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The salmon louse Caligus rogercresseyi is the dominant ectoparasite species affecting the salmon aquaculture in-
dustry in the Southern hemisphere, and it is currently themain cause for economic losses in Chilean aquaculture.
However, despite the great concern over Caligus infestations, genomic information on this louse is still scarce,
even while the need to develop high-resolution molecular markers is growing. This study provides the first
deep transcriptome survey to identify thousands of SNP markers from C. rogercresseyi, with a total of 69,466
SNPs identified using the MiSeq platform (Illumina®), 30,605 (52%) of which were found in contigs successfully
annotated against known protein databases. Furthermore, in silico gene expression profiles associated with SNP
variants were evaluated, and the results evidenced a wide array of genes that were down- and upregulated
throughout the developmental stages of C. rogercresseyi. Interestingly, putative KEGG pathways involved
in resistance to antiparasitic agents were also identified, where ten pathways were associatedwith the nervous
system and one was related to ABC transporters. Taken together, this information could be highly useful for
investigating the molecular underpinnings involved in the susceptibility or resistance of salmon lice to chemical
treatments.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Infestations by the salmon lice Caligus rogercresseyi represent one of
the main causes for economic losses in the Chilean salmon industry
(Costello, 2009; Niklitschek et al., 2013). To mitigate these losses, vari-
ous antiparasitic treatments have been used, including chemicals such
as emamectin, deltametrine, diflubenzuron and cipermetrin, among
others. Classically, the most used chemical in the Chilean industry has
been emamectin, however, the efficacy of this chemical treatment has
decreased over time, and other antiparasites have emerged (Bravo
et al., 2008). One of the possible reasons for the loss of efficacy could
be related to resistancemechanisms of the parasite against the chemical
product, which may have genetic and genomic implications (Ffrench-
Constant et al., 2004). Efficient and sensitive methods for diagnosing
resistance are crucial for the management of drug resistance. Early de-
tection of reduced sensitivity to a chemical can enable the application
of effective countermeasures at the most probable point for successful
treatment. For this, novel molecular markers directly linked to resis-
tance against salmon louse treatments are required. However, genomic
knowledge for C. rogercresseyi that would be applicable to this concern
is currently unavailable.

The nucleotide and expressed sequence tag (EST) databases of the
NCBI GenBank archive for C. rogercresseyi currently provide 2961 and
rate).
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46,858 sequences, respectively. These data represent the effort to in-
crease the genomic knowledge for this species, but it is still a lownumber
of available sequences in comparison with other species. Moreover, the
present study is the first to identify single nucleotide polymorphism
(SNP) markers for this species of salmon louse. The main previous
study to characterize EST sequences for this species obtained 32,135
ESTs through the construction of clone libraries and sequencing with
the Sanger method (Yasuike et al., 2012). The main aim of this study
was to compare different species of sea lice on the level of themitochon-
drial genome, but the study also established the first genomic basis for
the future construction of a 38K microarray of sea lice, which could be
used in conjunction with the 44K salmon microarray to study host–par-
asite interactions at a transcriptomic level.Meanwhile, other sea lice spe-
cies havemore available genomic information than C. rogercresseyi, such
as Lepeophtheirus salmoniswith 56,720 nucleotide and 129,328 EST se-
quences registered. In this latter species, a set of SNPs and
microsatellites, with 114 total molecularmarkers, were used to assess
population structure along the Pacific coasts of Canada (Messmer et al.,
2011). Until now, however, no reports have been made on sea lice
SNPs that are applicable to the assessment of genotypes of interest to
the salmon industry, such as the resistance or immune response of
these copepod ectoparasites to antiparasitic chemicals.

