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ABSTRACT 20 

Background: Sea lice are parasitic copepods that cause large economic losses to 21 

salmon aquaculture worldwide. Frequent chemotherapeutic treatments are typically 22 

required to control this parasite, and alternative measures such as breeding for improved 23 

host resistance are desirable. Insight into the host-parasite interaction and mechanisms 24 
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of host resistance can lead to improvements in selective breeding, and potentially novel 25 

treatment targets. In this study, RNA sequencing was used to study the skin 26 

transcriptome of Atlantic salmon parasitized with sea lice (C. rogercresseyi). The 27 

overall aims were to compare the transcriptomic profile of skin at louse attachment sites 28 

and ‘healthy’ skin, and to assess differences between animals with varying levels of 29 

resistance to the parasite. 30 

Results: Atlantic salmon were challenged with C. rogercresseyi, growth and lice count 31 

measurements were taken for each fish. 21 animals were selected and RNA-Seq was 32 

performed on skin from a louse attachment site, and skin distal to attachment sites for 33 

each animal. These animals were classified into family-balanced groups according to 34 

the traits of resistance (high vs low lice count), and growth during infestation (an 35 

indication of tolerance). Overall comparison of skin from louse attachment sites versus 36 

healthy skin showed that 4,355 genes were differentially expressed, indicating local up-37 

regulation of several immune pathways and activation of tissue repair mechanisms. 38 

Comparison between resistant and susceptible animals highlighted expression 39 

differences in several immune response and pattern recognition genes, and also 40 

myogenic and iron availability factors. Genomic regions showing signs of 41 

differentiation between resistant and susceptible fish were identified using an Fst 42 

analysis. 43 

Conclusions: Comparison of the skin transcriptome between louse attachment sites and 44 

healthy skin has yielded a detailed profile of genes and pathways with putative roles in 45 

the local host immune response to C. rogercresseyi. The difference in skin gene 46 

expression profile between resistant and susceptible animals led to the identification of 47 

several immune and myogenic pathways potentially involved in host resistance. 48 

Components of these pathways may be targets for studies aimed at improved or novel 49 
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treatment strategies, or to prioritise candidate functional polymorphisms to enhance 50 

genomic selection for host resistance in commercial salmon farming. 51 

 52 

Keywords: Caligus rogercresseyi, Salmo salar, aquaculture, disease, parasite, RNA-53 

Seq, transcriptome, differential expression 54 

 55 

BACKGROUND 56 

Aquaculture is currently the fastest growing food industry [1] and is essential to meet 57 

increasing global demands for fish. However, the sustainability and prolonged success 58 

of any farming industry depends on effective disease prevention and control, and this 59 

tends to be particularly challenging for aquaculture. The aquatic environment and high 60 

stock density can expedite pathogen spread, which has historically resulted in periodic 61 

mass mortality events and ongoing challenges in disease prevention and control. While 62 

biosecurity measures, vaccination, nutrition and medicines all play vital roles for several 63 

diseases, selective breeding to produce more resistant and tolerant aquaculture stocks is 64 

rapidly becoming a key component of the battle to prevent these outbreaks [2, 3]. 65 

Sea lice, ectoparasites of the family Caligidae, are one of the major disease problems 66 

facing the aquaculture industry, and specifically for salmon farming. Atlantic salmon is 67 

the most important species in aquaculture with a production value of 14.7 billion US 68 

dollars in 2014 [1], therefore control of sea lice is a primary goal for the industry. Sea 69 

lice-related economic losses to worldwide salmonid aquaculture were estimated at ~430 70 

million USD per annum [4]. Two lice species present the primary concerns for salmon 71 

farming: Lepeophtheirus salmonis in the Northern Hemisphere and Caligus 72 
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rogercresseyi in the Southern [5]. These copepods parasitize salmon during the marine 73 

phase of the lifecycle by attaching to their skin or fins, and feeding on the blood and 74 

tissue. This leads to open wounds which can facilitate the entry of other pathogens. The 75 

impaired growth and secondary infections cause significant negative animal welfare and 76 

economic impact [6]. Interestingly, the outcome of sea lice infestation varies for 77 

different salmonid species, with coho salmon (Oncorhynchus kisutch) showing rapid 78 

inflammatory response and epithelial hyperplasia, leading to parasite encapsulation and 79 

more than 90% reduction in lice loads [7]. In comparison, Atlantic salmon (Salmo 80 

salar) is highly susceptible to sea lice infestation and seemingly cannot mount an 81 

effective immune response [7].  82 

Despite extensive use of both chemical and non-chemical treatments to control sea lice, 83 

their negative impact on salmon aquaculture has increased in the past years [8]. Various 84 

sea lice populations have been reported to be resistant to the most common chemicals 85 

available for therapeutic control [9]. Therefore, alternative methods to control sea lice 86 

are currently being studied, including the use of probiotics to reduce salmon 87 

attractiveness for sea lice [10] or cohabitation with lice-eating species [11, 12]. A 88 

promising and potentially complementary approach to existing control measures is to 89 

exploit natural genetic variation in farmed salmon populations to breed stocks with 90 

enhanced resistance to the parasite. Current evidence indicates that host resistance to sea 91 

lice in Atlantic salmon has a highly polygenic genetic component [13, 14, 15, 16, 17]. 92 

The presence of significant genetic variation for resistance against Caligus 93 

royercresseyi, with heritability values ranging between 0.1 up to 0.34, demonstrates the 94 

feasibility of improving this trait by selective breeding in Atlantic salmon [18, 19]. 95 

While selective breeding for resistance can be effective without any prior knowledge of 96 

the underlying genes, understanding the functional basis underpinning genetic 97 
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resistance is a major research goal. The benefits of this include the prioritisation and 98 

testing of putative functional (causative) variants which may be directly affecting host 99 

resistance, for which the new Functional Annotation of All Salmonid Genomes 100 

(FAASG) project will be integral [20]. Such variants can enhance selective breeding by 101 

improving accuracy of prediction of the genetic merit, particularly across distant 102 

relatives or populations. Finally, these causative variants could be introduced into 103 

populations or species where it has never been present through the use of genome 104 

editing, for example using CRISPR-Cas9 technology which has been successfully 105 

applied in salmon [21].  106 

In addition to the value to selective breeding programs, knowledge of the interaction 107 

between salmon and sea lice can help devise more effective prevention and treatment 108 

strategies. RNA sequencing can provide a relatively holistic view of the host response 109 

to parasite infection, which in turn can highlight specific genes, pathways and networks 110 

involved in the host-parasite interaction. RNA-Sequencing can also be used to identify 111 

genetic markers in transcribed regions, and to assess the putative impact of those 112 

markers on transcript and protein function. The effect of these markers on gene 113 

expression (and ultimately host resistance) can be assessed, leading to a shortlist of 114 

candidate functional variants. The overall aims of the current study were to compare the 115 

transcriptome profile of salmon skin at louse attachment sites and ‘healthy’ skin, and to 116 

evaluate differences in these profiles between animals with varying levels of resistance 117 

to the parasite. To achieve this, challenged animals were classified into family-balanced 118 

groups according to the traits of resistance (based on high vs low lice count), and 119 

growth during infestation (an indication of tolerance) and RNA-Seq was performed on 120 

individual samples. While individual growth rate during challenge is not strictly 121 

