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Abstract

Sea lice are a group of ectoparasite copepods negatively affecting fish health in the

salmon farming industry worldwide. Due to their biology, including several stages

of development with different sensitivities to chemotherapeutants and their com-

plex host–parasite interactions, the control of sea lice represents one of the major

obstacles for sustainable aquaculture. Interdisciplinary approaches are required to

avoid the environmental impacts of antiparasites commercially used during the

fish production cycle and the increasing emergence of drug resistance in lice pop-

ulations. Herein, control methods based on genomic analyses will allow for the

development of novel tools such as vaccines, immune-modulators, in-feed mask-

ing compounds and non-pharmacological therapies. This review highlights the

genomic knowledge on the race between hosts and sea lice, with emphasis on

Salmo salar and Oncorhynchus kisutch as host fish species and Caligus roger-

cresseyi as the main threat affecting the Chilean salmon industry.

Key words: gene modulation, parasite resistance, pharmacological treatments, sea lice,

transmission.

Introduction

Sea louse is the common name given to a group of parasitic

copepods that affect both farmed and wild salmonids in its

marine phase and can cause severe skin damage. Currently,

sea lice are considered one of the most economically signifi-

cant parasites to salmon industries around the world (Cost-

ello 2006, 2009). The most important sea lice species in

Chile is Caligus rogercresseyi, affecting farmed Atlantic sal-

mon (Salmo salar) and rainbow trout (Oncorhynchus

mykiss) (Gonzalez et al. 2000; Gonz�alez & Carvajal 2003).

In other relevant salmon farming countries such as Nor-

way, Canada, Ireland and Scotland, the major concern is

Lepeophtheirus salmonis (Costello 2006; Burka et al. 2012;

Torrissen et al. 2013). This parasite is also considered as a

threat to wild salmon populations in British Columbia

(Canada’s Pacific coast) and in some regions in Europe

(Costello 2009). Sea lice infections generate severe skin

damage leading to chronic stress, reduced growth and

reduced feed-conversion efficiency (Gonz�alez & Carvajal

2003; Johnson et al. 2004; Rozas & Asencio 2007; Revie

et al. 2009; Gonzalez et al. 2015). Thus, this can cause

increased costs due to sea lice infections, together with the

cost of chemotherapeutant treatments, and reduced mar-

ketability due to skin lesions (Costello 2009; Liu & Bjelland

2014). The economic impact of sea lice infestations at the

industry level has been estimated at USD$480 million,

which is equivalent to 4 to 10% of production value,

depending on the country (Costello 2009). However, a

more recent study estimated that lice parasitism produced

US$436 million in damages to the Norwegian industry

alone in 2011 (Abolofia et al. 2017).

The Chilean salmon industry is an important economic

sector at the provincial and national levels. In 2016, this

industry produced 727 812 tons of farmed salmonids of

which 73% corresponded to Atlantic salmon, 15% to Coho

salmon and 12% to rainbow trout (SERNAPESCA, 2016).

Production of Chinook salmon was marginal. Moreover,

projections for 2017 indicate that the total production

will surpass 800 thousand tons. In 2016, this industry

accounted for 5.8% of the country’s total exports (DIRECON,

2017). The Chilean salmon industry consists of about 500

companies that employ more than 50 000 people, including

salmon growing, salmon processing, and service companies
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(CONICYT, 2012). During 2016, more than 490 fish farms

(fresh or seawater facilities) reported commercial activity

(SERNAPESCA, unpublished data). Internationally, Chile

accounts for about 30% of the world’s production of

farmed salmon and second largest producer in the world

(FAO, 2017; SERNAPESCA, 2016).

Infectious diseases have been major constraints to the

sustainable development of the Chilean salmon industry

(Alvial et al. 2012). In particular, sea lice have been consid-

ered one of the most challenging fish health problems for

the following reasons: (i) complex control, as the sea lice

stages have different sensitivities to chemotherapeutants,

and, more recently, cases of low sensitivity and resistance of

sea lice populations to particular agents have been reported.

Consequently, performance of delousing drugs is not

always as expected; (ii) in areas where fish farming activity

is intense, sea lice are ubiquitous in sea water, therefore,

despite the control measures taken at the farm, new cohorts

from neighbouring farms will reinfect the fish; and (iii)

treatments may also affect biosecurity and health of wildlife

and ecosystem processes. Thus, a deep understanding of sea

lice biology and their interaction with salmon hosts is piv-

otal to improve and develop novel control methods. Fur-

thermore, critical genomic information is required to

implement strategies based on pharmacological treatments

and to avoid delousing drug resistance in salmon aquacul-

ture. The present review will highlight the current knowl-

edge of the race between the salmon host and sea lice in the

Chilean aquaculture. Our approach will focus on genomics

as a powerful tool to uncover complex biological processes

involved in the host–parasite interaction. The concern

about delousing drug resistance will be analysed and possi-

ble solutions to overcome this threat will be discussed from

a molecular perspective.

Sea louse: a “hard to kill” parasite

Sea louse is the common name given to a group of ectopar-

asite copepods, from the family Caligidae, which affect fish

in salt water (Burka et al. 2012; Torrissen et al. 2013). This

family of parasites accounts for more than 60% of reported

parasites affecting fish in marine environments (Johnson

et al. 2004). The salmon louse L. salmonis, which is found

only in the northern hemisphere, affects predominantly sal-

monids in the genera Salmo, Oncorhynchus and Salvelinus,

including farmed Atlantic salmon (Pike & Wadsworth

1999). Notably, O. kisutch and O. gorbuscha have been

described to be more resistant to L. salmonis infections

than other salmonids species (Fast et al. 2003; Johnson

et al. 2004; Jones et al. 2007; Wagner et al. 2008). Further-

more, C. elongatus can also be found on farmed salmonids

in the Northern Hemisphere but affecting the host to a les-

ser degree compared to L. salmonis (Costello 2006). In

turn, L. salmonis has been the responsible agent for impor-

tant salmon disease outbreaks in Canada, Faroe Islands,

Ireland, Maine (USA), Norway and Scotland (Costello

2006; Burka et al. 2012; Torrissen et al. 2013).

C. rogercresseyi is the most important species of sea louse

in Chile affecting the salmon industry. In contrast to

L. salmonis, C. rogercresseyi has a lower host specificity, as it

has been found in local wild species, such as the native rock

cod Eleginops maclovinus and the sea silverside smelt Odon-

testhes regia, as well as the introduced S. salar and rainbow

trout (Carvajal et al. 1998). Coho salmon (O. kisutch) has

been reported to be less susceptible than other salmonid

species (Bravo 2003). C. rogercresseyi was described by Box-

shall and Bravo in 2000, though it was originally reported as

Caligus flexispina (Carvajal et al. 1998; Boxshall & Bravo

2000). Because the first introduced salmonids in Chile were

grown-up from eggs, it is believed that C. rogercresseyi was

transmitted from native species naturally infected by this

parasite and commonly found near salmon farms (Carvajal

et al. 1998). C. rogercresseyi can be found along the

southern Pacific coast of Chile (41°S) and was recently

reported in the far south (51°S) (Arriagada et al. 2018,

unpublished).

