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a b s t r a c t

Reduced sensitivity towards chemotherapeutants in the salmon louse Lepeophtheirus salmonis (Krøyer) is
an increasing problem for the fish farming industry. Most fish farmers are dependent on chemical treat-
ments in order to maintain salmon lice numbers below permitted levels. However parasites showing
reduced sensitivity contribute to complicating this task. Hydrogen peroxide (H2O2) is used as a delous-
ing agent in bath treatments and until recently treatment failures due to reduced H2O2-sensitivity have
not been documented in Norway. The aim of the current study was to develop a bioassay protocol suit-
able for testing H2O2-sensitivity in L. salmonis. If failed treatments were found to be caused by parasite
insensitivity to H2O2 the possibility of this reduced sensitivity being hereditary was looked into. The
results show that bioassays permit differentiation between strains of salmon lice with regards to H2O2-
sensitivity, coinciding with treatment efficacies. Up to ten times variance in sensitivity between two
ydrogen peroxide
ioassay

strains was recorded. The progeny of the least sensitive salmon lice also showed reduced sensitivity to
H2O2 in a bioassay, which indicates that reduced sensitivity towards H2O2 is hereditary. The current
study presents the first case report of reduced sensitivity towards H2O2 in salmon lice in Norway. This
change in sensitivity imposes a threat to the Norwegian fish farming industry and should be monitored
closely.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
. Introduction

The salmon (or sea) louse Lepeophtheirus salmonis (Krøyer)
nfests both wild and farmed salmonids in the Northern Hemi-
phere (Costello, 2006; Pike and Wadsworth, 2000; Torrissen et al.,
013). Control of the salmon lice in fish farms is important in
rder to protect the farmed fish from parasite-related stress and
njuries as well as minimizing the infestation pressure on wild
almonids. Most fish farms are dependent on chemical treatments
n order to keep the parasite numbers below national maximum
ermitted levels, but few chemical treatment agents are avail-
ble (Burka et al., 1997; Roth, 2000; Westcott et al., 2004). This
as subsequently led to the development of reduced sensitivity

n L. salmonis towards most of the available chemical treatments

Jones et al., 1992; Lees et al., 2008a; Roth et al., 1996; Sevatdal
nd Horsberg, 2003; Treasurer et al., 2000). The geographical dis-
ersion of the reduced sensitivity towards each treatment agent
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rinary Science, Pb 8146 Dep, 0033 Oslo, Norway. Tel.: +47 22597090.
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varies (Grøntvedt et al., 2014; Jones et al., 2013; Lees et al., 2008b).
Chile, the major salmonid producing country in the Southern Hemi-
sphere is having problems with the sea louse Caligus rogercresseyi
(Johnson et al., 2004). In Chile, chemical treatments are essential
in order to control sea lice levels; however this task has become
increasingly difficult as the parasites have developed reduced sen-
sitivity towards both pyrethroids and the avermectin emamectin
benzoate (Bravo et al., 2008, 2013; Helgesen et al., 2014).

In Norway, hydrogen peroxide (H2O2) was used to a certain
extent as a delousing agent between the years 1993 and 1997
(Grave et al., 2004). This use was terminated due to the introduction
of more efficient chemicals with larger safety margins. The emerg-
ing occurrence of reduced sensitivity towards other compounds
however led to the re-introduction of H2O2 for salmon lice treat-
ment in 2009 (Norwegian Institute of Public Health, 2014). In order
to delay the development of reduced sensitivity, an increased range
of chemical treatment agents is desirable. This permits rotation
between compounds with various modes of action subsequently

postponing the development of reduced sensitivity (Brooks, 2009;
Denholm et al., 2002). Unfortunately, the extensive use of H2O2 as a
delousing agent in various parts of Norway (Grøntvedt et al., 2014)
has increased the risk of developing reduced sensitivity towards
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his compound. In Scotland, reduced sensitivity towards H2O2 in
almon lice was reported in the year 2000, following extensive
se of this treatment agent over several years (Treasurer et al.,
000). Due to the toxicity and low safety margin of H2O2 in fish,
nly minor increases in treatment time and concentration can be
ntroduced (Bruno and Raynard, 1994; Thomassen, 1993). In order
o avoid unsuccessful treatments due to reduced parasitic sensi-
ivity, a method for sensitivity testing in salmon lice is therefore
equired.

