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����,�� � ��)� ��4����- ������ )��'����� ��� ���� ����� �#� ��� ��) ���� �#�
��������������%%�� ���@�)1 ��#)�"�1) ����+��������,0�(��0� �'"%$
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 �� 
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�-��
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1���� �(�""�)(� ��4 ((����+*�GA*�IP��"�()��O,� - ��������������
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Norway (Isolates fromcurrent study)Tenacibaculum isolate-01(Salmo salar)

ChileTenacibaculum dicentrarchi strain Ch2402 (Salmo salar)

Norway (Isolates fromcurrent study)Tenacibaculum isolate-02 (Salmo salar)

Norway (Isolates fromcurrent study)Tenacibaculum isolate-03 (Salmo salar)

Norway (Isolates fromcurrent study)Tenacibaculum isolate-04 (Salmo salar)

Norway (Isolates fromcurrent study)Tenacibaculum isolate-06 (Salmo salar)

Norway (Isolates fromcurrent study)Tenacibaculum isolate-07 (Salmo salar)

Norway (Isolates fromcurrent study)Tenacibaculum isolate-08 (Salmo salar)

Norway (Isolates fromcurrent study)Tenacibaculum isolate-09 (Salmo salar)

Norway (Isolates fromcurrent study)Tenacibaculum isolate-10 (Salmo salar)

Norway (Isolates fromcurrent study)Tenacibaculum isolate-11(Salmo salar)

Norway (Isolates fromcurrent study)Tenacibaculum isolate-12 (Salmo salar)

ChileTenacibaculum dicentrarchi strain TdChD04 (Salmo salar)

NorwayTenacibaculum sp. TNO012 (Gadus mohua)

ChileTenacibaculum dicentrarchi strain TdChD01 (Salmo salar)

Tenacibaculumdicentrarchi isolates fromSpainTenacibaculum dicentrarchi strain USC 35-09 (Dicentrarchus labrax)

ChileTenacibaculum dicentrarchi strain TdChD05 (Salmo salar)

ChileTenacibaculum dicentrarchi strain TdChD03 (Salmo salar)

ChileTenacibaculum dicentrarchi strain TdChD02 (Salmo salar)

Norway (Isolates fromcurrent study)Tenacibaculum isolate-05 (Salmo salar)

ChileTenacibaculum dicentrarchi strain TdChD06 (Salmo salar)

Tenacibaculum sp. TNO011(Salmo salar)

Tenacibaculum sp. TNO010 (Salmo salar)
Norway

ChileTenacibaculum dicentrarchi strain AY7486TD (Salmo salar)

NorwayTenacibaculum sp. TNO008 (Salmo salar)

NorwayTenacibaculum sp. TNO009 (Salmo salar)

NorwayTenacibaculum sp. TNO002 (Salmo salar)

Tenacibaculum finnmarkense strain DSM 28541

NorwayTenacibaculum sp. TNO005 (Salmo salar)

Tenacibaculum sp. TNO007(Salmo salar)

Tenacibaculum sp. TNO006 (Salmo salar)

Tenacibaculum sp. TNO004 (Salmo salar)

Tenacibaculum sp. TNO003 (Salmo salar)

Tenacibaculum sp. TNO001(Salmo salar)

Norway

Tenacibaculum ovolyticum DSM 18103

Tenacibaculum ovolyticum strain EKD 002
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Abstract

Aims: Disease in farmed Atlantic salmon occurs in all its life stages. Salmon

are particularly vulnerable to infectious diseases at transition from the

freshwater stage to the saltwater stage. Our aim in these studies reported was

to investigate the possibility that waterborne delivery of a probiotic comprised

of naturally occurring marine bacterial species would reduce the mortality and

improve the health and growth of farmed Atlantic salmon.

Methods and results: In three trials at two aquaculture production sites in

Norway, isolates of Aliivibrio bacteria were added to the rearing water of

Atlantic salmon. The fish were followed in 4–6 months after one single bath

with observations and samplings. Growth, ulcers and survival were recorded.

At the end of the studies growth was up to 31% larger in the probiotic

enhanced groups and in trial 1 both mortality and prevalence of ulcer were

significantly lower in the probiotic enhanced group compared to the control.

Feed conversion rates were recorded in trial 1 and 2 and were from 9 to 28%

better for the probiotic enhanced groups compared to the control groups.

Conclusion: Bathing of Atlantic salmon with probiotic Aliivibrio strains

increased growth, reduced mortality and improved FCR in the postsmolt

period.

Significance and Impact of the Study: The study demonstrates the potential to

enhance growth, prevent ulcers and decrease mortality in Atlantic salmon after

adding probiotic strains of Aliivibrio spp. into the rearing water. The study can

have impact on animal welfare, economy and sustainability in the aquaculture

industry.

Introduction

Since commercial fish farming started around 1970 in

Norway, farming of Atlantic salmon (Salmo salar) has

grown to be one of the most important industries.

The number of smolt put to sea in cages annually in

Norway increased from 82�9 to 341�3 million from 1994

to 2018 (Norwegian Directorate of Fisheries). In the

same period, the sale of slaughtered Atlantic salmon has

increased from 204 686 metric tons round weight to

1 281 872 metric tons. The value of slaughtered Atlantic

salmon has increased even more in the same period,

due to a rising sales price per kg, from 5644 to 64 583

million NOK (Norwegian Fisheries Directorate). The

production cost increased from 18�6 NOK per kg in

2008 to 30�7 NOK per kg in 2017 (Norwegian Direc-

torate of Fisheries), and in the same period the eco-

nomic feed conversion rate (eFCR) ranged between 1�21

and 1�35 (Norwegian Directorate of Fisheries). The year

of 2017 was the second worst with an average eFCR at

1�32.

Efficient vaccination protocols were developed against

cold water vibriosis (Lillehaug 1990) and furunculosis

(Lillehaug et al. 1992), and the prevalence of these
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diseases has been very low in Norway since the mid

1990s (Hjeltnes et al. 2018).

Most salmon in commercial Norwegian farms have

been vaccinated with oil-based injection vaccines against

Aeromonas salmonicida ssp salmonicida, Aliivibrio (Vibrio)

salmonicida and Vibrio anguillarum since the mid-1990s.

