Gene 557 (2015) 98–102

Contents lists available at ScienceDirect

Gene
journal homepage: www.elsevier.com/locate/gene

Short communication

Two novel male-associated peroxinectin genes are downregulated by
exposure to delousing drugs in Caligus rogercresseyi
Gustavo Núñez-Acuña, Cristian Gallardo-Escárate ⁎
Laboratory of Biotechnology and Aquatic Genomics, Interdisciplinary Center for Aquaculture Research (INCAR), University of Concepción, PO Box 160-C, Concepcion, Chile

a r t i c l e

i n f o

Article history:
Received 5 November 2014
Accepted 4 December 2014
Available online 5 December 2014
Keywords:
Peroxinectin
Caligus rogercresseyi
Deltamethrin
Azamethiphos
RNA-seq

a b s t r a c t
Peroxinectin (PX) is a protein involved in cell adhesion, peroxidase activities, and the encapsulation of invaders in
diverse species, including parasitic copepods. Recently, a transcript denoted peroxinectin-like was identiﬁed in the
salmon louse Lepeophtheirus salmonis, and this was signiﬁcantly correlated with the immune response of host
ﬁsh. Thus, the PX gene is a potential candidate to evaluate host–parasite interactions, as well as to analyze responses to delousing drugs used in the salmon aquaculture industry worldwide. The objective of this study
was to identify Peroxinectin transcripts in the Chilean salmon louse Caligus rogercresseyi, and to determine
expression levels after exposition to the antiparasitics deltamethrin and azamethiphos. Two novel transcript homologs to peroxinectins were identiﬁed from a transcriptomic library of C. rogercresseyi. Moreover, in silico gene
transcription levels were evaluated through RNA-seq analyses based on unique gene read levels in
transcriptomic libraries that were constructed from sea lice exposed to delousing drugs. The identiﬁed transcripts
were named Peroxinectin-Cr1 and Peroxinectin-Cr2, which, respectively, had lengths of 2543 and 2555 base pairs.
Both PX transcripts were highly associated with male adults, and transcription levels were signiﬁcantly reduced
by deltamethrin and azamethiphos. This result suggests a modulation of peroxinectin in response to delousing
drugs.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Peroxinectin (PX) is a protein with diverse biological functions in the
immune system and prophenoloxidase activities, especially in crustacean species (Du et al., 2013). The ﬁrst described biological processes
for PX in crustaceans were cell adhesion and the degranulation of crayﬁsh hemocytes (Johansson and Soderhall, 1988, 1989). Later, other
functions were identiﬁed, such as the promotion of hemocyte encapsulation (Kobayashi et al., 1990), opsonization (Thornqvist et al., 1994),
and peroxidation to control infectious agents (Johansson, 1999). Of
the different homologs found in crustacean species, each PX contains
at least one putative integrin-binding motif and a peroxidase domain
(Liu et al., 2004, 2005). These structural features confer the biological
processes mentioned and also allow PX to participate in the peroxidase
activity of other antioxidant proteins such as superoxide dismutase
(Holmblad and Soderhall, 1999). Furthermore, PX is an inducible gene
in response to speciﬁc pathogen-associated molecular patterns and
Abbreviations: PX, peroxinectin; UTR, untranslated region; bp, base pairs; mRNA, messenger RNA; RNA-seq, RNA sequencing; ORF, open reading frame; RACE, rapid ampliﬁcation
of cDNA ends; GO, Gene Ontology.
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bacteria, therefore suggesting a role in the innate immune response of
crustaceans (Liu et al., 2005; Dong et al., 2009, 2011).
The importance of studying PX genes in different sea lice species is
based on a recently published work, which found a correlation between
the gene transcription of a peroxinectin-like transcript of Lepeophtheirus
salmonis and the immune innate response of the host species (Salmo
salar) (Wotton et al., 2014). Herein, a correlation between the expression patterns of parasite PX and ﬁsh chemokines was found, suggesting
that peroxinectin has a role in host–parasite interactions. In addition to
this, there is concern that sea lice have developed resistance to commonly used antiparasitic drugs (Lees et al., 2008). As sea lice species
cause great economic loses in the salmon industry (Costello, 2009),
novel control strategies have to be developed, and in this context, understanding the host–parasite interaction is a promising possibility
(Ingvarsdóttir et al., 2002).
The main objective of this study was to evaluate the response of PX
transcripts in the Chilean salmon louse Caligus rogercresseyi to treatment with two delousing drugs currently applied in salmon farming,
deltamethrin and azamethiphos. Subsequently, the expression levels
of PX were measured in exposed sea lice. The results provided novel
insights into the regulation of this gene, thus contributing to discussions
regarding the effects that these chemicals have for PX gene transcription, including sex-speciﬁc bias.
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Table 1
Primers used in this study to obtain full sequences of two peroxinectin mRNAs in Caligus
rogercresseyi.
Primer name

