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Management of Sea Lice on Farmed Salmon with 
Veterinary Medicines and Biological Control Strategies

Synopsis
In 2012 salmon farming reached a worldwide production 
of over 2,100,000 MT. However, growth of the industry is 
slowing. Between 1991 and 2001, production of Atlantic 
salmon, the dominant species grown, grew 328%, but only 
grew 62% between 2001 and 2011. Infestations with sea 
lice have emerged as a dominant factor limiting growth of 
the industry. Initially, the first line of defence against sea lice 
was the use of veterinary medicines. With the emergence of 
resistance to organophosphates in the early 1990s, several new 
compounds from different chemical classes were progressively 
developed for sea lice control. Despite these efforts, and 
increasing use of integrated pest management strategies to 
improve treatment outcomes, resistance has developed to 
these compounds, with a few notable exceptions. Multiple 
resistance, now present in several regions, exacerbates this 
situation. This presents a significant problem for farmers, 
veterinarians and the pharmaceutical sector given that, on 
average, it takes 15 to 20 years for the emergence of a new 
chemical class that might be considered a good candidate 
for parasite control. Further, it is estimated that 7 to 10 years 
is required to register new drugs for veterinary use. With no 
new sea lice control products in the development pipeline, 
the need to use integrated pest management strategies is 
more urgent than ever. Within this context, current sea lice 
management strategies are discussed in relation to current 
trends in the development of alternative control strategies 
that depend less on veterinary medicinal products.  

Introduction
Commercial salmon farming in the ocean was first developed 
in the 1960s, building on the success of early pioneering 
enhancement projects to raise salmon in hatcheries to 
repopulate declining wild stocks. The transition from 
enhancement aquaculture to commercial aquaculture 
was realised in the 1960s with coho salmon in the Pacific 
Northwest and with Atlantic salmon in Norway1. By 2012 
global production of farmed Atlantic salmon exceeded 2 
million metric tonnes, representing 66% of all salmon species 
used for human consumption (wild and farmed)2. Atlantic 
salmon are now farmed in twelve countries around the 
world, with Norway, Chile and Scotland being the top three 
producers, accounting for 87% of the total farmed Atlantic 
salmon production. Norway, by far the world’s largest 
producer, currently accounts for 60% of the world’s total at 
1.2 million metric tonnes.

FAO statistics indicate that between 1991 and 2001, 
production of Atlantic salmon grew 328%, but only grew 
62% between 2001 and 2011, suggesting that early gains 
in production volume are beginning to level off. Hoping to 
reverse this trend in order to meet the ever-increasing global 
demand for seafood and economic opportunities, salmon 
farming companies and regulatory development agencies 

are looking to expand the production of farmed salmon3, 4. 
However, one of the main impediments to the future growth 
of the industry is the ongoing and future management of 
infestations of copepod parasites, more commonly known as 
sea lice. For companies like Marine Harvest, the world’s largest 
producer of farmed salmon, sea lice is their number one 
material issue from a corporate and stakeholder perspective5. 

Sea Lice
Not long after the farmers in Norway and Scotland began 
to scale up production, sea lice emerged as a new clinically 
important pathogen. Problems with sea lice subsequently 
developed in other farming regions, notably Ireland, 
Canada and Chile, due to the ubiquitous nature of sea lice 
as parasites of wild salmon and other marine fishes. Sea lice 
include Leophtheirus salmonis (the “salmon louse”), in the 
Northern Hemisphere and several species of Caligus (found 
in Northern and Southern Hemispheres), the most notable of 
which is Caligus rogercressyi in Chile. Left untreated, sea lice 
numbers can quickly escalate on farmed salmon, resulting in 
significant losses. More insidious, perhaps, are the effects sea 
lice have on growth performance and predisposition of fish 
to infection from other pathogens (such as bacteria or virus), 
all of which amount to a significant fish welfare issue if left 
unchecked. 

Sea lice have also been linked to declines in wild salmon6. 
While this link appears more pronounced in some regions 
such as the North Atlantic7, in others such as the North Pacific 
where Atlantic salmon are farmed amidst an abundance of 
Pacific salmon, the discussion is more controversial8. As a 
result, the management of sea lice on salmon farms must also 
take into consideration the effects on, and protection of, wild 
salmon that migrate in the vicinity of salmon farms. This has 
led to legislation in most regions requiring routine auditing of 
lice and development of “trigger” levels, maximum numbers 
of lice allowed before actions must be taken to bring lice 
numbers down9.  

Because of their ubiquity in the marine environment, sea 
lice cannot be avoided by salmon grown in net pens, and 
therefore must be managed by farmers. The cost from direct 
losses (mortality), indirect losses (growth and secondary 
infection) and fish health management costs (treatments and 
labour to administer them) is significant and estimated in the 
millions of dollars/euros. A summary of cost estimates derived 
an average cost of USD $0.22/kg (€0.19/kg), suggesting at 
the time (circa 2000, but based on 2006 production figures) 
a global cost of USD $480 million (€305 million)10. However, 
in reality the number is probably greater given the recent 
emergence of resistance resulting in increased lice burden and 
the need to increase treatment frequency. Efforts to model 
treatment scenarios more reflective of current practices 
suggest the cost (in Norway) could be as high as USD $0.32/
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kg (€0.28/kg)12. Applying this average to current (2012) 
production volumes would suggest that the global cost could 
be as high as USD $742 million (€660 million). This cost will 
certainly rise without new approaches to sea lice control and 
is not sustainable if the industry is to grow.