‘tolerance’ (because it is not scaled according to parasite burden [22]), this is the term 122 
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used herein to refer to this trait. By comparing these groups, genes, pathways and 123 

genetic variation related to local immune response and host resistance were identified 124 

and discussed. 125 

 126 

RESULTS AND DISCUSSION 127 

Disease challenge 128 

A total of 2,632 fish belonging to 105 families from a commercial breeding program 129 

were challenged with Caligus rogercresseyi, and killed for sampling eight days post 130 

challenge. Average lice burden per fish was 38 ± 16. Fish were selected for RNA 131 

sequencing based on the traits of resistance, measured as number and concentration of 132 

lice per fish, and tolerance, defined in this study as weight and length gain since the 133 

start of the challenge. The selected fish allowed for 8 vs 8 comparisons between family-134 

matched fish showing differential resistance (26.2 ± 5.5 vs 54.9 ± 13.5 sea lice per fish) 135 

and differential tolerance (7.0 ± 4.3 vs 28.8 ± 12.3 weight gain percentage). A total of 136 

42 samples (21 fish, skin from sites of louse attachment and healthy skin) were 137 

sequenced, resulting in an average of ~27.9 ± 2.7 million reads per sample. After 138 

trimming, these were aligned against the salmon reference genome (ICSASG_v2; 139 

Genbank Accession GCF_000233375.1 [23]) and levels of gene expression were 140 

estimated according to the official salmon genome annotation (NCBI Salmo salar 141 

Annotation Release 100). 25% of the aligned reads were discarded due to 142 

multimapping, and the position of an additional 11% did not overlap with any known 143 

gene. Following these filters, an average of 19 M reads per sample were assigned to 144 

genes and used for downstream analyses of gene expression. All raw sequence data is 145 

available in NCBI’s Sequence Read Archive (SRA) under BioProject accession number 146 
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SRP100978, and may be a useful contribution to the functional annotation of all 147 

salmonid genomes initiative (FAASG [20]).  148 

 149 

Louse attachment sites versus healthy skin 150 

Hierarchical clustering of samples according to their normalized gene expression did 151 

not initially reveal an obvious clustering according to any of the measured phenotypes, 152 

nor between samples from louse attachment sites and those from healthy skin 153 

(Additional file 1). Despite this, after a single outlier sample was removed, a total of 154 

1,711 differentially expressed (DE) genes were identified between healthy and injured 155 

skin (Figure 1A). These DE genes showed relatively small log2 fold change (FC) 156 

differences. The expression levels for the most significant DE genes from this list (p < 157 

0.001, 156 genes) are shown in a heatmap (Figure 1B), which highlights a gene 158 

expression signature of lice attachment sites and healthy skin. However, a small number 159 

of lice attachment site samples did not cluster as expected and were removed. The 160 

differential expression was repeated using 13 vs 13 samples (Figure 1C). Despite the 161 

lower statistical power due to the reduced sample size, the number of significant DE 162 

genes was substantially larger (n = 4,355, Additional file 2), with a higher number of 163 

up-regulated than down-regulated genes when comparing attachment sites to healthy 164 

skin (n = 3,114 vs n = 1,241). 165 

Among these DE genes were well-known components of the innate immune response 166 

like interleukins, interferon response factors and complement components (Figure 2A). 167 

GO term and KEGG pathway analyses (Additional file 2) revealed a clear enrichment of 168 

immune pathways and functions among the up-regulated genes (Figure 2B), 169 

highlighting a localised immune response strongly related to cytokines. A similar 170 
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scenario has been observed in other salmonids such as coho salmon where resistance to 171 

sea lice has been associated with early inflammation in skin and head kidney, which 172 

results in epithelial hyperplasia and often parasite encapsulation and removal of the sea 173 

lice within two weeks [24, 25]. In pink salmon (Oncorhynchus gorbuscha), an early and 174 

high expression of pro-inflammatory genes (IL-8, TNFα-1, IL-1β) has been suggested 175 

as a mechanism of rapid louse rejection [26]. The classical complement pathway has 176 

also been linked to resistance of host fish to parasitic copepod infection [7]. The results 177 

presented here indicate that despite a marked up-regulation of the local inflammatory 178 

response and complement pathway in Atlantic salmon, resembling those of coho salmon 179 

or pink salmon, the response does not seem to be sufficient to successfully respond to 180 

the louse attachment and feeding. 181 

In addition to the expected innate immune response observed above, cell division 182 

related processes were also clearly up-regulated at louse attachment sites, and well-183 

characterised genes involved in tissue repair such as fibroblast growth factor-binding 184 

protein 1 and Epigen showed significant differences between lice attachment sites and 185 

healthy skin (FC > 3). Several genes related to the cell matrix and cell adhesion also had 186 

higher expression at attachment sites (i.e. cadherin-13, integrin alpha-2, desmoplakin, or 187 

various keratin and collagen genes). Cell proliferation is the main response to skin 188 

wounds in fish [27], and these results are consistent with those previously found in the 189 

early response to Lepeophtheirus salmonis [28]. Several mucins were also found to have 190 

higher expression at attachment sites, pointing towards increased mucus production and 191 

secretion which can also be a typical response to wounding in fish [7]. 192 

 193 

Resistance 194 
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The Atlantic salmon samples used for RNA-Seq were taken from a broader experiment 195 

relating to genetic resistance to sea lice, and were measured for several traits of 196 

relevance to resistance and host response to infection. These traits were defined as 197 

resistance, measured as number and concentration of lice per fish, and tolerance, 198 

defined in this study as weight gain since the start of the challenge. The samples for 199 

RNA sequencing were chosen to enable 8 vs 8 comparisons between family-matched 200 

fish with high and low values for both resistance (26.2 ± 5.5 vs 54.9 ± 13.5 sea lice per 201 

fish) and tolerance (7.0 ± 4.3 vs 28.8 ± 12.3 weight gain percentage). 202 

Differential expression 203 

There were 43 genes significantly differentially expressed between resistant and 204 

susceptible fish, although all but one were from comparison of healthy skin samples 205 

between the two groups (Additional file 3). The susceptible group had higher expression 206 

levels for genes involved in muscle contraction like troponins and myosins, which was 207 

also highlighted by GO enrichment analyses (Figure 3). Myosins and troponins have 208 

previously been identified as genes that respond to sea lice attachment in salmon skin 209 

[29]. Further, Caligus infection is known to induce increased enzyme activity in muscle 210 

tissue [30], and behavioural changes in the fish such as flashing and jumping are 211 

associated with ectoparasite removal [31, 32]. It has been recently reported that 212 

inactivity or reduced swimming activity contribute to resistance to sea lice [33], so it is 213 

possible that the high lice counts of susceptible fish in this study are due to higher 214 

activity levels with associated expression of muscle contraction related genes. In turn, 215 

high lice burden can provoke behavioural responses increasing fish activity, which 216 

results in the up-regulation of muscle genes, increasing the expression differences 217 

between resistant-passive-low lice fish and susceptible-active-high lice fish. 218 
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Two heme oxygenase genes (HO), encoding enzymes which catalyze the degradation of 219 

heme, also had higher expression levels in susceptible samples (Figure 3). These genes 220 

have been previously shown to be up-regulated in response to Caligus infection [34]. 221 