Sequence (5′ to 3′)

Speciﬁcation

PX-Cr1_5i
PX-Cr1_5o
PX-Cr1_3i
PX-Cr1_3o
PX-Cr2_5i
PX-Cr2_5o
PX-Cr2_3i
PX-Cr2_3o

TTCACATCTCCAAAGGCCAA
CTAATTCGTTCTTCTATGCTC
ATGTCACTGGAGGTTTCAT
GACCAATTCGCTAGGCTTAAGA
GTGTCCCTAAATAGATTACTC
AGTTTCACATCATTTTGG
GTATCATCAGCGATCAATTCG
AGTTCTTTTACACCTGATCAAT

5′-RACE
5′-RACE
3′-RACE
3′-RACE
5′-RACE
5′-RACE
3′-RACE
3′-RACE

2. Materials and methods
2.1. Peroxinectin gene discovery
Two transcripts annotated as Peroxinectin (PX) were obtained
from a RNA-seq library constructed for C. rogercresseyi (GallardoEscárate et al., 2014). Brieﬂy, a RNA-seq library was generated
through high-throughput sequencing of the developmental stage of
the C. rogercresseyi lifecycle in the MiSeq platform (Illumina®, San
Diego, CA, USA). Then, PX sequences from marine invertebrates
were downloaded from the GenBank database in order to perform
a MultiBlast analysis against all contigs using the CLC Genomic
Workbench software (version 6.0, CLC Bio, Aarhus, Denmark). Two
contigs annotated as peroxinectin genes were extracted from the
transcriptomic library in order to obtain the partial sequences.
2.2. Full PX cDNA characterization
For each contig, a pair of primers was designed to amplify a sequence
fragment of the PCR (Table 1) by using the Geneious 6.0.4 software
(Biomatters, Auckland, New Zealand). PCR ampliﬁcation was conducted
using 200 ng of cDNA obtained from adult sea lice, 10 μM of each primer,
1.5 mM MgCl2, and 0.06 U taq DNA polymerase (Thermo Scientiﬁc). PCR
cycles consisted of initial denaturation at 95 °C for 5 min, 35 cycles of denaturation at 95 °C for 60 s, annealing at 60 °C for 30 s, extension at 72 °C
for 60 s, and a ﬁnal extension at 72 °C for 5 min. PCR products were visualized through electrophoresis in agarose gels stained with GelRed™
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(Biotium, Hayward, CA, USA) and then directly sequenced in an ABI
3730xl capillary sequencer.
Full-length cDNA of each PX transcript was obtained by the rapid
ampliﬁcation of cDNA ends (RACE) technique using the SMARTer™
RACE cDNA Ampliﬁcation kit (Clontech Laboratories Inc., Mountain
View, CA, USA). Primers for amplifying the 5′UTR and 3′UTR ends
were designed according to the manufacturer's instructions (Table 1).
Amplicons were puriﬁed and cloned using the TOPO TA cloning kit
(Invitrogen, Life Technologies), followed by transformation into
Escherichia coli JM109 in LB/amp/IPTG/Xgal. Positive clones were selected by galactosidase reaction visualization, and resulting plasmids were
puriﬁed using the E.Z.N.A.® Plasmid DNA Mini kit II (Omega Bio-tek,
Doraville, GA, USA). Puriﬁed plasmids were sequenced in both forward
and reverse directions using M13 universal primers. Sequence analyses
were carried out in the Geneious software and consisted of quality visualizations, assembly, and BLASTn against the GenBank non-redundant
database.
2.3. PX gene transcription analysis in sea lice developmental stages
Total RNA extractions were performed from the following developmental stages of C. rogercresseyi (N = 10): nauplius I, nauplius II,
copepodid, chalimus, and female and male adults. Extractions were performed using the Trizol Reagent® (Invitrogen, USA) following the
manufacturer's instructions.
Primers for qPCR analysis were designed by the Geneious software
(Table 1). Dynamic range analysis was conducted to obtain qPCR efﬁciencies and optimal conditions for qPCR runs. For this, ﬁve serial dilutions of cDNA were prepared starting with 80 ng and with a serial
factor of 1:5 in order to generate an ampliﬁcation curve with both
pairs of primers designed for qPCR analysis. The qPCR runs were assayed
in an ABI StepOnePlus™ Mastercycler (Applied Biosystems®, Life Technologies) with the Maxima Kit® SYBR Green/ROX qPCR Master Mix
(Thermo Scientiﬁc®) following manufacturer's instructions. The run
method comprised of a holding stage at 95 °C for 10 min to activate
the enzyme, then 40 cycles of 95 °C for 15 s, 57 °C for 30 s, and 72 °C
for 30 s. After the ampliﬁcation stage, a melting curve was performed
from 57 °C to 95 °C, and data was collected every 0.3 °C to determine
the existence of a sole ampliﬁcation product and to verify the inexistence of contaminations and primer dimers. Efﬁciencies were calculated