Incidences of reduced treatment efficacy following H2O2-
reatments in Norway have raised the issue of possible reduced
ensitivity. Treatment failure may be due to inadequate delous-
ng procedures or reduced sensitivity in the parasites (Denholm
t al., 2002). Biological assays (bioassays) are employed to test
or reduced sensitivity in arthropods when the resistance mech-
nisms are unknown (Robertson et al., 2007). Bioassays have
een developed for sensitivity testing in L. salmonis towards
yrethroids, emamectin benzoate and the organophosphate aza-
ethiphos (Helgesen and Horsberg, 2013; Sevatdal and Horsberg,

003; Westcott et al., 2008; Whyte et al., 2013). Treasurer et al.
2000) tested for H2O2-sensitivity using small scale treatments,
owever this method requires the use of fish and due to animal
elfare and practical reasons should be avoided if possible.

Possible mechanisms for reduced H2O2-sensitivity in salmon
ice include increased antioxidant enzymes activity such as cata-
ase, glutathione peroxidase or glutathione-S-transferase, all of

hich have been found in mammalian cells in conjunction with
2O2-resistance (Fiander and Schneider, 2000; Spitz et al., 1992;
aud et al., 2004). Increased catalase activity has also been seen

n H2O2-resistant bacteria and fungi (Amin and Olson, 1968;
lkins et al., 1999; Nakamura et al., 2012; Uhlich, 2009). Other
ossible enzymes involved in reduced H2O2 sensitivity are super-
xide dismutase, superoxide reductase, glutathione reductase and
hioredoxin, as they are proven to possess activity against reactive
xygen species (Nordberg and Arner, 2001).

The primary objective of the present study was to develop
ioassay protocols suitable for H2O2-bioassays. Whether reduced
reatment effects from H2O2-treatments were caused by reduced
almon lice sensitivity was also investigated. This required using
ioassays on both field collected parasites and their laboratory
eared progeny.

. Materials and methods

.1. Salmon lice

Salmon lice originating from seven different farms in Norway
ere employed in the current study (Table 1). All salmon lice with

he exception of Ls A originated from the northern part of Mid-
orway. Ls V came from a farm reporting of reduced treatment
fficacy in H2O2-treatment since one year back. The treatment per-
ormed three months prior to parasite collection for field bioassays
ad 74.1% efficacy in mobile stages (salmon lice from 80 fish col-

ected from 4 fish cages were counted on the day of treatment and
n the following day to calculate efficacy). The treatment efficacy
as 51.4% in mobile stages in the treatment performed one month

efore the Ls V F0 bioassay was performed (salmon lice from 30
sh from 3 cages were counted on two consecutive days, with
reatment on day 1, to evaluate treatment efficacy). Ls Ky, Ls D
nd Ls Aa all came from farms with a history of H2O2-treatments
gainst salmon lice, but without having experienced reduced treat-

ent efficacies. Ls S and Ls Kl originated from the same area, but

rom farms which had not treated with H2O2 themselves. Ls A was
laboratory strain originally collected from the northern part of
orth-Norway in 2011. Bioassays and small scale treatments had
e Reports 1 (2015) 37–42

shown this strain to be sensitive to pyrethroids, azamethiphos and
emamectin benzoate (Helgesen and Horsberg, 2013). Ls A had never
been exposed to H2O2, neither in field nor in the laboratory.

The salmon lice designated for field bioassays were collected
from anesthetized fish at the sea farms and transported in cooled
sea water to the laboratory. These bioassays, six in total, were per-
formed by Aqua Kompetanse AS at their laboratory in Flatanger,
Norway. The other five bioassays were performed at The Norwe-
gian University of Life Sciences in Oslo, Norway. Table 1 provides
the details. The salmon lice for the five latter assays were reared
on fish at the NIVA Marine Research Station in Drøbak, Norway.
Ls A was kept in a continuous culture on Atlantic salmon (Salmo
salar), while Ls V was sent to the laboratory as egg strings. After
hatching and development into copepodites, 20 sea trout weighing
about 150 g each were infested with the parasites. Approximately
50 copepodites per fish were employed for the infestation, which
was conducted in 30 l of aerated sea water for 45 min. Pre-adult
parasites and adult males were used for the bioassays depending
on which instars were available at the time. All bioassays were
initiated within 8 h after parasite collection.