Reduction of iron availability within the host has been observed in Atlantic salmon 222 

infected with L. Salmonis [35], as has reduced hematocrit and anemia in Pacific salmon 223 

[36]. Finally, three immune receptors showed higher expression in susceptible samples 224 

(Figure 3); C-X-C chemokine receptor type 2 (CXCR2) is a receptor for IL-8, its 225 

binding causes activation of neutrophils; while C type lectin receptors A and B 226 

(CLECA, CLECB) are involved in pathogen recognition and immunity [37]. While it is 227 

clear that resistance and host response to sea lice is multifactorial in nature, these genes 228 

related to muscle contraction, iron availability and immunity may be targets for 229 

functional validation in future studies, and for cross-referencing with genome-wide 230 

association analyses to identify candidate causative genes and variants.  231 

Network analysis 232 

As an alternative approach to investigate the gene expression profiles associated with 233 

resistance and tolerance to sea lice in these samples, a network correlation analysis was 234 

performed. For this analysis, instead of categorizing the animals into two groups and 235 

testing differential expression, gene expression values were used to group genes with 236 

similar expression profiles into different networks. The average expression profile of 237 

each network was then correlated with the measured traits to identify significant 238 

associations between groups of genes and the resistance phenotypes (Figure 4). One 239 

gene network with a total of 76 genes was associated with resistance (as measured by 240 

lice counts) in healthy skin (Additional file 3). A single gene from this network was also 241 

differentially expressed in the previous analysis between high and low resistant fish, C-242 

type lectin receptor A (FC = - 1.34). As previously mentioned, this gene is a receptor 243 
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involved in antigen recognition and immune response [37]. Four other immune 244 

receptors involved in innate immunity and inflammation were assigned to this network 245 

and found to be positively correlated with sea lice counts (Table 1). Macrophage 246 

mannose receptor 1 (MRC1) shows the highest expression difference between louse 247 

attachment vs healthy skin DE genes (FC = 4.79) and also the highest positive 248 

correlation with number of sea lice (r = 0.87). MRC1 is also a c-type lectin receptor, 249 

expressed in macrophages, dendritic cells and skin in humans. MRC1 plays a role both 250 

in innate and adaptive immunity and also acts as a recognition receptor for different 251 

pathogens such as bacteria, virus or fungi [38]. Lectins such as MRC1 and CLEC4E 252 

have been found to be induced by glucosinolate-enriched feeds in Atlantic salmon, 253 

which also reduced lice counts between 17-25% [39]. Lectins have been reported to 254 

activate the immune system in response to different parasites in different species [40, 255 

41], therefore modulation of these genes represents a possible route to enhance Atlantic 256 

immune responses to sea lice. Two immune receptors were negatively correlated with 257 

number of sea lice, CD97 (r = -0.84) and suppressor of cytokine signalling 5 (SOCS5; r 258 

= -0.76). CD97 regulates cytokine production and T-cell activation and proliferation 259 

[42, 43]; while SOCS5 is part of the cytokine-mediated signalling pathway, and acts as 260 

a negative regulator of inflammatory response and other immune-related pathways [44]. 261 

The correlation of these genes with number of sea lice is probably indicating that the 262 

immune system of the host responds proportionally to the degree of infestation, but 263 

nonetheless may be important in the louse-salmon interaction.  264 

 265 

Table 1. Immune receptors showing correlation with sea lice counts 266 

Gene Full name Corr. (r) GO terms 
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MRC1 Macrophage mannose 

receptor 1 

0.87 - Cellular response to interferon gamma 

- Cellular response to interleukin-4 

CLEC4E C-type lectin receptor A 0.81 - Innate immune response 

- Positive regulation of cytokine secretion 

CR2 Complement receptor type 2 0.78 - Innate immune response 

- Complement activation, classical pathway 

LIFR Leukemia inhibitory factor 

receptor 

0.78 - Cytokine-mediated signalling pathway 

CD28 T-cell-specific surface 

glycoprotein CD28 

0.77 - Positive regulation of inflammatory response 

to antigenic stimulus 

- Cytokine biosynthethic process 

SOCS5 Suppressor of cytokine 

signaling 5 

-0.76 - Cytoine-mediated signalling pathway 

-Negative regulation of inflammatory 

response 

CD97 CD97 antigen -0.84 - Inflammatory response 

 267 

Amongst genes without a (well-known) immune function, there was an association 268 

between SUMO1 (r = 0.76) and SUMO3 (r = -0.91) expression and resistance. Small 269 

Ubiquitin-like Modifier (SUMO) proteins are small proteins similar to ubiquitins that 270 

are covalently attached to other proteins to modify their function. According to the gene 271 

expression data, SUMO1 seems to be preferred over SUMO3 in salmon upon sea lice 272 

infestation. Although post-translational modifications have been barely explored in fish, 273 

in mice SUMOylation has been shown to be involved in modulation of host innate 274 

immune response to pathogens [45]. SUMOylation is also a very active field of research 275 

in plants, where SUMO is known to be involved in many important processes such as 276 

plant response to environmental stresses, including pathogens [46]. It would be 277 
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interesting to further study the role of SUMO in modulating Atlantic salmon responses 278 

to sea lice. 279 

 280 

Tolerance 281 

Differences in weight gain percentage from the start to the end of the trial were also 282 

investigated; a trait which was defined as tolerance. Tolerance did not show any 283 

significant correlation with initial weight (r = -0.27, p = 0.10), sea lice counts (r = 0.12, 284 

p = 0.45) or sea lice density (r = 0.19, p = 0.24) in our dataset, and the means for these 285 

three traits are not significantly different between our tolerant and not-tolerant groups (t-286 

test p-values > 0.35). 287 

Differential expression 288 

A total of 24 and 1 genes were found differentially expressed between fish showing 289 

high and low tolerance in healthy and sea louse attachment site samples respectively 290 

(Additional file 4). The gene differentially expressed in injured skin, solute carrier 291 

family 15 member 1 (SLC15A1), also showed the lowest p-value and highest fold 292 

change in healthy skin (FC = 3.38, p = 0.003). SLC15A1 protein is a membrane 293 

transporter that mediates the uptake of dipeptides and tripeptides, in humans this gene is 294 

expressed in the intestinal epithelium and plays a major role in protein absorption [47]. 295 

Another interesting DE gene is myogenic regulatory factor 6 (MYF6; FC = 0.72, p = 296 

0.04). Myogenic regulatory factors are transcription factors that regulate muscle 297 

development [48]; in Senegale sole decreased expression of these factors was observed 298 

in fast muscle when fed with a high-lipid content diet which caused reduced growth 299 

[49]. While skin is unlikely to be a highly suitable tissue to study genes underlying fish 300 

growth during sea lice infestation, both myogenic factors and increased nutrient 301 
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absorption, and specifically MYF6 and SLC15A1, are good candidates to better 302 

understand growth impairment differences under sea lice infestation. 303 

 304 

Network analysis 305 

A gene network correlation analysis was also performed for tolerance, finding five 306 

associated networks, one of them common between healthy and injured datasets (Figure 307 