Fig. 1. Full mRNA sequence and amino acid prediction of Peroxinectin-Cr1. The schematic structure of mRNA is shown in the gray rectangle, and a characteristic myeloperoxidase domain is
shown in red. The secondary structure of the predicted amino acid sequence is shown as pink = helix; yellow = sheet; blue = boundaries; and green = disordered protein binding sites.
Additionally, green arrows show the position of primers designed for RACE.
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Fig. 2. Full mRNA sequence and amino acid prediction of Peroxinectin-Cr2. The schematic structure of mRNA is shown in the gray rectangle, and a characteristic myeloperoxidase domain is
shown in red. The secondary structure of the predicted amino acid sequence is shown as pink = helix; yellow = sheet; blue = boundaries; and green = disordered protein binding sites.
Additionally, green arrows show the position of primers designed for RACE.

in the StepOnePlus™ Software (version 2.2, Applied Biosystems®). To
quantify mRNA relative levels, the ΔΔCT method was used adding the
β-tubulin gene as an endogenous control. Finally, statistical analyses
were performed in Microsoft Excel and GraphPad Prism (GraphPad
Software, Inc., La Jolla, CA, USA).
2.4. PX gene transcription analyses in sea lice exposed to delousing drugs
Bioassays with delousing drugs were performed following the methodology proposed in Chavez-Mardones and Gallardo-Escárate (2014).
Samples were collected from a farming facility located in Puerto
Montt, Chile. The concentrations of drugs used in bioassays were
2 ppb of deltamethrin and 3 ppb of azamethiphos.
Gene transcription analyses were performed using the same conditions mentioned in the previous section for qPCR reactions and quantiﬁcation methods. Ten adult males and females (N = 10) were used for
qPCR analyses in both bioassays.
3. Results and discussion
3.1. Molecular characterization of peroxinectin transcripts in
C. rogercresseyi
The complete mRNA sequences of the peroxinectin transcripts PX-Cr1
and PX-Cr2 contained 2453 base pairs (bp) (Fig. 1) and 2555 bp (Fig. 2),
respectively. These are available in the GenBank database (Accession
numbers KM667938 and KM667939, respectively). The predicted protein
sequences consisted of 758 amino acids for PX-Cr1 and 792 amino acids
for PX-Cr2. The PX sequences had short UTR regions, especially PX-Cr2,
in which the 5′-UTR was composed by 27 nucleotides. The deduced protein sequence of PX-Cr1 was similar to peroxinectin in Pacifastacus
leniusculus (Blast hit with e-value = 1.4E−164), while PX-Cr2 was similar
to peroxinectin from Eriocheir sinensis (Blast hit with e-value = 2.07E−
146). Additionally, both sequences contained a myeloperoxidase domain.
For PX-Cr1, this contained 458 amino acids and had a best p-value of
3E− 08 in Uniprot database. In turn, PX-Cr2 consisted of 460 amino
acids, but with the same p-value as PX-Cr1.
One of the strongest pieces of evidence supporting the hypothesis
that these transcripts correspond to peroxinectin genes is the presence
of the myeloperoxidase domain in both PX-Cr1 and PX-Cr2. Previous

