the cellular efﬂux from within the cell to the exterior (James and Davey,
2009; Igboeli et al., 2012). However, molecular evidence has not yet
been reported for the mechanisms that modulate the ABC transporter
function in the central nervous system of invertebrates. It is therefore
important to identify genes and mechanisms associated with the
ontogenetic development of salmon lice, and a special emphasis should
be placed on candidate genes related to the central and peripheral
nervous system.
The present study is the ﬁrst to report on a CPO gene from
C. rogercresseyi and to compare expression of this gene in four developmental stages. Analysis showed that CrCPO expression is highest from
nauplius to copepodids and is then down-regulated roughly 10-fold in
the chalimus stage. From this larval stage, the transcriptional activity
of CrCPO increased until the adult stages and showed gene expression
differences between sexes. It is important to note that the life cycle of
C. rogercresseyi includes three planktonic life stages, two nauplii and a
copepodid, and ﬁve parasitic stages, which remain attached to ﬁsh.
The parasitic stage begins with the ﬁrst through fourth chalimus stages
and ends when adults move freely over the host skin. These results

Fig. 3. Sequence of C. rogercresseyi (CrCPO) was compared with CPOs from different species. Conserved and similar amino acid residues are indicated as white letters on a black background
and white letters on a gray background, respectively. Non-conserved residues are indicated as black letters on a white background. Amino acid residues comprising the RRM are labeled
above as follows: blue indicates the conserved RNP2 motif (LFVSGL) and RNP1 motif (SPVGFVTF), respectively. Three amino acid residues (LEF) that form the conserved RRM dimerization
site are indicated in yellow.
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A

B

Fig. 4. Phylogenetic analysis of CPO sequences reported for arthropods. The number at each node indicates the percentage of bootstrapping after 1000 replications. The GenBank accession
numbers of selected sequences are indicated in Table 2.

suggest that the CrCPO expression observed in the copepodid stage
could be related with a putative functional role in the development of
the nervous system in the salmon louse. In fact, investigations reported
by Wilson and Hartline (2011) show high peripheral and central
nervous system development in individuals showing transition from
nauplius to copepodid stages. Moreover, the down-regulation observed
in the chalimus stage could reveal a decreasing phase of neuromorphological changes or suppressive transcriptional activity derived
from the salmon louse–ﬁsh interaction. These gene expression proﬁles
are in concordance with previous results reported by Christie et al.
(2013) for the copepod C. ﬁnmarchicus. In regard to the transcriptional
differences of CrCPO between sexes, signiﬁcantly higher expression
was associated with adult males as compared with adult females. A

Table 3
Identiﬁcation of SNPs form CrCPO sequence.
Nucleotide position

Region

Allele

Frequency

Mutation type

499
881
1589
1618
1770
1845
2407
2549
3021

5′UTR
CDS
3′UTR
3′UTR
3′UTR
3′UTR
3′UTR
3′UTR
3′UTR

C/T
C/T
A/C
C/T
T/A
A/G
A/C
C/T
T/C

98/61
120/65
136/46
129/43
219/40
236/53
96/85
129/37
90/24

Transition
Transition
Transversion
Transition
Transversion
Transition
Transversion
Transition
Transition

hypothesis for this could be related to the sexual mating behavior of
males, where the development of nervous system structures is required
for locating females and for sexual chemoattraction.
The CrCPO cDNA sequence obtained in this study exhibited the conserved regions of CPO genes, showing results congruent with previously
published sequences for arthropods (Bellen et al., 1992; Zhang and
Denlinger, 2011; Christie et al., 2013). The alignment of CPO sequences
revealed a high identity percentage with related species. This identity
was highest for the unique CPO reported from C. ﬁnmarchicus at an identity of 72.3% with CrCPO. Furthermore, in order to identify putative reading frames that potentially can be translated into amino acid (aa),
further bioinformatics analyses were performed. Herein, the alternative
GAT start codon (Asp) was identiﬁed between the positions 495 and
497, generating a putative protein with 342 aa. This protein contains
the reported CrCPO with 268 aa. However, the start codon GAT has
only been reported for bacteria such as Pantoea ananatis (Kim et al.,
2008). This study reported the presence of a conserved Asp, located
in-frame and 12 bp upstream of potential start codon. The authors
propose that this Asp residue may play a key role in interactions with
the 16S rRNA. Because this Asp residue was located within a potential
ribosome binding site (RBS) region, and the codons of Asp (GAT or
GAC) are a part of Shine–Dalgano (SD) sequence (AGGAGG), this particular residue may serve a critical function in the alternative translation
process in prokaryotes. With respect to our study, future functional
analysis using recombinant proteins is required to suggest if CrCPO is
involved in alternative isoforms during the lifecycle of C. rogercresseyi.
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Fig. 5. Transcription expression of CrCPO during the developmental stages of
C. rogercresseyi. The relative level of expression for each stage was evaluated by qPCR
and RNA-seq analysis. Data are presented as the mean expression ± standard deviation.

In addition to this, a total of 9 SNPs from CrCPO mRNA were identiﬁed. SNPs were located in the 5 ′and 3′ UTR and in the coding region.
However, 7 SNPs were located in the 3′ UTR of CPO mRNA, where
three mutations were transversions and four were transitions. The 5′
UTR revealed only a unique transition SNP. The coding region evidenced
one SNP, but a synonymous mutation was archived. Polymorphisms located in the non-coding regions could have effects on gene expression
due to alterations of the region that regulates mRNA stability and translational efﬁciency (Liaoa and Leeb, 2010). Therefore, the present results
suggest that changes in CPO UTRs may be regulating CPO expression
changes among the different stages of C. rogercresseyi. So far, no studies
reporting SNPs for CPO UTRs in invertebrates have been published for
this gene. However, variation in the incidence of diapause among different geographic populations in D. melanogaster was linked to a SNP located in the coding region that changes a single amino acid, suppressing
the transcriptional activity of CPO mRNAs (Schmidt et al., 2008).
The data presented in this study showed that CrCPO are differentially
expressed in C. rogercresseyi during ontogenetic development and that
the highest transcription expression occurs from nauplius to copepodid
stages. Furthermore, differential gene expression between sexes was revealed. These data suggest a putative biological function of CrCPO linked
to the development of the nervous system in salmon lice. Future studies
will investigate if blocking CrCPO by soaking free-living copepodids in
dsRNA could be used as a molecular strategy for antiparasite control in
salmon populations.
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