Transmission of sea lice occurs during the copepod

planktonic stages (larvae). The dispersal range of their lar-

vae will depend mostly on water currents (McKibben &

Hay 2004; Brooks 2005; Costello 2006; Penston et al. 2008;

Amundrud & Murray 2009; Krkosek et al. 2010; Molinet

et al. 2011), although temperature and salinity could also

play a role, as these factors affect development and survival

of the parasite (Genna et al. 2005; Bravo et al. 2008). Sev-

eral studies have found that planktonic stages can be trans-

ported tens of kilometres from their source by currents

(McKibben & Hay 2004; Costello 2006). More recently, an

observational study by Kristoffersen et al. (2013) suggests

that C. rogercresseyi can be transported up to 30 km. In

intensive salmon farming regions like Chile, where farms

are closely located, this implies the transmission of sea lice

among farms. This situation can lead to impaired treatment

efficacy as the treated fish may be colonized shortly after

treatment by new lice originating from neighbouring farms

(Tully & Nolan 2002; Todd et al. 2004). In parallel, sea lice

transmission between infected fish on the same farm is

strongly influenced by host density. When the host density

is high, the chances of sea lice exchange between fish are

greater, as hosts are closer together. Moreover, the

increased transmission at this level increases the reproduc-

tive rate of lice (Keeling & Rohani 2008). Further, it has

been described that farms with a large number of fish con-

tribute more to the density of copepodids in the water col-

umn than farms with fewer fish (Penston & Davies 2009).

Kristoffersen et al. (2013) found a significant association

between the number of gravid females at neighbouring
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farms and the level of juvenile lice on farms. In Chile,

C. rogercresseyi has been found on wild native fish and on

free-living salmonids close to salmon farms (Carvajal et al.

1998; Bravo 2003), thus it is possible that wild fish play a

role in sea lice transmission as well.

Economic impacts of sea lice treatments at the farm level

have been estimated between US$ 0.18 and 0.45 per kg of

produced salmon in Scotland, between US$ 0.08 and 0.11

per kg of produced salmon in New Brunswick, Canada

(Johnson et al. 2004) and US$ 0.46 (Abolofia et al. 2017)

per kg of harvested biomass, equivalent to 9% of farm rev-

enues in Norway, producing US$436 millions in damages

in 2011. In Chile in the late 1990s, losses were calculated at

US$ 0.3 per kg of produced salmon (Carvajal et al. 1998),

estimating direct and indirect costs associated with the

infestation of about US$320 million per year (INTESAL,

2014). Costello (2009) estimated that the sea lice costs to

the world salmonid farming industry in 2006 was USD$480

million, which was 6% of the worldwide production value

that year but this figure needs to be updated.

Life cycle: more than developmental stages

The life cycle of sea lice comprises both free-swimming

planktonic and parasitic phases. The planktonic phase con-

sists of two nauplii stages and one copepodid stage, the lat-

ter being the first infective stage. The planktonic stages of

L. salmonis have around 7 days to find a host, although this

time is temperature and species dependent (Stucchi et al.

2011). The copepodid finds its host by following beha-

vioural traits, including gradients of host-derived chemicals

(e.g. kairomones), and vibrations of host origin (Heuch

et al. 1995; Heuch & Karlsen 1997; Bailey et al. 2006). The

copepodid attaches to the fish skin using its hooked pair of

antennae; this process is mediated by chemoreceptors in

the copepodid’s antennules (Gresty et al. 1993). During its

developmental process, the parasite gradually increases in

size and is attached at all times to the fish. Once on the fish,

the copepodid moults into chalimus I and develops a fron-

tal filament to attach itself to the fish (Johnson & Albright

1991; Gonz�alez & Carvajal 2003). The C. rogercresseyi para-

site moults into three more chalimus stages (II, III and IV)

while attached to the fish, while in the case of L. salmonis

(Gonz�alez & Carvajal 2003), recent research has reported

only two chalimus stages (I and II) before the louse devel-

ops to the pre-adult stage (Hamre et al. 2013). Finally, the

individual matures into an adult stage (Gonz�alez & Carvajal

2003). Sexual dimorphism can be seen at the chalimus III

stage; however, it is clearer at chalimus IV. In the case of

L. salmonis, two pre-adult stages have been described after

the chalimus stages and before the adult stage (Johnson &

Albright 1991; Boxshall & Bravo 2000; Gonz�alez & Carvajal

2003). The mean lengths for the developmental stages of

C. rogercresseyi are nauplii 0.45 mm, copepodid 0.66 mm,

chalimii 1.85 mm, and adult 4.81 mm (Gonz�alez & Carva-

jal 2003).

The reproductive potential of sea lice is significant. For

both sea lice species, one female louse can produce up to 11

generations of egg strings after a single copula which can

take 74 days in the case of C. rogercresseyi (Heuch et al.

2000; Bravo 2010). Each egg string can hatch around 30

eggs in the case of C. rogercresseyi, while in L. salmonis this

number can reach 285 (Heuch et al. 2000; Bravo 2010).

Multiple copulation and polyandry have been described for

L. salmonis (Todd et al. 2005; Costello 2006), but not for

C. rogercresseyi. Moreover, female C. rogercresseyi have

demonstrated survival up to 79 days (Bravo 2010), while

female L. salmonis reach 191 days (Heuch et al. 2000).

Environmental conditions directly influence the life

cycle. Indeed, Gonz�alez and Carvajal (2003) determined

that the duration of the life cycle of C. rogercresseyi is

dependent on the water temperature, and found that at

16.7°C the cycle is completed in 18 days, and in 45 days at

10.3°C. In the same study, it was determined that the mini-

mum temperature at which the parasite can develop is

4.2°C. Later, Bravo (2010) estimated the duration of each

stage in degree-days and found that the first egg string is

produced at 389 degree-days (°D) after egg incubation, and
the periodicity at which egg strings are produced depends

on water temperature. This latter feature has also been

described for L. salmonis (Heuch et al. 2000). Additionally,

sea lice are organisms whose optimal development occurs

in high-salinity waters. In particular, it has been described

that larval stages are the most sensitive to low salinity,

which impacts their attachment success rates. There is evi-

dence that salinity values below 20% seriously impair both

L. salmonis and C. rogercresseyi development (Pike &

Wadsworth 1999; Brooks 2005; Genna et al. 2005; Costello

2006; Bravo et al. 2008). However, there is also evidence

that in some cases sea lice have adapted to low-salinity

waters (Bravo et al. 2008). In addition, it has been

described that C. rogercresseyi females better tolerate lower

salinity levels compared to males (Bravo et al. 2008).

