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INTRODUCTION

Outbreaks of amoebic gill disease (AGD) in Tasman-
ian farmed Atlantic salmon Salmo salar L. are a signif-
icant health problem affecting this commercial aqua-
culture industry (see Munday et al. 2001, Nowak et al.
2002). The current commercial treatment for AGD is
freshwater bathing whole pens of fish (Parsons et al.
2001), preferably in water from a soft freshwater
source (Roberts & Powell 2003b). Recently, we found
that water hardness (mg l–1 CaCO3) is a limiting factor

for the efficacy of freshwater bathing (Roberts &
Powell 2003b). Although an improvement to this treat-
ment has been identified, it is still an expensive, time
consuming and labour intensive method. Thus, there
is a need for the identification and development of
alternative therapeutic treatments and/or treatment
regimes.

Gill pathology of AGD-affected fish involves epithe-
lial hyperplasia, as well as mucous cell hyperplasia and
an extensive mucus secretion (Munday et al. 1990,
Nowak & Munday 1994, Zilberg & Munday 2000,
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Roberts & Powell 2003a). It has been previously sug-
gested that excessive branchial mucus impairs CO2

excretion, leading to respiratory acidosis and subse-
quent death in AGD affected fish (Powell et al. 2000).
The break-up and removal of mucus from the gills
seems to be an important function of freshwater
bathing as a treatment (Munday et al. 2001). Indeed,
freshwater bathing has been shown to significantly
decrease mucus viscosity of marine Atlantic salmon
(Roberts 2004). Thinner and more removable mucus is
thought to aid the significant lesion fragmentation and
shedding of AGD lesion-associated hyperplastic gill
tissue, as well as sloughing of gill-associated amoebae
in soft, freshwater-bathed fish (Roberts & Powell
2003b). 

Therapeutic mucolytic drugs have been extensively
used for the alleviation of respiratory diseases associ-
ated with excessive production and accumulation of
mucus in humans and domestic animals. N-acetyl-
cysteine (NAC) is a widely used mucolytic agent that
by virtue of its free sulfhydryl group reacts with and
ruptures the disulfide bridges of mucoproteins leading
to a decreased mucus viscosity (Walters et al. 1985,
Holdiness 1991, Houtmeyers et al. 1999). The NAC
analogue, L-cysteine ethyl ester (LCEE), was success-
fully tested as an in-feed additive to protect coho
salmon Oncorhynchus kisutch against the harmful
phytoplankter Chaetoceros concavicornis (Yang &
Albright 1994). C. concavicornis is a harmful marine
diatom that irritates the gills of fish leading to exces-
sive mucus production and accumulation, and sub-
sequent mortality (Yang & Albright 1992). LCEE has
apparently been tested as an in-feed mucolytic addi-
tive for AGD-affected Atlantic salmon without success
(as stated by Munday et al. 2001), although no experi-
mental design, method, or actual results were given. 

The aim of this study was to firstly assess whether
LCEE actively reduces the viscosity of marine
Atlantic salmon mucus, in vitro, and at what concen-
trations. The mucus layer between salmonid species
has been shown to significantly differ, and may hold
implications for treatments that target the mucus
layer (Roberts & Powell 2005a,b). We also aimed to
assess whether or not pre-feeding LCEE to marine
Atlantic salmon retards the development of patho-
logical gill lesions characteristic of AGD. In this study
we use counts of histological AGD lesions as the
measure of pathology. The presence of histological
AGD lesions forms the case definition for this disease
(B. Nowak pers. comm.). In laboratory infections it is
comparable to gross pathology, the commercial moni-
toring tool used in Tasmania (Zilberg et al. 2001,
Adams et al. 2004). We also aimed to document any
physiological disturbances in fish medicated with
LCEE.

MATERIALS AND METHODS

Fish. Atlantic salmon Salmo salar were obtained
from Springfield hatchery (Springfield Fisheries,
Springfield, Tasmania) as freshwater-adapted fish and
maintained in 4000 l closed recirculating freshwater
systems, each consisting of a fiberglass Rathburn tank
connected to a biofilter, at 15°C. Freshwater pH and
total ammonia were maintained at 6.9 to 7.2 and
<0.25 mg l–1 respectively. Prior to experimentation, fish
were acclimated to 32‰ 1 µm filtered seawater over
7 d and maintained in closed recirculating systems of
the same design with the addition of a foam fractiona-
tor. Seawater pH range, total ammonia and tempera-
ture were maintained at 7.7 to 8.2, < 0.25 mg l–1 and
15°C respectively. During non-experimental periods,
fish were fed to satiation daily with commercial salmon
pellets (Skretting). 