SNP markers have increasingly become the most popular molecular
markers due to the possibility of being linked with different functional
phenotypes or genotypes of interest (Liao and Lee, 2010). Moreover,
these markers have the advantage of being identifiable in non-model
organisms through the use of high-throughput sequencing, a next-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cbd.2014.01.003&domain=pdf
http://dx.doi.org/10.1016/j.cbd.2014.01.003
mailto:crisgallardo@udec.cl
Unlabelled image
http://dx.doi.org/10.1016/j.cbd.2014.01.003
Unlabelled image
http://www.sciencedirect.com/science/journal/1744117X


10 G. Nuñez-Acuña et al. / Comparative Biochemistry and Physiology, Part D 10 (2014) 9–21
generation sequencing technique (Cahais et al., 2012). Genome wide
association studies (GWAS) have made it possible to link SNP variants
to traits of interest for different purposes, as evidenced in studies related
to the immune system and growth, among others (Korte and Farlow,
2013). In sea lice, SNPs have not been linked with particular traits,
but studies in arthropods have associated individual or a wide array of
polymorphisms with phenotypes of interest. For example, an array of
1536 SNPs from the African malaria vector mosquito Anopheles gambiae
was used to genotype around 1500 phenotypes that presented resis-
tance to chemical disease control agents (Weetman et al., 2010).
Furthermore, in the acetylcholinesterase gene of the mosquito Culex
pipiens, 22 SNP differentiated individuals resistant to insecticide treat-
ment were found (Mao et al., 2013). Interestingly, another study in the
western corn rootworm Diabrotica virgifera virgifera associated a non-
synonymous SNP in the γ-aminobutryic acid (GABA) receptor gene
with phenotypes resistant to cyclodiene insecticides (Wang et al., 2013).

Given this background, the main objective of this study was to char-
acterize thousands of SNP markers associated with the transcriptome
of the salmon louse C. rogercresseyi. A further objective was to then
Fig. 1. Experimental set-up
classify the characterized SNPs according to biological function, thus es-
tablishing putative relationships between polymorphisms and potential
traits of interest such as immune response, resistance to antiparasites,
growth, and development, among others.

2. Materials and methods

2.1. Salmon lice cultures

Ovigerous specimens of C. rogercresseyiwere collected from recently
harvested fish in Puerto Montt, Chile. Individuals were transported to
the laboratory on ice, and their egg strings were then removed and
placed in culture buckets supplied with seawater flow at 12 °C and
with 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). The specific protocol to
suit with the management requirements for salmon louse culture is
available in the handbook in resistance management (exclusively
designed for this study.
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available at http://www.iacr.bbsrc.ac.uk/pie/search-EU/). A veterinari-
an expert supervision was necessary to suit with ethical and manage-
ment requirements. See the complete experimental set-up for this
methodology at Fig. 1.

2.2. Transcriptome sequencing of C. rogercresseyi

Total RNA was extracted from pools containing ten individuals
from each larval stage (copepodid and chalimus) and adult (female
and male) using the Ribopure™ kit (Ambion®, Life Technologies™,
USA) according to 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 re-
agent kit according to themanufacturer'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= 8)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. De novo assembly

Bioinformatic analyses were carried out using the CLC Genomics
Workbench software (Version 6.0.1, CLC Bio, Denmark). De novo
Fig. 2. General description of SNPs identified in the transcriptome of Caligus rogercresseyi. Pro
polymorphism type are displayed.
assembly was applied to mine SNP variants from the transcriptome
of each pool of C. rogercresseyi. The assembly parameters used were
the following: mismatch cost = 2, deletion cost = 3, insert cost = 3,
minimum contig length = 200 bp, and trimming quality score = 0.05.
Furthermore, to exclude paralogous sequence variants (PSVs) an over-
lap criterion of 70% and a similarity of 0.9 were applied.

Transcriptomic data were deposited in Sequence Read Archive
(SRA) at GenBank database (NCBI, National Center for Biotechnology In-
formation). SRA accession code is SRR1106551. These data correspond
to trimmed unassembled sequences generated by MiSeq sequencing.
The de novo assembly generated with raw data of the different stages
studied is available upon author request.

2.4. SNP identification and annotation

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 = 20, min-
imum variant frequency (%)= 25.0, andmaximumexpected variations
(ploidy)=2. Frequencies of SNPs found in all the contigs were calculat-
ed using the same software and were tabulated in excel spreadsheets.