It is also common to vaccinate against Moritella viscosa

(winter ulcer disease) and infectious pancreas necrosis

virus. Vaccination against Salmonid Alphavirus has been

performed in endemic areas, and vaccination against Yer-

sinia r€uckeri has been used to mitigate increasing disease

problems with enteric red mouth disease in hatcheries in

certain regions of the coast. Preliminary trials with vacci-

nation against Tenacibaculum finnmarkense are also

reported (Sm�age et al. 2018). However, since the effective

introduction of vaccines against bacterial infections in

farmed salmonids in the 1980s and early 1990s better-

ment in survival has been nearly absent.

Despite continuous efforts to improve fish health, fish

welfare and sustainability of the farming, the mortality,

production cost and feed conversion rate (FCR) in Nor-

wegian Atlantic salmon aquaculture production has not

improved the last 20 years.

In the period from 1994 to 2018, annually accumulated

losses from sea transfer to harvest ranged from 11�2%

(1994) to 23�1% (2003). During the last 4 years the losses

have varied between 15�8% (2018) and 17�8% (2016)

(Norwegian Directorate of Fisheries). Epidemic bacterial

and viral diseases have been important constraints to fur-

ther growth of salmon production in all salmon produc-

ing countries (Asche et al. 2013). In Norway, high

mortalities were associated with outbreaks of infectious

salmon anaemia (Thorud and Djupvik 1988), cold water

vibriosis (Egidius et al. 1986) and furunculosis (Grave

and Brun 2016) prior to the mid-1990s.

There is no nationwide database of specific mortality

causes. The few available reports and publications of

mortality data, (Aunsmo et al. 2008; Bleie and Skrudland

2014; Takle et al. 2015) do not provide comparable data

sets. In the annual reports from the Norwegian Veteri-

nary Institute (NVI) and Institute for Marine Research

(IMR), viral pathogens such as Salmon Alphavirus, infec-

tious Salmon Anemia Virus (ISAV), Piscine Reovirus and

Piscine Myocarditis Virus are listed as important causes

of death. Other mortality causes are failed smolt, ulcers

and fin rot and trauma connected to the different proce-

dures involved in sea lice treatments (Grefsrud et al.

2018, Hjeltnes et al. 2019).

Ulcers and severe fin rot in farmed salmon during on-

growth in sea cages is associated with several bacterial

pathogens, as M. viscosa, Tenacibaculum spp. and various

Vibrio and Aliivibrio infections (Egidius et al. 1986; Lun-

der et al. 1995; Frans et al. 2011; Olsen et al. 2011;

Karlsen et al. 2014; Sm�age et al. 2016; Klakegg et al.

2019). These bacterial infections with subsequent chronic

ulcerative conditions lead not only to mortality, but also

to impaired fish welfare to the survivors. Healed skin

lesions is also an important cause of downgrading of har-

vested fish (Takle et al. 2015). Ulcers are responsible for

more than 2�5% of salmon deaths during on-growth in

sea-water, and also for more than 2�5% of the salmon

being downgraded at the harvesting plant (Takle et al.

2015).

In addition to mortality and visible lesions, such bacte-

rial infections also have a negative impact on metabolism

and growth rates, induced by reduced appetite and

increased metabolism caused by increased immune activ-

ity. Infections also cause stress and stress response faced

with the acute challenge. Released catecholamines increase

the heart rate and the cardiac output, providing more

energy while less vital body functions as growth, repro-

duction and digestion are downregulated (Madaro et al.

2015; Vindas et al. 2016).

Probiotics are defined as live micro-organisms that

confer several beneficial effects to the host, traditionally

used as feed or feed additives to enhance the intestinal

microbial balance (Balcazar et al. 2006). The first minor

use of probiotics in aquaculture was done more than

30 years ago (Kozasa 1986). Competitive exclusion of

other and less beneficial bacteria and immunomodulation

of the host have been suggested as possible modes of

action. Besides reduced growth of, or impact by, patho-

genic bacteria, improved growth rates and feed conver-

sion ratios are described as positive outcomes of

probiotic applications (Merrifield et al. 2010; Martinez

Cruz et al. 2012; Mohapatra et al. 2013; Banerjee and Ray

2017). The whole-body surface of fish (skin, gills and

gut) is covered by a mucosal surface, in contrast to mam-

mals where the gut mucosa is the principal target of pro-

biotic application. In trials with Aliivibrio salmonicida, it

has been shown that bacteria are taken up through the

skin and are detected in the blood only minutes after

application of bacteria to the rearing water (Kashulin and

Sørum 2014). Application of probiotic bacteria by bath

exposes all of the mucosal surfaces of fish including the

skin to the probiotic bacteria, and a positive effect would

not be limited to passing through and surviving the gut

environment as is the case when application is through

the feed. Thus, in fish there is a possibility that enhanced

microbial balance could affect a wider range of immuno-

logical, physiological and metabolic processes. Although

adding probiotic into feed is the most common way of

application, bath treatments have also been tested with a

wider range of both Gram positive and Gram negative

bacteria (Newaj-Fyzul and Austin 2015). The observation

that bacteria is taken up via intact skin in addition to the
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gut system or gills, makes the introduction of probiotic

bacteria to the fish much simpler. The fish receive the

probiotic bacteria without eating and the bacteria do not

need to be processed into feed and do not have to sur-

vive through the acidic stomach.

Probiotic bacteria have been applied to a variety of fish

species. Several bacteria have been considered as candi-

dates for use as probiotics also for Atlantic salmon,

among them being: Carnobacterium inhibens, Carnobac-

terium divergens, Lactobacillus delbrueckii, Pseudomonas

fluorescens and Vibrio alginolyticus (Austin et al. 1995;

Gram et al. 1999; Irianto and Austin 2003; Ringø et al.

2007, Salinas et al. 2008).

Farmed lumpfish were bathed in probiotic Aliivibrio

bacteria with promising results (Klakegg et al. 2020).

The main aim of this study was to examine the effect

on growth, ulcer development, survival and feed conver-

sion ratio in Atlantic salmon by bath applications with

one, two or three different strains of Aliivibrio spp. and

to examine if these potential effects depend on the con-

centration of the probiotic bacteria added to the rearing

water.

