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Abstract: Bacteriocins are emerging as a viable alternative to antibiotics due to their ability to inhibit
growth or kill antibiotic resistant pathogens. Herein, we evaluated the ability of the bacteriocin
Garvicin KS (GarKS) produced by Lactococcus garvieae KS1546 isolated from cow milk to inhibit
the growth of fish and foodborne bacterial pathogens. We found that GarKS inhibited the growth
of five fish L. garvieae strains isolated from infected trout and eels. Among fish pathogens, GarKS
inhibited the growth of Streptococcus agalactiae serotypes Ia and Ib, and Aeromonas hydrophila but did
not inhibit the growth of Edwardsiella tarda. In addition, it inhibited the growth of A. salmonicida
strain 6421 but not A. salmonicida strain 6422 and Yersinia ruckeri. There was no inhibition of three
foodborne bacterial species, namely Salmonella enterica, Klebsiella pneumoniae, and Escherichia coli.
In vitro cytotoxicity tests using different GarKS concentrations showed that the highest concentration
of 33 µg/mL exhibited low cytotoxicity, while concentrations ≤3.3 µg/mL had no cytotoxicity on
CHSE-214 and RTG-2 cells. In vivo tests showed that zebrafish larvae treated with 33 µg/mL and
3.3 µg/mL GarKS prior to challenge had 53% and 48% survival, respectively, while concentrations
≤0.33 µg/mL were nonprotective. Altogether, these data show that GarKS has a broad inhibitory
spectrum against Gram positive and negative bacteria and that it has potential applications as a
therapeutic agent for a wide range of bacterial pathogens. Thus, future studies should include clinical
trials to test the efficacy of GarKS against various bacterial pathogens in farmed fish.
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1. Importance

Aquaculture is the fastest expanding food producing sector in the world. This rapid
expansion has brought with it an increase in bacterial diseases, which has led to increased
use of antimicrobials. This has led to increase in antimicrobial resistant (AMR) bacteria in
farmed aquatic organisms, with substantial quantities of AMRs ending up in wild aquatic
organisms and environments used for recreation. Thus, antimicrobial use in aquaculture
is contributing to environmental expansion of AMR. To overcome this problem, there is a
need to find alternative remedial compounds that do not pose the threat of drug resistance,
having broad therapeutic spectra against different bacterial pathogens in aquaculture. It is
for this reason that we examined the therapeutic properties of GarKS as an alternative to
antibiotic use against fish pathogens. Our findings have significant implications on the use
of bacteriocins as an alternative to antibiotics in aquaculture.
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2. Introduction

Aquaculture is one of the fastest growing food producing sectors in the world [1] and
bacterial diseases cause high economic losses in aquaculture. Although vaccine develop-
ment has contributed to reducing the occurrence of bacterial diseases in aquaculture, there
are still many pathogens that have not been successfully controlled through vaccination [2].
The use of antibiotics for the treatment of bacterial diseases poses the danger of selecting
for antibiotic resistant bacteria. Thus, there is need for novel antimicrobials with broad ther-
apeutic spectrums. Bacteriocins which are widely used in food preservation [3], have great
potential as a source for antimicrobials to help reduce bacterial infections in aquaculture.
Bacteriocins are ribosomally synthesized antibacterial peptides that either kill or inhibit
the growth of closely related bacteria, to which the producer has a specific mechanism
that prevents self-destruction [4,5]. Unlike antibiotics, most bacteriocins have a narrow
antimicrobial inhibition spectrum, although the inhibition of food-borne zoonoses, food
spoilage, and antimicrobial resistant (AMR) bacteria has been reported [6].

By 2014, more than 200 bacteriocins had been deposited in the open-access database
(BACTIBASE) [7] and by 2019, more than 510 lactic acid bacteria (LAB) bacteriocins had
been deposited in the LABiocin database [8]. Many bacteriocins have activity against food-
borne and mammalian pathogens. Bacteriocins from Vibrio mediterranei, Lactiplantibacillus
plantarum, and Carnobcterium piscicola have been shown to inhibit the growth of Aeromonas
hydrophila, Vibrio spp. and Pseudomonas spp. that cause haemorrhagic septicaemia in farmed
fish [9–11]. Given that most of these bacteriocins have a narrow antimicrobial spectrum,
there is need to identify bacteriocins with broad activity. Recently, Ovchinnikov et al. [11]
identified in raw milk samples from Kosovo a highly potent bacteriocin from Lactococcus
garvieae KS1546, which is heat stable and proteinase-labile with an inhibition spectrum
covering numerous distantly related genera, including several LAB and foodborne bacteria.
The bacteriocin known as Garvicin KS (GarKS) belongs to a so-called multi-peptide lead-
erless bacteriocin group. It is composed of three peptides (GakA, GakB, and GakC) with
a size between 30–34 aa, to make a functional unit, and these peptides are secreted by a
dedicated ABC-transporter without involving a leader-peptide, hence the name leaderless
bacteriocin [11]. It has also been shown to have inhibitory effects on pathogenic bacteria
belonging to genera such as Bacillus, Listeria, Streptococcus and Staphylococcus, including
methicillin resistant Staphylococcus aureus (MRSA) and vancomycin-resistant enterococci
(VRE) [11–13]. However, its inhibitory properties have not been tested against farmed fish
and foodborne pathogens. Moreover, there is need to test its cytotoxicity using in vitro
cell-culture methods to determine its safety on host cells and to carry out in vivo test to
determine its ability to protect fish exposed to different bacterial pathogens