Experimental protocol. In vitro effect of LCEE on
mucus: Cutaneous mucus was non-lethally collected
(see ‘Mucus collection and viscosity’), and stored at
–80°C, from sea-caged Atlantic salmon, (Huon Aqua-
culture) of mean mass (±SE) 1.80 ± 0.15 kg, lightly
anaesthetised with clove oil (0.005%). These fish had
been in seawater (30 to 35‰) for more than 6 mo and
did not exhibit any clinical signs of AGD, although
they had a history of AGD infection and subsequent
freshwater bathing treatments. 

Mucus samples were thawed at room temperature,
briefly vortexed and centrifuged at 10 000 × g for 5 min.
The supernatant was collected and used for the in vitro
trial of LCEE. Two ml samples of mucus supernatant
had 20 µl of either deionised water (dH2O) (control) or
LCEE stock solution added to achieve final concentra-
tions of 0, 8, 12, 100 and 200 µg LCEE ml–1 mucus
(ppm). For each concentration of LCEE a control was
run at the same time. Treatment solutions, replicated 3
times, were incubated in a water bath at 17°C for 2 h.
The viscosity of solutions was subsequently measured
(see ‘Mucus collection and viscosity’). This procedure
was staggered so that solutions could be immediately
measured after their 2 h incubation time.

In vivo trial of LCEE as an in-feed additive: Sea-
water-acclimated Atlantic salmon, AGD-naïve, of
mean mass (±SE) 0.30 ± 0.01 kg and mean condition
index (±SE) 0.84 ± 0.01 were randomly allocated to
two 4000 l Rathburn tanks (73 fish each) for the med-
ication phase of this experiment. One group was fed
LCEE treated salmon pellets and the other control
salmon pellets (see ‘Medicated and control feed’)
over 2 wk. Fish were lethally sampled pre and post
the 2 wk medicated feed period. This type of experi-
mental design, using 1 tank per feeding treatment
during an initial medication phase has been used
before by Stone et al. (2000). After the 2 wk medica-
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tion period, 6 fish from each treatment were trans-
ferred to individual flux boxes to measure net [H+]
and total ammonia fluxes (see ‘Whole body ionic
flux’). A further 15 fish from each treatment were
marked intra-dermally on the ventral surface with
saturated alcian blue dye using a Panjet injector
(Hart & Pitcher 1969) to allow discrimination be-
tween treatment groups, and transferred to a single
established infection tank for AGD challenge by
cohabitation (Roberts & Powell 2005a,b). Briefly,
AGD had been maintained in this tank for several
months, with introduced fish exhibiting gross signs of
AGD within 3 d of cohabitation. The presence of
Neoparamoeba pemaquidensis, the putative agent of
AGD, was routinely confirmed using a modified indi-
rect fluorescent antibody test (Roberts & Powell
2003b), PCR (Wong et al. 2004), immunohistochem-
istry (Bridle et al. 2003) and by visually identifying
parasomes within isolated gill amoebae (Morrison et
al. 2004). All fish were fed to satiation daily with
non-medicated pellets, and further lethally sampled 3
and 5 d into their cohabitation with AGD-affected
fish. Lethal sampling in this experiment (n = 42)
entailed anaesthetising fish with clove oil (0.02%)
and subsequently collecting cutaneous mucus (see
‘Mucus collection and viscosity’), blood and gills.
Fish were bled from the caudal vessels using a
heparinised syringe (lithium heparin 100 IU ml–1,
Sigma) and the blood immediately measured for its
pH (see ‘Plasma and water analysis’). Blood was sub-
sequently centrifuged at 10 000 × g for 90 s and the
plasma immediately refrigerated (4°C) then frozen at
–20°C for further analysis (see ‘Plasma and water
analysis’). The second left gill arch was excised and
fixed in Davidson’s seawater fixative for at least 72 h,
then transferred to 70% ethanol for storage and later
histological examination. Gill samples were pro-
cessed, stained with haematoxylin and eosin (H&E)
and their pathology quantified (per cent of gill fila-
ments with an AGD lesion) according to the methods
of Roberts & Powell (2003a).