4). A total of 373 genes showed correlation values > 0.75 with weight gain percentage 308 

(Additional file 4). These genes are fairly heterogeneous, showing no GO or KEGG 309 

enrichment. This is perhaps not that surprising; here we have defined tolerance as 310 

impact of sea lice on growth performance, but most likely growth performance is only 311 

one of the aspects of tolerance. A more tolerant animal will be less affected by the 312 

parasite in many ways, and therefore it is logical to find genes involved in different 313 

functions correlated with our definition of tolerance. Several immune related genes were 314 

positively correlated with weight gain, such as C-X-C chemokine receptor type 4, 315 

interferon regulatory factor 2, caspase-8 or TNF receptor-associated factor 5. Very 316 

different immune responses for IPNV resistant and IPNV susceptible Atlantic salmon 317 

families have been observed [50], so it is well possible that Atlantic salmon can also 318 

elicit different immune responses against sea lice, leading to different outcomes. 319 

However, while IPNV resistance is mainly explained by a single locus [51], sea lice 320 

tolerance is most likely highly polygenic, with probably different mechanisms operating 321 

in the different families, which hinders the understanding of tolerance (and resistance) 322 

mechanisms.  323 

 324 
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Signatures of differentiation  325 

A total of 126,741 SNPs were identified from the RNA-Seq of the 21 individual fish. 326 

These were used to compute Fst values between the resistant and susceptible samples, 327 

and between tolerant and not tolerant samples, through a sliding window approach (100 328 

Kb windows every 50 Kb). Only windows with ≥ 5 SNPs were retained for further 329 

analysis. Genomic windows with Fst values ≥ 0.20 were considered to show putative 330 

signs of differentiation between both groups (35 out of 15,321 total windows, 99.8 331 

percentile). 35 differential genomic regions were found to be associated with resistance 332 

and 28 with tolerance (Additional file 5). While the tolerance results did not overlap 333 

with differentially expressed genes, genomic regions showing signs of differentiation 334 

between resistant and susceptible sample did highlight some interesting candidate genes 335 

(Figure 5). The genomic region showing the clearest sign of differentiation between 336 

resistant and susceptible samples was found in chromosome 5 between 18.50 and 18.75 337 

Mb, with four consecutive windows with Fst values between 0.237 and 0.306. There are 338 

29 SNPs and 7 genes in this genomic region (Figure 5B). One of these genes, 339 

Neurexophilin And PC-Esterase Domain Family Member 3 (NXPE3), was also 340 

differentially expressed between resistant and susceptible samples (p-val = 0.02, FC = -341 

0.92). One of the SNPs in the region (Fst = 0.333) codes for a non-synonymous 342 

mutation in NXPE3, and four additional SNPs (Fst = 0.421-0.454) could fall within 343 

coding regions of NXPE3 as well (these SNPs fall in a transcribed region without 344 

annotation in the official salmon annotation; blast searches against NCBI’s nr database 345 

match NXPE3). Despite being conserved in vertebrates there is not much information 346 

about this gene. In humans it binds alpha neurexins, a group of presynaptic 347 

transmembrane receptors that promote adhesion between dendrites and axons [52]. 348 

Neurexins have been linked to behavioural response to parasites in bees [53] and in host 349 
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response to parasite infection in hard clam, Mercenaria mercenaria [54]. While not an 350 

obvious functional candidate, NXPE3 is worthy of further investigation in host 351 

resistance to sea lice due to its differential expression and overlap with a genomic 352 

region showing putative differentiation between resistant and susceptible fish. Another 353 

interesting gene in the same region of chromosome 5 is COP9 signalosome complex 354 

subunit 6 (COPS6). This gene is highly expressed in our samples and contains three 355 

SNPs, the one with the highest Fst (0.312) codes for a synonymous mutation. This gene 356 

is part of the COP9 signalosome complex, which is a regulator of the ubiquitin 357 

conjugation pathway but is also involved in phosphorylation-mediated regulation of 358 

various immune-related genes, such as NF-kappa-B-inhibitor alpha or IRF8. 359 

 360 

CONCLUSIONS 361 

The results of this study highlight that the early gene expression response of Atlantic 362 

salmon to sea lice involves up-regulation of many different components of the immune 363 

system (inflammatory response, cytokine production, TNF and NF-kappa B signalling 364 

and complement activation) along with tissue repair activation. The comparison of 365 

resistant versus susceptible animals highlighted enrichment of pathways related to fish 366 

activity, iron availability and receptors modulating pathogen recognition and immune 367 

response, and identified a few candidate genomic regions potentially involved in genetic 368 

resistance. Overall, this study contributes to an improved understanding of Atlantic 369 

salmon early response to sea lice in skin, and into the gene expression profiles 370 

underpinning genetic resistance to sea lice in salmon. The identified pathways and 371 

genes may be targets for future studies aimed at development of new treatments, 372 

vaccines or prevention strategies. The data can also be cross-referenced with high power 373 
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genome-wide association studies to help prioritise putative causative genes and variants 374 

that have potential to improve genomic selection programs for genetic improvement of 375 

resistance to this industry’s most serious disease.  376 

 377 

METHODS 378 

Experimental design 379 

2,668 Atlantic salmon (Salmo salar) pre-smolts (average weight 136 g) from 104 380 

families from the breeding population of Salmones Chaicas, Xth Region, Chile, were 381 

experimentally challenged with Caligus rogercresseyi (chalimus II-III). Briefly, 382 

infestation with the parasite was carried out by using 13 to 24 copepodids per fish and 383 

stopping the water flow for 6 h after infestation. Eight days after the infestation fish 384 

were euthanized and fins from each fish were collected and fixed for processing and lice 385 

counting. 386 

42 samples from 21 fish from six different families (2 to 5 fish per family) were 387 

selected for RNA sequencing (Additional file 6) based on the traits of interest (number 388 

of sea lice attached to their fins and growth during challenge). Skin samples (both from 389 

attachment sites and health skin) were obtained from each animal and stored in 390 

RNAlater at 4 ºC for 24 h, and then at -20ºC until RNA extraction for sequencing.  391 

RNA extraction and sequencing 392 

For all the 42 samples a standard TRI Reagent RNA extraction protocol was followed. 393 

Briefly, approximately 50 mg of skin was homogenized in 1 ml of TRI Reagent (Sigma, 394 

St. Louis, MO) by shaking using 1.4 mm silica beads, then 100 µl of 1-bromo-3-395 

chloropropane (BCP) was added for phase separation. This was followed by 396 

precipitation with 500 µl of isopropanol and posterior washes with 65-75 % ethanol. 397 
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The RNA was then resuspended in RNAse-free water and treated with Turbo DNAse 398 

(Ambion). Samples were then cleaned up using Qiagen RNeasy Mini kit columns and 399 

their integrity was checked on Agilent 2200 Bioanalyzer (Agilent Technologies, USA). 400 

Thereafter, the Illumina Truseq mRNA stranded RNA-Seq Library Prep Kit protocol 401 

was followed directly. Libraries were checked for quality and quantified using the 402 