Veterinary Medicines
Initially, the first line of defence against sea lice was 
through the use of veterinary medicines. Sea lice control 
products have been the subject of numerous reviews over the 
years12 - 17. Chemical classes used for sea lice control include 
organophosphates, pyrethroids, and peroxide (as bath 
treatments) and avermectins, and benzoylureas (as in-feed 
treatments). While representatives from each of the chemical 
classes were either in development or use by the mid-1990s, 
all compounds were not available in all regions at the same 
time. This led to overuse of some compounds where product 
rotation would have been preferred. The first documented 
case of resistance came about in Scotland following reports of 
reduced sensitivity by clinicians18. This is not surprising since 
Scottish growers were limited to the use of a single compound 
(dichlorvos). In most instances, the sequential development 
of compounds combined with preference to use the most 
efficacious or easiest to use (at the time) contributed to 
successive development of resistance. [Some products are 
not effective against all sea lice developmental stages; and 
bath treatments are much more difficult to administer than 
in-feed treatments.] Resistance is now widespread and found 
in almost all regions to all chemical classes of compounds 
with the exception of benzyolureas – which are difficult to 
assess 19. In fact, we now have strains of lice that are resistant 
to several classes of compounds19. This should not be too 
surprising, given our current understanding of resistance in 
crops, and was even reported in the 1960s for the freshwater 
fish louse, Argulus, following repeated exposure to lindane, 
an organochlorine pesticide20. Interestingly, resistance to 
avermectins, the only compound available for use on the 
Pacific Coast of Canada has, to date, not been observed21. 
Whether this is due to the relatively low production density 
(over the region), treatment frequency, or the large population 
of lice that exists on wild salmon, is unknown. Genetic studies 
suggest that lice populations from wild and farmed salmon 
on the Pacific coast are panmictic, allowing free flow of genes 
over a very large geographic area22. As a result, untreated wild 
lice prevent increases in the frequency of resistance genes in 
lice on farmed fish, a so-called “hedgerow effect”.   

At present, there are no new compounds or classes of 
compounds in the development pipeline for sea lice control. 
Other classes of compounds that might hold promise include 
the milbemycins (close relatives to the avermectins) due 
to high toxicity to lice23 or the more recently developed 
isoxaolines 24, 25 as evidenced by the recent commercialisation 
of NexGard® (afoxolaner) and Bravecto® (furalaner).

However, it is likely that the biggest gains in sea lice 
chemotherapy will come from determining how best to apply 
veterinary medicines within an integrated pest management 
(IPM) strategy. This includes strategies such as the use of 
single-year class stocking, fallowing, treatment timing (winter 

vs spring), coordinated treatments (within a defined region) 
and maximum lice thresholds26 - 29. Alternative approaches 
might also include synergistic use of existing veterinary 
medicines30, or synergists such as piperonyl butoxide 
commonly found in a wide range of commercial products. 
For example, when piperonyl butoxide is combined with 
the pyrethroid resmethrin, toxicity to lice is increased31. 
Alternatively, polymers, for the delivery and release of 
veterinary medicines (and vaccines), represent a vast area of 
biotechnology that is virtually untapped for aquatic veterinary 
applications. One example (of many) includes the dewormer 
LONGRANGE® that incorporates eprinomectin (avermectin) 
with a slow release polymer32.  

The case of synergistic application of licensed products 
is particularly interesting since it presents a regulatory 
dilemma if, for example, it requires applying the compound 
in a manner that is not consistent with an approved label 
claim. Doing so would effectively invalidate the label claim 
for animal, food, and environmental safety (amongst others). 
Such approaches would have to be supported by product 
manufacturers or licensees and additional data submissions 
– effectively supporting a new data claim.

A major constraint to the use of veterinary medicines has 
been the difficulty, and more importantly time, to obtain full 
product registration/marketing authorisation. The regulatory 
situation is not expected to change. Current estimates by 
the International Federation of Animal Heath indicate that 
it takes 7-10 years to develop a new animal drug at a cost of 
$100M33. Further, regulatory review times and costs to meet 
requirements have been steadily increasing. Since 1991 the 
time to develop and register a new veterinary medicine for a 
major livestock species has increased 7.5 years in Europe with 
a 229% increase in cost34. In short, it takes longer and costs 
more to register veterinary medicines.

Biological Control
When the idea of biological control with cleaner fish was 
first developed in the mid-1980s, it may have seemed a bit 
odd35. Cleaner fish comprise several species of wrasse from 
the family Labridae, including the goldsinny, corkwing, rock 
cook, cuckoo and juvenile ballan wrasse. This discovery led to 
extensive research studies in Norway, Scotland and Ireland to 
fine-tune the use of cleaner fish, optimising stocking ratios 
and how best to protect wrasse within cages through the 
use of refugia, as well as assessing disease risks36. Efficacy 
of wrasse decreases as salmon get larger for a variety of 
causes36, resulting in renewed interest in using larger adult 
ballan wrasse5, 37.   

Today, with reduced efficacy of veterinary medicines and 
ongoing issues with resistance management, the use of wrasse 
has become a critical component of IPM. So much so, that in 
Norway over 16 million wrasse were stocked in salmon pens 
in 2013, with a value of €18M (USD$21M)38. This renewed 
interest in wrasse has made them a victim of their own 
success as they are sourced from wild fisheries. In Norway, 
the fishery is unregulated/lightly regulated, leading to 
concerns over exploitation39. This has led to renewed interest 
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in commercial culture of wrasse to supply the demand5, 40. 
Additional concerns include the risk of introductions and 
transfers of wild fish over long distances. While many studies 
have shown that wrasse are relatively disease-resistant, the 
movement of wrasse in Scotland came to a halt in the late 
1990s follow an outbreak of infectious salmon anemia virus36. 
More recently, concerns over the welfare of wrasse in net-pens 
has led to the establishment of welfare indices for stocked 
wrasse41 as wrasse are prohibited under the Royal Society 
for the Prevention of Cruelty to Animals (RSPCA) welfare 
standards for farmed Atlantic salmon42.  