Host recognition system: unravelling the molecular

mechanisms in sea lice

The larval infective stage of C. rogercresseyi, the copepodid

stage, is responsible for attachment to the host target organ

(skin). In this developmental stage, sea lice identify the host

in the sea to infect a proper fish and continue their lifecycle

in optimal conditions (Gonz�alez & Carvajal 2003). Host

recognition behaviour in this species was first suggested by

inferring chemical attraction of sea lice to salmon condi-

tioned water, as it was probed using Y-maze assays (Pino-

Marambio et al. 2007). This is consistent with the sea lice
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L. salmonis species, where host-seeking behaviour has been

well described by detecting physical and or chemical cues

from the environment to identify a correct host (Ing-

varsd�ottir et al. 2002; Genna et al. 2005; Fields et al. 2007;

Heuch et al. 2007; Mordue & Birkett 2009).

C. rogercresseyi is part of the marine copepod group that

responds to different chemical cues and signals in the mar-

ine environment (semiochemicals), including cues derived

from host fish (kairomones) that give information about

host location (Heuschele & Selander 2014). These kairo-

mones are detected through the development of specialized

chemosensory systems including various chemosensory

receptors. Among these, olfactory and gustatory receptors

are the main proteins involved in chemosensory perception

and are mainly described in non-marine arthropods (Tou-

hara & Vosshall 2009; Benton 2015). But in marine arthro-

pods, such as sea lice, there is no evidence of these

receptors. However, an orthologous group of genes was

described in the marine crustacean Homarus americanus,

which were highly expressed in olfactory organs of this spe-

cies (Hollins et al. 2003). These were named “olfactory-

enriched transcripts”, but further research determined that

they were similar to ionotropic glutamate receptor genes

found in insects (Benton et al. 2009). Furthermore, in

another crustacean, Panulirus argus, a group of genes

named ionotropic receptors (IRs), were found and described

as the olfactory receptors for this crustacean group (Corey

et al. 2013). This group is a subset derived from the iono-

tropic glutamate receptors, which are similar to IR genes in

insects, and with suggested chemosensory functions due to

its molecular 3D structure and expression patterns (Rytz

et al. 2013).

A group of ionotropic receptor genes was found in the

Caligus rogercresseyi sea lice species (Nu~nez-Acu~na et al.

2014a,b). Among these genes, the IR25a gene was highly

associated with the copepodid stage, and the whole group

responded to the presence of semiochemical-blocking com-

pounds, which also suggests a role in chemosensory percep-

tion for this species. These genes present specific expression

profiles in sea lice depending on the host species they infect

(Nu~nez-Acu~na et al. 2016c), with higher expression levels

when the animals are infecting susceptible host species,

such as the Atlantic salmon Salmo salar. In sea lice, these

receptors are tightly linked to synapse gene cascades and

neurotransmission pathways, which are also responsible for

the presence of other chemicals present in the environment,

such as antiparasitic drugs (Nu~nez-Acu~na et al. 2016a).

These results demonstrate that C. rogercresseyi deploys a

specific group of genes as part of chemosensory systems

that are critical for semiochemical detection in the environ-

ment. A similar chemosensory system, including the same

group of genes, was also found in the L. salmonis sea lice

species where, through RNA interference methods, an

association of IR genes to the olfactory perception of the

parasites was inferred (Komisarczuk et al. 2017). Further-

more, novel studies have deeply described the relationship

between IR genes and semiochemical detection in the sea

lice. The chemosensory system-related genes of this parasite

are activated in the presence of the peptide cathelicidin-2

diluted in seawater, and there is an association with the

development of copepodids’ frontal filament (Nu~nez-

Acu~na et al. 2016b). This suggests that this peptide is the

first specific kairomone that C. rogercresseyi can detect in

the marine environment. Furthermore, it was recently

described that this same peptide triggers host-seeking beha-

viour in the sea lice L. salmonis, strengthening this hypoth-

esis, along with an overexpression of a wide group of

chemosensory and synapse transduction-related genes

(N�u~nez-Acu~na et al. 2018a). Herein, IR25a plays a pivotal

role in host recognition and semiochemical detection in sea

lice, as was previously described by RNA interference of this

gene and reduction of host-seeking behaviour (N�u~nez-

Acu~na et al. 2018b).

Sea lice genomics

Knowledge of the C. rogercresseyi life cycle and epidemiol-

ogy has increased greatly since the first report on the spe-

cies (Boxshall & Bravo 2000). However, information

regarding the molecular basis of the parasite’s biological

functioning, development, and responses to life cycle chal-

lenges is recent. In 2012, Yasuike et al. (2012) reported a

compilation of genomic information on different sea lice

genera, including C. rogercresseyi, that could be used to

understand the parasite’s biology. However, it was not until

2014 that Gallardo-Esc�arate et al. (2014a) revealed the

complete transcriptome modulation occurring in the cope-

pod during ontogenetic development, highlighting several

key features of the C. rogercresseyi life cycle that was previ-

ously unknown (Table 1). The same study also revealed for

the first time fundamental molecular differences between

male and female adults, information that was only available

at the time with EST collections for L. salmonis. Using

high-throughput transcriptomics, more than 132 million

reads were assembled using a de novo (reference-free)

approach in an unprecedented data set that served as a

basis to reveal new candidate genes as putative participants

in processes such as moulting, cuticle formation, myogene-

sis, metabolism, the immune response, nervous system

development and reproduction, and increasing the integra-

tion of a disease control strategy based on biotechnology.

As an example, Gallardo-Esc�arate et al. (2014b) identified

the gene that codes for couch potato protein (CrCPO),

which plays a pivotal role in the development and function-

ing of the peripheral and central nervous systems in arthro-

pods, and found an upregulation from the nauplius to
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copepodid stages probably associated with a functional role

in the development of the nervous system during the

transition from the nauplius stage. Farlora et al. (2015)

characterized the gene CrPhb2 that codes for prohibitin

2 – conserved proteins that are involved in a variety of cel-

lular processes and also play an important role in sex differ-

entiation – and observed an overexpression in females.

Another example of a characterized gene that was mostly

expressed in females and could be used as part of a biotech-

nology tool for C. rogercresseyi control is the Pgp gene that

codes for P-glycoprotein, a highly conserved membrane-

bound protein that functions as an ATP-dependent efflux

pump regulating drug concentration in cells and conferring

resistance (Valenzuela-Mu~noz et al. 2014). Moreover, in-

depth evaluations of the molecular underpinnings of the

copepod’s key biological processes were performed to bet-

ter understand the ectoparasite.