Lactococcus garvieae is the etiological agent of lactococcosis, which is a hyperacute and
hemorrhagic septicemia associated with high economic losses in aquaculture. It causes
high mortalities, decreased growth rate and poor body conditions in several farmed aquatic
species of commercial importance such as rainbow trout (Oncorhynchus mykiss), yellow-
tail (Seriola quinqueradiata), tilapia (Oreochromis sp.), Japanese eel (Anguilla japonica), olive
flounder (Paralichthys olivaceous), grey mullet (Mugil cephalus L), amberjack (Seriola dumerili),
and giant fresh water prawn (Macrobrachium rosenbergii) [14,15]. It is an emerging zoonotic
pathogen due to increasing reports of human infections where it causes endocarditis, uri-
nary tract infections, liver abscesses, septicemia, and peritonitis [16]. Infections in humans
have been linked to consumption or handling of contaminated fish, meat, and milk [17].

The aim of the present study was to evaluate the inhibitory effects of GarKS on farmed
fish and foodborne pathogens. We also wanted to determine its cytotoxicity on two cell
lines derived from two different fish species and further assess its ability to protect zebrafish
larvae (Danio rerio) against L. garvieae infection. We envisage that the data generated in this
study will shed new insights on the protective ability of GarKS against fish pathogens.
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3. Materials and Methods
3.1. Source of Antimicrobial Peptide Garvicin KS

Synthetic peptides GakA, GakB, and GakC, which constitute the bacteriocin GarKS,
were synthesized by Pepmic Co., Ltd., Suzhou, Jiangsu, China, with >95% purity. The
peptides were solubilized in 0.1% (vol/vol) trifluoracetic acid (TFA; Sigma-Aldrich).

3.2. GarKS Inhibition of Fish and Foodborne Bacterial Pathogens

The inhibitory properties of the synthesized GarKS bacteriocin was tested against
different fish and foodborne bacterial pathogens. In addition, it was also tested against
different fish L. garvieae strains. To do this, five fish pathogenic L. garvieae strains b. baraja,
lg, and perbembe from infected farmed rainbow trout [18], cp-1 and BA063090 from infected
trout and eel [19], as well as the GarKS producer L. garvieae KS1546 isolated from cow
milk [20] (Table 1) were cultured in Mueller–Hinton broth at 30 ◦C overnight. In addition,
fish pathogens Streptococcus agalactiae serotypes Ia and Ib from Nile tilapia (Oreochromis
niloticus), Aeromonas hydrophila from rohu (Labeo rohita) and Edwardsiella tarda from Olive
flounder (Paralichthys olivaceus) (Table 1) were grown at 37 ◦C while Aeromonas salmonicida
6421, A. salmonicida 6422 and Yersinia ruckeri were grown at 25 ◦C. After overnight culture,
bacteria suspensions in Mueller–Hinton broth were centrifuged at 3000 rpm followed by
discarding the supernatants. The pellets were washed twice using phosphate-buffered
saline (PBS). Thereafter, 100 µL of 107 CFU/mL bacterial suspension was spread on a
Mueller–Hinton agar plate. Next, 50 µL of 33 µg/mL GarKS was put in the well at the
centre of each plate followed by incubation at 30 ◦C for plates cultured with different
L. garvieae strains, while plates cultured with fish pathogens were incubated at 37 ◦C and
25 ◦C as described above. Inhibition of bacterial growth by GarKS was measured after 24 h.

Table 1. Bacterial isolates used for bacteriocins inhibition study.