2.2. Bioassays

Two types of bioassays were performed: 30-min and 24-h
bioassays. The 30-min bioassays were performed according to
the protocol for pyrethroid bioassays described in Sevatdal and
Horsberg (2003) with some modifications. The parasites were
exposed to between six and twelve different concentrations of
H2O2 using Interox Paramove 50 (H2O2 50%, w/w, Solvay Chem-
icals, Belgium) in Oslo and Eka HP T49 S (H2O2 49.7%, w/w, Azko
Nobel, Sweden) in Flatanger, diluted in sea water. Nominal concen-
trations ranging from 0 to 5000 mg L−1 were utilized and varying
concentrations within this range were chosen according to the
expected sensitivity level of the respective salmon lice strain. The
salmon lice were distributed in sea water filled polystyrene bioas-
say boxes, with approximately 10 parasites (6–13) in each box.
The different concentrations of H2O2 were prepared by adding
the appropriate amount of H2O2 to cooled sea water (10–12 ◦C)
in one litre polypropylene containers. In each of the concentra-
tions applied in each bioassay, two of the bioassay boxes were
submerged. For the field bioassays with Ls Ky, Ls D, Ls Aa and Ls
Kl only one box of parasites was used for the control group. The
boxes were kept in the solution for 30 min and the results were
immediately recorded. Parasites attached to the wall of the box or
swimming in a straight line were considered alive. All others were
regarded as immobilized or dead. For the bioassays on Ls A and Ls
V F1 the boxes containing the parasites were relocated to fresh sea
water after the initial evaluation, without removing any parasites,
and kept at 12 ◦C under constant aeration for the following 24 h.
The results were then re-evaluated.

The 24-h bioassays were performed according to the protocol
for pyrethroids, azamethiphos and emamectin benzoate bioassays
described in Helgesen and Horsberg (2013), with some modifi-
cations. Between eight and seventeen parasites from Ls A were
exposed to six or seven different nominal concentrations of H2O2,
ranging between 0 and 120 mg L−1, in one litre glass bottles. The
bottles were kept at 12 ◦C for 24 h and supplied with constant aera-
tion. Ls V was exposed to 11 different nominal H2O2-concentrations
between 0 and 1800 mg L−1. Between 30 and 61 parasites were used
for each concentration. After the exposure period the results were
recorded by turning the bottles upside down three times and then
moving them in circles with a diameter of 20 cm 10 times. When

the water had settled it was poured out into a beaker. All parasites
remaining in the bottle or able to attach to the beaker wall or swim
in a straight line were considered alive. All other parasites were
regarded as immobilized or dead.
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Table 1
Bioassays. All salmon lice strains were collected in the northern part of Mid-Norway with the exception of Ls A which came from the northern part of North-Norway. Ls V F0
and Ls V F1 were the same strain, but bioassays were performed both with parasites from the field (F0) and with laboratory-reared parasites from field collected egg strings
(F1). Two types of bioassays were performed, with both 30 min and 24 h parasite exposure to hydrogen peroxide. Six to eleven different concentrations were employed for
each bioassay and the dose-response curve were modelled in JMP (SAS Institute Inc., Cary, NC, USA). The concentrations in mg L−1 immobilizing 50% of the parasites (EC50)
with 95% confidence intervals (CI) are given.