Bioanalyzer 2100 (Agilent), before being sequenced on three lanes of the Illumina 403 

Hiseq 4000 instrument using 75 base paired-end sequencing at Edinburgh Genomics, 404 

UK. Raw reads have been deposited in NCBI’s Sequence Read Archive (SRA) under 405 

accession number SRP100978. 406 

Read mapping 407 

The quality of the sequencing output was assessed using FastQC v.0.11.5 408 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Quality filtering and 409 

removal of residual adaptor sequences was conducted on read pairs using Trimmomatic 410 

v.0.32 [55]. Specifically, Illumina specific adaptors were clipped from the reads, leading 411 

and trailing bases with a Phred score less than 20 were removed and the read trimmed if 412 

the sliding window average Phred score over four bases was less than 20. Only reads 413 

where both pairs were longer than 36 bp post-filtering were retained. Filtered reads were 414 

mapped to the most recent Atlantic salmon genome assembly (ICSASG_v2; Genbank 415 

accession GCF_000233375.1 [23]) using STAR v.2.5.2b [56], the maximum number of 416 

mistmatches for each read pair was set to 10 % of trimmed read length, and minimum 417 

and maximum intron lengths were set to 20 bases and 1 Mb respectively. Uniquely 418 

mapped paired-reads were counted and assigned to genes (NCBI Salmo salar 419 

Annotation Release 100) using FeatureCounts [57], included in the SourceForge 420 

Subread package v.1.5.0. Only reads with both ends mapped to the same gene were 421 

considered in downstream analyses. 422 
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SNP identification  423 

SNPs were identified and genotypes for individual samples were called using samtools 424 

v1.2 [58]. Reads with mapping quality < 30 and bases with phred quality scores < 30 425 

were excluded. To call a SNP, a read depth ≥ 10 and ≥ 3 reads for the alternative allele 426 

were required. Only SNPs called in > 75% of the samples were retained for downstream 427 

analyses. The putative effect of the SNPs was assessed using the official salmon 428 

genome annotation (NCBI Salmo salar Annotation Release 100) and the SnpEff v.4.2 429 

software [59]. 430 

Differential Expression 431 

Statistical analyses related to differential expression and pathway enrichment were 432 

performed using R v.3.3.1 [60]. Gene count data were used to estimate differential gene 433 

expression using the Bioconductor package DESeq2 v.3.4 [61]. The Benjamini-434 

Hochberg false discovery rate (FDR) was applied, and transcripts with corrected p-435 

values < 0.05 and absolute log2 fold change values (FC) > 0.5 were considered 436 

differentially expressed genes. Samples were hierarchically clustered according to gene 437 

read counts after a variance stabilizing transformation, using Euclidean as the distance 438 

measure and complete-linkage as the agglomeration method (R package flashClust 439 

[62]). Heatmaps of gene expression were created using the R package gplots v3.0.1 440 

heatmap.2 function, using read counts after regularized log transformation (DESeq2 441 

[61]).  442 

Pathway Enrichment 443 

Gene Ontology (GO) enrichment analyses were performed using Blast2GO v.4.1 [63]. 444 

Briefly, genes showing > 10 reads in > 90 % of the samples were annotated against the 445 

manually curated protein database Swiss-Prot [64] and GO terms were assigned to them 446 
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using Blast2GO. GO enrichment for specific genes lists was tested against the whole set 447 

of expressed genes using Fisher’s Exact Test. GO terms with ≥ 5 DE genes assigned and 448 

showing a Benjamini-Hochberg FDR corrected p-value < 0.05 were considered 449 

enriched. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses 450 

were performed using KOBAS v3.0.3 [65]. Briefly, genes showing > 10 reads in > 90 % 451 

of the samples were annotated against KEGG protein database [66] to determine KEGG 452 

Orthology (KO). KEGG enrichment for specific gene lists was tested by comparison to 453 

the whole set of expressed genes using Fisher’s Exact Test. KEGG pathways with ≥ 5 454 

DE genes assigned and showing a Benjamini-Hochberg FDR corrected p-value < 0.05 455 

were considered enriched. 456 

Network Correlation Analysis 457 

Gene expression network correlation analyses were performed using the R package 458 

WGCNA [67]. Read counts after variance stabilizing transformation were used as a 459 

measure of gene expression. The genes were clustered using a power of 6 (scale free 460 

topology index > 0.9), a minimum of 30 genes per cluster and merging those clusters 461 

with a distance < 0.25 between them. Correlation between network summary profiles 462 

and external traits was quantified, and network-trait association showing p-values < 463 

0.05 were considered significant. Genes showing network membership significance 464 

values < 0.05 and | r | > 0.75 were considered to be correlated with the trait of interest. 465 

Fst Analyses 466 

Weir and Cockerham’s Fst statistics were calculated using VCFtools v0.1.14 [68]. 467 

Mean Fst values were calculated using a sliding window approach with 100 Kb 468 

windows and a step of 50 Kb. Only those windows containing at least 5 SNPs were 469 

considered. 470 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 26, 2017. ; https://doi.org/10.1101/225094doi: bioRxiv preprint 

https://doi.org/10.1101/225094
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 

 

 471 

DECLARATIONS 472 

Acknowledgements 473 

The authors would like to thank the contribution of Aquainnovo and Salmones Chaicas 474 

for providing the biological material and phenotypic records of the experimental 475 

challenges. 476 

Authors´ contributions 477 

RDH, JMY and DR were responsible for the concept and design of this work. AB 478 

managed the collection of the samples. AP performed the molecular biology 479 

experiments. DR performed bioinformatic and statistical analyses. DR, RDH and JMY 480 

drafted the manuscript. All authors read and approved the final manuscript. 481 

Competing interests 482 

The authors declare that they have no competing interests. 483 

Ethics approval and consent to participate 484 

The lice challenge experiments were performed under local and national regulatory 485 

systems and were approved by the Animal Bioethics Committee (ABC) of the Faculty 486 

of Veterinary and Animal Sciences of the University of Chile (Santiago, Chile), 487 

Certificate N° 01-2016, which based its decision on the Council for International 488 

Organizations of Medical Sciences (CIOMS) standards, in accordance with the Chilean 489 

standard NCh-324-2011.  490 

Consent to publish 491 

Not applicable 492 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 26, 2017. ; https://doi.org/10.1101/225094doi: bioRxiv preprint 

https://doi.org/10.1101/225094
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 

 

Funding 493 

This work was supported by an RCUK-CONICYT grant (BB/N024044/1) and Institute 494 

Strategic Funding Grants to The Roslin Institute (BB/J004235/1, BB/J004324/1, 495 

BB/J004243/1). Edinburgh Genomics is partly supported through core grants from 496 

NERC (R8/H10/56), MRC (MR/K001744/1) and BBSRC (BB/J004243/1). Diego 497 

Robledo is supported by a Newton International Fellowship of the Royal Society 498 

(NF160037). 499 

Availability of data and materials 500 

The datasets generated during the current study are available in the NCBI’s Sequence 501 