Transcriptome annotation was based on a tBLASTx analysis against
UniProt and GenBank EST databases. Subsequently, Gene Ontology
analysis was conducted using the Blast2GO plugin incorporated in the
CLC GenomicWorkbench software (CLC Bio). In addition, the consensus
portion of annotated and not annotated contigs and also their distribution by classes and
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Fig. 3.Most polymorphic contigs identified in theKEGGpathways related to nervous systemandABC transporters selected for thiswork. Thenumbers represent the count of SNPs found in
the respective transcript.
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sequences of contigs were annotated by KEGG ontology using the KEGG
Automatic Annotation Server (KAAS) (Moriya et al., 2007). From this
latter annotation, KEGG pathways related to the nervous system and
ABC transporters were selected to identify the contigs that might be
associated with tolerance to chemical treatments. As the model species
available in KEGG database are not genetically close to C. rogercresseyi,
we searched for all the genes presented in the selected pathways
in GenBank databases in species more related to copepods (as other
crustacean species). Then, these transcripts were blasted against the
transcriptomic data generated for C. rogercresseyi to extract the tran-
scripts that were not found through KAAS procedure. Contigs selected
from these pathways were downloaded, and SNPs were searched for
within the sequences according to the SNP list generated.

2.5. In silico gene expression of sequences containing SNPs

Contigs containing SNPs were extracted from the total assembly
sequences using the plugin extract annotations of the CLC Genomic
Workbench software (CLC Bio). RNA-seq analyses were performed
using the contigs containing SNPs from the four salmon louse stages
in order to identify the transcripts, which were overexpressed or
Fig. 4.Distributions of SNPs in the KEGG pathway related to synapsis function in Caligus rogercr
apse and serotonergic synapse. The histogram shows the sum of SNPs (number of SNPs) ident
genes correspond to transcripts presented in all the pathways mentioned in the figure.
suppressed. To perform this analysis, a mapping of the polymorphic
sequences was done, allowing the reads to map only in the most suit-
able region of the reference used (ignoring non-specific matches).
The reference used was the de novo assembly generated in Section 2.3.
Maximum gap and mismatch cost was set as 2.

Gene expression was calculated measuring the read per kilobases
per million mapped reads (RPKM) values, which were normalized by
total reads. To obtain the significantly expressed transcripts, proportion
comparisons were calculated using Kal's test with corrected Bonferroni
p-values. Multi-paired comparisons were performed to generate three
volcano plots for copepodid/chalimus, chalimus/adult, and copepodid/
adult stages. These three volcano plots were used to extract the sig-
nificantly expressed contigs, which were those that had at least a
p-value N 10 on a log10 scale and a fold change higher than 4 or lower
than −4 on a log2 scale. Fold change values were calculated in CLC
Genomic Workbench as the division between RPKM values of the
query stage and the RPKM values of the reference stage (reference
and query stages are selected arbitrary according to each required
result, see Supplementary Tables S2 to S7 for the results of specific path-
ways). With these contigs, a sub-experiment was carried out in order
to generate a hierarchical clustering of features with differential
esseyi. Selected pathways are: GABAergic synapse, cholinergic synapse, dopaminergic syn-
ified in all the contigs annotated for each respective transcript shown in Y-axis. Common
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expression levels. In addition, six clusters with similar expression pat-
terns based on Manhattan distances between transcripts were identi-
fied. These clusters were extracted and annotated according to the
previously obtained BLAST hits.

