
J Fish Dis. 2023;00:1–11.    | 1wileyonlinelibrary.com/journal/jfd

Received: 20 September 2022  | Revised: 19 December 2022  | Accepted: 20 December 2022

DOI: 10.1111/jfd.13750  

R E S E A R C H  A R T I C L E

Screening and activity of potential gastrointestinal probiotic 
lactic acid bacteria against Yersinia ruckeri O1b

Muhamad Amin1,2  |   Mark B. Adams1 |   Christopher M. Burke1 |   Christopher J. S. Bolch1

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Journal of Fish Diseases published by John Wiley & Sons Ltd.

1Institute for Marine and Antarctic 
Studies (IMAS), Launceston, University of 
Tasmania, Tasmania, Australia
2Department of Aquaculture, Faculty 
of Fisheries and Marine, Universitas 
Airlangga, Surabaya, Indonesia

Correspondence
Muhamad Amin, Faculty of Fisheries 
and Marine, Universitas Airlangga, Jl. 
Mulyosari, Surabaya 60113 Indonesia.
Email: muhamad.amin@fpk.unair.ac.id

Funding information
Institute for Marine and Antarctic 
Studies (IMAS) Launceston, University of 
Tasmania,

Abstract
Yersiniosis of cultured Atlantic salmon is a recurrent fish health management chal-
lenge in many continents. The causative organism, Yersinia ruckeri, can reside latently 
in the gut and lead to acute infection and disease during hatchery and sea- transfer 
stages. One potential prevention approach is the administration of probiotic bacte-
ria to suppress gut colonization of Y. ruckeri. Our study aimed to isolate and identify 
anti- Yersinia activity among lactic acid bacteria (LAB) isolated from the gastrointes-
tinal tract (GIT) of aquatic animals. Of the 186 aquatic GIT isolates examined, three 
strains showed diffusible antimicrobial activity towards Y. ruckeri O1b. Analysis of 16 s 
rRNA gene sequences indicated the three bacterial strains were Enterococci, related 
to Enterococcus sp. (99%), Enterococcus thailandicus (99%), and Enterococcus durans 
(99%). Anti- Yersinia activity was maintained at neutral pH (~6.5– 7.0), and in- vitro en-
vironmental tolerance assays showed the three strains could withstand simulated sal-
monids gastrointestinal tract conditions of: low pH (3.4) and 3% bile salt content. All 
three Enterococci strains showed higher adhesion to the intestinal mucus of Atlantic 
salmon than Y. ruckeri O1b (E. durans 24%, E. enterococcus sp. 25% and E. thailandicus 
98%, compared to Y. ruckeri O1b 5%). However, only Enterococcus sp. and E. thailandi-
cus were able to grow in the salmon intestinal mucus broth while E. durans showed no 
growth. Anti- Yersinia activity was completely inactivated by proteinase- K treatment, 
suggesting that the active compound/s are proteinaceous and may be bacteriocin- like 
inhibitory substances (BLIS). Our data indicate that Enterococcus sp. MA176 and E. 
thailandicus MA122 are potential probionts for the prevention of yersiniosis in salmo-
nids. Further in- vivo studies are required to determine whether these bacteria reduce 
the incidence of yersiniosis in Atlantic salmon.

K E Y W O R D S
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1  |  INTRODUC TION

Commercial production of Atlantic Salmon (Salmo salar L) is the most 
valuable aquaculture contributor to the sector in Australia. Although 
infection rate of diseases was relatively low compared to the north-
ern hemisphere, investigation of complimentary prophylactic strate-
gies to prevent acute outbreaks of Yersiniosis is warranted. Yersiniosis 
is a common term for a disease caused by Yersinia ruckeri (Carson 
et al., 2008; Costa et al., 2011; Ghosh et al., 2016). In Australia, yersin-
iosis was firstly reported in a farmed rainbow trout (Oncorhynchus 
mykiss) in Victoria in 1963 (Bullock et al., 1977). Later, the disease 
infected farmed Atlantic salmon in Tasmania in 1987 and caused 
mortality in a Salmon hatchery (Barnes et al., 2016). Davies (1990) 
confirmed that the bacterial strain which infects Atlantic salmon in 
Australia was Yersinia ruckeri serotype O1. The bacterial pathogen 
is a facultative intracellular bacterium, capable of surviving inside 
macrophages (Ryckaert et al., 2010). Up to 25% of salmonid fish are 
asymptomatic carriers of Y. ruckeri in their intestinal tract (Busch 
& Lingg, 1975), but in the face of environmental stress including 
high water temperature, infection can rapidly manifest as a disease 
(Ghosh et al., 2016). Y. ruckeri can also infect all freshwater life stages 
of Atlantic salmon from larvae to smolt, although acute infections 
but typically affect younger fish (Barnes et al., 2016). Given its ca-
pacity to asymptomatically infect a wide range of salmon lifecycle 
stages, Y. ruckeri can be difficult to eliminate from the culture envi-
ronment without suitable biosecurity, optimal husbandry and envi-
ronmental controls.