research has shown that this domain confers its function to a diverse
family of proteins, including different peroxidases and peroxinectin in
invertebrates (Daiyasu and Toh, 2000). In general, this domain has a
length around 500 bp, which is similar to the length obtained for
C. rogercresseyi. Furthermore, p-values and e-values were robust enough
to consider these transcripts as peroxinectins, taking into account that
both were similar to other sequences from vertebrate and invertebrate
taxa, including insects and humans.
Regarding Gene Ontology (GO) analysis, some relevant GO terms related to peroxinectins were found for both transcripts. First, the GO term
known as “cell surface receptor signaling pathway” (GO:0007166) was
found with one of the highest probability values for PX-Cr1 and PX-Cr2
in the biological process category (Table 2). Additionally, in the molecular function category, calcium ion binding was the most relevant GO
term found for both sequences. It is suggested that this molecular function is involved in the cell adhesion process of peroxinectins. Therefore,
Table 2
Gene Ontology (GO) terms found in two peroxinectins in Caligus rogercresseyi.
GO term

Name

Biological process predictions
GO:0009101 Glycoprotein biosynthetic process
GO:0007166 Cell surface receptor signaling
pathway
GO:0010468 Regulation of gene expression
GO:0006810 Transport
GO:0009888 Tissue development
GO:0005975 Carbohydrate metabolic process
GO:0006952 Defense response
GO:0042592 Homeostatic process
GO:0006508 Proteolysis
GO:0070887 Cellular response to chemical
stimulus
GO:0006355 Regulation of transcription,
DNA-dependent
Molecular function prediction
GO:0005509 Calcium ion binding
GO:0016491 Oxidoreductase activity
GO:0008270 Zinc ion binding
GO:0008233 Peptidase activity
GO:0003677 DNA binding