Comparable species of wrasse have yet to be identified in 
the North West Atlantic off the coast of North America or the 
Pacific off the coasts of Canada or Chile; however, research 
on the lumpfish Cyclopterus lumpus suggest they function 
as an alternative cleaner fish43, 44; although feed preference 
findings suggest more research is required45. Interestingly, 
the geographic range of lumpfish covers the Atlantic on the 
East Coast of Canada and the North Eastern United States46 
making the lumpfish a possible candidate cleaner fish in 
those regions.

Functional Feeds
Functional feeds represent another fish health management 
control tool. While not as immediately effective as veterinary 
medicines, they have been in use in aquaculture for many 
years. Broadly speaking, functional feeds are feeds/feed 
additives that include prebiotics and probiotics, including 
synergistic mixtures of the two, immunostimulants and more 
recently masking compounds. They are defined as feeds 
or feed ingredients that confer benefits beyond nutrition 
requirements. Due to the direct selection pressure that 
chemotherapeutants put on pathogenic organisms limiting 
their long-term utility, functional feeds hold promise within 
an IPM framework as key fish health management resources 
for fish farmers.

Immunostimulants are essentially dietary nucleotides 
that include beta glucans derived from yeast. Compounds 
derived from alginates, plant extracts, micro and macro 
algae also act in inmmunostimulatory ways47, 48. Examples 
of commercial products included MacroGuard®, Optimum®, 
Ergosan®, Boost®, and Protec®, to name a few. In general, 
immunostimulants increase resistance to disease by affecting 
inflammatory processes, usually indicated by immunological 
proxy measures involved in humoral and cellular responses49. 
While a significant body of work has looked at effects on 
immunological processes, growth rates, and feed conversion, 
resistance to disease has largely focused on bacterial and 
viral pathogens. 

There are relatively few reports demonstrating effects on 
salmon lice. Several studies have shown that beta glucans and 
prebiotics (such as manan oligopolysaccharides (MOS)) have 
been used to reduce sea lice infections50, 51. A similar result 
was reported with diets containing plant proteins and MOS52. 
More recently, diets supplemented with beta glucans, MOS, 
and two different plant extracts, were compared (separately) 
with the plant extracts conferring the largest reduction in lice 

(20%)53. These results are interesting in that they suggest 
that much is to be learned on what compounds may be best 
suited as feed additives for sea lice control. While encouraging, 
further study is needed under farm conditions before any 
conclusion can be made from a clinical perspective, stressing 
the need for and relevance of field studies. 

Probiotics are microorganisms (primarily lactic acid 
bacteria and certain Bacillus spp.) with beneficial attributes 
that assist with the prevention and management of disease. 
The main focus of research has been the effect on the gut 
and gut tissues 48, 54. Similar to research on immunostimulants, 
studies focus on immune response, growth and feed 
conversion, with a few looking directly at control of infectious 
pathogens. Benefits in fish are largely achieved though better 
feed utilisation, competition with other harmful bacteria, 
improved immunological/haematological responses, 
production of inhibitory compounds and down regulation 
of virulence expression53. Disease work to date has largely 
focussed on bacterial disease, which tend to be more systemic 
in nature. Of interest from a sea lice/ectoparasite perspective 
are the results from Pieter et al.,55, who demonstrate a positive 
effect from the application of probiotics (via IP injection) to 
reduce infections of the protozoan parasite Ichthyophthirius 
multifilis. However, the difficulty with probiotics, from a 
commercial application perspective, is administration and 
keeping them viable if incorporated into commercial diets.

As noted above, prebiotics have been demonstrated to 
confer some level of protection against sea lice as well as 
other protozoan ecotoparasites56. Prebiotics, which also have 
a long history in aquaculture, are largely carbohydrates that 
stimulate the growth of beneficial indigenous bacterial in 
the gut flora. They are principally oligosaccharide sugars 
such as mannan oligosaccharides, fructooligosaccharides, 
glucooligosaccharides and trans-galactooligosaccharides54, 57. 
Similar to immunostimulants, prebiotics also have immune-
modulatory effects that confer a certain level of disease 
resistance, as well as improve biological performance of the 
host. Commercial products include Previdal®, Grobiotic®, and 
Prebiosal®, to name a few.  

Not surprisingly, combining pre and probiotics can result in 
a synergistic effect57, 58, 59. Many of the same immunological 
and haematological parameters show increased indices 
indicative of improved immune and overall biological 
performance. From an ectoparasitic perspective, studies have 
shown that application of prebiotic/probiotic combinations 
resulted in increased mucous production58 or resistance to 
fungus60, indicating an interesting line of research for sea lice 
control.

We know that Atlantic salmon show a higher susceptibility 
to sea lice than several Pacific salmon species61. However, 
our understanding of the mechanisms behind this requires 
more research. Attempts to capitalise on this concept have 
resulted in the development of “masking” compounds that 
interfere with the proper recognition of hosts by sea lice, 
thereby reducing infections. One such commercial product, 
“Robust®”, marketed in several jurisdictions, purports to do 
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just this; however, it’s difficult to evaluate the effect of such 
compounds as much of the research to develop such products 
is proprietary and can take a long time to reach the literature.

Vaccines
Efforts to develop a sea lice vaccine represent a Herculean 
task for the pharmaceutical sector. Compared to bacteria 
and viruses, ectoparastic copepods are structurally and 
immunologically complex, with huge genomes. While the 
challenge is immense, so is the reward. Currently sales of 
smolts in Norway are 314 million fish/year38. At current 
vaccine prices this represents a potential market value of 
approximately USD $75 million (€66 million). Considering the 
rest of the world and the high demand such a product would 
have, an effective sea lice vaccine would have a potential 
global market value of USD $100 - $125 million (€88 - €111 
million). To date, vaccines for parasites remain elusive. There 
are no commercially available (i.e. fully licensed) vaccines for 
parasitic diseases in humans - despite the toll on society from 
diseases such as malaria and the resources that are currently 
being applied (although several are in large-scale clinical 
trials62, 63). Interestingly, several parasitic vaccines have been 
developed for veterinary applications including the cattle tick 
and the cattle lung worm64, 64. 