Materials and Methods

This study was conducted as three individual trials with

similar methods but different concentrations, duration of

application and mixes of bacteria (Table 1). The rationale

for the first trial to be conducted was to find alternative

or complementary solutions to lessen the aquaculture

site‘s large problems with prevalence of ulcers in vacci-

nated fish, probably caused by pathogenic bacteria as M.

viscosa and Aliivibrio wodanis, and to test a reasoned

hypothesis that adding probiotic bacteria to the rearing

water would diminish the problem.

Material

Atlantic salmon

The Atlantic salmon in each one of the three trials were

from the same batch, but their origin, strain and vaccine

status varied between each trial (Table 1). The salmon

had not been exposed to seawater before the time of

application of probiotic bacteria. The salmon in trial 3

were pit-tagged with 12 mm RFID, itag 162 and the pit-

tagging was done under benzocaine (Benzoak Vet. Anes-

thesia) (30 mg l�1)). Pit tags used were ISO 11784 and

11785 approved, and IEC 8-2-6/29 tested. Pit tags were

used as recommended from dealer, BTS-ID. Pit tags were

injected with a N125 needle, 12 days and more before

start of trial.

Prior to application of the probiotic bacteria and entry

into the trial, the general health status of the fish

population was assessed and screened for known diseases.

Only fish groups of good health status and with no

known diseases were entered into the trials. The fish in

trial 1 and 2 were followed by a veterinary health certifi-

cate and the fish in trial 3 were under surveillance by a

fish health manager.

Bacteria

In trial 1, 2 and 3 combinations of Aliivibrio sp.,Vl1,

NCIMB 42593 isolated from the mandibulum of farmed

Atlantic salmon, Aliivibrio sp., Vl2, NCIMB 42592 iso-

lated from the head kidney of farmed Atlantic salmon,

and Aliivibrio sp., Vl3, NCIMB 42594 also isolated from

the head kidney of farmed Atlantic salmon were applied.

The bacteria are included in Patent Application PCT/

EP2017/067169.

The bacteria were primarily cultivated on blood agar

plate (OXOID, CM0271, blood agar base No. 2, with 5%

bovine blood and 2�5% (w/v) NaCl at 10°C for 2–4 days.

Then plated secondary in monoculture with the same

type of blood agar plates and cultured at 10°C for 2–

4 days. Later the cultivated monocultures were suspended

in freeze broth (Luria–Bertani broth with 2�5% NaCl and

glycerol 20%) and stored at �80°C.

Water, tanks, feed and time of bacterial enhancement

Tank volumes, feeding, disinfection of water and the

water temperature in the trial were according to Table 2.

In trial 1 and 2 feed was weighed. Water temperature was

steady during the trials, and the average retention time of

the water in each tank was 45–60 min. In trial 3, the

individually PIT-tagged fish in each of the eight groups

were housed separately in 180-liter tanks for 26 days after

probiotic enhancement, then they were stocked together

into one large tank (4 m3).

In trial 1 and 2, the bacterial enhancement was done

the day the salmon met seawater for the first time. In

trial 3, the bacterial enhancement was performed 57 days

before transfer to seawater. Seawater was added to obtain

a salinity of approximately 15 ppt 57 days after the pro-

biotic bath, and salinity was then increased to >25 ppt

18 days later.

No side effects during probiotic enhancement were

noticed. After adding probiotic bacteria, the visual

impression of fish behaviour was that the fish schooled

homogenously with no sign of stress, like erratic swim-

ming, jumping or sudden burst of speed.

Methods

Cultivating probiotic bacteria

The probiotic cultures were made by inoculating the bac-

teria from the stock of frozen culture broth on blood
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agar plate (OXOID, CM0271, blood agar base No. 2, with

5% bovine blood and 2�5% (w/v) NaCl) incubated at

12°C for 2–4 days. From the blood agar plates the bacte-

ria were inoculated and cultivated further in liquid broth

(Luria–Bertani broth with 2�5% NaCl) at 12°C for 2–

4 days with shaking at 220 rev min�1, by adding fresh

liquid broth stepwise. The bacteria could be cultivated as

monocultures and distributed to the rearing water

directly from monoculture-broth or the bacteria were cul-

tivated together during the last passage of cultivation and

then distributed as multi (two or three) culture-broths to

the rearing water. At the application times, samples were

taken from the bacterial culture and diluted (102, 104,

106) in phosphate buffered saline (2�5%) phosphate buf-

fered saline (PBS), and 100 μl was spread with an L-

spreader on blood agar plates at 12°C. Colony forming

units (CFU) were counted, usually after 2 days. The

number of CFU at harvest was around 3 9 109 CFU

per ml.

Bathing procedures

In trials 1 and 2, the fish were pumped directly into

150 m3 circular tanks indoors, containing 500–1000 l of

seawater to protect the fish against trauma while they

Table 1 Overview over the trials

Trial

Weight

start W0 (g) Vaccine status

Smolt producer

and strain

Bacterial

strains Concentration

Duration of

treatment (min)

Number of sal-

mon at start

1. 110 Pentium Forte Plus and an autogenic

Red Mouth Disease vaccine

Nordheim,

Aure

Mowi

Vl1, Vl2

and Vl3

1/360 60 4200

Control 4200

2. 88 AJ Micro Belsvika,

Hemne

Salmobreed

Control 4000

Vl 3 1/464 60 4000

Vl1, Vl2

and Vl3

1/325 60 4000

Vl1 and

Vl2

1/448 60 4000

3. 55 Nonvaccinated Sørsmolt,

Sannidal

Mowi

Vl1 and

Vl2

1/100 30 100

Vl1 and

Vl2

1/600 30 100

Vl1 and

Vl2

1/1000 30 100

Vl2 and

Vl3

1/100 30 100

Vl2 and

Vl3

1/600 30 100

Vl2 and

Vl3

1/1000 30 100

Control 200

Table 2 Tank volume, feeding, disinfections, type of water and water temperature in the trials

Trial

Tank

volume

(m3)

Different group in

same or separate

tanks Feed Water disinfection

Temperature

(Co)

Seawater or freshwater after

treatment

1. 150 Separate Skretting

Spirit,

Automatic

UV, 120–140 mW cm�1 14 Seawater

2. 150 Separate Skretting

Spirit,

Automatic

UV, 120–140 mW cm�2 14 Seawater

3. 0�18*

and 4

Separate first then

same

Handfed UV, but probably inadequate due

to lack of filtration of water

before UV-treatment

8 100% freshwater the first 57 days,

then gradually in 30 days more

seawater until 100%†

*The fish were kept in small tanks for 26 days after treatment, then pooled into one larger tank.
†Due to an outbreak of Moritella viscosa the fish were treated with freshwater for a few days.