Genomic information regarding C. rogercresseyi metabo-

lism and the nutrient acquisition was highlighted by Gal-

lardo-Esc�arate et al. (2014a) with the identification of

genes coding for proteins involved in pathways such as the

biosynthesis of amino acids, oxidative phosphorylation,

Table 1 Differential expressed genes identified in the lifecycle of Caligus rogercresseyi according Gallardo-Esc�arate et al. (2014a)

Annotation
Gene

expression
(Fold change)

Annotation
Gene

expression
(Fold change)

Annotation
Gene

expression
(Fold change)

0.6- esatehtnys AoC-lytecaotecA4.7-1 esardyhna cinobraC1.7 1 esardyhna cinobraC
7.5-esatcuderodixo enoniuQ0.6- esarefsnartlyhtem-N enisyl-enotsiH9.6 rosrucerp esadixorep etabrocsA
2.5-B esaditpepyxobraC6.6- esanik eninigrA9.3 1 esanik eninigrA
5.4- 2 esaremosi-ediflusid nietorP1.6-esanietsycomohlysonedA5.8 esanietorpollateM
6.6esanik eninigrA8.4-nietorp ekil-4-enomrohorP
7.5 rosrucerp 33 esaetorp enireS3.5 1-nispyrT8.6niahc thgil nisoyM

7.8- esanietorpollateM0.61 mrofosi ,C ninoporT
9.7- yssen nietorp enarbmemsnarT5.6A esalyma-ahplA
2.6-02 nietorp enarbmemsnarT9.6B esaditpepyxobraC1.8 B mrofosi ,6.81 nietorp elcituC

5.9esalordyh nicymoelB5.6 6 nietorp elcituC
2.5 7 nietorp elcituC 7.4 nitcA

9.4T ninoporT6.7-nitceles-L6.4 rosrucerp 02 nietorp elcituc lapuP
7.5nisoymoporT6.5-rosrucerp nitceles-E

ATP synthase subunit d, mitochondrial 5.9 0.53 epyt niahc yvaeh nisoyM
2.8laitrap ,nitca-ateB3.9- 2-nisoymoporT3.6 )noirdnohcotim( 3 tinubus esanegordyhed HDAN

NADH dehydrogenase subunit 5 (mitochondrion) -6.7 Myosin heavy chain isoform 3 -9.1 Four and a half LIM domains protein 2 7.7
8.72-nispyrtomyhC5.8- 41 nietorp ekil-hcleK4.8 nietorp ekil-1-SCB

2.8-3 nietorp niamod MIL dna ZDP3.6 )noirdnohcotim( b emorhcotyC
Cytochrome c oxidase subunit I (mitochondrion) 8.2 4.802 nietorp elcituc lapuP

4.9nietorp elcituc evitatuP1.9-nietorp elcituc evitatuP
0.9- 02 nietorp elcituc lapuP3.4 nietorp ekil-ninegolletiv

0.53-niropauqA
2.5nietorp ekil-1-SCB2.9-esanegyxoonom-'51,51 enetorac-ateB8.4 62S nietorp lamosobir S04

Sodium-potassium ATPase alpha subunit -8.1
8.8--nitnecimeH0.6-niludomlaC2.5 rosrucerp 1L nispehtaC
2.8-nietorp nitnecimeH6.5-dnutor nietorp regnif cniZ
1.6-nietorp gniniatnoc-1PST2.8-laitrap ,nietorp 1-SCB
3.81 rotibihni sisenegoigna cificeps-niarB2.6-2 ssalc enomroh citeruiD

8.2

4.9-2 ninegolletiV3.4-
2.9-1 ninegolletiV7.7-1-nillitolF
9.8- esanegordyhed-ateb-71 loidartsE2.6-1 nimgatotpanyS
6.5nietorp mreps cinegitnaotua raelcuN4.5-1-nillitolF
6.81 nietorp gniniatnoc-niamod mreps elitoM7.5-nietorp rosrucerp nitatsotallA

5.7-RKT nietorP 6.3
6.5-1-nineuqerF Cell develpment and morphogenesis

8.6-nE-tH nietorp xoboemoH5.4-nispO
5.4-asaV2.5nietorp gniniatnoc-1PST
6.8-C mrofosi 1 etuanogrA7.5A nillatsyrc-ammaG

Cell division protein kinase 4 -6.2
1.6-nietorp detaicossa-eremortneC7.52 golomoh sonaN
2.6-4H enotsiH9.6nietorp ekil-ninegolletiV

1.82 ninegolletiV 5.2
7.5rosrucerp G nietorpocylG

4.4-nietorp 41xoS Transcription and translation
0.9-I esaelcunoxe evitatuP0.7-nietorp ekil-dnuhshcaD
2.8-53L nietorp lamosobir S069.52 golomoh ihsasuM nietorp gnidnib-ANR

-8.1
9.7- 3zpS5.5-1 nibolgomeh citoibmys-noN
0.5-4G2 nietorp detaicossa-noitarefilorP0.5-L nispehtaC
4.7-C mrofosi 1 etuanogrA4.826p nietorp sutarappa citotiM
1.7- nitiuqibU6.8esaditpepid cificeps-non cilosotyC
4.6-4S nietorp lamosobir S04
3.7ahpla-1 rotcaf noitagnolE

Other
Venom allergen [Vespa crabro] 9.1

Reproduction
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glycolysis, the citrate cycle and lipid metabolism. Goncalves

et al. (2014) reported the transcriptional response of meta-

bolic pathways such as fatty acid degradation, ketone body

synthesis and degradation, as well as steroid and ecdys-

teroid synthesis. Differential expression analysis showed

differences from copepodid and chalimus stage stressed

metabolic adjustments to a transition of exogenous feeding

at the molecular level. Chalimus and adult females evi-

denced upregulation of genes coding for proteins partici-

pating in lipid digestion and metabolism, as well as for key

enzymes such as cholesterol esterase. This enzyme increases

cholesterol availability for the synthesis of ecdysteroids that

in females have a regulatory role in vitellogenesis (Farlora

et al. 2014), and also play a key role in ecdysis or moulting

(Goncalves et al. 2014). Regarding moulting, a comprehen-

sive set of genes coding for cuticle forming proteins was

identified by Ch�avez-Mardones et al. (2016), reporting

higher regulation of cuticle precursors in larval stages,

whereas in adults the cuticle proteins were also more

expressed and with some degree of sex-dependency.

Understanding the mechanisms by which the ectopara-

site evades the host defensive strategy and assures survival

during parasitic phases is key for the development of con-

trol measures from the host–parasite interaction perspec-

tive. Valenzuela-Mu~noz and Gallardo-Esc�arate (2014)

characterized the Toll and IMD (immune deficiency) path-

ways in lice during the infective process on Atlantic salmon.

IMD pathways include proteins that recognize lipopolysac-

charides from Gram-negative bacteria and genes such as

DREDD (a caspase8 homologue) and Akirin were identified.