Medicated and control feed. Medicated feed was
prepared by coating commercial salmon pellets with
an LCEE and cod liver oil suspension such that the
final concentration was 8 g LCEE kg–1 pellets. This was
achieved by dissolving 8 g LCEE (LCEE hydrochloride,
ICN Biomedicals) in 5 ml dH2O and making the sus-
pension up to 20 ml with cod liver oil. The suspension
was then emulsified by vigorous shaking and evenly
coated, by mixing, onto 1 kg of pellets. Control feed
was 20 ml of 1:1 dH2O:cod liver oil suspension emulsi-
fied and coated onto 1 kg of pellets. Medicated and
control pellets were made daily and stored at 4°C. Fish
were fed twice daily by hand to determine the point of
satiation so as to achieve a maximum dosage with the

medicated feed and a recording of palatability for both
treatments. Satiation was defined as greater than 2
pellets settling on the bottom of the tank uneaten.
Daily feed consumption was measured in each tank by
counting the number of uneaten pellets and subtract-
ing the weight from the weight of pellets fed to the
tank. Over the 2 wk medicated feeding period, a daily
mean (±SE) dose of 52.7 ± 3.5 mg LCEE kg–1 fish d–1

was achieved.
Mucus collection and viscosity. Cutaneous mucus

was collected and its viscosity measured as per the
protocol of Roberts & Powell (2005a,b). Briefly, mucus
was collected by gently scraping the back of a sterile
scalpel blade over the body in a head-to-tail direction,
avoiding the anal area. Viscosity was measured in 1
ml aliquots with a cone-plate viscometer (cone angle
of 1.565°, model LVT-C/P 42, Brookfield Engineering
Laboratories) connected to a circulating water bath
(Thermoline) set at 17.0 ± 0.1°C. Sample and water
viscosities were measured over a range of shear rates
(11.5, 23, 46 and 115 s–1). In vitro treatment viscosity
measurements are documented as a proportion of
control mucus viscosity. In vivo viscosity measure-
ments are documented in respect to the viscosity of
water. The viscosity of water is 1 centipoise at 20°C
and only slightly dependant on temperature (Withers
1992).

Whole body ionic flux. Control (n = 6) and LCEE
(n = 6) fed marine Atlantic salmon, AGD-naïve, were
placed in individual closed black acrylic boxes to
determine whole body [H+] and total ammonia fluxes.
Each fish was lightly anaesthetized with 0.005% clove
oil before being placed in a flux box with flowing recir-
culating seawater (32‰, pH range = 7.9 to 8.0, total
ammonia <0.25 mg l–1 and 15°C) at a flow rate of 2.9 l
min–1 (air-saturated). Following a 24 h recovery period,
water flow to each flux box was stopped and fish were
exposed to static seawater (air-saturated by continuous
bubbling) for 3 h. Water pH was measured at time 0, 1,
2 and 3 h, and water samples were collected at time 0
and 3 h and immediately frozen at –20°C for later total
ammonia analysis. All fish were weighed and the flux
box water volume measured. Flux rates were calcu-
lated as:

Where [x]t0
is the concentration of the measured vari-

able at time 0, [x]t1
is the concentration at time 1, V is

the volume (l) of water in the flux box, Wt is the weight
of the fish (kg) and T is the time interval between t0

and t1 (h).
Plasma and water analysis. Blood plasma osmolality

was measured using a VAPRO® vapor pressure
osmometer (model 5520, WESCOR®). Total plasma

x x V

Wt T
t t[ ] [ ]( ) ×( )

×
0 1
–
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protein concentrations were determined using a com-
mercially available assay kit (Sigma). Total plasma and
water ammonia concentrations were determined using
the salicylate-hypochlorite method of Verdouw et al.
(1978). Plasma and water pH were measured using a
TPS 900-P pH-mV-temperature meter and Hanna (HI
1330) electrode.