Read Archive (SRA) repository under accession number SRP100978 502 

[https://www.ncbi.nlm.nih.gov/sra/?term=SRP100978]. 503 

 504 

REFERENCES 505 

1. FAO (Food and Agriculture Organization of the United Nations). The State of World 506 

Fisheries and Aquaculture 2016. Contributing to food security and nutrition for all. 507 

2016. http://www.fao.org/documents/card/en/c/2c8bcf47-2214-4aeb-95b0-508 

62ddef8a982a. Accessed 29 Aug 2017. 509 

2. Yáñez JM, Houston RD, Newman S. Genetics and genomics of disease resistance in 510 

salmonid species. Front Genet. 2014;5:415. 511 

3. Palaiokostas C, Ferraresso S, Franch R, Houston RD, Bargelloni L. Genomic 512 

prediction of resistance to pasteurellosis in gilthead sea bream (Sparus aurata) using 513 

2b-RAD sequencing. G3 (Bethesda). 2016;6:3693-3700. 514 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 26, 2017. ; https://doi.org/10.1101/225094doi: bioRxiv preprint 

https://doi.org/10.1101/225094
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 

 

4. Costello MJ. The global economic cost of sea lice to the salmonid farming industry. J 515 

Fish Dis. 2009;32:115-118. 516 

5. Johnson SC, Treasurer JW, Bravo S, Nagasawa K, Kabata Z. A review of the impact 517 

of parasitic copepods on marine aquaculture. Zool Stud. 2004;43:229-243. 518 

6. Frazer LN, Morton A, Krkosek M. Critical thresholds in sea lice epidemics: evidence, 519 

sensitivity and subcritical estimation. Proc Biol Sci. 2012;279:1950-1958. 520 

7. Fast MD. Fish immune responses to parasitic copepod (namely sea lice) infection. 521 

Dev Comp Immunol. 2014;43: 300-312. 522 

8. Torrisen O, Jones S, Asche F, Guttomsen A, Skilbrei OT, Nilsen F, et al. Salmon lice 523 

– impact on wild salmonids and salmon aquaculture. J Fish Dis. 2013;36:171-194. 524 

9. Aaen SM, Helgesen KO, Bakke MK, Kaur K, Horsberg TE. Drug resistance in sea 525 

lice: a threat to salmonid aquaculture. Trends Parasitol. 2015;31:72-81. 526 

10. Jodaa HH, Wadsworth S, Bjelland AK, Krasnov A, Evensen Ø, Skugor S. Dietary 527 

phytochemicals modulate skin gene expression profiles and result in reduced lice counts 528 

after experimental infection in Atlantic salmon. Parasit Vectors. 2016;9:271. 529 

11. Imsland A, Reynolds P, Eliassen G, Hangstad TA, Foss A, Vikingstad E, et al. The 530 

use of lumpfish (Cyclopterus lumpus L.) to control sea lice (Lepeophtheirus salmonis 531 

Krøyer) infestations in intensively farmed Atlantic salmon (Salmo salar). Aquaculture. 532 

2014;424-425:19-23. 533 

12. Leclercq E, Davie A, Migaud H. Delousing efficiency of farmed ballan wrasse 534 

(Labrus bergylta) against Lepeophtheirus salmonis infecting Atlantic salmon (Salmo 535 

salar) post-smolts. Pest Manag Sci. 2014;70:1274-1282. 536 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 26, 2017. ; https://doi.org/10.1101/225094doi: bioRxiv preprint 

https://doi.org/10.1101/225094
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 

 

13. Ødegård J, Moen T, Santi N, Korsvoll SA, Kjøglum S, Meuwissen THE. Genomic 537 

prediction in an admixed population of Atlantic salmon (Salmo salar). Front Genet. 538 

2014;5:402. 539 

14. Gharbi K, Matthews L, Bron J, Roberts R, Tinch A, Stear M. The control of sea lice 540 

in Atlantic salmon by selective breeding. J R Soc Interface. 2015;12:0574. 541 

15. Tsai HY, Hamilton A, Tinch AE, Guy DR, Bron JE, Taggart JB, et al. Genomic 542 

prediction of host resistance to sea lice in farmed Atlantic salmon populations. Genet 543 

Sel Evol. 2016;48:47. 544 

16. Correa K, Lhorente JP, Bassini L, López ME, Di Genova A, Maass A, et al. 545 

Genome wide association study for resistance to Caligus rogercresseyi in Atlantic 546 

salmon (Salmo salar L.) using a 50K SNP genotyping array. Aquaculture. 2016;472:61-547 

65. 548 

17. Correa K, Bangera R, Figueroa R, Lhorente JP, Yáñez JM. The use of genomic 549 

information increases the accuracy of breeding value predictions for sea louse (Caligus 550 

rogercresseyi) resistance in Atlantic salmon (Salmo salar). Genet Sel Evol. 2017;49:15. 551 

18. Lhorente JP, Gallardo JA, Villanueva B, Carabaño MJ, Neira R. Disease resistance 552 

in Atlantic salmon (Salmo salar): coinfection of the intracellular bacterial pathogen 553 

Piscirickettsia salmonis and the sea louse Caligus rogercresseyi. PLoS One. 554 

2014;9:e95397. 555 

19. Yáñez JM, Lhorente JP, Bassini LN, Oyarzún M, Neira R, Newman S. Genetic co-556 

variation between resistance against both Caligus rogercresseyi and Piscirickettsia 557 

salmonis, and body weight in Atlantic salmon (Salmo salar). Aquaculture. 558 

2014;433:295-298. 559 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 26, 2017. ; https://doi.org/10.1101/225094doi: bioRxiv preprint 

https://doi.org/10.1101/225094
http://creativecommons.org/licenses/by-nc-nd/4.0/


25 

 

20. Macqueen DJ, Primmer CR, Houston RD, Nowak BF, Bernatchez L, Bergseth S, et 560 

al. Functional annotation of all salmonid genomes (FAASG): an international initiative 561 

supporting future salmonid research, conservation and aquaculture. BMC Genomics. 562 

2017;18:484. 563 

21. Edvardsen RB, Leininger S, Kleppe L, Skaftnesmo KO, Wargelius A. Targeted 564 

mutagenesis in Atlantic salmon (Salmo salar L.) using the CRISPR/Cas9 system 565 

induces complete knockout individuals in the F0 generation. PLoS ONE. 566 

2014;9:e108622. 567 

22. Kause A, Ødegård J. The genetic analysis of tolerance to infections: a review. Front 568 

Genet. 2012;3:262. 569 

23. Lien S, Koop BF, Sandve SR, Miller JR, Kent MP, Nome T, et al. The Atlantic 570 

salmon genome provides insights into rediploidization. Nature. 2016;533:200-205. 571 

24. Johnson SC, Albright LJ. Comparative susceptibility and histopathology of the 572 

response of naive Atlantic, Chinook and coho salmon to experimental infection with 573 

Lepeophtheirus salmonis (Copepoda: Caligidae). Dis Aquat Organ. 1992;14:179-193. 574 