Carson and Wilson (2009) described that the clinical signs of 
Yersnia- infected juvenile salmonid fish were an increase in mortali-
ties, swimming near the surface, moving sluggishly, a marked unilat-
eral or bilateral exophthalmos, and haemorrhagic congestion at the 
base of the pectoral and pelvic fins. The disease can be transmit-
ted vertically from brood fish to its progeny, and horizontally from 
an asymptomatic carrier or infected fish to healthy fish through 
rearing water (Ghosh et al., 2016). Infection routes of Y. ruckeri 
include the gill lamellae (Guijarro et al., 2018), skin and intestine 
(Tobback et al., 2009). Among these routes, the intestine appears 
to be the most common and difficult to treat (Tobback et al., 2009). 
Khimmakthong et al. (2013) confirmed that Y. ruckeri was first de-
tected in the intestine of trout in as little as 1 min after an infection 
challenge. Thereafter, the bacterial cells were found in the kidney 
and the distal portion of the gastrointestinal tract from which they 
were excreted to the water column. Cells may then live in the intes-
tine of an asymptomatic carrier until favourable growth conditions 
present.

Several approaches have been tried to prevent infection of Y. 
ruckeri in the northern hemisphere, including vaccination. The first 
vaccine of Y. ruckeri serotype O1 in Tasmania was introduced in the 
late 1990s with the development of monovalent Yerinivac- B (Barnes 
et al., 2016). Then, a bivalent vaccine was developed in 2007 by the 
inclusion of a Tasmanian enzootic isolate (Barnes et al., 2016). The 
approach was reported to elevate immune responses and the sur-
vival rate of the experimental animals towards Y. ruckeri infection. 

However, a more virulent variant of Y. ruckeri serotype O1b was 
found in a hatchery- reared Atlantic salmon in 2012, and this variant 
has not since recurred (Barnes et al., 2016). The pathogen was evolv-
ing continuously, and when a new strain emerged, the efficacy of the 
previous vaccine was reduced. Kumar et al. (2015) explained that the 
occurrence of a new serotype may limit vaccine efficacy. In addition, 
even though the vaccination has managed to protect fish to certain 
degrees against yersiniosis, it has been argued that the previous ap-
proach was unable to prevent the establishment of asymptomatic 
carriers within surviving populations of Tasmanian Atlantic salmon 
(Ghosh et al., 2016; Tobback et al., 2007; Zainathan, 2012). Thus, 
new prevention methods are urgently required to prevent or limit 
infection and reduce economic losses for salmonid production.

Probiotics have been used to prevent or treat bacterial dis-
eases in many aquatic animals including fish, shrimps and shellfish, 
as reviewed by Hoseinifar et al. (2018). The probiotic approach has 
gained considerable interest as an environmentally and welfare- 
friendly application for cultured fish. Among potential antimicro-
bial probionts, lactic acid bacteria (LAB) are generally regarded as 
safe (GRAS) (Ringø et al., 2020), and are part of the normal micro-
flora in the intestine of Atlantic salmon (Alonso et al., 2019; Amin 
et al., 2016; Iorizzo et al., 2021; Ringø et al., 2000). Few studies 
have also documented the capacity of lactic acid bacterial mem-
bers to protect cultured fish from bacterial pathogens. Santibañez 
et al. (2021), for instance, reported that Lactococcus lactis protected 
Rainbow trout (Oncorhynchus mykiss) from Lactocossis. Similarly, 
Fečkaninová et al. (2019) reported that lactic acid bacterial consor-
tia (Lactobacillus plantarum, Lactobacillus fermentum and Lactobacillus 
brevis) had antagonistic activity towards salmonid pathogens in-
cluding Aeromonas salmonicida subsp. salmonicida and Yersinia ruck-
eri. These studies may suggest that yersiniosis can be prevented or 
treated using anti- Yersinia LAB. Thus, this study aimed to isolate and 
characterize probiotic LABs with anti- yersinia activity from the gas-
trointestinal tract of aquatic animals that may be suitable candidates 
for the prevention of yersiniosis in salmonids.