Inspired by the cattle tick model, initial attempts to 
evaluate potential antigens involved targeting gut-associated 
antigens from purified whole lice homogenates88. However, 
these early attempts met with little success. The issue here is 
the nature of the antigen target, a gut membrane-bound 
protein that is not “seen” by the immune system, otherwise 
referred to as a concealed antigen. As a result, large amounts 
of antigen need to be injected into cows to stimulate the 
production of sufficient antibodies, making the vaccine 
difficult to use for the farmer. Other antigen targets 
considered for further development have included 
recombinant vitellogenin-like, louse secretory/excretory, 
adhesion and cuticle binding and akirin proteins66, 67. While 
several attempts to evaluate these targets have been 
undertaken, much of this work remains unpublished. 
Limitations to advancing this work further include optimising 
expression systems to produce sufficient antigen for 
evaluation and access to laboratory lice challenge models 
and facilities. While several laboratories have developed 
capacity to engage in lice studies with and without fish, the 
facilities and model developed by the Sea Lice Centre in 
Bergen being a notable example68, 69, 70, continued 
development and evaluation of veterinary products for 
aquatic animals is constrained by a lack of dedicated facilities. 
The results reported by Carpio et al.70 are noteworthy, but 
need to be validated in the laboratory with larger sample 
sizes and replicates to allow a more accurate assessment of 
efficacy. 

It is clear that a more targeted approach is needed to 
identify critical antigens if the development of a vaccine will 
be successful. The field genomics may therefore prove to be 
a game changer for the development of a sea lice vaccine. 
Through the collaboration of several groups, it is expected the 
genome for the salmon louse (Lepeophtheirus salmonis) will be 

published in the very near future as more and more sequence 
data are updated to public databases such as GenBank.  

Expressed sequence tags (ESTs) have been used to address 
questions of population dynamics in sea lice71, 72 as well as 
biological function attributes73. Gene microsatellites/single 
nucleotide polymorphisms (SNPs) are now commonly used 
to study gene function to great effect74-76. The use of RNA 
interference (RNAi) is now proving to be a valuable tool for 
assessing gene function and for screening putative gene 
targets for potential vaccines67, 77-80. DNA libraries can now 
be scanned for putative antigens for vaccine targets, and 
functionality more accurately assessed using RNAi67, 81. This is 
a very powerful tool when considering the future development 
of sea lice vaccine. Use of RNAi technology is now being 
applied as an oral vaccine for bees for the control of Israeli 
Acute Paralysis Virus (IAPV), which is linked to colony collapse 
disorder (CCD)82, 83. Interestingly, RNAi has been found to 
transfer from hosts to pathogens (insects, nematodes and 
mites)84-87, suggesting that vaccinating fish directly with short 
interfering RNA (siRNA) may be possible.  

While such discoveries as RNAi vaccines may be realised 
in the not too distant future, commercialisation of such 
products can be a long process, as noted above, due to 
product development research, the need to develop cost-
effective manufacturing processes and, more importantly, 
demonstrating target animal and environmental safety 
requirements. Nonetheless, such hurdles can be overcome, as 
evidenced by the licensing of the first commercially available 
DNA vaccine for the control of Infectious Haematopoietic 
Necrosis virus in salmon in 2005 in Canada89 and subsequently 
in the United States90.

Future Directions
Since sea lice first appeared as a pathogen of farmed salmon, 
a great deal has been learned about their biology and control. 
Given its economic importance, some would say that it’s the 
most studied fish parasite in the world. It is clear that significant 
benefits have been made through our understanding of sea 
lice biology that have enabled continued management of this 
economically important pathogen by extending the usable 
shelf-life of veterinary medicines through the application of 
integrated pest management. 

Veterinary medicines are valuable and necessary tools for 
animal health management, but they are not long-term 
solutions. Recent advances in biological control and functional 
feeds will most likely be the focus of future research and 
control efforts. In the long term, a better understanding of 
the lice genome and its functionality will, it is hoped, lead 
to the development of a vaccine and a more integrated, 
preventative sea lice management paradigm that will support 
the production and growth of salmon aquaculture. 



Volume 2   Issue 136  International Animal Health Journal

Research & Development

References

1. Nash, C.E. The history of aquaculture. Blackwell Publishing Ltd., Ames Iowa. pp.105-227 (2011).

2. FAO Yearbook, Fishery & Aquaculture Statistics (2012).

3. http://www.intrafish.com/news/article1403620.ece, visited on 7 Jan 2015.

4. World Bank. FISH TO 2030 Prospects for Fisheries and Aquaculture. World Bank Report Number 83177-

GLB. Agriculture and Environmental Services Discussion Paper 03. The World Bank (2014).

5. http://hugin.info/209/R/1781099/609198.pdf, visited on 7 Jan 2015.

6. Ford, J.S. & Myers, R.A. A global assessment of salmon aquaculture impacts on wild salmonids . PLoS. 

Biol. 6 (2), e33 doi:10.1371/journal.pbio.0060033 (2008).

7. Finstad, B. & Bjorn, P.A. Present status and implications of salmon lice on wild salmon in Norwegian 

coastal zones. In: Salmon Lice, An Integrated Approach to Understanding Parasite Abundance and 

Distribution (eds S. Jones & R. Beamish), pp.281-305. Wiley Blackwell, Ames Iowa (2011).

8. Jones, S. & Beamish, R. Lepeophtheirus salmonis on Salmonids in the Northeast Pacific Ocean. In: 

Salmon Lice, An Integrated Approach to Understanding Parasite Abundance and Distribution (eds S. 

Jones & R. Beamish), pp.307-329. Wiley Blackwell, Ames Iowa (2011).