25. Fast MD, Ross NW, Mustafa A, Sims DE, Johnson SC, Conboy GA, et al. 575 

Susceptibility of rainbow trout Oncorhynchus mykiss, Atlantic salmon Salmo salar and 576 

coho salmon Oncorhynchus kisutch to experimental infection with sea lice 577 

Lepeophtheirus salmonis. Dis Aquat Org. 2002;52:57-68. 578 

26. Fast MD, Johnson SC, Jones SRM. Differential susceptibility and the response of 579 

pink (Oncorhynchus gorbuscha) and chum (O. Keta) salmon juveniles to infection with 580 

Lepeophtheirus salmonis. Dis Aquat Organ. 2007;75:229-238. 581 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 26, 2017. ; https://doi.org/10.1101/225094doi: bioRxiv preprint 

https://doi.org/10.1101/225094
http://creativecommons.org/licenses/by-nc-nd/4.0/


26 

 

27. Iger Y, Abraham M. The process of skin healing in experimentally wounded carp. J 582 

Fish Biol. 1990;36: 421-437. 583 

28. Skugor S, Glover KA, Nilsen F. Local and systemic gene expression responses of 584 

Atlantic salmon (Salmo salar L.) to infection with the salmon louse (Lepeophtheirus 585 

salmonis). BMC Genomics. 2008;9:498. 586 

29. Holm H, Santi N, Kjøglum S, Perisic N, Skugor S, Evensen O. Difference in skin 587 

immune responses to infection with salmon louse (Lepeophtheirus salmonis) in Atlantic 588 

salmon (Salmo salar L.) of families selected for resistance and susceptibility. Fish 589 

Shellfish Immunol. 2015;42:384–394. 590 

30. Vargas-Chacoff L, Muñoz JLP, Hawes C, Oyarzún R, Pontigo JP, Saravia J, et al. 591 

Ectoparasite Caligus rogercresseyi modifies the lactate response in Atlantic salmon 592 

(Salmo salar) and coho salmon (Oncorhynchus kisutch). Vet Parasitol. 2017;243:6-11. 593 

31. Furevik DM, Bjordal A, Huse I, Fernö A. Surface activity of Atlantic salmon 594 

(Salmo salar L.) in net pens. Aquaculture. 1993;110:119-128. 595 

32. Magnhagen C, Braithwaite V, Forsgren E, Kapoor BG. Fish Behaviour. Enfield: 596 

Science Publishers; 2008. 597 

33. Bui S The behavioural resistance and response of Atlantic salmon to the ectoparasite 598 

Lepeophtheirus salmonis. PhD Thesis, University of Melbourne. 2017. 599 

http://hdl.handle.net/11343/127923. Accessed 29 Aug 2017. 600 

34. Valenzuela-Muñoz V, Gallardo-Escárate C. Iron metabolism modulation in Atlantic 601 

salmon infested with the sea lice Lepeophtheirus salmonis and Caligus rogercresseyi: A 602 

matter of nutritional immunity? Fish Shellfish Immunol. 2017;60:97-102. 603 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 26, 2017. ; https://doi.org/10.1101/225094doi: bioRxiv preprint 

https://doi.org/10.1101/225094
http://creativecommons.org/licenses/by-nc-nd/4.0/


27 

 

35. Sutherland BJG, Koczka KW, Yasuike M, Jantzen SG, Yazawa R, Koop BF, et al. 604 

Comparative transcriptomics of Atlantic Salmo salar, chum Oncorhynchus keta and 605 

pink salmon O. gorbuscha during infections with salmon lice Lepeophtheirus salmonis. 606 

BMC Genomics. 2014;15:200. 607 

36. Jones SRM, Fast MD, Johnson SC, Groman DB. Differential rejection of salmon 608 

lice by pink and chum salmon: disease consequences and expression of 609 

proinflammatory genes. Dis Aquat Org. 2007;75:229-238. 610 

37. Geiktenbeek TB, Gringhuis SI. Signalling through C-type lectin receptors: shaping 611 

immune responses. Nat Rev Immunol. 2009;9:465-479. 612 

38. East L, Isacke CM. The mannose receptor family. Biochim Biophys Acta. 613 

2002;1572:364-386. 614 

39. Holm HJ, Wadsworth S, Bjelland AK, Krasnov A, Evensen Ø, Skugor S. Dietary 615 

phytochemicals modulate skin gene expression profiles and result in reduced lice counts 616 

after experimental infection in Atlantic salmon. Parasit Vectors. 2016;9:271. 617 

40. Vázquez-Mendoza A, Carrero JC, Rodriguez-Sosa M. Parasitic infections: a role for 618 

C-type lectins receptors. Biomed Res Int. 2013;2013:456352. 619 

41. Hoving JC, Wilson GJ, Brown GD. Signalling C-type lectin receptors, microbial 620 

recognition and immunity. Cell Microbiol. 2014;16:185-194. 621 

42. Capasso M, Durrant LG, Stacey M, Gordon S, Ramage J, Spendlove I. 622 

Costimulation via CD55 on human CD4+ T cells mediated by CD97. J Immunol. 623 

2006;177:1070-1077. 624 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 26, 2017. ; https://doi.org/10.1101/225094doi: bioRxiv preprint 

https://doi.org/10.1101/225094
http://creativecommons.org/licenses/by-nc-nd/4.0/


28 

 

43. Abbott RJ, Spendlove I, Roversi P, Fitzgibbon H, Knott V, Teriete P, et al. 625 

Structural and functional characterization of a novel T cell receptor co-regulatory 626 

protein complex, CD97-CD55. J Biol Chem. 2007;282:22023-22032. 627 

44. Seki Y, Hayashi K, Matsumoto A, Tsukada J, Ransom J, Naka T, et al. (2002) 628 

Expression of the suppressor of cytokine signaling-5 (SOCS5) negatively regulates IL-629 

4-dependent STAT6 activation and Th2 differentiation. Proc Natl Acad Sci U S A. 630 

2002;99:13003-13008. 631 

45. Decque A, Joffre O, Magalhaes JG, Cossec JC, Blecher-Gonen R, Lapaguette P, et 632 

al. (2016) Sumoylation coordinates the repression of inflammatory and anti-viral gene-633 

expression programs during innate sensing. Nat Immunol. 2016;17:140-149. 634 

46. Park HJ, Kim WY, Park HC, Lee SY, Bohnert HJ, Yun DJ. SUMO and 635 

SUMOylation in plants. Mol Cells. 2011;32:305-316. 636 

47. Adibi SA. The oligopeptide transporter (Pept-1) in human intestine: biology and 637 

function. Gastroenterology. 1997;113:332-340. 638 

48. Perry R, Rudnick M. Molecular mechanisms regulating myogenic determination and 639 

differentiation. Front Biosci. 2000;5:D750-767. 640 

49. Campos C, Valente LMP, Borges P, Bizuayehu T, Fernandes JMO. Dietary lipid 641 

levels have a remarkable impact on the expression of growth-related genes in 642 

Senegalese sole (Solea senegalensis Kaup). J Exp Biol. 2010;213:200-209. 643 

50. Robledo D, Taggart JB, Ireland JH, McAndrew BJ, Starkey WG, Haley CS, et al. 644 

Gene expression comparison of resistant and susceptible Atlantic salmon fry challenged 645 

with Infectious Pancreatic Necrosis virus reveals a marked contrast in immune response. 646 