2  |  MATERIAL S AND METHODS

2.1  |  Preparation of crude extracellular product

A total of 186 LAB previously isolated from the gastrointestinal tract 
of 135 teleosts and molluscs collected around Tasmania, Australia, 
were used in this study (Amin et al., 2016; Amin et al., 2020). 
Phenotypically, all tested LAB isolates were confirmed Gram- positive 
(Figure 1), Catalase- negative, Oxidase- negative, and able to ferment 
glucose without CO2 production. Each LAB isolate was firstly sub- 
cultured in 10 ml MRS broth, and incubated at room temperature 
(~22°C) anaerobically for 24 h in an aerobic jar (Oxoid Hp0011a 
Anaerobic Jar 35 L) with an anaerobic sachet (Thermo Scientific™ 
Oxoid™ AnaeroGen™ Compact Sachet). Subsequently, the su-
pernatant containing extracellular products (ECP) was harvested 
by centrifugation at 5,000g for 15 min at 4°C using an Eppendorf 
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    |  3AMIN et al.

Centrifuge 5810R. The ECP was collected in plastic tubes, and the 
pH was adjusted to 6.5 using 1 M sodium hydroxide (NaOH) to nul-
lify the antimicrobial activity of acetic acids. Thereafter, the ECP was 
filtered through a 0.22 μm filter Millex Syringe Filter (Millipore) and 
stored in a freezer (~4°C) until further use (Amin et al., 2020).

2.2  |  Preparation of Yersinia ruckeri O1b inoculum

The preparation of the target pathogen was performed according 
to a protocol previously described by Amin et al. (2020) with a slight 
modification. In brief, a pathogenic strain (TCFB 2282) of Y. ruckeri 
O1b was obtained from the collection of Fish Health Laboratory, 
Institute for Marine and Antarctic Studies (IMAS), Launceston, 
University of Tasmania. The strain was originally isolated from a 
mass mortality event at a Tasmanian hatchery in 2007. The isolate 
was sub- cultured in 5 ml Muller- Hinton broth (CM0405, Oxoid) and 
incubated at 15°C for 12 h. The culture was centrifuged at 13,000g 
for 60 sec at 4°C. The supernatant was taken out, and cells were 
washed with phosphate- buffered saline (PBS, pH 7.2), and diluted in 
0.85% natural saline solution (NSS). Cell concentration was adjusted 
at ~0.15 optical density (OD) at 600 nm (~1.0 × 106 CFU ml−1) with a 
spectrophotometer (Libra S6 + Visible Spectrophotometers).

2.3  |  Screening for anti- Yersinia activity

The screening assay was performed using an agar well- diffusion 
assay as previously described by Valgas et al. (2007). In brief, 100 μl of 
Y. ruckeri O1b (OD600nm: 0.15 equal to~ 1.0 × 106 CFU ml−1) inoculum 
was uniformly spread over the entire Muller- Hinton agar (CM0337 
Oxoid) surface using a sterile Trigalsky spatel PS 152 × 38 mm 
(37003002) and air- dried at room temperature (~22°C) for 5 min. 

Subsequently, 6 mm- diameter duplicate wells were punctured on 
the agar plate using the base of a sterile pipette tip, into which 10 μl 
of ECP from each LAB isolate. The plate was then incubated aerobi-
cally at room temperature (20°C) for 24 h, and any clearance zone 
around the wells was measured in mm. Only those isolates which 
had a clearance zone diameter > 10 mm were considered to have an-
tagonistic activity and selected for further study.

2.4  |  Susceptibility to proteinase K

The extracellular product (ECP) of each LAB strain having anti- 
Yersinia activity was treated with proteinase K according to a modi-
fied protocol of Abrams et al. (2011). Briefly, the ECP was mixed with 
proteinase- K (Tritirachium, Sigma- Aldrich) at a final concentration of 
1 mg ml−1 and incubated for 1 h at 37°C. Thereafter, the enzyme ac-
tivity was inactivated by heating at 100°C for 3 min. Subsequently, 
the remaining anti- yersinia activity was evaluated using an agar- well 
diffusion assay.