Furthermore, a comparison between the total of contigs presenting
SNPs and the total of contigs without any polymorphism was conducted
through in silico gene transcription analysis. For this purpose, twodatasets
were generated containing consensus sequences of contigs, one with the
contigs containing SNPs and another with the contigs that did not evi-
denced polymorphisms. These datasets were used as reference for map-
pings performed with the same conditions that the previous analyses
mentioned above. Mapped reads corresponded to two datasets of all the
obtained sequences; one corresponded to the larval stages (copepodid
and chalimus) and another with the adult stages (male and female).
Paired analyses were conducted on mappings for each reference based
Fig. 5.Distributions of SNPs in theKEGGpathways related to long-termpotentiation and long-te
contigs annotated for each respective transcript shown in Y-axis.
onKal's test, anddifferentially expressed geneswere visualized in volcano
plots. From the plots, contigs presenting lower fold change values than
−4 or higher than 4, and at the same time a p value lower than 0.01,
were selected to generate a subexperiment, which were plotted in
heatmap forms though hierarchical clustering of features.

3. Results

3.1. SNP discovery and annotation

Transcriptome sequencing for different developmental stages of the
salmon louse C. rogercresseyi yielded 108,637,988 high-quality reads
which were successfully assembled into 84,023 contigs with a mean
length of 635 bp. Of these contigs, 15,422 presented at least one SNP
within its sequences, although the total number of polymorphisms
rmdepression. The histogram shows the sumof SNPs (number of SNPs) identified in all the
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was 71,116; 69,466 of which were SNPs, and the remaining variants
corresponded to insertions/deletions (Indels). The 15,422 contigs
were annotated, and SNPs were selected according to an e-value cutoff
of 1E−05, resulting in 58,529 SNPs (see a full list of SNPs and respective
Fig. 6. Distributions of SNPs in the KEGG pathways related to retrograde endocannabinoid signa
sum of SNPs (number of SNPs) identified in all the contigs annotated for each respective trans
BLAST hits in Table S1). Fifty-two percent of these had BLAST hits with
known genes or EST sequences from public databases, whereas the re-
maining 48% of SNPs were present in contigs that did not have BLAST
hits with available reported sequences (Fig. 2).
ling, synaptic vesicle cycle and neurotrophic signaling pathway. The histogram shows the
cript shown in Y-axis.
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SNPs were then categorized according to the classes described
by Liew et al. (2004), which are related to the differential melting
temperatures that a specific sequence could have depending on the
nucleotides involved in the polymorphism. From this, 37,265 SNPs, or
64%, were classified as Class 1 (C/T, T/C, G/A, and A/G polymorphisms);
11,284, or 19%, were classified as Class 2 (C/A, A/C, G/T, and T/G poly-
morphisms); 2821, or 5%, were classified as Class 3 (C/G and G/C poly-
morphisms), representing the class with the lowest number of SNPs;
and 6788, or 12%, were classified as Class 4 (A/T and T/A) (Fig. 2).
3.2. SNPs identified in KEGG pathways potentially involved in resistance to
antiparasites

KAAS annotation of putative KEGG pathways involved in the resis-
tance to antiparasites was performed to identify SNPs in the successfully
annotated contigs, where ten pathways associatedwith the nervous sys-
tems and one related to ABC transporters were identified. This annota-
tion was then enriched by downloading and searching, from GenBank
database, transcripts presumably absent in C. rogercresseyi but present
in other crustaceans. From this annotation, 17 candidate genes were
selected on a basis of presenting more than 20 polymorphisms within
its contigs. The cell division control protein 42 gene, a component of
the neurotrophic signaling pathway, was themost polymorphic and pre-
sented 47 SNPs. Following this, 43 SNPswere present in the ATP-binding
cassette subfamily C member 2 gene, which corresponded to an ABC
transporter, and the calmodulin gene, whichwas present in the dopami-
nergic synapse, long-term potentiation, and the neurotrophic signaling
pathway. Finally, the phospholipase D1/2 gene, a component of the
Fig. 7. Distributions of SNPs in the KEGG pathway related to ABC transporters. The pie chart s
respective transcript shown in Y-axis.
glutamatergic synapse, presented 41 SNPs (Fig. 3). The following were
also analyzed: glutamatergic synapse, GABAergic synapse, cholinergic
synapse, dopaminergic synapse, and serotonergic synapse (Fig. 4),
long-term potentiation and long-term depression (Fig. 5), retrograde
endocannabinoid signaling, synaptic vesicle cycle and neurotrophic sig-
naling (Fig. 6), and ABC transporters (Fig. 7). The distribution of SNPs
among all of the studied pathways is available in Supplemental material
(Table S1). Notably, among these pathways the highest number of
polymorphic genes was found in neurotrophic signaling with 45
polymorphic transcripts and the lowest number of polymorphic tran-
scripts was found in the ABC transporters with 9 polymorphic genes.
3.3. In silico gene expression analysis of polymorphic contigs