9. Revie, C., Dill, L., Finstad, B. & Todd., C.D. “Salmon Aquaculture Dialogue Working Group Report on 

Sea Lice” commissioned by the Salmon Aquaculture Dialogue available at http://www.worldwildlife.

org/publications/salmon-aquaculture-dialogue-working-group-report-on-sea-lice_salmonz-pdf (2009).

10. Costello, M. The global economic cost of sea lice to the salmonid farming industry. J. Fish Dis. 32, 

115-118. (2009)

11. Liu, Y. & Bjelland, H.v. Estimating the cost of sea lice control strategy in Norway. PREVET. In press 

(2014).

12. Roth, M., Richards, R.H. & Sommerville, C. Current practices in the chemotherapeutic control of sea lice 

infestations in aquaculture: a review. J. Fish Dis. 16, 1-26 (1993).

13. Roth, M. The availability and use of chemotherapeutic sea lice control products. Contr. Zool. 69, 1/2 

available at http://www.ctoz.nl/vol69/nr01/a12 (2000).

14. Grant, A.N. Medicines for sea lice. Pest. Manag. Sci. 58, 521-527 (2002).

15. Bravo, S. The sea lice situation in Chile. World Aquacult. 40 (2), 26-28 (2009).

16. Jones, S. Controlling salmon lice on farmed salmon and implications for wild salmon. CAB Rev Perspect 

Agricult Vet Sci Nutr Nat Resourc. 4, 1−13 (2009).

17. Burridge. L., Weis, J.S., Cabello, F., Pizarro, J. & Bostick, K. Chemical use in salmon aquaculture: A review 

of current practices and possible environmental effects. Aquacult. 306, 7-23 (2010).

18. Jones, M.W., Sommerville, C. & Wooten, R. Reduced sensitivity of the salmon louse, Lepeophtheirus 

salmonis, to the organophosphate on the Atlantic salmon, Salmo salar L. J. Fish. Dis. 15, 197-202 

(1992).

19. Aaen, S.M., Helgesen, K.O., Bakke, M.J., Kaur, K. & Horsberg, T.E. Drug resistance in sea lice: a threat to 

salmonid aquaculture. Trends in Parasit. In Press.

20. Lahav, M., Shilo, M. & Sarig, S. Development of resistance to lindane in Argulus in populations of fish 

ponds. Bamidgeh 14, 67-76 (1962).

21. Saksida, S.M., Morrison, D., McKenzie, P., Milligan, B. & Downey, E. Use of Atlantic salmon, Salmo salar 

L., farm treatment data and bioassays to assess for resistance of sea lice, Lepeophtheirus salmonis, to 

emamectin benzoate (SLICE) in British Columbia, Canada. J. Fish Dis. 36, 515–520. (2013).

22. Amber, M.M., Rondeau, E.B., Jantzen, S.J., Lubieniecki, K.P, Davidson, W.S. & Koop, B.F. Assessment of 

population structure in Pacific Lepeophtheirus salmonis (Krøyer) using single nucleotide polymorphism 

and microsatellite genetic markers. Aquacult. 320, 183–192 (2011).

23. Roth, M. unpublished data.

24. Gassel, M., Wolf, C., Noack, S, Williams, H. & Ilg, T. The novel isoxazoline ectoparasiticide fluralaner: 

Selective inhibition of arthropod -aminobutyric acid- and L-glutamate-gated chloride channels and 

insecticidal/acaricidal activity. Aquacult. Insect. Biochem. Mol. Biol., 45, 111-124 (2014).

25. Shoop, W.L., Hartline, E.J., Gould, B.R., Waddell, M.E., McDowell, R.G., Kinney, J.B., Lahm, G.P, Long, J.K., 

Xu, M., Wagerle, T., Jones, G.S., Dietrich, R.F., Cordova, D., Schroeder, M.E., Rhoades, D.F., Benner, E.A. 

& Confalone, P.N. Discovery and mode of action of afoxolaner, a new isoxazoline parasiticide for dogs. 

Vet. Parasitol. 201, 179-189 (2014).

26. Bron, J.E., Sommerville, C., Wootten, R. & Rae, G.H. Fallowing of marine Atlantic salmon, Salmo salar 

L., farms as a method for the control of sea lice, Lepeophtheirus salmonis (Kroyer, 1837). J. Fish Dis. 

16, 487-493 (1993).

27. Jackson, D. Ireland: The development of sea lice management methods. In: Salmon Lice, An Integrated 

Approach to Understanding Parasite Abundance and Distribution (eds S. Jones & R. Beamish), pp.177-

203. Wiley Blackwell, Ames Iowa (2011).

28. Ritchie, G. & Boxaspen, K.K. Salmon Louse Management on Farmed Salmon – Norway. In: Salmon Lice, 

An Integrated Approach to Understanding Parasite Abundance and Distribution (eds S. Jones & R. 

Beamish), pp.153-176. Wiley Blackwell, Ames Iowa (2011).

29. Revie, C.W., Salmon louse management on farmed salmon in Scotland. In: Salmon Lice, An Integrated 

Approach to Understanding Parasite Abundance and Distribution (eds S. Jones & R. Beamish), pp.205-

233. Wiley Blackwell, Ames Iowa (2011).

30. http://www.google.com/patents/EP2178378B1?cl=en, visited 7 Jan 2015.

31. Roth, unpublished data.

32. http://www.merial.com/EN/PressRoom/PressRelease/Pages/Merial-Introduces-LONGRANGE-The-first-

extended-release-injectable-cattle-dewormer-that-offers-season-long-persistent-parasi.aspx, visited 7 

Jan 2015.

33. Carnevale, R. AHI – Testimony to the US House Energy and Commerce Committee Subcommitee 

on Health http://democrats.energycommerce.house.gov/sites/default/files/documents/Testimony-

Carnevale-Health-ADUFA-AGDUFA-2013-4-9.pdf, visited 7 Jan 2015

34. International Federation of Animal Health. Benchmarking the Competitiveness of the Global Animal 

Health Industry, 2011 Survey, Europe. BioBridge Ltd. (2012).