2.5  |  Tolerance to simulated salmon 
gastrointestinal tract conditions

The ability of each anti- Yersinia LAB isolate to tolerate conditions in 
the salmon gastrointestinal tract was evaluated according to a pro-
tocol previously described in Amin (2018) with some modifications. 
In brief, each LAB isolate was cultured for 18 h at room temperature 
(~22°C) (OD600:0.15) and passed through environmental conditions 
simulating the gastrointestinal tract of salmon. Times of passage 
were 3 h in simulated stomach conditions and 4 h in the simulated 
intestinal condition, which are equal to the retention time of feed 
and environmental conditions in the salmon intestinal tracts. The 

F I G U R E  1  Cell morphology of three 
LAB isolates producing anti- Yersinia 
activity. (a) LAB MA122, (b) LAB MA126, 
and (c) LAB MA176.
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4  |    AMIN et al.

simulated stomach condition consisted of 3 mg ml−1 of pepsin plus 
0.85% of the normal saline solution with pH adjusted to 3.5. While 
the simulated intestinal condition was composed of 125 mM NaCl, 
7 mM KCl, 45 mM NaHCO3, 3 g L−1 bile salts, and 3 g L−1 trypsin, with 
pH adjusted to 7.4. The tolerance was investigated by measuring 
the total viable count (TVC, standard dilution plate methods) before 
passage through the simulation and after exposure to the simulated 
conditions. The TVC value in both the simulated stomach and intes-
tinal condition was presented in Log 10.

2.6  |  Adhesive capacity

The LAB isolates showing anti- Yersinia activity (>10 mm inhibition 
zone) were further examined for adhesive activity. The ability of anti- 
yersinia LAB (AY_LAB) to attach to intestinal mucus was determined 
as previously described by Amin et al. (2016). A healthy Atlantic 
salmon was obtained from Aquaculture Centre (IMAS, Launceston) 
and the intestine was excised, dissected longitudinally and rinsed 
with 10 mM PBS buffer (pH 7.2). The killing procedure of the fish 
was performed according to a project (Animal Ethics Approval Code: 
A00012135). The intestinal mucus from the inner surface of the in-
testine was scraped with a sterile spatula, placed inside a tube and 
centrifuged at 10,000g for 30 min at 4°C. The supernatant was col-
lected and diluted in sterile PBS buffer (1:9), and filtered sterilized 
through a 0.22 um Isopore filter (Millipore USA). Subsequently, each 
well of a sterile 96- well microplate (96- Well Microtiter™ Microplates, 
Thermo Scientific™) was filled with 150 μl sterile salmon intestinal 
mucus and left overnight at 4°C to bind to the plate surface. All wells 
were then rinsed with sterile PBS to remove unbound mucus. Then, 
100 μl freshly cultured LAB isolate (~1.0 × 108 CFU ml−1) was added 
to each of the six wells. The same concentration of Y. ruckeri culture 
was also added to six wells as a positive control, and 100 μl sterile 
PBS was added to another six wells as a negative control. After 1 h 

of incubation at room temperature (~22°C), the bacterial solution 
tested LAB isolates, Y. ruckeri in the positive control, and PBS in the 
negative control were pipetted out, rinsed with new sterile PBS to 
remove non- adherent bacteria. Afterwards, the 96- well plate was 
dried in an oven at 60°C for 20 min to fix the remaining bacteria. 
Then, 200 μl crystal violet was added to each well, followed by in-
cubation at room temperature for 45 min. The wells were washed 
with sterile PBS to remove the excess stain by washing with 100 μl 
of 20 mM acetate buffer, pH 4.3. The adhesion rate was measured 
as optical density at 600 nm wavelength, and the percentage of bac-
terial cells attached to the intestinal mucus was calculated using a 
formula previously described by Amin et al. (2016):

in which:
AC = Adhesion capacity (%)
Actrl = The absorbance values of only stained intestinal mucus 

as the control
A0 = The absorbance value of tested LAB (108− CFU ml−1)
A1 = The absorbance values of LAB attached to the intestinal 

mucus.

2.7  |  Growth in salmon intestinal mucus

The ability of selected LAB to utilize the intestinal mucus for growth 
was determined as previously described by Amin et al. (2016). 
Briefly, each tested LAB isolate was cultured aerobically at room 
temperature (~22°C) for 24 h, and cells were harvested, washed with 
PBS and adjusted to OD600nm: 0.6. Then, 10 μl of each LAB broth was 
inoculated in 2.5 ml of mucus broth and incubated at 22°C in 6 wells 
as replicates per LAB isolate. Four wells with mucus only were also 

AC =

(

A1 − Actrl

)

A0

x 100

F I G U R E  2  Screening processes 
of endogenous bacteria for probiotic 
properties in the simulated environmental 
conditions of gastrointestinal tracts; 
tolerance to low pH in the stomach, 
bile salt content in the intestinal tract, 
adhesive activity and growth in the 
intestinal mucus of Atlantic salmon.
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    |  5AMIN et al.

used as a control. The absorbance of the culture medium was meas-
ured at a 600- nm wavelength (OD600nm) every hour for 48 h using 
a Tecan Infinite 200 Pro plate reader to determine the growth rate 
of each LAB. All these assay procedures are presented in Figure 2.