RPKM values from the contigs containing SNPs during the different
stages of C. rogercresseyi were calculated and then visualized through
a heat map based on a hierarchical clustering of features. This analysis
showed that various contigs had differential expression values accord-
ing to the developmental stage (Fig. 8). Furthermore, six clusters were
identified according to the calculated Manhattan distances (Suppl.
Tables S2–S7). In particular, Cluster 1 showed a group of contigs with
an expression pattern mainly associated with the copepodid stage,
and it was less expressed in the two remaining stages. Cluster 2 had
contigsmainly associatedwith the adult stage, and it showed anoverex-
pression or downregulation of some contigs in this stage. Cluster 3 was
significantly more related to the copepodid stage, but in contrast,
Cluster 4 showed a set of genes most expressed in both the chalimus
and adult stages, in addition to showing lower expression levels in the
hows the sum of SNPs (number of SNPs) identified in all the contigs annotated for each
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chalimus stage. Cluster 5 exhibited a similar pattern as Cluster 4. Finally,
Cluster 6 was highly expressed in both chalimus and adult stages, but it
Fig. 8. Heat-map representing the hierarchical clustering of features of RPKM transformed val
expressed transcripts, while red and black represent lower expression levels, respectively. (F
the web version of this article.)
was less expressed in copepodids (Fig. 8, Tables S2–S7). Among the
transcripts with expression patterns associated with the copepodid
ues (log2) calculated among the three stages studied. Yellow values correspond to highly
or interpretation of the references to color in this figure legend, the reader is referred to
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18 G. Nuñez-Acuña et al. / Comparative Biochemistry and Physiology, Part D 10 (2014) 9–21
stage (Clusters 1 and 3), genes were found related to mitochondrial
metabolism, such as Acyl carrier protein, cytochrome c oxidase II, and
NADH dehydrogenase 5; structural proteins, such as collagen alpha
chain, ankyrin, and chondroadherin; cell adhesion, such as E-selectin
and L-selectin; and, interestingly, diapause, the couch potato protein
(Tables S2 and S4). On the other hand, Cluster 2 had transcripts mainly
associated with the adult stage and different biological process; none-
theless it should be noted that at this stages, overexpression started in
genes related to detoxification, such as ascorbate peroxidase precursor,
prophenoloxidase activating factor, and quinone oxidoreductase, and
two different isoforms of serine proteases were also found (Table S3).
Meanwhile, cluster-grouping transcripts associated with both chalimus
and adult stages were related to a wide array of biological process, such
asmitochondrial metabolism, transcription factors, and binding, among
others (Tables S5, S6, and S7).

Regarding the most differentially expressed contigs that contained
SNPs, thirty transcripts with the highest fold change values throughout
the three sequenced stages were selected (Table 1). Among these
contigs, transcripts related to different biological functions were found.
For instance, the contig with the highest calculated fold change value
corresponded to a C-type lectin involved in the immune response, and
it was strongly overexpressed in the copepodid stage. Furthermore,
other transcriptswith SNPs related to the innate immune signaling path-
ways were overexpressed in this stage, such as Toll, Toll-7, and serine/
threonine-protein kinase 16. Nonetheless, higher levels of serine proteases
were expressed in the chalimus and adult stages. Genes related to other
functions were also found, such as the sex-related vitellogenin gene,
which was expressed mainly in the chalimus and adult stages, and the
growth anddevelopment-related growth arrest-specific protein 1, Cuticle
protein 18.6, and other isoform B genes, which were almost exclusively
expressed in copepodids.