35. Bjordal, A. Cleaning symbiosis between wrasses (Labridae) and lice infested salmon (Salmo salar) in 

mariculture. Int. Counc. Explor. Sea Maricult. Comm. F17, 8p. (1988).

36. Treasurer, J.W. A review of potential pathogens of sea lice and the application of cleaner fish in 

biological control. Pest. Manag. Sci. 58, 546-558 (2002)

37. Torrissen, O., Jones, S., Asche, F., Guttormsen, A., Skilbrei, O.T., Nilsen, F., Horsberg, T.E. & Jackson, D. 

Salmon lice – impact on wild salmonids and salmon aquaculture. J. Fish. Dis. 36, 171–194 (2013).

38. Norwegian Directorate of Fisheries, 2015 http://www.fiskeridir.no/english/statistics/norwegian-

aquaculture/aquaculture-statistics/atlantic-salmon-and-rainbow-trout, visited on 7 January 2015.

39. Skiftesvik, A.B., Blom, G., Agnalt, A-L., Durif., C.M.F, Browman, H.I., Bjelland, R.M., Harkestad, L.S., 

Farestveit, E., Paulsen, O.L., Fauske, M., Havelin, T., Johnsen, K. & Mortensen, S. Wrasse (Labridae) as 

cleaner fish in salmonid aquaculture – The Hardangerfjord as a case study. Mar. Biol. Res. 10, 289-300 

(2014).

40. Treasurer, J. Use of wrasse in sea lice control. Scottish Aquaculture Research Forum. SARF068. (2013).

41. Treasurer, J. & Fiedel, The physical condition and welfare of five species of wild caught wrasse stocked 

under aquaculture conditions and when stocked in Atlantic salmon, Salmo salar, production cages. J. 

World Aquault. Soc. 45, 213-219 (2014).

42. Royal Society for the Prevention of Cruelty to Animals. RSPCA Welfare Standards for Farmed Atlantic 

Salmon. RSPCA, Horsham, UK http://www.rspca.org.uk/sciencegroup/farmanimals/standards. (2012).

43. Imsland, A.K., Reynolds, P., Eliassen, G., Hangstad, T.A., Nytrø, A.V., Foss. A., Vikingstad, E. & Elvegård, 

T.A. Assessment of growth and sea lice infection levels in Atlantic salmon stocked in small-scale cages 

with lumpfish. Aquacult. 433, 137-142 (2014).

44. Imsland, A.K., Reynolds, P., Eliassen, G., Hangstad, T.A. & Foss, A. The use of lumpfish (Cyclopterus 

lumpus L.) to control sea lice (Lepeophtheirus salmonis Krøyer) infestations in intensively farmed 

Atlantic salmon (Salmo salar L.). Aquacult. 18, 424-425 (2014).

45. Imsland, A.K., Reynolds, P., Eliassen, G., Hangstad, T.A., Nytroe, A.V. Feeding preferences of lumpfish 

(Cyclopterus lumpus L.) maintained in open netpens with Atlantic salmon (Salmo salar L.) Aquacult. 

436, 47-51 (2015).

46. Stein, D.L., 1986. Cyclopteridae. In Fishes of the North-eastern Atlantic and the Mediterranean (P.J.P. 

Whitehead, M.-L. Bauchot, J.-C. Hureau, J. Nielsen and E. Tortonese eds) pp.1269-1274. UNESCO, Paris. 

Vol. III.

47. Ringø, E., Olsen, R.E., Gonzales Vecino, J.L., Wadsworth, S., Song, S.K. (2012) Use of immunostimulants 

and nucleotides in aquaculture: a review. J Mar Sci Res Develop 2:104. doi:10.4172/2155-

9910.1000104

48. Ringø, E., Olsen, R.E., Jensen, I., Romero, J., Lauzon, H.L. Application of vaccines and dietary supplements 

in aquaculture: possibilities and challenges Rev. Fish. Biol. Fisheries, DOI 10.1007/s11160-014-9361-y 

(2014).

49. Tahmasebi-Kohyani, A., Keyvanshokooh, S., Nematollahi, A., Mahmoudi, N. & Pasha-Zanoosi, N. Effects 

of dietary nucleotides supplementation on rainbow trout (Oncorhynchus mykiss) performance and 

acute stress response. Fish Physiol. Biochem. 38, 431–440 DOI 10.1007/s10695-011-9524-x (2012).

50. Refstie, S., Baeverfjord, G., Seim, R.R., Elvebø, O. Effects of dietary yeast cell wall -glucans and MOS 

on performance, gut health, and salmon lice resistance in Atlantic salmon (Salmo salar) fed sunflower 

and soybean meal. Aquacult. 305, 109-116 (2010).

51. Sweetman, J.W., Torrecillas, S., Dimitroglou, A., Rider, S., Davies, S.J. & Izquierdo, M.S. Enhancing the 

natural defences and barrier protection of aquaculture species. Aquacult. Res., 41, 345–355 (2010).

52. Dimitroglou, A., Reynolds, P., Ravnoy, B., Johnsen, F., Sweetman, J.W. The Effect of Mannan 



  International Animal Health Journal 37www.animalhealthmedia.com

Oligosaccharide Supplementation on Atlantic Salmon Smolts (Salmo salar L.) Fed Diets with High 

Levels of Plant Proteins. J. Aquacult. Res. Dev. (Supp 1). (2011).

53. Jensen, L.B., Provan, F., Larsen, E., Bron, J.E. & Obach, A. Reducing sea lice (Lepeophtheirus salmonis) 

infestations of farmed Atlantic salmon (Salmo salar L.) through functional feeds. Aquacult. Nut. doi: 

10.1111/anu.12222.