List of Bacteria
Strain/

Serotype
Source of

Isolate

Inhibition Zone Diameter (mm) Growth
Temp (◦C)

Susceptibility
to GarKSPlate-1 Plate-2 Plate-3 Mean

Lactococcus garvieae b. baraja Trout 19 18.5 19 18.83 30 Yes
Lactococcus garvieae lg Trout 18 18 18 18.00 30 Yes
Lactococcus garvieae perbembe Trout 18 19 18.5 18.50 30 Yes
Lactococcus garvieae cp-1 Trout 19 18.5 19 18.83 30 Yes
Lactococcus garvieae BA063090 Eel 18 18.5 18 18.17 30 Yes
Lactococcus garvieae KS1546 From cow milk 0 0 0 0.00 30 No

Streptococcus
agalactiae bio I Tilapia 16.5 16 17 16.50 37 Yes

Streptococcus
agalactiae bio II Tilapia 17.8 17 17.5 17.43 37 Yes

Aeromonas
salmonicida 6421 Atlantic salmon 19 19.5 19 19.17 25 Yes

Aeromonas
salmonicida 6422 Atlantic salmon 8.5 8.3 8.5 8.43 25 Yes (partial)

Aeromonas hydrophila 19 Labeo rohita 9.5 9.0 9.3 9.40 37 Yes (slight)
Edwardsiella tarda FC05 Olive flounder 0 0 0 0 37 No

Yersinia ruckeri NVS Atlantic salmon 0 0 0 0 25 No
Klebsiella pneumoniae 13883 ATCC 0 0 0 0 37 No

Escherichia coli 25922 ATCC 0 0 0 0 37 No
Salmonella enterica 4931 ATCC 0 0 0 0 37 No

To determine the concentration of GarKS able to inhibit the growth of fish pathogens,
S. agalactiae (serotype Ia and Ib), A. salmonicida 6421, Y. ruckeri, and A. hydrophila 19 were
exposed to five different GarKS concentrations of 33 µg/mL, 3.3 µg/mL, 0.33 µg/mL,
0.033 µg/mL, 0.0033 µg/mL. Like the method above, 100 µL of 107 CFU/mL bacterial
suspension was spread on Mueller–Hinton agar plate, while 50 µL of different GarKS con-
centrations were put in five separate wells on each plate. Plates cultured with A. hydrophila
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19 and S. agalactiae serotypes Ia and Ib were incubated at 37 ◦C, while plates cultured
with A. salmonicida 6421 and Y. ruckeri were incubated at 25 ◦C. The inhibitory effect of the
different concentrations of GarKS was measured after overnight culture.

To determine the inhibitory effects of GarKS on fish and foodborne bacterial pathogens
grown at different temperatures, Y. ruckeri, K. pneumoniae, E. coli, and S. enterica were
cultured by spreading 100 µL of 107 CFU/mL bacterial suspension on Mueller–Hinton
agar plate while 50 µL of 33 µg/mL GarKS were put in the wells at the centre of each
plate, followed by incubation at 25 ◦C, 30 ◦C and 37 ◦C. The inhibitory effect of GarKS was
measured after overnight culture.

3.3. Cytotoxicity Test of GarKS in Fish Cell Lines Based on LDH Test

Chinook salmon embryo 214 (CHSE-214) cells (ECACC 91041114) derived from Chi-
nook salmon (Oncorhynchus tshawytscha) embryos and rainbow trout gill II (RTG-2) (ATCC
CCL 55) cells derived from rainbow trout (O. mykiss) gonad tissues were used to determine
the cytotoxicity of GarKS using the Pierce LDH Cytotoxicity Assay Kit (CyQUANT™ LDH,
ThermoFisher Scientific, Waltham, MA, USA). Both CHSE-214 and RTG-2 cells were grown
in 96 well plates at 20 ◦C in Leibovitz’s L-15 Medium (L-15) (Sigma-Aldrich) supplemented
with 10% fetal bovine serum (FBS). When cells were about 80% confluent, the L-15 growth
media was removed, followed by washing twice using PBS. Then, 100 µL GarKS was
added to each well. Five concentrations (33 µg/mL, 3.3 µg/mL, 0.33 µg/mL, 0.033 µg/mL
and 0.0033 µg/mL) were used on both cell lines. To evaluate the cytotoxicity of different
GarKS concentrations on both cell lines cultured at different temperatures, GarKS treated
CHSE-214 and RTG-2 cells in 96-well plates were incubated at 25 ◦C and 37 ◦C. After
overnight incubation, 50 µL GarKS treated samples were transferred to new 96 well plates
followed by adding 50 µL Pierce LDH cytotoxicity solution. The plates were incubated
at room temperature for 30 min in a dark chamber. For the positive control, 50 µL lysis
buffer were used while 50 µL PBS were used as a negative control. After adding 50 µL stop
solution to each well, results were read by spectrophotometry (TECAN, Morrisville, NC,
USA) at an optical density (OD) of 492 nm.