The latter is an essential protein for embryo development

and the anti-inflammatory response, and the gene has been

previously reported in C. rogercresseyi (Carpio et al. 2011)

and proposed as a target for a potential vaccine. On the

other hand, the Toll pathway responds by the presence of

fungi and Gram-positive bacteria and plays a role in cellu-

lar immune response processes such as phagocytosis and

encapsulation, and its genes, such as MyD88 and Tollip,

were also identified. In copepodids, the genes Toll3, Dorsal

and Caspase1 presented higher regulation, whereas in the

chalimus stage this was observed in Tollip and Toll-like.

Adults, on the other hand, presented higher expression in

practically all genes, indicating a more active and perhaps

mature immune response mechanism for protection and

defence from host responses. However, by using next-gen-

eration sequencing technology other C. rogercresseyi

defensive and infectious mechanisms were unravelled. Mal-

donado-Aguayo and Gallardo-Esc�arate (2014) reported 11

serpin – serine protease inhibitor – sequences with robust

similarities with serpin superfamily leucocyte elastase inhi-

bitor members, but also with B serpins. These proteins play

essential roles in parasite strategies to evade host exogenous

proteases and the immune response, assuring survival, and

together with secreted proteases make a strategic part of the

defensive secretome of the parasite. Valenzuela-Miranda

and Gallardo-Esc�arate (2016) identified the presence of sev-

eral genes coding for serine proteases (trypsins and chy-

motrypsins) associated with possible drug resistance

mechanisms (discussed later in this review) showing a com-

plex arrangement of these proteases functioning beyond

protein digestion or the immune response in the parasite.

In addition, Maldonado-Aguayo et al. (2015) described the

presence of 56 putative cathepsin-like genes with differential

expression along ontogenic development. Proteases from

the cathepsin family participate in protein degradation in

lysosomes or endosomes at low pH but also in the cytosol

and nucleus, and a variety of groups were identified in

C. rogercresseyi (cysteine protease groups B, F, L, Z and S

and aspartic protease group D), also highlighting a diversity

of biological processes that are regulated by their function-

ing, such as moulting, cuticle remodelling, embryogenesis,

feeding and immune evasion. Interestingly, the genes par-

ticipating in the parasite strategy to defend and attack the

host are not only differentially expressed along ontogenic

development but also present different orchestration

depending on the host. Vera-Bizama et al. (2015) studied

the transcriptional modulation of some of the above men-

tioned molecular markers of the C. rogercresseyi immune

response, secretome and antioxidant system during Atlantic

and Coho salmon infestation – two species with noticeable

different resistance to the parasitosis – and revealed an

overall higher regulation of the transcripts when infecting

Atlantic salmon, especially in the earlier infection stages.

Another group of proteins that may play a role in C. roger-

cresseyi’s infectious capacity is the Aquaporins. These are a

family of small integral membrane proteins that are

hydrophobic and facilitate water movement through the

lipid bilayer that encloses cells and in addition to a putative

role in spermatogenesis reported by Farlora et al. (2014)

due to an overexpression of Cr-Aquaporin3 in adult males.

The expression analysis of 10 encountered aquaporin-

related genes showed not only a modulation along onto-

genic development but also an overall lower regulation in

C. rogercresseyi infecting Atlantic salmon when compared

with coho salmon (Farlora et al. 2016).

Several genes were identified in response to drugs

(Valenzuela-Mu~noz et al. 2015a; Valenzuela-Mu~noz & Gal-

lardo-Esc�arate 2016) and were reported as potential mark-

ers for drug resistance. The ATP-binding cassette (ABC)

protein family (Valenzuela-Mu~noz et al. 2015b), cuticle

formation (Ch�avez-Mardones et al. 2016), the NOTCH sig-

nalling pathway (Bolta~na et al. 2016a,b), the antioxidant

system (Ch�avez-Mardones & Gallardo-Esc�arate 2014; Cha-

vez-Mardones et al. 2017) and for several processes of

reproduction and development of the parasite, such as

vitellogenin 1 and 2 and vasa (Farlora et al. 2017) are
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examples of modulated genes by delousing drugs such as

Azamethiphos, Deltamethrin or Hydrogen peroxide. Lice

genomic response to delousing drugs and drug resistance

patterns are further detailed in the following section.

Nu~nez-Acu~na et al. (2014a) identified thousands of

SNPs in genes associated with relevant biological processes

of C. rogercresseyi. For instance, a strong association of

SNPs linked to vitellogenins in chalimus and adult stages

was observed, suggesting putative roles in reproduction.

The presence of SNPs associated with vitellogenins was fur-

ther confirmed by Farlora et al. (2014). On the other hand,

genes related to immune response and post-moulting pro-

cesses such as C-type lectin and cuticle protein presented

SNPs and were highly expressed at the copepodid stage

(Nu~nez-Acu~na et al. 2014a), and since the expression of

these genes is modulated by delousing drugs (Ch�avez-Mar-

dones et al. 2016), this could be associated with drug resis-

tance patterns. SNPs were identified in practically all of the

studied C. rogercresseyi biological processes suggesting

associations with nervous system development (Gallardo-

Esc�arate et al. 2014b), sex differentiation (Farlora et al.

2014, 2015), phenotypes of susceptible or resistant to host

defensive and immune responses (Maldonado-Aguayo &

Gallardo-Esc�arate 2014; Valenzuela-Mu~noz & Gallardo-

Esc�arate 2014; Maldonado-Aguayo et al. 2015), but also

with susceptibility or resistance to delousing drugs (Valen-

zuela-Miranda & Gallardo-Esc�arate 2016; Valenzuela-

Mu~noz et al. 2015a, 2014; Valenzuela-Mu~noz et al. 2015b).

The regulation of the genes participating in lice key bio-

logical features at the post-transcriptional level has been

under scrutiny in our research group since Valenzuela-Mir-

anda et al. (2015) reported the transcriptome of genes

involved in the miRNA biogenesis pathway of the parasite.

The authors identified the genes Drosha and Pasha associ-

ated with processing, Exportin-5 with exporting, Dicer and

PACT with maturation and Argonaute, GW, PABP, Decap-

ping, Tudor, CCR4-Not and Mov-10 associated with miR-

NA’s function, with considerable modulation during

ontogenic development as well as during exposure to

delousing drugs. These findings evidenced that the molecu-

lar machinery for miRNA biosynthesis is indeed present in

C. rogercresseyi, and shows a modulation that could be

correlated with miRNAs transcriptional response upon

exposure to drugs or during its life cycle. In fact, Gallardo-

Esc�arate et al. (2017) revealed the ectoparasite’s miRNome

with 663 unique miRNA sequences. These miRNAs pre-

sented differential expression along ontogenic development

where bantam, mir-8, mir-9, mir-996 and mir-184 were

mostly expressed during early stages, and these have been

reported to have functions in the regulation of neural

development, ontogenic development and chemoreception

among others. Also, the miRNAs bantam, mir-8, mir-100

and mir-2765 were found to putatively bind transcripts

related to cuticle proteins, metalloproteinases and carbonic

anhydrases, suggesting a potential role of these ncRNAs

during moulting. Furthermore, the same bantam, mir-8

and mir-100 but also the mir-81 and let-7 were found to

potentially target peptidases, whereas mir-124 and mir-996-

4 had a sex-biased expression, and the latter was deter-

mined to be potentially able to knockdown lice vitellogenin

I-II and vasa genes in adult males. From this comprehen-

sive study, it was also highlighted that the miRNA bantam

has a high number of variants with 215 isomiRs. This is of

special interest since apart from the already known key role

in growth regulation, here a novel function was suggested,

possibly related to immune evasion of the parasite during

the infestation of Atlantic salmon. Another type of non-

coding RNA, the long ncRNAs were also identified in

C. rogercresseyi (Valenzuela-Miranda et al. 2017) and

showed differential expression after exposure to delousing

drugs. A set of lncRNAs were strongly correlated with genes

commonly associated with drug responses such as ABC

transporters, cytochrome P450 and glutathione S-transferase.