54. Merrifield, D.L., Dimitroglou, A., Foey, A., Davies, S.J., Baker, R.T.M., Bøgwald, J., Castex, M. & Ringø, E. 

The current status and future focus of probiotic and prebiotic applications for salmonids. Aquacult. 

302, 1-18 (2010)

55. Pieters, N., Brunt, J., Austin, B. & Lyndon, A.R. Efficacy of in-feed probiotics against Aeromonas 

bestiarum and Ichthyophthirius multifiliis skin infections in rainbow trout (Oncorhynchus mykiss, 

Walbaum). J. Appl. Microbiol. doi:10.1111/j.1365-2672.2008.03817.x

56. Buentello, J.A., Neill, W.H. & Gatlin III, D.M. Effects of dietary prebiotics on the growth, feed efficiency 

and nonspecific immunity of juvenile red drum Sciaenops ocellatus fed soybean-based diets. Aquault. 

Res. 41, 411-418 (2010).

57. Ringø, E., Løvmo, L., Kristiansen, M., Salinas, I., Myklebust, R., Olsen, R.E. & Mayhew, T.M. Lactic acid 

bacteria vs. pathogens in the gastrointestinal tract of fish: a review. Aquacult Res 41, 451–467 (2010).

58. Rodriguez-Estrada, U., Satoh, S., Haga, Y., Fushimi, H., Sweetman, J. Effects of single and combined 

supplementation of Enterococcus faecalis, mannan oligosaccharides and polyhydroxybutyrate acid 

on growth performance and immune response of rainbow trout, Oncorhynchus mykiss. Aquacult Sci 

57:609–617 (2009).

59. Cerezuela, R., Meseguer, J., Esteban, M.A. Current knowledge in synbiotic use for fish aquaculture. A 

review. J Aquacult Res Develop S1:008. doi:10.4172/2155-9546.S1-008 (2011)

60. Firouzbakhsh, F., Mehrabi, Z., Heydari, M., Khalesi, M.J., Tajick, M.A. Protective effects of a synbiotic 

against experimental Saprolegnia parasitica infection in rainbow trout (Oncorhynchus mykiss). 

Aquacult Res. doi:10.1111/j.1365-2109.2012.03261.x (2012)

61. Jones, S.R.M. Mechanisms of Resistance among Salmon to the Parasitic Copepod Lepeophtheirus 

salmonis. J. Aquac. Res. Development S2:003. doi:10.4172/2155-9546.S2-003 (2011)

62. US Centre for Disease Control, http://www.cdc.gov/malaria/malaria_worldwide/reduction/vaccine.

html, visited on 7 January 2015.

63. World Health Organisation, http://www.who.int/immunization/diseases/malaria/en/, visited on 7 

January 2015.

64. Meeusen, E.N.T., Walker, J., Peters, A., Pastoret, P-P. & Jungersen, G. Current Status of Veterinary 

Vaccines. Clin. Microbiol. Rev., 20, 489–510 (2007).

65. Knox, D.P. Parasite Vaccines: Recent Progress in, and Problems Associated with their Development, The 

Open Infectious Diseases Journal, 4, 63-73 (2010).

66. http://www.google.ca/patents/US8207132 , visited 7 January 2015.

67. Carpio, Y., Basabe, L., Acosta, J., Rodriguez, A., Mendoza, A., Lisperger, A., Zamorano, E., Gonzalez, 

M., Rivas, M., Contreras, S., Haussmann, D., Figueroa, J., Osorio, V.N., Asencio, G., Mancilla, J., Ritchie, 

G., Borroto, C. & Estrada, M.P. Novel gene isolated from Caligus rogercresseyi: a promising target for 

vaccine development against sea lice. Vaccine 29, 2810–2820 (2011)

68. Hamre, L.A., Glover, G.A. & Nilsen, F. Establishment and characterisation of salmon louse 

(Lepeophtheirus salmonis (Krøyer 1837)) laboratory strains. Parasitol. Int. 58, 451–460 (2009).

69. Sea Lice Research Centre, Annual Report, 2011 http://www.slrc.no/files/2012/06/SLRC-Annual-

Report-2011.pdf , visited on 7 January 2015.

70. Hamre, L.A. & Nilsen, F. Individual fish tank arrays in studies of Lepeophtheirus salmonis and lice loss 

variability. Dis. Aquat. Org. 97, 47–56 (2011)

71. Yazawa, R., Yasuike, M., Leong, J., von Schalburg, K.R., Cooper, G.A., Beetz-Sargent, Marianne, Robb, A., 

Davidson, W.S., Jones, S.R.M & Koop, B.F. EST and Mitochondrial DNA Sequences Support a Distinct 

Pacific form of salmon louse, Lepeoptheirus salmonis. Mar. Biotechnol. 10, 741-749 (2008).

72. Glover, K.A., Stølen, A.B., Messmer, A., Koop, B.F., Torrissen, O., Nilsen, F. Population genetic structure 

of the parasitic copepod Lepeophtheirus salmonis throughout the Atlantic. Mar. Ecol. Prog. Ser. 427, 

161–172 (2011).

73. Eichner, C., Frost, P., Dysvik, B., Jonassen, I., Kristiansen, B. & Nilsen, F. Salmon louse (Lepeophtheirus 

salmonis) transcriptomes during post molting maturation and egg production, revealed using EST-

sequencing and microarray analysis. BMC Genomics 9, 126 (2008) http://www.biomedcentral.

com/1471-2164/9/126

74. Besnier, F., Kent, M., Skern-Mauritzen, R., Lien, S., Malde, K., Edvardsen, R.B., Taylor, S., Ljungfeldt, L.E.R., 

Nilsen, F. & Glover, K.A. Human-induced evolution caught in action: SNP-array reveals rapid amphi-

atlantic spread of pesticide resistance in the salmon ecotoparasite Lepeophtheirus salmonis. BMC 

Genomics 15, 937 (2014) http://www.biomedcentral.com/1471-2164/15/937 

75. Glover, K.A., Grimholt, U., Bakke, H.G., Nilsen, F., Storset, A. & Skaala, O. Major histocompatibility 

complex (MHC) variation and susceptibility to the sea louse Lepeophtheirus salmonis in Atlantic 

salmon Salmo salar. Dis. Aquat. Org. 76, 57–65 (2007).