Statistical analysis. Net total ammonia flux and pH
data were analysed using repeated measures ANOVA
and 2-tailed t-tests were employed to compare individ-
ual means to a hypothesized mean of zero. All other
data were analysed using either a 1- or 2-way ANOVA,
and where necessary followed by a Student-Newman-
Keuls post-hoc test to identify statistical differences
among treatment means. For 2-way ANOVAs that
identified a significant interaction as well as a signifi-
cant difference among treatments, both independent
variables were grouped together for the post-hoc test.
Homoscedasticity and normality of the data were
checked by both Levene’s test and by visually assess-
ing residual plots. Where necessary, square root (n + 1)
and log10(n + 10) transformations of data were em-
ployed to ensure homogeneity. In all cases, signifi-
cance was accepted for p < 0.05. Data analysis and
statistical testing were performed using SPSS 11.5 soft-
ware (SPSS). Values are given as mean ± standard
error (SE).

RESULTS

In vitro effect of LCEE on mucus

Mucus viscosity significantly decreased with in-
creasing concentration of LCEE for each shear rate
(F3, 25 = 33.21, p < 0.001 at 11.5 s–1) (Fig. 1). However,
the greatest effect of LCEE was seen at the lower shear
rates, where viscosity significantly decreased com-
pared to controls (F1, 25 = 17.15, p < 0.001 at 11.5 s–1) at
100 and 200 mg l–1 LCEE. The slope of the linear
regression for viscosity and LCEE concentration also
decreased due to increased shear rate (–0.0029 at
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11.5 s–1 compared to –0.0013 at 115 s–1), illustrating the
greater effect of LCEE at lower shear rates. The nega-
tive relationship that viscosity has with LCEE concen-
tration was best explained at 11.5 s–1 (R2 = 0.95) com-
pared to 115 s–1 (R2 = 0.53) (Fig. 1).

In vivo trial of LCEE as an in-feed additive

Pathology (% gill filaments with an AGD lesion) was
significantly delayed in LCEE-treated fish compared to
controls (F1, 22 = 16.42, p < 0.001), and significantly
increased in both groups over the 5 d infection period
(F1, 22 = 348.85, p < 0.001, Fig. 2). 

Palatability of medicated feed was approximately
65% of, and significantly less than, control feed (F1, 27 =
10.05, p < 0.01, Fig. 3). In addition, only the control fish
showed a significantly higher condition index post
2 wk feed period compared to the pre-feeding period
(0.97 ± 0.02 and 0.84 ± 0.01 respectively, F2, 44 = 6.15,
p < 0.01). No significant difference was seen between
pre- and post-feeding weights for either treatment
group. 

Cutaneous mucus viscosity was significantly lower in
LCEE-treated fish compared to controls at all shear
rates (F1,10 = 15.1, p < 0.01 at 11.5 s–1, Fig. 4). Viscosity
showed shear dependent behaviour, typical of non-
Newtonian fluids, where viscosity decreased with an
increase in shear rate. The greatest difference between
treatments was seen at the lowest shear rate (11.5 s–1). 

Net acid (H+) fluxes for both treatments were posi-
tive over a 3 h period, indicating whole body net acid
uptake (Fig. 5). The mean (µ) cumulative net flux for

LCEE-treated fish only was significantly positive (µ ≠ 0,
p < 0.05). However, both control and LCEE-treated fish
had significant positive net fluxes at 2 and 3 h (µ ≠ 0,
p < 0.05). A significant difference between treatments
(F1,10 = 5.79, p < 0.05) and over time (F2, 20 = 3.74, p <
0.05) was found. 

Net total ammonia fluxes over 3 h for both treat-
ments were significantly negative, indicating signifi-
cant whole body net total ammonia effluxes (µ ≠ 0, p <
0.05, Fig. 6). However, no significant difference was

found between control and LCEE-
treated fish (F1,11 = 4.38, p = 0.06).

Caudal blood pH post 2 wk feed
period was significantly lower in
LCEE-treated fish compared to con-
trols (F1,11 = 10.86, p < 0.01, Table 1).
However, 3 d after medicated feeding
ceased, no significant difference was
found between treatments.

Plasma total ammonia significantly
differed between treatments (F1, 47 =
4.17, p < 0.05) and over time (F3, 47 =
3.68, p < 0.05, Table 1). Post 2 wk feed
period, LCEE-treated fish had a signif-
icantly higher plasma total ammonia
concentration than controls (p < 0.05).
However, 3 d after medicated feeding
ceased, no significant difference was
found between treatments. 