Catching the complexity of salmon louse
interactions

Sea lice infections produce a generalized chronic stress

response. The areas of the fish where sea lice are commonly

found are those with less hydrodynamic disturbance, such

as the base of fins (Genna et al. 2005). Damage is caused by

attachment to the host and feeding on the epidermal

mucus, skin and blood (Gonzalez et al. 2000; Johnson et al.

2004). Once settled on the host, the parasite secretes

enzymes for the digestion of mucus, which helps the louse

to feed and suppress the salmon’s immune response at the

attachment site (Ross et al. 2000). Pathological changes in

the skin include loss of epithelium, bleeding, increase in

mucus secretion, change in the chemical composition of

mucus, tissue necrosis and the consequent loss of function

of the skin as a physical and microbiological barrier (Cost-

ello 2006).

During the lice infestation, salmon display different

response mechanisms, which change between salmon spe-

cies. From transcriptomic analyses of two salmon species

infected with C. rogercresseyi, Atlantic salmon and Coho

salmon, tissue-specific transcript profiles were observed,

with high abundance of transcripts at 7 dpi in the skin and

14 dpi in the head kidney. From GO enrichment it was pos-

sible to identify immunological processes such as NF-Kb
signalling, lymphocyte activation, cytokines receptor activ-

ity and cell chemotaxis (Valenzuela-Mu~noz et al. 2016).

Coho salmon, a species resistant to C. rogercresseyi infesta-

tion, exhibit a proinflammatory response associated with

upregulation of Th1 response genes (Valenzuela-Mu~noz

et al. 2016), whereas L. salmonis -resistant salmon species
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present a Th2-type immune response (Braden et al. 2015).

However, after 14 days of infestation with C. rogercresseyi,

the susceptible species, Atlantic salmon showed an

increased expression of genes, such as il10 and il4, associ-

ated with the Th2 immune response (Valenzuela-Mu~noz

et al. 2016). Furthermore, C. rogercresseyi infestation trig-

gers the activation of the innate immune system in Atlantic

salmon. This is associated with tlr22a2 gene expression

(Valenzuela-Mu~noz et al. 2016), which shows a putative

role of this TRL in the immune response associated with

ectoparasites. This is similar to that observed in fish

infested with A. siamensis, where a high abundance of

A. siamensis induces the over-regulation of tlr22a2 (Panda

et al. 2014; Kar et al. 2015). Moreover, in Atlantic salmon

infected with C. rogercresseyi, a direct correlation between

density and immune system activation has been reported,

with high expression of inflammatory and oxidative stress

response genes in salmon with high abundance after

14 days of C. rogercresseyi infestation (Bolta~na et al.

2016b). Another mechanism of salmon response to sea lice

infestation is the nutritional immune response. This mech-

anism is a strategy where the host reduces iron availability

to avoid the uptake of these ions by the parasite (Toh et al.

2010; Hood & Skaar 2012). For instance, in resistant sal-

mon infected with L. salmonis, a high regulation of haem

oxygenase and hepcidin genes was observed (Sutherland

et al. 2014; Braden et al. 2015). From the transcriptome of

Atlantic and Coho salmon infected with C. rogercresseyi, a

high number of transcripts associated with iron modula-

tion was observed from a GO enrichment analysis (Valen-

zuela-Mu~noz et al. 2017a,b). Furthermore, Atlantic salmon

exhibit a high number of transcripts with functions includ-

ing ion binding, ferric ion binding and ferrous ion binding,

processes that were not observed in Coho salmon after

infestation (Valenzuela-Mu~noz et al. 2017a,b). Moreover,

RT-qPCR analysis showed high expression levels of

aminolevulinic acid synthase (ALAs) and coproporphyrino-

genase, genes involved in the haem biosynthesis process. In

contrast, for Atlantic salmon, high regulation of genes

involved in haem degradation was observed, such as biliver-

din reductase (BLVr). Additionally, iron transport genes

such as ferritin, transferrin and IRP were upregulated in

Coho salmon skin at early infestation times, while in Atlan-

tic salmon they were overexpressed at 14 dpi (Valenzuela-

Mu~noz et al. 2017a,b). Also, differences in iron homeosta-

sis genes were observed between Atlantic salmon infested

with C. rogercresseyi and L. salmonis. From PCA analysis, a

strong modulation of iron-modulating genes was observed

in salmon infested with L. salmonis (Valenzuela-Mu~noz &

Gallardo-Esc�arate 2017). Furthermore, in the skin of sal-

mon infested with L. salmonis, upregulation of ferritin,

transferrin receptor, aminolevulinic acid dehydrogenase

(ALAd), ALAs, and coproporphyrinogenase was observed.

This is different to salmon infested with C. rogercresseyi,

which shows overexpression of the hepcidin gene, haem oxy-

genase and BLVr (Valenzuela-Mu~noz & Gallardo-Esc�arate

2017).

Additionally, to understand the modulation of the sal-

mon response mechanism to C. rogercresseyi infestation,

the role of non-coding RNA has been studied. Non-coding

RNA are transcripts without coding potential that regulate

the expression of mRNA. Among them are long non-cod-

ing RNA (lncRNA) and micro RNA (miRNA) (Johnsson

et al. 2014). A comparative analysis of lncRNA in Atlantic

salmon infected with bacteria, virus and C. rogercresseyi

showed a difference in parasite-dependent lncRNA modu-

lation, with 438 lncRNA modulated exclusively in

response to C. rogercresseyi (Tarife~no-Saldivia et al. 2017).

Other studies performed in Atlantic and Coho salmon

infested with C. rogercresseyi reported 3678 and 2123

lncRNAs modulated during infestation in Atlantic and

Coho salmon respectively (Valenzuela-Mu~noz et al. 2018).