Strain Origin Date Place Assay EC50 Lower
95% CI

Upper
95% CI

Ls A Laboratory 10.10.2013 Oslo 30-min 216 153 305
Ls V F1 Laboratory 13.11.2013 Oslo 30-min 1767 1494 2090
Ls V F0 Field 11.10.2013 Flatanger 30-min 2127 1253 3610
Ls S Field 03.02.2014 Flatanger 30-min 539 386 754
Ls Ky Field 03.02.2014 Flatanger 30-min 693 483 993
Ls D Field 31.01.2014 Flatanger 30-min 563 435 730
Ls Aa Field 30.01.2014 Flatanger 30-min 541 403 727
Ls Kl Field 30.01.2014 Flatanger 30-min 538 373 776
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Ls A Laboratory 12.02.2014 Oslo
Ls A Laboratory 23.06.2014 Oslo
Ls V F1 Laboratory 13.11.2013 Oslo

The bioassay results were modelled using probit-analysis in JMP
0.0.0 (SAS Institute Inc., Cary, NC, USA) to find EC50-values, which

s the concentration immobilizing 50% of the parasites, with 95%
onfidence intervals (CI).

. Results

Ls A had the lowest EC50-values for both the 30-min and the
4-h bioassays with 216 and 45.9 to 64.7 mg L−1 respectively. Ls
had the highest EC50-values for both types of bioassays, with

C50-values of 1767 and 2127 mg L−1 in the 30-min bioassays and
38 mg L−1 in the 24-h bioassay.

The five other strains tested in the 30-min bioassay showed
ntermediate EC50-values, ranging from 538 to 693 mg L−1. The
ose-response curves for Ls A and Ls V F1 with 90% CI are pre-
ented in Fig. 1 (30 min exposure) and Fig. 2 (24 h exposure). All
esults after modelling are displayed in Table 1.

No control group mortality was seen in any of the bioassays with
0 min exposure and immediate evaluation. In the 24-h bioassay, 0
nd 8.3% mortality was observed in the Ls A control groups, while
.5% of the parasites in the Ls V-bioassay-control group were dead
fter 24 h.

With respect to the results for the 30-min Ls A and Ls V F1
ioassays, fewer parasites were regarded as dead or immobilized
t the re-evaluation 24 h after exposure than in the first evaluation.
ith respect to Ls A the total percentage immobilized parasites

ecreased from 68 to 51% when the results from all concentrations
ere included. For Ls V F1 the same group decreased from 48 to

1%. The attempts to model the re-evaluation results gave illogical
ose-response curves.

. Discussion

Assuming that H2O2-sensitivity is similar in both attached
nd free-swimming parasites; one would expect reduced treat-
ent efficacy from treatment of fish infested with Ls V. The

reatment regime, outlined in the summary of product character-
stics for Paramove (49.5% H2O2, Solvay chemicals), is exposure
o 1500 mg L−1 H2O2 for 20 min (Norwegian Medicines Agency,
014). In the Ls V bioassays, less than 50% of the parasites were

mmobilized when exposed to this concentration for 30 min. The
esults from the bioassays may not however be directly inter-
reted into treatment results. The bioassays were performed on
arasites detached from the fish and sensitivity to chemicals may

iffer between parasites attached to and detached from the fish
Sevatdal and Horsberg, 2003). Furthermore during treatment, a
onstant H2O2-level is maintained through-out the exposure time.
n contrast the bioassays were performed by adding the substance
4-h 45.9 29.8 70.9
4-h 64.7 43.4 96.4
4-h 138 112 171

to sea water only at the beginning of exposure. In order to develop
bioassays into an accurate prediction tool for treatment efficacy, the
correlation between bioassay results and treatment results need to
be elucidated.