Journal of Applied Microbiology 129, 146--160 © 2020 The Society for Applied Microbiology 149

Ø. Klakegg et al. Enhanced growth and decreased mortality in Atlantic salmon (Salmo salar)



were pumped into the tanks. After the fish and the

accompanying fresh water from the shipping were trans-

ferred, more seawater was added to a salinity of approxi-

mately 25 ppt. The enhancement volumes in the different

tanks varied from 8�6 to 13 m3. During the process, 24–

40 l of probiotic cultures were added to the tanks, with

effective dilutions from 1/325 to 1/464 (Table 1, Fig. 1).

When combined, all the bacterial strains were in a 0�5:0�5

or 0�33:0�33:0�33 volume ratio. Sixty minutes after adding

the bacteria to the tanks, the water flow was returned.

During the bathing operation, the water was oxygenated

and maintained at 80–100% saturation. The control fish

received no probiotic bacteria and no placebo and were

pumped directly into the final rearing units containing

about 75 m3 of seawater.

In trial 3, the water level (freshwater) of the tanks was

lowered to 90 l, then 89 l of sea water was added, and

the probiotic culture was added (0�18, 0�3 or 1�8 l). In

the tank with the control group there was added 0�9 L of

PBS. After 30 min, the water (freshwater) was turned on

again. During the bathing, the water was oxygenated and

maintained at 90–100% saturation.

Trial 3 was a blinded trial. The salmon and tanks were

randomly selected for the treatment and people not

involved in the daily managing of fish or analysis of the

data performed the dip or bath applications.

Anaesthesia and euthanasia

Before weighing and scoring in trials and pit-tagging in

trial 3, the salmon were anesthetized in a benzocaine bath

(30 mg l�1) (Benzoak�).

Before external scoring, weighing and necropsy in trial

1 and 2 and necropsy and end of trial in trial 3, the sal-

mon were euthanized by an overdose of benzocaine.

(300 mg l�1).

Assessment of growth, ulcers, mortality and FCRs

The mortalities in all trials were reported daily.

At the end of trial 1, we used a circular (d 100 cm)

net to catch 150 salmon from each tank. The net was

lowered to the bottom of the tank and pulled up as

quickly as possible by hand after about 1 min. The cap-

tured salmon were weighed (�1 g) and ulcers were regis-

tered. Seven days before the end of trial 1, 42 salmon

from the bacteria enhanced tank and 37 salmon from the

control tank were sampled by the same procedure and

weighed.

The procedure was repeated at the end of trial 2, with

a sample size of 59–61 salmon from each tank. The ulcers

in trial 2 were scored in four categories: 0 = no ulcers;

1 = small, superficial ulcers not penetrating epidermis, no

haemorrhage; 2 = larger ulcers, penetrating epidermis,

sign of haemorrhage, 3 = severe ulcer penetrating muscle

layer, haemorrhage or necrosis. In addition, fork length

was measured (�0.5 cm).

The feeding in trial 1 and 2 was automatic, with

rations determined by a combination of a feeding table

and observed appetite. All the feed fed to the fish was

weighed.

In trial 3 feed rations were determined from observed

appetite during the last trial period, after mixing all fish

into one tank.

Isolation of bacteria from fish

From trials 1 and 2, we cultivated bacteria from the ulcers,

lesions and head kidneys of 10 salmon from each tank at

each sampling point. From all observed ulcers, samples

were inoculated on 2�5% blood agar and marine agar (Dif-

coTM Marine Agar 2216) and incubated at 12°C. Samples

from head kidney were inoculated on blood agar only.

In trial 3 samples were only taken from dead fish.

Antibodies against M. viscosa in trial 3

Blood sampling was performed 20 weeks postprobiotic

application from 10 fish from each treated group and five

Figure 1 Application of Aliivibrio spp. into a 150 m3 tank in trial 2.

Photo Henning Sørum. [Colour table can be viewed at wileyonlinelibrary.

com]
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fish from the control group. After euthanasia by a benzo-

caine overdose, blood was collected from the caudal vein

into heparinized vacutainer tubes. The plasma was sepa-

rated by centrifugation and stored at �20°C until further

analysis.

Antibody quantification by an enzyme-linked

immunosorbent assay (ELISA) was performed as

described earlier with minor modifications (Løvoll et al.

2009). Moritella viscosa cells were cultured in Luria Broth

(2�5% salt) and washed three times in PBS. The resus-

pended pellet was kept on ice while being sonicated at

least for 10 min. After protein determination the soni-

cated solution was used for coating the wells, 100 μl per

well (5 μg protein ml�1) in 0�05 mol l�1 carbonate buf-

fer (pH 9�6) and incubated overnight at two dilutions at

4°C, 1 : 50 and 1/100 with the positive and negative con-

trol sera at the same dilution.

After overnight incubation, the initial sample and ref-

erence incubation was followed by a monoclonal anti-

body against rainbow trout immunoglobulin, clone 4C10,

that is known to cross-react with Atlantic salmon Ig. The

internal positive plasma control used on all plates, was

produced from a pool of fish immunized with a whole

formalin inactivated M. viscosa strain. The absorbance

was read spectrophotometrically at 450 nm and the mean

absorbance of duplicate wells was used. The results were

expressed as the ratio (Rel OD) between the absorbance

of the sample wells relative to positive control pool at the

same dilution (1/50 is reported).

Statistics and formulas

Calculations of mean, SD, SE, upper and lower 95% con-

fidential interval of the mean and probabilities based on

t-tests and Fisher‘s exact test, were all conducted in JMP�

(JMP�, ver. (Pro 14). SAS Institute, Cary, NC, 1989–

2019).

The prevalence of ulcers in the two groups in trial 1

was first tested with a chi-squared test where observed

counts and expected counts were compared to assess the

probability of an effect of group (control/test) on the

outcome variable. Then we compared the ulcer preva-

lence with a logistic regression model with ulcer as a

dichotomous outcome variable (0/1), group as a dichoto-

mous predictor variable (control/test) and weight (g) as a

continuous predictor variable.