BMC Genomics. 2016;17:279. 647 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 26, 2017. ; https://doi.org/10.1101/225094doi: bioRxiv preprint 

https://doi.org/10.1101/225094
http://creativecommons.org/licenses/by-nc-nd/4.0/


29 

 

51. Houston RD, Haley CS, Hamilton A, Guy DR, Tinch AE, Taggart JB, et al. Major 648 

quantitative trait loci affect resistance to infectious pancreatic necrosis in Atlantic 649 

salmon (Salmo salar). Genetics. 2008;178:1109-1115. 650 

52. Missler M, Hammer RE, Südhof TC. Neurexophilin binding to alpha-neurexins. A 651 

single LNS domain functions as an independently folding lingan-binding unit. J Biol 652 

Chem. 1998;273:34716-34723. 653 

53. Hamiduzzaman MM, Emsen B, Hunt GJ, Subramanyam S, Williams CE, Tsuruda 654 

JM, et al. (2017) Differential gene expression associated with honey bee grooming 655 

behaviour in response to Varroa mites. Behav Genet. 2017;47:335-344. 656 

54. Wang K, del Castillo C, Corre E, Pales Espinosa E, Allam B. Clam focal and 657 

systemic immune response to QPX infection revealed by RNA-seq technology. BMC 658 

Genomics. 2016;17:146. 659 

55. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina 660 

sequence data. Bioinformatics. 2004;30:2114-2120. 661 

56. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: 662 

ultrafast universal RNA-seq aligner. Bioinformatics. 2013;29:15-21. 663 

57. Liao Y, Smyth GK, Shi W. FeatureCounts: an efficient general purpose program for 664 

assigning sequence reads to genomic features. Bioinformatics. 2014;30:923-930. 665 

58. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. (2009) The 666 

sequence alignmnent/map format and SAMtools. Bioinformatics. 2009;25:2078-2079. 667 

59. Cingolani P, Platts A, Wang le L, Coon M, Nguyen T, Wang L, et al. A program for 668 

annotating and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs 669 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 26, 2017. ; https://doi.org/10.1101/225094doi: bioRxiv preprint 

https://doi.org/10.1101/225094
http://creativecommons.org/licenses/by-nc-nd/4.0/


30 

 

in the genome of Drosophila melanogaster strain w1118; iso-2; iso-3. Fly (Austin). 670 

2012;6:80-92. 671 

60. R Core Team. R: A language and environment for statistical computing. Vienna: R 672 

Foundation for Statistical Computing, 2014. http:/www.R-project.org. Accesed 29 Aug 673 

2017. 674 

61. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion 675 

for RNA-seq data with DESeq2. Genome Biol. 2014;15:550. 676 

62. Langfelder P, Horvath S. Fast R functions for robust correlations and hierarchical 677 

clustering. J Stat Softw. 2012;46:1-17. 678 

63. Conesa A, Götz S, García-Gómez JM, Terol J, Talón M, Robles M. Blast2GO: a 679 

universal tool for annotation, visualization and analysis in functional genomics research. 680 

Bioinformatics. 2005;21:3674-3676. 681 

64. Bairoch A, Boeckmann B, Ferro S, Gasteiger E. Swiss-Prot: juggling between 682 

evolution and stability. Brief Bioinform. 2004;5:39-55. 683 

65. Wu J, Mao X, Cai T, Luo J, Wei L. KOBAS server: a web-based platform for 684 

automated annotation and pathway identification. Nucl Acids Res. 2006;34:W720-685 

W724. 686 

66. Kanehisa M, Goto S. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucl 687 

Acids Res. 2000;28:27-30. 688 

67. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation network 689 

analysis. BMC Bioinformatics. 2008;9:559. 690 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 26, 2017. ; https://doi.org/10.1101/225094doi: bioRxiv preprint 

https://doi.org/10.1101/225094
http://creativecommons.org/licenses/by-nc-nd/4.0/


31 

 

68. Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA, et al. The 691 

variant call format and VCFtools. Bioinformatics. 2011;27:2156-2158. 692 

 693 

FIGURES 694 

Figure 1. Sample clustering and differential expression. A) Volcano plot showing 695 

the result of differential expression analysis between healthy and injured skin (all 696 

samples). Level of expression is shown in the x-axis and log2 fold change in y-axis, 697 

genes with false discovery rate corrected p-values < 0.05 are shown in red. B) Heatmap 698 

showing the gene expression of the most significant 156 DE genes (p < 0.001) between 699 

healthy (blue) and injured (red) skin. C) Volcano plot showing the result of differential 700 

expression analysis between healthy and injured skin using those animals whose injured 701 

skin shows some sort of response to Caligus. Level of expression is shown in the x-axis 702 

and log2 fold change in y-axis, genes with false discovery rate corrected p-values < 0.05 703 

are shown in red. 704 

Figure 2. Healthy vs injured skin. A) Important immune-related genes showing 705 

differential expression between healthy and injured skin. B) Selection of GO terms 706 

enriched amongst DE genes between healthy and injured skin. 707 

Figure 3. Up-regulation in susceptible fish. A) Genes DE between resistant and 708 

susceptible fish, being up-regulated in the latter. B) Enriched GO terms amongst DE 709 

genes up-regulated in susceptible fish. 710 

Figure 4. Network correlation analyses. Correlation between gene networks and 711 

different traits of interest in healthy and injured skin. 712 
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Figure 5. Fst between resistant and susceptible fish. A) Manhattan plot showing the 713 

chromosomes and position in the x-axis and Fst in the y-axis. B) High Fst region in 714 

chromosome 5. 715 

 716 

ADDITIONAL FILES 717 

Additional file 1.  718 

PNG (.png) 719 

Hierarchical cluster of the whole dataset. 720 

Hierarchical clustering for all the samples using the expression of all the genes in our 721 

dataset. Healthy (blue) and injured (red) sample phenotypes are shown using a white 722 

(minimum) to red (maximum) color code. 723 

 724 

Additional file 2.  725 

Excel (.xlsx) 726 

Comparison between healthy and injured skin.  727 

Differentially expressed genes (1st sheet), GO term and KEGG pathway enrichment (2nd 728 

sheet) are shown for the comparison between healthy and injured skin. 729 

 730 

Additional file 3.  731 

Excel (.xlsx) 732 
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Comparison between resistant and susceptible samples.  733 

Differentially expressed genes (1st sheet), GO term and KEGG pathway enrichment (2nd 734 

sheet), and network analysis results (3rd sheet) are shown for the comparison between 735 

resistance and susceptible samples. 736 

 737 

Additional file 4.  738 

Excel (.xlsx) 739 

Comparison between tolerant and not tolerant samples.  740 

Differentially expressed genes (1st sheet) and network analysis (2nd sheet) are shown for 741 

the comparison between tolerant and not tolerant samples. 742 

 743 

Additional file 5.  744 

Excel (.xlsx) 745 

Fst values for resistance and tolerance comparisons. 746 

Genomic regions showing Fst values > 1 for resistance (1st sheet) and tolerance (2nd 747 

sheet) comparisons. 748 

 749 

Additional file 6.  750 

Excel (.xlsx) 751 

RNA-seq samples 752 
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List of samples sequenced in this study and their phenotypes. 753 
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