No significant difference was found
between treatments for plasma pro-
tein or osmolality (p > 0.05, Table 1).
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DISCUSSION

In vitro, marine Atlantic salmon mucus was shown to
significantly decrease in viscosity at 100 and 200 mg l–1

LCEE after 2 h, where viscosity had a negative linear
relationship to LCEE concentration. Also, the greatest
difference in viscosity was seen at the lowest shear
rates. Previously, we also found that in salmonid mucus
the greatest differences in viscosity between treat-
ments were seen at the lowest shear rate, 11.5 s–1

(Roberts & Powell 2005a,b). In vivo, after oral adminis-
tration of LCEE over 2 wk at 52.7 mg LCEE kg–1 fish
d–1, marine Atlantic salmon mucus viscosity signifi-
cantly decreased compared to controls. NAC and its
analogue L-cysteine have both been previously shown
to significantly reduce the viscosity of human nasal
mucus in vitro by 31% of controls (Sheffner 1963).
Since Sheffner (1963) measured viscosity at 37°C and
shear rate was not mentioned, direct comparisons of
the results between studies cannot be made. NAC,
along with other cysteine compounds including LCEE,
possess a free sulfhydryl group that reacts with and
ruptures the disulfide bridges of mucoproteins leading
to a decreased mucus viscosity (Walters et al. 1985,
Holdiness 1991, Houtmeyers et al. 1999). When in-
gested by humans and canines, NAC has also been
shown to decrease the production and secretion of
mucus by mucous cells (Aylward et al. 1980, Martin et
al. 1980). This has been proposed to be a result of in-
creased glutathione synthesis (Cotgreave et al. 1987).

Subsequent to oral administration of LCEE over 2 wk
at 52.7 mg LCEE kg–1 fish d–1, AGD pathology was
significantly delayed compared to control fish during
an aggressive laboratory infection. After 3 d post-infec-

tion, medicated fish had approxi-
mately 50% less gill filaments affected
by histological AGD lesions compared
to control fish (18.5% compared to
37.3% of gill filaments affected by
AGD respectively). A significant differ-
ence between treatments in such an
aggressive laboratory infection holds
significant potential for the use of
LCEE in slower, less extreme infections
typical of field outbreaks of AGD.
Comparatively, field outbreaks of
clinical AGD on commercial salmon
farms exhibit much less severe in-
fection rates than laboratory-induced
infections. Roberts & Powell (2003b)
showed that AGD-affected fish in a
field experiment on a commercial
salmon farm had 5% of gill filaments
with an AGD lesion, which coincided
with a gross gill score that initiated

freshwater bathing. Fish returned to a similar level of
infection 8 wk post-bath. Also, Adams & Nowak (2003)
found AGD-affected fish from a commercial salmon
farm to have 10 to 20% of gill filaments with an AGD le-
sion 18 wk after first being introduced to estuarine/
marine sites from freshwater. Differences in infection
rates between laboratory and field situations occur due
to optimal conditions for AGD in the laboratory, where
no freshwater bathing treatment is administered, and
there is the potential for continuous infection of gills un-
der laboratory conditions because water is recirculated. 

Yang & Albright (1994) previously found that LCEE
protected coho salmon Oncorhynchus kisutch against
the harmful phytoplankter Chaetoceros concavicornis,
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possibly by the lower mucus viscosity, which was more
easily washed off the primary and secondary lamellae.
Indeed, in this study we found that LCEE significantly
reduced Atlantic salmon mucus viscosity and signifi-
cantly delayed the progression of AGD pathology.
Reducing the viscosity of the protective mucus barrier
of the host fish possibly reduced the attachment of
amoebae, thereby reducing the subsequent infection
rate. However, it cannot be ruled out that LCEE possi-
bly induces other changes to the mucus layer, such as
an altered mucus composition, leading to a less
favourable environment for amoebae attachment and
subsequent pathology. Previously, it was shown that
LCEE does not possess any amoebastatic or amoeboci-
dal properties at the in vivo concentration used in this
study (Roberts 2004). 