In trial 2 we did a box-plot of weight, length and con-

dition factors (CFs) or all tanks at both sample points

(22�1, and 15�3). Four outliers were removed, one from

A2 and three from A3. Then we compared weight, length

and CF between the tanks at each of the two sampling

points with a mixed linear regression model (ML) with

test group as fixed predictor variable and tank as random

predictor variable.

CF was calculated as: CF = 100�(WL�3).

Specific growth rate (SGR) was calculated as:

SGR = 100 9 (ln (W1)�ln( W0))/(t1 � t0) where W1

and W0 are weights on days t1 and t0 respectively.

Feed conversion rate: FCR = The total weight of feed

is divided by the net production (final weight minus

starting weight of biomasses).

Results

Trial 1

The mean weight of the 42 probiotic bacterially enhanced

salmon sampled 7 days before the end of the trial were

46% heavier than the mean weight of the 37 salmon from

the control tank, 551 g vs 376 g (P < 0�01).

At the end of the trial, 122 days after the transfer to

the postsmolt site, 150 fish from each tank were sampled

by net, anaesthetized, weighed and assessed for ulcers.

The probiotic bacterially enhanced (probiotic) group was

31% heavier (Table 3, Figs 2 and 3) and 47% fewer fish

in the probiotic group had ulcers (Table 4). The weight

was significantly higher and the number of ulcers was sig-

nificantly lower in the probiotic groups (P < 0�01). The

total number of dead fish in the two groups during the

trial was 140 (3�3%) in the enhanced group and 188

(4�5%) in the control.

In the final logistic regression model, there was a sig-

nificant increase of ulcer risk in the control group

(P < 0�001), but no significant change in risk of ulcers

across the observed weight intervals (P = 0�79).

The probiotic fish had a feed conversion ratio that was

28% better than the control fish (Table 5). SGR was 1�52

in the probiotic group and 1�30 in the control group

(Table 5).

Trial 2

At the weight sampling on day 71, the probiotic fish were

15–22% larger than the control fish and at the weight

sampling on day 125 they were 11–25% larger (Table 6,

Fig. 4). Probiotic fish were significantly larger than the

control group on both measuring dates (P < 0�01). CF in

the control group at sample 1 was lower than the bacte-

rial enhanced groups, but with no significant difference

at the end of the trial (Table 6, Fig. 5) The group treated

with Vl3 had the highest measured CF at end of the trial.

The different tanks were fed approximately equally

until day 71. Then the feeding was adjusted after weigh-

ing of the fish. The FCR in groups bathed in probiotic

bacteria was 9–16% better than in the control groups at

end of the trial (day 125) (Table 5) and the SGR in the
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probiotic enhanced groups were 5–11% larger than in the

control group.

There was low mortality in trial 2, between 0�60 and

0�65% in the different groups, and few fish with ulcers in

the trial, between 0 and 1�7% in the different groups.

Trial 3

These fish were affected by an outbreak of disease caused

by M. viscosa few days after the salinity was raised to 25

ppt. For animal welfare reasons, the water supply to the

tanks was switched to freshwater for 1 week, 8 weeks after

the rise to 25 ppt, to heal the ulcers caused byM. viscosa.

At the end of the trial, there were no significant differ-

ences between the mean weights of the different treat-

ments (Table 3).

The mortality varied between the groups from 21% in

group B (1/100 strain Vl1 and Vl2) to 44% in group F

(1/600 strains Vl2 and Vl3). The 1/100 groups, both B

(strain Vl1 and Vl2) (P < 0�01) and H (strains Vl2 and

Vl3) (P < 0�05), had significantly less mortality than the

pooled control (Table 7).

The anti-M. viscosa response measured as the antibody

level against M. viscosa was inversely proportional to the

concentration of the probiotic bath and thus to mortality

and level of infection in the trial and not correlated to

protection. The mean of the level of antibody measured

by the relative OD was not significantly different between

the groups but means differ from 0�37 in the 1/100 group

to 0�67 in the control group (Fig. 6).

Discussion

Our results, particularly in trial 1 and 2 performed under

close-to-field conditions, indicate that a single bath intro-

duction of one or more of the three Aliivibrio spp. strains

resulted in a higher growth rate in the salmon in the

postsmolt phase that is, the first 3-4 months after sea

transfer. The differently probiotic bacterially enhanced

groups were from 11 to 31% larger than their respective

controls 4 months after sea transfer.

This occurred despite the fact that the probiotic bacte-

ria enhanced groups were subject to handling and inter-

mediate storage during the bathing in a static water

volume at higher density compared to the control groups

at sea transfer, which has been shown to result in an

increase in the stress hormones as cortisol and cate-

cholamines (Tort 2011).

FCRs (Trials 1,2) improved in the probiotic enhanced

groups. In trial 1, the FCR was as low as 0�73, which is

very good compared to an industry average FCR around

1�0 and is probably quite close to the limit of the poten-

tial of the farmed Atlantic salmon today. In 2015, the

best site in Norway had an FCR of 0�67 according to the

Norwegian Directorate of Fisheries profitability survey of

the production of Atlantic salmon (Norwegian Direc-

torate of Fisheries). We are not aware of other studies

reporting an improved FCR in farmed fish after probiotic

bath or dip application. However, our results are similar

to previous reports where lower FCRs and higher protein

efficiency rates were observed after dietary supplementa-

tion of probiotics, for instance with Bacillus spp. given to

Caspian salmon (Aftabgard et al. 2018).

In trial 3, both groups bacterially enhanced with 1/100

concentration had significantly (P < 0�05) lower mortality

than the pooled controls. The mechanism behind the

probiotic protection against the disease is not clear.