The intermediate bioassay results found in five of the tested
strains could be a sign of reduced sensitivity. This hypothesis
is supported by the fact that all of the lower 95% CI values in
these strains were above the upper 95% CI for the fully sensi-
tive strain, Ls A. The intermediate results could also represent the
range of EC50-results found in sensitive parasites. This latter the-
ory is supported by the results obtained by Bruno and Raynard
(1994). Evaluating their bioassay results using probit analysis in
JMP, an EC50-value of 890 mg L−1 could be calculated for pre-adult
parasites and 503 mg L−1 for adult salmon lice. In an experiment
where salmon lice infested salmon were treated with different
concentrations of H2O2, an EC50-value of 800 mg L−1 was obtained
(Thomassen, 1993). In both trials results were evaluated imme-
diately after exposure. However the shorter exposure period in
these trials (20 min) would have increased the EC50-values. This in
comparison to a protocol with 30 min exposure time. Furthermore
both experiments were performed at lower temperatures (10 ◦C in
Bruno and Raynard’s experiment and 6–9 ◦C in Thomassen’s exper-
iment) than in the current study, which might also have affected
the results. The toxic effect of H2O2 on salmon lice increases
at higher temperatures (Treasurer and Grant, 1997). EC50-values
would therefore be expected to be higher at lower temperatures.
Thomassen’s experiment was performed on parasites attached to
fish. Given that salmon lice are more susceptible to pyrethroid
bath treatments when detached from fish, (Sevatdal and Horsberg,
2003) and if this is also the case for H2O2, then the same parasites
would have shown a lower EC50-value if Thomassen’s experi-
ment had been performed on parasites which had been removed
from the fish. Whether the differences in EC50-values between dif-
ferent life stages of salmon lice, as seen by Bruno and Raynard
(1994), were present in the current study, was not evaluated. If
differences were present this might have biased the results as
the parasitic instars were not allocated evenly within or between
the experiments. Future research should look into the possible
differences of H2O2-sensitivity between instars of L. salmonis as
this might influence both sensitivity assessments and treatment
effects.

A large proportion of the parasites immediately characterized
as immobilized, were 24 h later re-evaluated as alive. Recovering
parasites after H2O2-exposure were also observed by Hodneland

et al. (1993), Johnson et al. (1993) and Treasurer and Grant (1997).
This implies that salmon lice have mechanisms to fight the effect
of H2O2. These mechanisms seem to be induced by the treat-
ment, as sensitive parasites are immediately knocked down and
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ig. 1. 30-min bioassay. The dose-response curves (90% CI) and the observed immo
eroxide in a 30-min bioassay. The observed rates for the sensitive strain (Ls A) ar
ensitivity (Ls V) are indicated by open circles.

ater recover. Recovery, following treatment-induced immobiliza-
ion, was observed to a greater extent in parasites from the least
ensitive strain. This was in addition to the fact that a higher con-
entration of H2O2 was necessary for their immobilization. The
ause of this might be dual; both an increase in the already exist-
ng inducible mechanism and an additional mechanism that is
resent prior to exposure. The exact mechanisms behind reduced
ensitivity towards H2O2 in salmon lice are not yet clarified,
nd research into this field is therefore required. The knowl-
dge on mechanisms for reduced sensitivity is important in order
o develop mechanism-specific tools for sensitivity testing and -
urveillance, as well as avoiding pursuing existing mechanisms
hen developing new chemicals treatment agents (Denholm et al.,

002).
Due to the revitalization of the parasites the results from the

0 min-exposure bioassays could not be evaluated in the same
anner as the Sevatdal and Horsberg (2003) pyrethroid bioassays.

evatdal and Horsberg allowed a waiting period of 24 h in fresh
ea water following the exposure period. When this protocol was
pplied to the H2O2-bioassays, it resulted in illogical dose-response
urves. The immediate evaluation of the bioassays however gave
lausible dose-response curves in addition to low control group
ortalities. This was therefore chosen for the H2O2-bioassay pro-

ocol. The chosen protocol was considered a good proxy for lice
urvival under farm treatment conditions due to similar exposure
eriods. The parasites that recovered after first being immobilized
ere not considered important with regards to field treatments, as

hey were not seen to re-infest fish in the study by Treasurer and
rant. This coincides with the Norwegian field treatment experi-

nce. However, a laboratory study showed that both adult males
nd pre-adult parasites have the ability to re-infest salmon inde-
endent of the parasites’ previous exposure to H2O2 (McAndrew
t al., 1998).
tion rates for two of the salmon lice strains tested for sensitivity towards hydrogen
cated by filled circles, while the corresponding values for the strain with reduced