Palatability, measured as mean consumption rate, of
medicated feed over 2 wk was approximately 65% of
control feed. Consequently, control fish only signifi-
cantly increased in condition index, although margin-
ally, over the experimental period. The difference in
consumption rate was assumed not to significantly
affect blood and whole body flux measures, or the
AGD infection since the last 2 d of feeding prior to
infection were similar for both groups. Yang & Albright
(1994) tested LCEE as an in-feed additive for coho
salmon Oncorhynchus kisutch because it was appar-
ently odorless compared to other mucolytic cysteine
compounds. Reactive NAC, a molecule analogous to
LCEE, decomposes to acetate and cysteine with libera-
tion of hydrogen sulfide (Ziment 1978). During our
experiments, it was noted that when LCEE was mixed
in with commercial salmon pellets, an obnoxious egg
smell, characteristic of hydrogen sulfide, emanated
from the coated feed. This indicated a high reactivity of
LCEE to the pellets. The smell was exacerbated when
we initially attempted to mix LCEE in with gelatine to

coat the pellets. It was for these rea-
sons that we used cod liver oil to coat
LCEE onto pellets and medicated feed
was made daily to limit decomposition
of LCEE. 

No significant differences were
seen in plasma protein and osmolality
concentrations, suggesting no acute
osmoregulatory disturbance in LCEE
treated fish. However, blood pH and
net acid (H+) whole body fluxes indi-
cated that LCEE treated fish were
slightly acidotic compared to controls.
The net acid uptake seen in control
fish has similarly been documented
before in Atlantic salmon (Roberts &
Powell 2003a) and rainbow trout
(Powell & Perry 1998). Our values for

net acid uptake in control fish (0.05 µmol kg–1 h–1) are
similar to control fish in Roberts & Powell (2003a)
(0.14 µmol kg–1 h–1). In this study, we documented a
difference between treatments in caudal blood pH of
0.06. For a comparative value, Powell et al. (2000)
documented the difference in arterial blood pH
between AGD-affected and unaffected fish to be
between 1.5 and 2.0. Also, plasma total ammonia con-
centrations were elevated (to 0.177 mmol l–1) in
LCEE-treated fish after 2 wk of medication. Plasma
total ammonia in teleost fish varies between 0.05 and
1 mmol l–1 before toxicity starts to occur at 2 mmol l–1

(Wright 1995). However, 3 d after the cessation of
medicated feeding, blood pH and plasma total ammo-
nia showed a return in LCEE-treated fish to control
levels. One of the known metabolites of NAC is cys-
teic acid (Holdiness 1991), which along with the
increased plasma ammonium, could possibly be a
cause of a decreased blood pH in salmon that are fed
LCEE. The breakdown of mucoproteins by LCEE
would be expected to lead to an increase in ammonia
since this is the main end product of protein metabo-
lism in teleost fish (Wright 1995). A previous study by
Holdiness (1991) found that when NAC was adminis-
tered orally to humans biochemical and haemato-
logical effects were observed but were not clinically
relevant.

LCEE holds potential as an in-feed mucolytic drug
for the delay of AGD pathology when administered
over 2 wk at approximately 50 mg LCEE kg–1 fish d–1

prior to infection. From the physiological parameters
measured, LCEE seems to have minor physiological
consequences for medicated fish. The slight acidosis
and elevated plasma total ammonia concentrations in
medicated fish were within a tolerable physiological
range and were alleviated within 3 d of cessation of
medication.

27

Caudal blood Treatment
parameter Post feed AGD (3 d) AGD (5 d)

Control LCEE Control LCEE Control LCEE

pH 7.09 7.03 7.15 7.16 – –
(0.01) (0.02)** (0.02) (0.01)

TA (µmol l–1) 93.9 177.4 102.9 91.6 122.2 117.1
(15.6) (16.8)* (9.4) (6.8) (10.5) (6.1)

Protein (g l–1) 39.1 39.3 33.3 36.7 42.1 43.6
(2.1) (2.1) (1.6) (1.4) (3.2) (3.6)

Osmolality 338.8 344.1 345.3 349.5 350.0 349.3
(mOsmol kg–1) (3.1) (5.2) (3.6) (4.8) (3.5) (3.2)

Table 1. Salmo salar. Caudal blood pH (n = 12), plasma total ammonia (TA) (n =
48), plasma protein (n = 48), and plasma osmolality (n = 48) for control and
LCEE-treated Atlantic salmon post 2 wk experimental feeding and during AGD
challenge. Values are means ± SE. Asterisks indicate means significantly 

different between treatments; * p < 0.05, ** p < 0.01
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