2.8  |  DNA sequencing and strain identification

Anti- yersinia LAB (AY- LAB) were identified using a colony PCR approach 
as previously described by Amin (2018). A single colony of fresh AY- LAB 
was picked up with a sterile loop and washed in 100 μl of sterilized dis-
tilled water (dH2O). Subsequently, 2 μl of each AY- LAB isolate was used 
as a template and added to a 30 μl PCR master mix consisting of 4.0 μl of 
5x buffer HF buffer, 2 μl MgCl2, 2.0 μl of 10 μM dNTP, 2.0 μl of 10 μM 
forward primer (27F), 2.0 μl of 10 μM reverse primer (1492R) (Sharma 
et al., 2012), 0.3 μl of 4 U/μl Taq polymerase (201,203, QIAGEN, and 
17 μl of H2O). The thermocycling program was: initial denaturation for 
10 min at 95°C, 35 cycles of denaturation at 94°C for 15 sec, hybridiza-
tion at 50°C for 1 min, elongation at 72°C for 1 min, post- elongation 
at 72°C for 10 min, and cooling down at 10°C for 3 min. The quality of 
PCR products was measured by electrophoresis on a 1% agarose gel, 
stained with GelRED™ (Biotium, USA), and visualized under UV light. 
Thereafter, the 16 S rRNA gene amplicons were purified with UltraClean 
PCR Clean- up kit (MoBIO, USA) according to the manufacturer's pro-
tocol. The DNA yield and purity were determined using a Qubit™ DNA 
fluorometer (Invitrogen, USA). Purified DNA fragments were sequenced 
using Dye- terminator sequencing with the amplification primers (27F & 
1492R) at the Australian Genome Research Facility (AGRF). Sequences 
were corrected by visual inspection, and poor- quality or noisy signal 
was removed from the analysis, and the remaining corrected sequences 
were compared to published bacterial rRNA gene sequences on the 
GenBank database using the BLAST- n search algorithm (National Centre 
for Biotechnology Information, NCBI).

2.9  |  Phylogenetic analyses

A phylogenetic tree of LAB bacterial 16 S rDNA sequences was con-
structed using Genious software (Biomatters, NZ; v5.3.1). Sequence 
similarity to published 16 S rDNA sequences was determined using 
BLASTn searches (NCBI; https://blast.ncbi.nlm.nih.gov/Blast.cgi.) 
Selected search returns were downloaded, aligned with candidate 
AY- LAB sequences using the ClustalW2, trimmed to the same 
length, and included in a Neighbour- Joining analysis. Branching 
order and clustering support were determined by bootstrap analysis 
using 1,000 random replicates.

2.10  |  Haemolytic activity

The haemolytic activity of LAB was determined according to 
Romanenko et al. (2008) with a slight modification. In brief, each 

bacterial colony was spotted on a Columbia Blood agar plate sup-
plemented with 5% defibrinated sheep blood, and incubated at 37°C 
aerobically for 48 h. The haemolytic activity was considered posi-
tive when there was a formation of clearance zones around the LAB 
colony.

2.11  |  Antibiotic sensitivity

The antibiotic susceptibility of AY- LAB isolates was determined as 
described by Padmavathi et al. (2018). In brief, 100 μl of 18 h AY- 
LAB broth culture with OD600nm: 0.15 (equal to ~1.0 × 106 CFU ml−1) 
was spread on a Muller- Hinton agar and the plate was air- dried for 
15 min. Subsequently, seven antibiotic discs: penicillin, gentamycin, 
chloramphenicol, tetracycline, ampicillin, oxytetracycline and eryth-
romycin (Antibiotic Paperdish OXOID) were placed on the LAB- 
inoculated MH followed by incubation at room temperature for 24 h. 
The formation of a clearance zone (≥10 mm) around discs was taken 
as indicating susceptibility to the tested antibiotic.

2.12  |  Data analysis

Total viable count (TVC) of AY- LAB before and after exposure to the 
simulated stomach juice (SSJ) and simulated intestinal juice (SIJ) were 
compared using ANOVA with repeated measures. Adhesive capacity 
and growth rates of strains were analysed using one- way ANOVA 
analysis or independent sample t- test. Test alpha values were set at 
p < .05; all statistical analyses were carried out using SPSS version 
22 for Windows.