The 24-h bioassay also differentiated between parasite strains
with differences in sensitivity. The EC50-value for the least sensi-
tive strain was two to three times higher than for the most sensitive
strain. The lower difference in EC50-value, compared to the 30-min
bioassays, might be caused by the mechanisms for reduced sensitiv-
ity and/or H2O2-degradation. Since exposure time does not exceed
30 min in normal H2O2 field treatments, it may be concluded that
the parasite has not undergone selection in order to develop mech-
anisms to withstand long term H2O2-exposure. Developing a 24-h
bioassay is an attempt to standardize all salmon lice bioassays to
the set up by Helgesen and Horsberg (2013), thereby making field
bioassays easier to perform. To accomplish this task a degradation
curve of H2O2 under the circumstances given in the bioassay pro-
tocol should be employed and the correlation between bioassays
and treatment results should be established.

The development of reduced sensitivity towards H2O2 in L.
salmonis was expected, as reduced sensitivity towards pyrethroids,
azamethiphos and emamectin benzoate has previously been
described by bioassays performed in Norway (Grøntvedt et al.,
2014; Helgesen and Horsberg, 2013; Sevatdal et al., 2005; Sevatdal
and Horsberg, 2003). As a result of the development of reduced
sensitivity towards other available chemical treatments, the use of
H2O2 for anti-salmon lice treatments has increased since the prod-
uct was re-introduced to the Norwegian market in 2009. In 2013,
8262 metric tonnes of H2O2 was applied in treatment while the fig-
ure was 2538 metric tonnes the previous year (Norwegian Institute
of Public Health, 2014). The outbreak of amoebic gill disease (AGD)
may also have contributed to the increased use of H2O2 in 2013.
Treatments against AGD will nonetheless simultaneously combat

infested salmon lice and therefore impose selection pressure on
both parasitic species. Grøntvedt et al. (2014) showed that the
most intense H2O2 treatment regime against salmon lice was found
in the northern part of Mid-Norway and in the southern part of
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ig. 2. 24-h bioassay. The dose-response curves (90% CI) and the observed immob
eroxide in a 24-h bioassay. The observed rates for the sensitive strain (Ls A) are
ensitivity (Ls V) are indicated by open circles. The dose-response curve for Ls A is m

orth-Norway. The development of reduced sensitivity towards
2O2 in these particular areas was therefore not unexpected as

epeated treatments provide fast lane evolution towards reduced
ensitivity. In the current study reduced H2O2-sensitivity was
ound in one strain of salmon lice in combination with reduced
reatment efficacy. To decide if reduced sensitivity is a settled trait
n the salmon lice population more sensitivity tests should be con-
ucted on farms reporting of reduced treatment efficacy.

Reduced H2O2-sensitivity in L. salmonis, due to extensive use of
he chemical as a delousing agent, was first reported from Scot-
and in 1999, seven years after H2O2-treatment was introduced
o the Scottish market (Treasurer et al., 2000). Using experimen-
al bin treatments, 15% effect of treatment was recorded for the
ravid females and 25% effect for the other mobile stages. Fish,
nfested with salmon lice previously unexposed to H2O2, were
reated and used as a control with an effect of 87% or more for
ll groups. The study by Treasurer et al. was performed on the F0-
eneration of salmon lice, while the current study also included the
1-generation, which had not previously been exposed to H2O2.
his structure provided stronger evidence for the heritability of
educed H2O2-sensitivity.

The bioassay results presented in the current paper show dif-
erences in the sensitivity level towards H2O2 between various
trains of L. salmonis. These differences coincide with the differ-

nces in treatment efficacies. 30-min bioassays revealed up to
enfold variations in EC50-values between the different strains of
almon lice. Reduced sensitivity towards H2O2, evident in both
educed treatment efficacy and increased bioassay EC50-values, is
on rates for the two strains of salmon lice tested for sensitivity towards hydrogen
ated by filled circles, while the corresponding values for the strain with reduced
led with results from two different bioassays.

most likely an inherited trait. This is suggested by the fact that the
F1-generation showed a relatively high EC50-value, despite having
not been exposed to H2O2-treatment. The current study presents
the first case report of reduced H2O2-sensitivity in salmon lice in
Norway. This reduced sensitivity imposes a threat to the Norwegian
fish farming industry and should be monitored closely.
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