Plasma concentrations of antibodies against M. viscosa

from survivors in trial 3 were inversely proportional to

the concentration of bacteria in the probiotic bath. This

indicates that the probiotic protection against mortality

from disease caused by M. viscosa is not based on an

increased activity in the humoral immune defence. This

is in contrast to other studies for instance with immu-

nization of Atlantic salmon with experimental vaccine for

protection against M. viscosa, where a positive correlation

between survival rates and median antibody levels at

challenge times was found (Guz 2003). Another study

indicated that M. viscosa might have escape mechanisms

Table 3 Weight at end of trial 1 and 3

Trial Cage N0 N1 W0

W1

Mean SD1 t-Test2

1 A3 control 4200 149 110 534 146

A4 strain Vl1,

Vl2 and Vl3

4200 150 110 700 172 P < 0�001

3 A 1/1000

Strain Vl1 and

Vl2

100 67 55 312�1 92 —

B 1/100 Strain

Vl1 and Vl2

100 73 55 320�5 91 —

C 1/600 Strain

Vl1 and Vl2

100 63 55 319�8 102 —

D Control 100 67 55 307�5 101

E 1/1000

Strain Vl2 and

Vl3

100 56 55 305�9 75 —

F 1/600 Strain

Vl2 and Vl3

100 51 55 323�6 10 —

G Control 100 55 55 309�3 83

H 1/100 Strain

Vl2 and Vl3

100 69 55 297�7 81 —

N0 = number of fish stocked in each cage at start, W0, W1,

N1 = sample size end, W0 = start weight, W1 = final weight,

SD1 = Standard deviation of the mean, t-test if weight in each treat-

ment group are larger than control in that trial; —, No significant dif-

ference (P > 0�05).
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Figure 2 Fish sampling from trial 1 sampled 7 days before the end of trial. The Aliivibrio enhanced group are the row to the right, the control

group the row to the left. The Aliivibro enhanced group was significantly larger (P < 0�01). Photo Henning Sørum. [Colour table can be viewed at

wileyonlinelibrary.com]
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Figure 3 Weight distribution of fish at the end in trial 1. Number of fish at x-axis and weight at y-axis. [Colour table can be viewed at wiley

onlinelibrary.com]
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to evade the salmon immune system, this because the

expression of the immune genes analysed in that study did

not reveal increased expression until 7 days post challenge

with M. viscosa (Løvoll et al. 2009). We suggest that the

probiotic Aliivibrio spp. displace, dissuade or outcompete

the M. viscosa before M. viscosa triggered the humoral

immune system as has been reported as a mechanism of

probiotic protective activity regarding other bacteria (Ibra-

hem 2015). Antibody response in Atlantic salmon has also

been shown to correlate with the antigen dose from A.

salmonicida ssp salmonicida (Romstad et al. 2013). In our

trial, the antibody response in Atlantic salmon correlates

with the degree of infection with M. viscosa, and since the

degree of infection was lower in 1/100 bacterial enhanced

groups it indicates that the probiotic Aliivibrio spp. some-

how combat M. viscosa before M. viscosa triggered the

humoral immune system. This would be particularly

important in diseases with bacteria that have mechanisms

to avoid the host immune response.

The results of trial 3 indicate that we should use a vol-

ume relation between the fermentation culture of bacteria

and water larger than 1/600 or more than 5 9 106 CFU

bacteria ml�1 water when bathing the fish to get positive

Table 4 Ulcer prevalence and mortality in trials 1 and 2 at the end

of trials

Trial Cage N Nw

Ulcer

prevalence

Mortality

(n)

Mortality

(%)

1 A3 control 150 87 58�0 188 4�5

A4 strain Vl1,

Vl2 and Vl3

150 46 30�7* 140* 3�3

2 A1 control 60 1 1�7 24 0�60

A2 strain Vl3 61 1 1�6 26 0�65

A3 strain Vl1,

Vl2 and Vl3

61 1 1�6 24 0�60

A4 strain Vl1,

and Vl2

59 0 0�0 24 0�60

N = sample size, Nw = number of fish with wounds, Mortality =

number of fish died during the trial, except sample fish.

*Significantly better than the control (P < 0�05) Fisher‘s exact test.

–>Feed conversion rate (FCR) and specific growth ratio (SGR) in
trials 1 and 2

Trial Cage N0 Wdiff t Feed

Net

5production Mortality FCR SGR

1 A3 control 4200 424 122 1735 1701 188 1�02 1�30

A4 strain Vl1,

Vl2 and Vl3

4200 590 122 1752 2395 140 0�73 1�52

2 A1 control 4000 551 136 2360 2123 241 + 1232 1�11 1�46

A2 strain Vl3 4000 675 136 2620 2601 26 + 120 1�01 1�59

A3 strain Vl1,

Vl2 and Vl3

4000 624 136 2407 2384 24 + 155 1�01 1�54

A4 strain Vl1

and Vl2

4000 708 136 2546 2729 24 + 121 0�93 1�62

N0 = number of fish stocked in each cage at start, Wdiff = final weight (g)-start weight (g),

t = number of days between start and end of the trial, Feed = kg feed given, Net produc-

tion = total biomass increase from start to end, FCR = Feed conversion rate, Mortality = Num-

ber of dead fish (2 = sampling and accident (A3) at transfer).

Table 5 Feed conversion rate (FCR) and

specific growth ratio (SGR) in trials 1 and 2

Table 6 Weights, lengths and CF in trial 2 at sampling day 71 (sample 1) and day 125 (sample 2). A2-4, is A2, A3 and A4 pooled.

Group Tank

Sample 1 Sample 2

Weight (g) Length CF Weight (g) Length CF

n Mean SD Mean SD Mean SD n Mean SD Mean SD Mean SD

Control test A1 63 271 50 30�5 2�0 0�94 0�06 60 639 122 35�5 2�0 1�39 0�14

A2 59 326 60 31�5 1�5 1�01 0�07 60 763 158 37�0 3�0 1�48 0�13

A3 58 312 66 31�5 2�0 1�01 0�07 60 712 132 38�0 2�5 1�30 0�09

A4 62 331 69 31�5 2�0 1�02 0�08 59 796 172 39�0 2�5 1�31 0�08

A2-4 179 323 65 31�5 2�0 1�01 0�07 179 757 758 38�0 2�5 1�36 0�13
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effects. In trial 3, mortality rates were higher in the 1/600

concentration groups (both strains) than in the control

groups. The relation between added culture of bacteria

and water is not the only important factor. In trial 1 and

2, which gave the best results, we had a concentration

between 1/325 and 1/464, much lower concentration than

the 1/100 concentration we used in trial 3. In lumpfish

bathed with the same bacteria (NCIMB 42592, NCIMB

42593) growth and survival was better when the lumpfish

were bathed in a concentration of 2 9 107 CFU Aliivi-

brio spp ml�1 rearing water, while no positive effect was

seen when the lumpfish bathed in a concentration of

7.5 9 105 CFU Aliivibrio ml�1 rearing water (Klakegg

et al. 2020). It is likely that the probiotic bacteria con-

tribute overall to the improved survival and growth of

the Atlantic salmon, however, the contributive physiolog-

ical effects on growth may have to do with metabolic cost

of the infectious pressure as well as the bacterial concen-

tration. Other factors like which species and the number

of other bacteria that exist in the rearing water are most

likely involved in this complex interplay, and what kind

of challenges the fish meet may be of different impor-

tance from trial to trial depending on facility and water.