3  |  RESULTS

3.1  |  LAB strains that demonstrated anti- Yersinia 
activity

Anti- Yersinia screening assays detected three LAB isolates (MA122, 
MA126 and MA187) with the formation of a clearance zone around 
the agar wells (>10 mm) (Table 1), indicating antagonistic activity 
towards Yersinia ruckeri O1b. The isolate MA122 and MA126 origi-
nated from the intestinal tract of wild seabream (Sparus aurata), 
and isolate MA187 from the intestinal tract of wild blue mussels 

TA B L E  1  The bacterial isolates showing anti- yersinia activity and 
its identity based on the 16 S rDNA sequences

Isolates
Clearance 
zone (mm)

Genetic identification 
using BLAST

DNA 
similarity (%)

MA122 11.5 ± 0.7 Enterococcus thailandicus 100

MA126 13.5 ± 0.7 Enterococcus durans 100

MA176 11.0 ± 0.5 Enterococcus sp. 99

 13652761, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jfd.13750 by U

niversity O
f T

asm
ania, W

iley O
nline L

ibrary on [26/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://blast.ncbi.nlm.nih.gov/Blast.cgi


6  |    AMIN et al.

(Mytilus edulis). Anti- Yersinia compounds of the three LAB isolates 
were susceptible to proteinase K, indicated by the disappearance 
of anti- yersinia activity. The widest clearance zone was obtained 
from isolate MA126 (13.5 mm), followed by MA122 (11.5 mm) and 
MA176 (11.0 mm). BLASTn searches from partial sequences of the 
16 S rRNA gene indicated that all three strains were closely allied 
with the genus Enterococcus (see Table 1).

A phylogenetic tree was constructed based on partial 16 S 
rRNA gene sequences of the three LAB strains and 17 sequences 
of 16 S rRNA gene of genus enterococci obtained from Genbank. 
Strain MA122 showed the highest similarity to Enterococcus 
thailandicus (NR_0441602), strain MA126 to Enterococcus durans 
(NR_0366922), and MA176 to Enterococcus sp. (NR_MH683109) 
(Figure 3).

3.2  |  Resistance to the simulated salmon 
stomach and intestinal conditions

All three AY- LAB isolates maintained viability after exposure 
to low pH and simulated salmon stomach conditions (Figure 4). 
Strain MA126 and MA176 showed no significant decrease in 
TVC after 3 h exposure (t < 8.25, df = 1 p > .08). However, TVC of 
strain MA122 slightly decreased from 6.59 log to 6.25 log after 
3 h exposure to simulated salmon stomach conditions (t = 89.53, 
df = 1, p = .01).

Strains MA122 and MA176 showed no reduction in TVC under 
simulated salmon intestinal condition after 4 h exposure (Figure 5) 
(F < 7.3, df = 1; p > .09), whereas a slight decrease was observed in 

TVC of strain MA126, from 6.84 log CFU/ml to 6.70 log CFU/ml 
after 4 h exposure (t = 396, df = 1, p = 0.02).

3.3  |  Adhesion to salmon intestinal mucus

While all three AY- LAB strains were able to adhere to the intestinal 
mucus of salmon (Figure 6), the highest adhesion efficiency was ob-
served for strain MA122 (97%). The adhesion of all tested LAB was 
significantly higher than that of Y. ruckeri O1b (5%) (F = 98, df = 2,16, 
p < .01).

3.4  |  Growth in intestinal mucus

Strains MA122 and MA176 showed increasing DO600 values after 
34 h incubation, whereas MA126 (E. durans) showed a decreasing 
OD600 after 34 h incubation (Figure 7).

3.5  |  Antibiotic susceptibility and 
haemolytic activity

All three strains of LAB showing anti- Yersinia activity showed sus-
ceptibility to penicillin, gentamycin, chloramphenicol, tetracycline, 
ampicillin, oxytetracycline and erythromycin, indicated by the for-
mation of an inhibition zone around the antibiotic disk. Furthermore, 
these strains showed no haemolytic activity (data not shown) indi-
cated by a lack of clearance zone on blood agar.

F I G U R E  3  Phylogenetic tree of three LAB strains producing anti- Yersinia activity, based on partial 16 S rRNA gene sequences. The 
phylogenetic tree was constructed by using Geneious software with the neighbour- joining method.
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4  |  DISCUSSION