Furthermore, both salmon species showed a tissue-specific

expression pattern with a high abundance of lncRNAs,

observed at 7 and 14 dpi in the skin and head kidney tis-

sue respectively. Moreover, neighbour genes’ GO enrich-

ment of the 100 more regulated lncRNAs in Atlantic

salmon showed that putative genes regulated by lncRNAs

are associated with the immune response. On the other

hand, the most regulated Coho salmon lncRNAs are near

genes associated with tissue repair processes (Valenzuela-

Mu~noz et al. 2018). In turn, this evidence suggests that

lncRNAs in salmon could be involved in tolerance-resis-

tance interplays, reducing the damage caused by lice (tol-

erance) or by limiting lice burden (resistance). Notably,

this genomic information could be explored in salmon for

selective breeding programmes as putative DNA markers.

Regarding salmon miRNA roles in C. rogercresseyi infesta-

tion, from small RNA sequencing of Atlantic salmon skin

and head kidney, 1718 miRNAs were reported. Tissue-spe-

cific miRNAs with 1404 and 529 annotated miRNAs in

head kidney and skin, respectively, were reported with

high abundance of miRNA families mir-10, mir-21, mir-

30, mir-181 and let7. Furthermore, miRNAs target predic-

tion showed that mir-140-4, mir-181a-2-5 and let-7c-1

modulate the expression of tlr22a2, ALAs and ferritin

respectively. The emerging information regarding the role

of non-coding RNA, including lncRNAs and miRNAs dur-

ing C. rogercresseyi infestation in salmon, opens up new

perspectives to understand the salmon response mecha-

nism to sea lice infestation.

Combating sea lice outbreaks

Strategies for controlling sea lice levels in salmon aquacul-

ture used currently or in studies, are varied and include
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management practices, biologic control, vaccination, selec-

tive breeding, use of immune-modulators and chemother-

apeutants (Jones 2009; Burka et al. 2012; Torrissen et al.

2013). Whatever the control method used, in most sal-

mon-producing regions, local authorities encourage the

adoption of integrated pest management (IPM) pro-

grammes with the objective of applying control methods

that impact sea lice levels through different mechanisms,

and in this way, provide an integrated approach to sea lice

control (Grist 2002; Rosie & Singleton 2002; Health

Canada, 2003; Heuch et al. 2005; BC Ministry of Agricul-

ture and Lands, 2008). In Chile, a specific programme for

sea lice named “Health Program for the Surveillance and

Control of Caligids” has been established and continually

improved from 2007. However, the complexity of the sal-

mon industry and several environmental and biological

factors that impact the life cycle of sea lice requires the

development of interdisciplinary research from socioeco-

nomic aspects to the deep understanding of the C. roger-

cresseyi biology.

Delousing drug resistance

Evidence for the resistance of sea lice to chemotherapeu-

tants is abundant around the world. The first incidence of

this phenomenon was reported in Norway, where tolerance

to organophosphates, in particular, azamethiphos,

increased to the point of having totally lost their effect by

the mid-1990s (Jones et al. 1992; Roth et al. 1996; Fallang

et al. 2004). Later, treatment failures associated with pyre-

throids were reported in Norway, Scotland and Ireland

(Sevatdal et al. 2005). Subsequent analysis, based on bioas-

says, confirmed reduced sensitivity to deltamethrin and

cypermethrin (Sevatdal et al. 2005). A recent study based

on bioassays confirmed the low sensitivity of C. roger-

cresseyi to pyrethroids (Helgesen et al. 2014). Furthermore,

this investigation found the level of sensitivity of the para-

site in Chile to be practically equal to that of deltamethrin-

resistant lice in Norway, which constitutes strong evidence

that pyrethroid-specific resistance genes are present in the

Chilean sea lice genetic pool.

Antiparasitic agents can be broadly classified into two

groups, based on their administration method: in-feed

additives or immersion treatments, the latter also known

as bath treatments. Avermectins and chitin synthesis

inhibitors are administered as in-feed additives, while

synthetic pyrethroids, organophosphate and oxidizing

agents are delivered through bath treatments. However,

recent research has shown a decrease in the effectiveness

of these treatments (Aaen et al. 2015). This resistance to

insecticides in invertebrates is generally linked to changes

in gene regulation, which is in turn connected to ion

channels dependent on voltage-gates, enzymes involved

in esterase activity and detoxifying molecules, among

others (Ffrench-Constant et al. 2004). Recently, studies

in C. rogercresseyi exposed to delousing drugs demon-

strate changes in different molecular mechanisms associ-

ated with azamethiphos, deltamethrin and hydrogen

peroxide treatments (Ch�avez-Mardones & Gallardo-

Esc�arate 2014; Chavez-Mardones et al. 2017). The detox-

ification mechanisms employed by resistant organisms

are the ABC transporters, which transport the drugs

along the membrane and which participate in processes

of detoxifying pyrethroids, organophosphates and aver-

mectins, among other chemicals, generally used in the

control of invertebrates (Pouliot et al. 1997; James &

Davey 2009; Pohl et al. 2012). In C. rogercresseyi, an

RNA-Seq analysis of ABC transporter families showed

high expression of ABCB and ABCC genes in females

and males of C. rogercresseyi after treatment with delta-

methrin and azamethiphos (Valenzuela-Mu~noz et al.

2015b). Furthermore, NOTCH signalling pathway genes,

positive regulators of ABC transporters, also are affected

by exposure to delousing drugs, showing downregulation

of these pathways in adult C. rogercresseyi after deltame-

thrin and azamethiphos treatments, suggesting a putative

mechanism of resistance against delousing drugs

(Bolta~na et al. 2016a). Among the mechanisms that

influence a reduction in the sensitivity to xenobiotics are

reduced capacities of the chemical to penetrate the cuti-

cle of the organism. As such, the main barrier against

the absorption of insecticides is the cuticle (Vontas et al.

2007). RNA-Seq studies performed in C. rogercresseyi

exposed to deltamethrin and azamethiphos showed

changes in cuticle-related gene expression in females and

males as treatment consequences (Ch�avez-Mardones

et al. 2016). Furthermore, RNA-Seq analysis of C. roger-

cresseyi after exposure to delousing drugs also showed

effects in processes such as reproduction, oxidative stress

and protease regulation. For instance, adults of C. roger-

cresseyi exposed to deltamethrin and hydrogen peroxide

exhibit differences in gene expression profiles between

females and males showing a sex-specific response to the

delousing drug in genes such as vitellogenin, vasa, estra-

diol 17-beta-dehydrogenase, glicerolporin and the ecdysone

receptor (Ch�avez-Mardones & Gallardo-Esc�arate 2015;

Farlora et al. 2017). Genes associated with oxidative

stress control are also regulated differentially between

C. rogercresseyi females and males exposed to hydrogen

peroxide (Chavez-Mardones et al. 2017). Effects in

oxidative stress genes have been reported in C. roger-

cresseyi exposed to 2 ppb of deltamethrin showing

upregulation of genes such as superoxide dismutase, cata-

lase, peroxiredoxin and phospholipid-hydroperoxide glu-

tathione peroxidase (Ch�avez-Mardones & Gallardo-

Esc�arate 2014). Moreover, enzymes involved in esterase
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activity have been reported as players in the metabolism of

xenobiotics (Villani et al. 1983). In C. rogercresseyi, trypsin

and chymotrypsin have been identified and the transcrip-

tional modulation of these after exposure to deltamethrin

and azamethiphos has been evaluated. High-throughput

transcriptome sequencing identified 44 putative trypsin-like

and 7 putative chymotrypsin-like transcripts in C. roger-

cresseyi that showed differentiated transcriptional modula-

tion after drug exposure. Taken together, these results

suggest that trypsin-like transcripts in C. rogercresseyi might

play a role in metabolizing delousing drugs (Valenzuela-

Miranda & Gallardo-Esc�arate 2016).