On the other hand, the comparison between contigs with SNPs and
without SNPs showed different expression profiles in larval and adult
Table 1
Top differentially expressed contigs containing SNPs among the different stages of the Caligus

Contig number Best BLAST hit

contig_15081 C-type lectin — galactose binding [Papilio polytes]
contig_1128 ADP-ribosylation factor-directed GTPase activating protein isoform B
contig_51746 Cuticle protein 18.6, isoform B [Caligus clemensi]
contig_9738 Vitellogenin-like protein [Lepeophtheirus salmonis]
contig_27713 Elongation of very long chain fatty acids protein, putative
contig_5086 E1a binding protein P400 [Aedes aegypti]
contig_6817 Cytoplasmic aconitate hydratase-like [Aplysia californica]
contig_4896 Protein lin-7 homolog C-like [Bombyx mori]
contig_15051 RT10125p [Drosophila melanogaster]
contig_6594 Vacuolar protein sorting-associated protein 8 homolog isoform X2
contig_23664 Mucin-22-like [Ceratitis capitata]
contig_15801 C-type lectin — galactose binding [Papilio polytes]
contig_22948 Lebercilin, partial
contig_64573 Hypothetical protein [Lepeophtheirus salmonis]
contig_30224 Myotubularin-related protein 9
contig_1695 Carbonic anhydrase 3 [Caligus rogercresseyi]
contig_15610 Mediator complex subunit 12-like
contig_7561 Toll [Culex quinquefasciatus]
contig_1165 Probable histone-lysine N-methyltransferase NSD2-like
contig_3620 Serine protease K12H4.7 precursor [Caligus clemensi]
contig_13111 Serine protease [Tigriopus japonicus]
contig_15611 Serine/threonine-protein kinase 16 [Caligus rogercresseyi]
contig_10783 KN motif and ankyrin repeat domain-containing protein 1-like, partial
contig_6235 Trifunctional nucleotide phosphoesterase protein YfkN-like
contig_19388 Zinc finger and SCAN domain-containing protein 2-like
contig_6506 Microprocessor complex subunit DGCR8-like
contig_24062 Vitellogenin 2 [Lepeophtheirus salmonis]
contig_10503 Growth arrest-specific protein 1 precursor [Lepeophtheirus salmonis]
contig_9634 Tyrosine-protein kinase RYK [Crassostrea gigas]
contig_11937 Toll-7 [Nilaparvata lugens]
contig_7303 Inositol hexakisphosphate and diphosphoinositol-pentakisphosphate k
contig_21519 Steryl-sulfatase [Crassostrea gigas]
stages. Although the number of significantly differentially expressed
transcripts was similar between both groups (182 contigs with SNPs
and 205 non-polymorphic SNPs), their expression patterns were not
equally distributed. Non-polymorphic contigs expressed with higher
uniformity than contigs with SNPs, but at the same time fold change
levels were more contrasting between larvae and adults (Fig. 9).

4. Discussion

In the present study, 64,699 novel SNPs were identified in the
transcriptomic regions of the salmon louse C. rogercresseyi. This work
is the first effort towards developing SNP markers in this ectoparasite
species. Furthermore, this study constitutes the most comprehensive
SNPmining of all salmon lice species. Two previous reports, which char-
acterized SNPmarkers, of a salmon louse from theNorthern hemisphere,
L. salmonis, were found. First,Messmer et al. (2011) characterized 87 SNP
markers from an EST library of 76,642 sequences in order to evaluate
the population structure of L. salmonis along the Canadian coasts, but
themolecularmarkers, which also includedmicrosatellites, could not re-
solve the population structures in these locations, suggesting a widely
homogeneous population as a product of the dispersion of this salmon
louse. The second study carried out a RAD-sequencing project in this spe-
cies and obtained more than 85 million high-quality Illumina reads
(100 pb) that produced 281,838 unique RAD-tags, from which 31,555
were polymorphic (Carmichael et al., 2013). From these RAD-tags, the
authors identified 24,538 bi-allelic markers, from which one marker
found in the prohibin-2 genewas fully associatedwith sex determination
in the species. Another notable study regarding other copepod species
was carried out by Ning et al. (2013), which identified 284,154 SNP
markers from two 454 runs in the transcriptome of the copepod Calanus
sinicus. This is a higher number of markers than reported in the present
study, even though the sequencing throughput was lower. This could
be caused by the parameters used for the SNP calling procedure,
rogercresseyi lifecycle.