Yersiniosis, a disease caused by Yersinia ruckeri serotype O1b is a re-
current production consideration for Tasmanian salmon production 
since its inception in the mid- 1980s. Several studies have previously 
recommended using probiotics to prevent or treat bacterial diseases 
(Abbass et al., 2010; Raida et al., 2003). However, strains of the 
pathogenic agent varied and continuously evolve, and finding new 
strains of anti- Yersinia probionts originating in the same or indeed 
other aquatic species against this pathogen may provide alternative 
avenues for mitigation of yersiniosis. The present study reported 
three new LAB strains originating from the gastrointestinal tract of 
Atlantic salmon which produced antagonistic compounds towards 
O1b strain of Y. ruckeri. The antagonistic activity to pathogenic 

bacteria is one of the most important criteria for selecting probioitcs 
(Prabhurajeshwar & Chandrakanth, 2019). Based on the partial se-
quence of 16 S rRNA gene analysis, the three LAB were identified 
as Enterococcus related to E. durans, Enterococcus sp. and E. thailan-
dicus, respectively. All are commonly found as part of the intestinal 
microflora of animals, including aquatic species and are also gener-
ally regarded as safe (GRAS) microorganisms for probiotics (Plavec 
& Berlec, 2020). In addition, the same species have been reported 
to have probiotic properties: producing antimicrobial compounds 
against several bacterial pathogens and anticancer activities.

Enterooccus durans, for instance, has been reported to produce 
antimicrobial compounds against several bacterial pathogens includ-
ing Salmonella typhimurium, Listeria monocytogenes, Listeria innocua, 
Listeria ivanovi, Escherichia coli and Bacillus cereu (Hussein et al., 2020; 
Ramalho et al., 2022; Tosoni et al., 2019). Strains of this species have 
also been reported to inhibit the multiplication of herpes simplex 
virus 1 and poliovirus (Cavicchioli et al., 2018). Furthermore, strains 
of E. thailandicus had been reported to produce Clostridioides difficile 
(formerly Clostridium), the causative agent of healthcare- associated 
diarrhoea in human (Li et al., 2021). E. thailandicus was also reported 
to produce enterocin (LNS18), showing strong anticancer effects 
against HepG2 cells (Al- Madboly et al., 2020) can produce antimi-
crobial compounds active against Staphylococcus aureus, Salmonella 
enteritidis, Pseudomonas aeruginosa and Listeria monocytogenes 
(Lauková et al., 2013).

There are several possibilities of the anti- Yersinia activity re-
ported in the present study including organic acids, hydrogen per-
oxide and bacteriocin- like inhibitory substances (Amin et al., 2020; 
Arena et al., 2018). Organic acids such as lactic and acetic acids in 
non- dissociated forms were able to cross a cell membrane of bac-
terial pathogens, acidify the bacterial cytoplasm and result in the 
inhibition of nutrient transports (Guimarães et al., 2018). While the 
antagonistic activity of hydrogen peroxide (H2O2) towards various 
bacterial pathogens has been viewed in many studies (Muhammad 
et al., 2019; Verschuere et al., 2000). Hydrogen peroxide pro-
duced by Lactobacillus johnsonii was reported to effectively kill 
various bacterial pathogens including Tenacibaculum maritimum 
in turbot (Scopthalmus maximus) (Avendaño- Herrera et al., 2006), 
and Salmonella enterotica (Pridmore et al., 2008). The other com-
mon antimicrobial compound producing by members of lactic acid 
bacteria is the presence of bacteriocin- like inhibitory substances 
(Wang et al., 2019; Lim et al., 2020; Nayak et al., 2022). A study 
by Lim et al. (2020) demonstrated that Enterococcus faecalis pro-
ducing bacteriocin- like inhibitory substance (BLIS) protected fresh 
water cryfish (Cherax quadricarinatus) against Aeromonas hydrophila. 
According to Jawan et al. (2021), the presence of bacteriocin- like 
inhibitory substance (BLIS) is indicated by the sensitivity of crude 
extracellular product to proteinase K, which is confirmed in the pres-
ent study. However, further study to have more specific characteri-
zations is still required.

Besides having antagonistic activity, probionts for aquaculture 
purposes should be capable of tolerating low pH and the presence of 
bile salts so as to be able to colonize the GIT of fish (Amin et al., 2020). 

F I G U R E  4  Cell viability of three LAB- producing antimicrobial 
compounds active against Y. ruckeri O1b at 0 and 3 h exposures 
in the simulated stomach juice (SIJ). All values are means with 
standard deviations of two replicates. N.S indicates no significant 
difference in cell numbers (log CFU ml−1) between 0 and 3 h 
exposure, and the asterisk indicates there was a significant 
difference in cell viability between 0 and 3 h exposure, p < .05.