Additionally, gene expression changes in delousing drug

target genes may be a consequence of the presence of single

nucleotide polymorphisms (SNPs). Such mutations have

been observed in A. gambiae and A. coluzzii, species in

which a variation of G119S in the acetylcholinesterase gene

generates a change in the amino acid Ser for Gly, resulting

in a resistance response to the insecticides used in the con-

trol of this parasite, among which are organophosphates

(Essandoh et al. 2013). In sea lice, notable evidence has

been reported for L. salmonis, where a standard TaqMan

assay for rapid and high-throughput screening of resistance

markers has been developed. The pyrethroid-marker test

targets a resistance-associated SNP in the cytochrome b

gene in the mitochondrial genome (Jensen et al. 2017). On

this basis, the parasites can be classified as either carrying

the resistance marker (R) or not (S). Furthermore, the same

research group proposed an organophosphate-marker test

that targets the mutation Phe362Tyr in the AChE1a gene of

L. salmonis described by Kaur et al. (2016). Based on this

assay, each parasite could be classified as homozygote wild-

type (SS; Phe362/Phe362), heterozygote (RS; 362Tyr/

Phe362) or homozygote mutated (RR; 362Tyr/362Tyr). For

C. rogercresseyi, 3439 SNP variants were identified from de

novo assembly on the C. rogercresseyi transcriptome

(Nu~nez-Acu~na et al. 2014b). Around 63.5% of total SNPs

were mainly identified as transitions (A/G or C/T), while

less than 36.5% were found to be transversions (A/C, G/T

and C/G). Following this, 43 SNPs were present in the

ATP-binding cassette subfamily C member 2 gene, which

corresponds to an ABC transporter, and the calmodulin

gene, which is present in the Dopaminergic synapse, long-

term potentiation and the neurotrophic signalling pathway

(Nu~nez-Acu~na et al. 2014b). However, the SNPs identified

in C. rogercresseyi are not associated with resistance or sus-

ceptibility strains in contrast to the SNP reported at the

AChE1a gene of L. salmonis. It is necessary to increase

efforts to identify resistant and susceptibility C. roger-

cresseyi strains to associate the gene expression or SNP vari-

ations to be implemented as a tool for decision-making

regarding the treatments to be used for C. rogercresseyi

control.

Reverse vaccinology: a genomic tool to develop novel

vaccines against sea lice

The reverse vaccinology approach was first described by

Rappuoli (2000) as a result of the advantages made in gen-

ome technologies. This was a new paradigm in vaccine dis-

covery as the pathogen itself did not need to be cultivated

or isolated. The approach involves the screening of all of

the protein antigens that the pathogen could express at any

time with screening for protective immunity. The reverse

vaccinology approach also can identify several key compo-

nents of beyond proteins. Here, the emergent role of non-

coding RNAs, such as long non-coding RNAs (lncRNAs)

and microRNAs (miRNAs) add to the original in silico

reverse vaccinology pipeline, a complement to genome

mining for vaccine discovery. Notably, according to the

Rappuoli (2000), the time estimated to develop vaccines

using the reverse vaccinology approach will be between 1

and 2 years from the in silico antigens selection to

immunogenicity testing in animal models. This research

effort, comparatively less to the conventional vaccine devel-

opment considering 5-15 years, opens novel opportunities

to develop vaccines against sea lice. Unfortunately, none

published information is available for vaccines developed

using reverse vaccinology approach against sea lice. Herein,

our research group has identified relevant candidate genes,

mainly upregulated in the infective stages (for candidate

antigens see Table 1) and tested as recombinant vaccines in

challenge trials. Furthermore, transcriptome sequencing in

lice and fish exposed to the vaccine prototypes have been

also analysed. The results obtained from the experimental

trials revealed that individuals of Atlantic salmon immu-

nized with specific antigens displayed a protection up to

90% at 25 days post infestation, evidencing the reduction

of adult juveniles, females and males. Notably, the tran-

scription analysis of key genes related to ontogeny and

reproduction in lice were highly downregulated in response

to the immunized fish. Furthermore, the gene profiling of

immune-related genes in vaccinated fish revealed that rele-

vant transcripts were modulated. In turn, the current

experimental evidence suggests that at least one prototype

could be assayed in field or under commercial aquaculture

conditions.

Conclusions

Sea lice are considered one of the main health challenges

for the salmon industry worldwide and are considered a

major threat in Chile as well. Pharmacological treatments

are currently the most used strategy for controlling sea lice

in farmed salmonids around the world. As a consequence

of this, sea lice resistance to chemical agents has become an

emerging problem. Proactive monitoring of resistance
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should consider evaluating drug performance in the field

by routinely assessing antiparasitic treatments results, peri-

odical evaluation of the sensitivity level of sea lice popula-

tions through bioassays. Ongoing diagnosis of resistance

based on molecular makers has been focused on direct drug

targets, such as ion channels for pyrethroids or Acetyl-

choline esterase enzyme for organophosphates. For

L. salmonis from Canada and Norway, point mutations on

those direct targets have been identified as being responsi-

ble for resistance/low sensitivity to either pyrethroids or

organophosphates. However, a full screening of gene

expression associated with resistance that provides evidence

of complex biological processes and additive effects, such as

polygenic resistance, is still lacking. In this area, studies

interrogating global gene expression dynamics have been

performed through bioassays in C. rogercresseyi, indicating

several biological processes that are modulated by pesti-

cides. However, the development of functional analyses to

confirm the molecular mechanisms underlying resistance is

needed. Among novel control methods, vaccination and

immunomodulators are the most promising. As for vacci-

nes, the use of transcriptomics and the development of

molecular tools to perform functional studies on resistance

will allow for the fast identification of antigens for new vac-

cine formulations while parasites evolve to bypass drug

treatments. Immunomodulators and in-feed ingredients

are versatile stimulators of the immune system which could

be administrated during restricted periods as an immune

boost. More research on the field of functional nutrition

must be performed to extend the list of functional addi-

tives, as well as to evaluate secondary effects of the use of

these compounds.
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