76. Ljungfeldt, L.E.R., Espedal, P.E., Nilsen, F., Skern-Mauritzen, M. & Glover, K.A. A common-garden 

experiment to quantify evolutionary processes in copepods: the case of emamectin benzoate 

resistance in the parasitic sea louse Lepeophtheirus salmonis. BMC Evolutionary Biology 2014, 14:108 

http://www.biomedcentral.com/1471-2148/14/108

77. Eichner, C., Nilsen, F., Grotmol, S. & Dalvin, S. A method for stable gene knock-down by RNA interference 

in larvae of the salmon louse (Lepeophtheirus salmonis). Exp. Parasitol. 140, 44–51 (2014).

78. Tröße, C., Nilsen, F. & Dalvin, S. RNA interference mediated knockdown of the KDEL receptor and 

COPB2 inhibits digestion and reproduction in the parasitic copepod Lepeophtheirus salmonis. Comp. 

Biochem. Physiol. Part B 170, 1–9 (2014).

79. Krasnov, A., Skugor, S., Todorcevic, M., Glover, K.A. & Nilsen, F. Gene expression in Atlantic salmon skin 

in response to infection with the parasitic copepod Lepeophtheirus salmonis, cortisol implant, and 

their combination. BMC Genomics 2012, 13:130 http://www.biomedcentral.com/1471-2164/13/130 

80. Sandlund, L., Nilsen, F., Male, R., Grotmol, S., Kongshaug, H. & Dalvin, S. Molecular characterisation 

of the salmon louse, Lepeophtheirus salmonis (Krøyer, 1837), ecdysone receptor with emphasis on 

functional studies of female reproduction. Int. J. Parasitol. In press (2014).

81. Dalvin, S., Frost, P., Biering, E., Hamre, L.A., Eichner, C., Krossøy, B. & Nilsen, F. Functional characterisation 

of the maternal yolk-associated protein (LsYAP) utilizing systemic RNA interference in the salmon louse 

(Lepeophtheirus salmonis) (Crustacea: Copepoda). Int. J. Parasitol. 39, 1407–1415 (2009).

82. Cox-Foster, D.L., Conlan, S., Holmes, E.C., Palacios, G., Evans, J.D., Moran, N.A., Quan, P-L., Briese, T., 

Hornig, M., Geiser, D.M., Martinson, V., vanEngelsdorp, D., Kalkstein, A.L., Drysdale, A., Hui, J., Zhai, 

J., Cui, L., Hutchison, S.K., Simons, J.F., Egholm, M., Pettis, J.S. & Lipkin, W.I. A Metagenomic Survey of 

Microbes in Honey Bee Colony Collapse Disorder. Science 318, 283-287 (2007). 

83. Hunter, W., Ellis, J., vanEngelsdorp, D., Hayes, J., Westervelt, D., Glick, E., Williams, M., Sela, I., Maori, 

E., Pettis, J., Cox-Foster, D., Paldi, N. Large-scale field application of RNAi technology reducing Israeli 

acute paralysis virus disease in honey bees (Apis mellifera, Hymenoptera: Apidae). PLoS Pathogens 6 

(12): e1001160. (2010).

84. Yadav, B.C., Veluthambi, K., Subramaniam, K. Host-generated double stranded RNA induces RNAi 

in plant-parasitic nematodes and protects the host from infection. Molecular and Biochemical 

Parasitology 148: 219–222. (2006).

85. Baum, J.A., Bogaert, T., Clinton, W., Heck, G.R. & Feldmann, P. Control of coleopteran insect pests 

through RNA interference. Nature Biotechnol. 25, 1322–1326 (2007).

86. Fairbairn, D.J., Cavallaro, A.S., Bernard, M., Mahalinga-Iyer, J. & Graham, M.W. Host-delivered RNAi: 

an effective strategy to silence genes in plant parasitic nematodes. Planta 226, 1525–1533 (2007).

87. Garbian, Y., Maori, E., Kalev, H., Shafir, S. & Sela, I. Bidirectional Transfer of RNAi between Honey 

Bee and Varroa destructor: Varroa Gene Silencing Reduces Varroa Population. PLoS Pathog 8(12): 

e1003035. doi:10.1371/journal.ppat.1003035

88. Raynard, R.S., Bricknell, I.R., Billingsley, P.F., Nisbet, A.J., Vigneau, A. & Sommerville, C. Development of 

vaccines against sea lice. Pest Manage. Sci. 58, 569-575 (2002).

89. http://www.inspection.gc.ca/active/eng/anima/vetbio/vetbio_dbe.asp , visited on 7 January 2015.

90. http://www.aphis.usda.gov/animal_health/vet_biologics/publications/aqua_products.pdf , visited 7 

January 2015.

Research & Development

Myron Roth is the Industry Specialist, 
Aquaculture & Seafood for the British Columbia 
Ministry of Agriculture. He obtained his PhD 
from the Institute of Aquaculture, University 
of Stirling, Scotland where he studied fish 
pathology. Over the last 20 years Myron has 
had direct work experience with the salmon 
aquaculture industries on both coasts of 

Canada, Scotland, Norway, Ireland and Chile. During that time 
he spent several years licensing veterinary drugs and vaccines 
for Novartis Animal Health. In his current role with the Ministry, 
he is the subject matter expert for aquaculture and seafood 
production and is involved with technology transfer and industry 
development for the aquaculture sector.
Email: myron.roth@gov.bc.ca