F I G U R E  5  Cell viability of three LAB- producing antimicrobial 
compounds active against Y. ruckeri O1b at 0 h and after 4 h 
exposure in the simulated stomach juice (SIJ) of Atlantic salmon. All 
values are average with standard deviations of two replicates. N.S 
is no significant difference in the number of viable cells (log CFU 
ml−1) after 0 and 4 h exposure. “Asterisk” indicates a significant 
difference between 0 and 4 h exposure, p < .05
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The present study showed two of the three LAB strains were able to 
tolerate such conditions in vitro as indicated by the survival of bac-
terial cells. These tolerances suggest these strains have the capacity 
to cope with an acidic gastric environment as well as a high concen-
tration of bile salts in the small intestine (Wang et al., 2020). The 
results also suggest that the two LAB will have high viability in the 
stomach with low pH (Furr, 2013) as well as in the intestine with bile 
salt content (Geraylou et al., 2014). Similarly, Spagnuolo et al. (2011) 
explained that the acid and bile tolerance of the LAB strain might in-
dicate the capacity of the LAB strains to colonize the fish intestines, 
which is a very important factor affecting the ability of probionts 
to successfully colonize a given species GIT. Low pH in the stomach 
damages bacterial membranes through acidification which later in-
habits their growth and viability (Lund et al., 2014). It was explained 
that acidification may release magnesium ions from cells rapidly and 
extensively (Hutkins & Nannen, 1993).

The LAB strains in this study were able to adhere to the in-
testinal mucus of Atlantic salmon, and showed higher adherence 
activity than Y. ruckeri O1b. Mucosal adhesion capacity is one of 
the most important criteria for the selection of probiotics in fish, 
especially to those pathogens which invade through the intestinal 
tract (Li et al., 2019). This result might suggest that the LAB may 
be able to colonize the mucus layer of Atlantic salmon intestinal 
tracts and impede colonization of Y. ruckeri O1b. The same mech-
anism has been previously observed from Bifidobacterium lactis Bb 
12 where the probiont reduced the adhesion of pathogenic bacte-
ria to mucus under exclusion, competition and displacement con-
ditions (Chabrillon et al. 2006). In addition, adherence has been 
also reported to facilitate other beneficial functions, including 
the induction of the host's innate immune response. As viewed 
by Atarashi et al. (2015), the ability of probiont to adhere to the 
intestinal mucus has been documented to create interaction with 

F I G U R E  6  The adhesive capacity of three LAB to fish intestinal mucus of Atlantic salmon, presented in terms of the percentage of 
adhered bacteria in relation to the added dose. Values are means with a standard deviation of 6 replicates. Different letters indicate 
significantly different adhesive ability (p < .01). The adhesive capacity of the three strains seems to be significantly higher than Y. ruckeri O1b 
(F = 508.913, df = 5,27, p < .001). Different superscripts indicate a significant difference in the adhesion capacity of LAB isolates, p < .05

F I G U R E  7  Growth rate (μ) of three 
antimicrobial compound- producing LAB 
in intestinal mucus after 24 h incubation 
at room temperature. Growth was 
calculated based on the change of OD 
value at 600 nm in the exponential 
phase. Values were means of growth 
rates with a standard deviation of 6 
replicates. Different superscripts indicate 
a significant difference in the growth of 
LAB isolate, p < .05
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the gut epithelium and lymphoid tissue which later induce Th17 
cells in the intestinal lamina propria in the recruitment of neutro-
phils and activation of epithelial cells and enhanced clearance of 
the extracellular pathogens. Li et al. (2019) reviewed several possi-
ble mechanisms of the microbial adhesion processes including pas-
sive forces, electrostatic interactions, hydrophobic forces, steric 
forces, lipoteichoic acids and specific structures, including exter-
nal appendages covered by lectins. Nonetheless, further studies 
would be required to understand the adherence mechanism of 
these LAB in the intestinal mucus of Atlantic salmon. Furthermore, 
the present study indicated that two LAB described in this study 
were able to grow in the intestinal mucus of Atlantic salmon. This 
result also supports their potential to proliferate and colonize 
the intestinal tract of Atlantic salmon. Melo- Bolívar et al. (2020) 
suggested that microorganisms which are able to grow in intes-
tinal mucus may persist for a long time in the intestinal tract as 
their multiplication rate exceeds their expulsion rate. Similarly, 
Vinderola et al. (2017) stated that the higher growth capacity of 
certain probionts will assist with their persistence on the mucosal 
surface of the intestinal tract. Collectively, these results suggest 
that the LAB are potential candidates against yersiniosis, although 
further in vivo studies to determine whether colonization of Y. 
ruckery O1b could be circumvented are still required.

5  |  CONCLUSION

We have identified three Enterococcus strains as candidates for pro-
biosis against Yersinia ruckeri O1b given their antagonism towards 
the pathogen of concern, their resistance to the simulated GIT 
environments, and their adhesive capacity with intestinal mucus. 
However, in- vivo challenge assays would be required to confirm the 
suitability of the candidates identified in this study.
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