The physiological status of the fish will also have an

impact.

The smoltification process of the Atlantic salmon

downregulates many immune genes involving different

systems of the immune apparatus, among them, cytoki-

nes, signal transducers, antigen presentation, humoral

and cellular innate immunity and T-cells (Johansson

et al. 2016). It is also known that the number of mucus

cells in the epidermis decrease to about 50% in connec-

tion with smoltification (O‘Byrne-Ring et al. 2003). Sal-

mon breeders also experience that the smolt often lose
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Figure 4 Weight distribution of fish at the end in trial 2. The test group is combined of data from all three tanks that were bacterial enhanced.

Number of fish at x-axis and weight at y-axis. [Colour table can be viewed at wileyonlinelibrary.com]
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many scales, and they often say that the ‘scales are loose’

in connection to the smoltification process. The transfer

to the new saltwater environment presents as a risk in

that the fish meet several new potential pathogens and

while the immune system is downregulated with stress,

the scales are loose and the mucus cells become fewer.

Mortality, partly caused by infections has a peak inci-

dence after sea transfer (Grefsrud et al.2018). The salmon

appear to be more susceptible to bacterial invasion in

that vulnerable period of life. Through long evolution it

is unlikely that a downregulation of the immune system

at this period would have been selected for if it was nega-

tive to the salmon life cycle. It is likely that the salmon

makes itself more responsive for introduction of new

bacteria it meets in the saltwater. Changes to the bacterial

microbiome at this critical transition have been reported

(Lokesh and Kiron 2016; Dehler et al. 2017). The impor-

tance of the bacterial microbiome to the salmon, and

probably other fish, is much more profound than we

know today.

Many of the bacterial species dominating the two habi-

tats that Atlantic salmon migrate between, that is, fresh-

water and seawater, are taxonomically different, and the

bacterial microbiome in saltwater and freshwater in

Atlantic salmon is reported as clearly different (Llewellyn

et al. 2016; Lokesh and Kiron 2016; Dehler et al. 2017).

The Aliivibrio spp. we were bathing the fish with were

originally cultivated from marine adapted salmon in sea-

water and we have shown that a purposeful and prepara-

tory introduction of these bacteria have improved

survival and growth.

The reason why we bathed the fish prior to transfer

to seawater in trial 3 was a pilot trial that indicated bet-

ter results regarding growth and survival when the fish

was bathed prior to seawater transfer, compared with

bathing at the time of transfer (data not shown), per-

haps giving time for the probiotic bacteria to firmly

establish as a part of the host microbiome. This sup-

ports the theory that establishment of a new bacterial

microbiome is important to the salmon for the period

of transition to seawater. When we give beneficial mar-

ine bacteria to the fish before they meet the potential

pathogenic bacteria in the sea water, the fish will possi-

bly be better equipped to contend with those pathogens.

Still we saw less effect on growth in trial 3 bathed prior

to transfer to seawater compared to trial 1 and 2 bathed

at transfer to seawater. One reason could be that the

time of nearly 2 months from application to transfer,

reduced the proportion of the acquired marine Aliivibrio

spp. to some extent before transferring to seawater. We

think the Atlantic salmon have some probiotic marine

bacteria, working best at seawater and other bacteria

working best at the freshwater stage. An optimal time

for seeding with probiotic bacteria to improve outcomes

of the freshwater to marine environment transition is

the subject of ongoing studies.

When we compare the three different strains of bacte-

ria, it is shown that all three strains had positive effects

on the fish. In trials 2 and 3 where we bathed with differ-

ent strains, the bath with Vl1 and Vl2 performed best,

regarding both growth and mortality. However, the

results are not conclusive. When bathed with Vl3 alone

in trial 2, the concentration was reduced compared to the

other bath, and concentration matters (Hai 2015). The

trials indicate that the strain effect is less than the effect

of the overall concentration of the probiotic bacteria. An

unexpected result was the calculation of CFs in trial 2,

Table 7 Mortality trial 3

Cage N Nd Na

A 1/1000 strain Vl1 and Vl2 100 31 69

B 1/100 strain Vl1 and Vl2 100 21 78*

C 1/600 strain Vl1 and Vl2 100 32 65

D Control 100 29 69

E 1/1000 strain Vl2 and Vl3 100 39 59

F 1/600 strain Vl2 and Vl3 100 44 54

G Control 100 38 60

H 1/100 strain Vl2 and Vl3 100 24 73*

Pooled 1/100 versus pooled control 200 45 151

Nd, Total number of dead fish. (Except 15 fish which died most prob-

ably after overdose of benzocaine after weighing. Also except nine

fish that were dead, but did not have a pit-tag.) Na: total number of

survivors.
*Significant (P < 0�05 Fisher’s exact test) better survival vs pooled con-

trol.
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Figure 6 Variation and median antibody response (OD rel 1 : 50)

against Moritella viscosa in fish bathed in probiotic Aliivibrio spp 1/

100, 1/600 1/1000 and control. Each measurement is marked as: •.

The mean was 0�372 for the 1/100 concentration, 0�456 for the 1/

600 concentration, 0�590 for the 1/1000 concentration and 0�673 for

the control. [Colour table can be viewed at wileyonlinelibrary.com]
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that revealed that the fish in tank 3 and 4 from the first

measurement at day 71 to the last measurement at day

125 grew fast but had a relatively lower CF than both the

control and the Vl3 fish. Could it be that the bacteria Vl1

and Vl2 somehow made the fish to grow fast in length at

that time of life, for later gain relatively more weight?