Probability in
PX_Cr1

Probability in
PX_Cr2

0.87
0.84

–
0.57

0.703
0.667
0.594
0.583
0.572
0.507
0.506
0.504

0.804
−
–
–
–
–
0.648
–

–

0.615

0.569
0.523
–
–
–

0.524
–
0.665
0.546
0.516
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ﬁnding this GO term supports the hypothesis that these proteins are related to cell-surface superoxide dismutase in crustaceans (Johansson
et al., 1999). This hypothesis is also supported by the GO term “oxidoreductase activity” being found in Cr-PX1.
3.2. Expression patterns of PX-Cr1 and PX-Cr2
Gene transcription analyses of peroxinectin transcripts were carried
out for the developmental stages of the sea lice lifecycle and in adult parasites exposed to delousing drugs. On the one hand, both transcripts evidenced differential expression levels in different stages, with notable
mRNA levels beginning from the copepodid or chalimus stages (Fig. 3A–
B). Larval stages had insigniﬁcant expression levels of PX-Cr2, and only
PX-Cr1 was observed in the copepodid stage. In both cases, greater transcription levels were found in male adults, with signiﬁcant differences
in comparison to other stages, especially with female adults (p b 0.01).
Sexual differences were even more notable for PX-Cr2, with practically
no detectable mRNA levels in females (Fig. 3B). This is the ﬁrst time that
sexual differences have been found in the expression levels of a
peroxinectin gene in any species. One of the possible explanations for
these differences could be in relation to the sexual behavior of this parasitic species. It is known that virgin C. rogercresseyi females attract adult
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males through semiochemical cues, allowing the displacement of males
to adult females with reproductive purposes (Pino-Marambio et al.,
2007). This different biological process is one of the causes for
transcriptomic expression between sexes in sea lice, which are especially
related to the completion of female development, including egg-string
formation, a process that demands high energy requirements (Eichner
et al., 2008).
On the other hand, transcription levels of both peroxinectins were
down-regulated after exposure to delousing drugs (Fig. 3C–D). Expression levels were, as expected, more associated with male adults. Interestingly, the effects of down-regulation were greater for both transcripts in
the azamethiphos assay than in the deltamethrin assay. This is also the
ﬁrst time that the expression levels of peroxinectins were measured
after exposure to delousing drugs. However, there is strong evidence
that deltamethrin has greater performance as a delousing chemical in
the mobile stages of the C. rogercresseyi lifecycle, including mobile adult
males (Arriagada et al., 2014). This evidence supports the hypothesis
that expression levels of peroxinectins would be more affected by this
drug in male adults, taking into consideration its mobility when looking
for virgin females and its higher expression levels in this stage.
Furthermore, it is relevant to look into the differential effect of deltamethrin and azamethiphos on PX expression levels. First, both delousing

Fig. 3. Expression levels of two peroxinectin transcripts in Caligus rogercresseyi. In silico RNA-seq analyses were performed to measure the expression levels of each transcript by calculating
the unique gene reads. Expression levels were evaluated during different developmental stages for Peroxinectin-Cr1 (A) and Peroxinectin-Cr2 (B). Expression levels were also evaluated
after male and female adults were exposed to deltamethrin (+D) and azamethiphos (+A) drugs for Peroxinectin-Cr1 (A) and Peroxinectin-Cr2 (B).
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drugs showed a decreasing effect in the expression levels of PX, suggesting that these chemicals directly or indirectly inhibit biological processes
regarding cell adhesion and/or peroxidase activity in the parasite. Secondly, it is also notable that azamethiphos had a greater effect on PX
transcription. Until now, there was no direct information comparing
these two drugs in relation to their effects at a molecular level in
C. rogercresseyi. Nonetheless, there is some evidence in ﬁsh that deltamethrin has greater effects on the global transcriptomic response of
S. salar than in combination with azamethiphos (Olsvik et al., 2014). Furthermore, azamethiphos has lower lethal effects in other species, such as
lobsters, than the synthetic pyrethroid cypermethrin, which is similar to
deltamethrin (Burridge et al., 2000). The present results showed an opposite trend regarding the effect of PX genes, however, further studies
are needed to address the effects of delousing drugs in C. rogercresseyi
at the transcriptomic level.
4. Conclusions
For the ﬁrst time, two novel PX genes were identiﬁed in C. rogercresseyi.
The full mRNA sequences of these transcripts were dissimilar, but these
were similar to peroxinectin genes identiﬁed in other crustacean species. On the other hand, the expression levels of both transcripts were
comparable, showing an association with male adults and, interestingly,
down-regulation when exposed to two delousing drugs currently used
in Chilean and worldwide salmon farms to control sea lice. The main
contribution of this study is in suggesting use of this gene in the process
of evaluating delousing drug application in salmon farms, as well as in
assessing the sex-speciﬁc effects of some chemical treatments in salmon
lice. With the contributions of this work, further studies might evaluate
the physiological implications of decreased PX levels at the cellular level
post-exposure to different chemical compounds.
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