e-Value Fold change RPKM normalized values

Copepodid Chalimus Adults

2.29E−43 1950.56 351.25 1.00 3.43
0 1779.84 1.76 1.00 5.54
9.87E−28 1773.21 404.09 1.00 4.29
7.31E−71 1476.32 1.00 1180.28 862.29
1.03E−93 1216.78 28.46 1.00 5.73
6.77E−57 1002.77 1.35 1.91 1.00
1.52E−53 927.38 1.37 1.00 8.63
1.88E−96 592.32 3.90 1.00 1.84
6.75E−81 493.35 23.23 1.50 0.99
0 411.97 1.43 1.33 1.00
7.60E−14 317.79 13.25 1.84 0.99
2.29E−43 295.45 8.53 2.77 0.99
2.48E−19 295.39 23.43 0.99 1.22
1.32E−22 279.01 1.02 425.25 379.06
0 254.17 8.83 1.15 0.99
1.30E−60 239.96 1.03 715.42 688.15
0 235.21 2.92 1.00 2.04
0 231.97 10.05 0.99 1.00
0 229.08 3.71 4.10 0.99
7.55E−28 227.50 1.02 22.26 38.33
1.86E−18 224.64 1.01 10.33 6.35
0 220.60 6.62 3.45 0.99
6.48E−101 212.66 1.01 3.92 2.11
0 211.24 5.84 2.94 0.99
1.92E−10 209.53 1.01 4.90 4.22
1.84E−137 196.50 2.82 0.99 1.84
4.74E−90 180.11 1.05 4574.61 5281.31
1.37E−52 163.82 51.35 0.98 8.41
3.31E−75 144.70 3.14 0.99 1.31
2.60E−124 143.74 24.25 0.98 3.37

inase 0 132.88 3.31 1.21 0.99
1.68E−30 128.17 1.03 40.20 12.94



Fig. 9. RNA-seq analysis comparison of all the contigs that presented at least one SNP (SNP contigs) and all the contigs absent of polymorphisms (no-SNP contigs). A–B: Heatmap
constructed based on hierarchical clustering constructed in CLC GenomicWorkbench of most differentially expressed contigs for each state. C–D: Kal-test represented as volcano
plot to show all the contigs with SNPs or without polymorphisms for each stage of the sea louse lifecycle.
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specifically that Ning et al. (2013) considered SNPs presented in at least
four reads, while the present study opted for a higher coverage of at least
20 reads.

The KEGG annotation performed in this study was useful to identify
SNPs in the pathways related to the nervous system and ABC trans-
porters, which might be related with the resistance in C. rogercresseyi
to the antiparasitic chemical treatments that the salmon industry cur-
rently applies. Among the most polymorphic pathways, 431 SNPs
were identified in the neurotrophic-signaling pathway. In superior
animals, this pathway is comprised by a gene family of neurotrophins
and Trk tyrosine kinase receptors, and its main function is to initiate
the early signaling that leads to cell survival and the differentiation
of neurons (Gunn-Moore and Tavaré, 1998). The dopaminergic synapse
was another polymorphic pathway that had 402 SNPs. The role of this
pathway in higher vertebrates is related with motricity and the modu-
lation of emotions and cognitions through the regulation of the dopa-
mine neurotransmitter (Seutin, 2005), but there is still debate in
invertebrates about the specific role of this pathway (Magoski and
Bulloch, 1997; Weislogel et al., 2013). Following these pathways in
quantity of identified SNPs was the glutamatergic synapse with 379
SNPs. This pathway in both vertebrates and invertebrates is involved
in chemosensations, among other functions (Horie et al., 2008). In
summary, these three polymorphic pathways have some biological
functions that could be interesting for evaluating antiparasitic treat-
ments in C. rogercresseyi.