This is speculative, but we know that bacteria in other

species can affect anatomic development as reported of

another Aliivibrio, Aliivibrio fischeri, that seems to influ-

ence the development of lens formation of the bobtail

squid (Euprymna scolopes; Backhed 2019; Moriano-

Gutierrez et al. 2019). In trial 1, where the fish in the

probiotic group were 31% larger and had significant

fewer ulcers than the control fish were bathed with all

three Aliivibrio spp. In both trial 1 and 2 the fish in tank

A4 was largest at end of the trials. The reason could be

that there was some tank effect, but the site has not rec-

ognized this neither in fish groups before nor later in the

same tanks. The control tank was not the same in trial 1

and 2 which also diminish the risk of tank effect.

Traditionally probiotics have mainly been associated

with feed supplements and to act via the gastrointestinal

tract (Merrifield et al. 2010; Nayak 2010).

There are some earlier reports from trials in which pro-

biotic bacteria were added to the rearing water (Austin

et al. 1995; Apun-Molina 2009). An intact mucus and skin

in fish has earlier been considered as almost impenetrable

for bacteria and the uptake of bacteria via the intact skin

was considered as less important. However, in experiments

bacteria quickly enter the fish and detected in the blood

even when the bacteria are not exposed to the gills, mouth

or gut (Kashulin and Sørum 2014). We have seen the same

immediate uptake into Atlantic salmon of the three probi-

otic Aliivibrio employed in this study. After dipping the

salmon in a bacterial bath, cultivating of the probiotic Ali-

ivibrio strains was done from blood samples drawn 1 min

after dipping (data not shown).

In a study, healthy lumpfish farmed as cleaner fish

for controlling sea lice infestation in farmed Atlantic sal-

mon were bathed with two (NCIMB 42592 and NCIMB

42593) of the three aliivibrio isolates used in the trials

of this study. The probiotic exposed lumpfish had fewer

ulcers and decreased mortality after a natural outbreak

of disease caused by M. viscosa compared to the control

groups. The growth also tended to be better in the pro-

biotic enhanced groups (Klakegg et al. 2020).

Bath or dip application simplifies the application mode

for probiotic bacteria. With administration to the rearing

water, all mucosal surfaces are exposed to the probiotic

bacteria. It is our hypothesis that the skin is one of the

major routes of entry for the bacteria into the fish. After

introduction, we speculate that cells of the innate

immune system respond differently to the presence of

probiotic bacteria with different cell signalling mecha-

nisms and this leads to the retention and persistence of

desirable or friendly bacteria. This will be the subject of

future studies.

The intimate interactions between different bacteria in

fish as in other species have been described and several

ways of mechanism of actions are suggested that is, com-

petitive exclusion of pathogenic micro-organisms, as a

source of nutrients and enzymatic contribution to diges-

tion, a way of improving the water quality, enhancement

of the immune response or an antiviral effect (Merrifield

et al. 2010; Martinez Cruz et al. 2012; Banerjee and Ray

2017).

In order to act positively on the fish, the probiotic bac-

teria should be recognized by the fish as harmless

(Lazado and Caipang 2014). A possible mechanism could

be that probiotic bacteria are recognized as non-patho-

genic by the germline encoded pathogen pattern recogni-

tion receptors (PRRs) and that a cascade effect after

contact with the PRRs will decide if the probiotic will

result in symbiotic coexistence or if the fish will try to

fight against the bacteria by exerting antibacterial effects

(Lazado and Caipang 2014). This has so far been studied

in the intestine. The bacterial extracellular communica-

tions with other bacteria with small molecules, the quo-

rum sensing, provide a mechanism for bacteria to

modulate their gene expression relative to other nearby

bacteria (Camilli and Bassler 2006). Moritella viscosa and

Aliivibrio wodanis are both pathogens and both often

coexist in ulcers and internal organs in Atlantic salmon.

It has been shown that that the presence of A. wodanis

has an inhibiting effect on M. viscosa. (Hjerde et al.

2015). The probiotic Aliivibrio spp. used in these trials

are phylogenetically close to A. wodanis (data not shown).

It has been postulated earlier that the inhibiting effect of

these Aliivibrio spp against M. viscosa could be the same

as A. wodanis‘ inhibiting mechanisms towards M. viscosa

(Klakegg et al. 2020). Many bacteria have inhibiting

effects on other bacteria and some probably also promot-

ing effects (Verschuere et al. 2000; Balcazar et al. 2006;

Dimitroglou et al. 2011; Mohapatra et al. 2013; Akhter

et al. 2015; Banerjee and Ray 2017). Until now, most

researchers in the field believe that the inhibiting and

promoting effects among bacteria are happening at

mucosal surfaces, that is, skin, gut epithelium or gills.

However, if bacteria are able to migrate through intact

skin and into the blood in the fish (Kashulin and Sørum

2014), the modulating system of the holobiome is proba-

bly much more complex than we currently understand.

The documentation of immediate transfer of A.

salmonicida across the skin of salmon to the blood vessels

(Kashulin and Sørum 2014) and the unpublished obser-

vation that the three probiotic Aliivibrio isolates used in
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this study are able to cross the skin is potentially funda-

mental to understand the results of the trials reported

here. The physiological changes occurring in the smoltifi-

cation process of Atlantic salmon just before meeting the

marine water microbiome makes it interesting to specu-

late if the smolt is preparing for meeting and accepting

the marine bacteria in the new environment. Aliivibrio

bacteria are isolated from many different marine animal

species for instance lumpfish which also harbour the

same aliivibrio bacteria used as probiotic isolates in this

study. These three independent observations mentioned

make it natural to speculate that the interaction between

bacteria and the fish host including salmon is much more

wide, intimate and profound than what is accepted

today.

The introduction of Aliivibrio spp. as a waterborne

bath exposure to Atlantic salmon improved growth rates,

with lower feed consumption rate, reduced mortality

rates, reduced prevalence of ulcers and the ability to resist

bacterial diseases better. We think that the probiotic bac-

teria act by inhibiting other bacteria, as indicated by the

reduced level of infection and through reduced level of

antibodies against M. viscosa. In addition there seems to

be a potential probiotic effect on growth and FCRs by a

direct effect on feed utilization.

In conclusion, bathing or dipping Atlantic salmon with

probiotic Aliivibrio spp. indicated increased growth,

improved FCR and reduced mortality and number of

ulcers for a prolonged period after transfer to seawater.
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