Among all of the KEGG pathways analyzed, the most polymorphic
transcripts were related to genes with different biological functions,
but all of these are pivotal components of the pathways involved
in nervous system development. The most polymorphic transcript
corresponded to cell division control protein 42, which contained 47
SNPs. This gene is one of the main components of different pathways,
including neurotrophic signaling, that promote proliferation and apo-
ptosis signals in the cell (Melendez et al., 2011). Following this tran-
script, the second most polymorphic transcripts were subfamily C
(CFTR/MRP) member 1 and the calmodulin gene. ATP-binding cassette
corresponds to the ABC (ATP-binding cassette) transporters, which are
known asmultidrug resistance protein 1 and are implicated in drug toler-
ances found in mammalians and other taxa such as marine vertebrates
(Zaja et al., 2008; He et al., 2011). Based on this study, this gene is sug-
gested as a potential marker for evaluating the resistance to antiparasit-
ic treatments due to its polymorphisms and function. In addition, it
should be noted that previous studies have characterized another ABC
transporter, the P-glycoprotein gene, as a marker for evaluating resis-
tance to the antiparasite emamectin benzoate (commercially known
as SLICE®) in the sea louse L. salmonis (Igboeli et al., 2012). Regarding
calmodulin, it is a widely studied gene that has implications on different
pathways, including three pathways evaluated in the present study,
neurotrophin signaling, dopaminergic synapse, and long-termpotentia-
tion. This gene ismainly involved in calcium ion binding, thus regulating
some nervous impulses. Furthermore, the calmodulin protein was de-
tected as one of the main components in salmonid mucus during sea
lice infection (Easy and Ross, 2009). Given this information, this is sug-
gested as another gene of interest for the purposes mentioned above.

Since RNA-seq analysis was applied in this study, it was possible to
measure the relative abundance of transcripts that SNP markers
contained within their sequences. Using this approach, groups of tran-
scripts with expression patterns associated with a particular stage
or stages of the C. rogercresseyi life cycle could be evaluated. This
transcriptomic information possibly has great relevance since it could
be used to combine expression levels with the respective polymor-
phisms found. Specifically, a panel of genes was characterized with
the greatest differences in expression levels between the developmen-
tal stages. In this set of genes, vitellogenins showed a strong association
with the chalimus and adult stages. Since it is known that this gene is
implicated in female reproduction and sexual differentiation, it is sug-
gested that the female differentiation process starts in the chalimus
stage in this species (Baumannet al., 2013). Another gene,which shared
this expression pattern, was carbonic anhydrase 3, which is available in
the GenBank dataset for C. rogercresseyi. Moreover, othermarine organ-
isms have shown the functioning of this gene in molting stages,
supporting the basis that carbonic anhydrase 3 is another gene relevant
for association studies (Jasmani et al., 2008, 2010). On the other hand,
other genes showed the opposite expression pattern, with greater
abundance in the copepodid stage. This was the case for the immune-
related C-type lectin gene, which is known to be related with the
innate immune response in a wide array of organisms, but it has also
been proposed as a modulator in some part of the molting stages of
crustaceans, specifically contributing to the hardening process of the
cuticle (Kuballa et al., 2011). The cuticle protein, as previously character-
ized in Caligus clemensi (GenBank accession number: BT080137), was
also related to the same process and developmental stage.

5. Conclusion

The SNP markers identified in this study could be useful for genetic
studies in the salmon louse C. rogercresseyi. A special focus for future
studies should be on the genes identified in pathways involved in the
nervous system of this ectoparasite as one of the main unsolved prob-
lems for the salmon industry in the Southern hemisphere is the resis-
tance of C. rogercresseyi to antiparasitic chemicals.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cbd.2014.01.003.
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