3.4. Infection Study of Zebrafish Larvae against Lactococcus garvieae

Zebrafish experiments were carried out based on ethics for short-term toxicity test
procedures of the Fish Embryo Toxicity (FET) OECD Guidelines [21]. The species used was
the zebrafish (Danio rerio) wild strain AB cultured at the wet laboratory at the Norwegian
University of Life Sciences (NMBU). To determine the lethal dose 50 (LD50) of L. garvieae
strain b. baraja in zebrafish larvae, the L. garvieae strain grown overnight at 30 ◦C in
tryptose soy broth (TSB) medium was centrifuged at 3000 rpm for 15 min and washed
twice using PBS. The bacterial concentration was determined using the CFU/mL method.
Serially diluted bacteria from 10−1 to 10−10 were used to determine the lethal dose 50
(LD50) concentration able to cause 50% mortality in zebrafish larvae. Ten zebrafish larvae
were exposed to each bacterial concentration in Petri-dishes. Mortality was recorded after
24 h and used to calculate the LD50.

The LD50 concentration determined above was used to test the ability of GarKS to
prevent mortality in zebrafish larvae challenged with L. garvieae b. baraja. A total of
210 healthy zebrafish larvae selected 48 h post fertilization (hpf) were randomly assigned
into six groups each having 30 larvae. Five groups were exposed to different GarKS con-
centrations for 3 h of 33 µg/mL, 3.3 µg/mL, 0.33 µg/mL, 0.033 µg/mL and 0.0033 µg/mL
prior to challenge. Each group was assigned 30 zebrafish larvae while the noninfected
negative control group was exposed to PBS. Challenge was done in triplicates of which the
30 zebrafish larvae assigned to each group were put in batches of 10 larvae per Petri-dish.
After exposure to GarKS was completed, zebrafish larvae were transferred to new Petri
dishes and bath challenged with 108 CFU/mL L. garvieae (determined by the LD50 method
above). The larvae were exposed (continuously) to the pathogen solution until final sam-
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pling (96 h post challenge) and mortality was recorded every 6 h post challenge (hpc) with
final recording at 96 hpc.

3.5. Statistical Analyses

All data were transferred to GraphPad Prism version 9 (www.graphpad.com, accessed
on 3 March 2022) for statistical analysis. The Kaplan Meyer’s survival analysis was used
to determine the post challenge survival proportions (PCSP) in larvae challenged with
L. garvieae using different GarKS concentration. The student’s t-test was used to compare
differences between groups. Difference between groups were considered significant for
p < 0.05 (95% confidence interval).

4. Results
4.1. Inhibition of Fish Pathogens by GarKS

Our findings show that the growth of all five fish L. garvieae strains b. baraja, lg,
perbembe, cp-1, and BA063090 was inhibited by GarKS, as shown by clear inhibition zones
on Mueller–Hinton agar plates (Figure 1A–E). All fish-derived L. garvieae strains had equal
diameters of inhibition zones around GarKS at 33 µg/mL on the growth agar plates after
overnight incubation at 30 ◦C (Table 1). On the contrary, the L. garvieae strain KS1546 which
is the GarKS producer itself was not inhibited by GarKS shown by lack of inhibition zone
on the growth agar plate (Figure 1F). For fish pathogens, S. agalactiae serotypes Ia and
Ib were inhibited by 33 µg/mL GarKS after overnight incubation at 37 ◦C (Figure 2A,B),
while growth of A. hydrophila 19 was partially inhibited (Figure 2C) and E. tarda growth
was not inhibited at all by GarKS after overnight culture at 37 ◦C (Figure 2D). The growth
of A. salmonicida strain 6421 was inhibited (Figure 2E), while A. salmonicida strain 6422
(Figure 2F) and Y. ruckeri (Figure 2G) were not inhibited by 33 µg/mL GarKS after overnight
incubation on Mueller–Hinton agar at 25 ◦C. Equally, Y. ruckeri was not inhibited by GarKS
after overnight culture at three temperatures of 25 ◦C, 30 ◦C and 37 ◦C (Figure 3D).

Figure 1. Inhibition of Lactococcus garvieae growth by GarKS cultured overnight on Mueller–Hinton
agar plates at 30 ◦C. Note the inhibition zones around L. garvieae strain (A) b. baraja, (B) lg, (C) perbe-
mbe, (D) cp-1, and (E) Ba063090, all from infected fish. Additionally, note the absence of inhibition
zone around strain KS2546 (F) which is the bacteriocin producer itself. For all L. garvieae strains,
100 µL of 107 CFU/mL bacterial suspension were spread on Mueller–Hinton agar plate, while 50 µL
of 33 µg/mL GarKS were put in the well at the centre of each plate.

www.graphpad.com
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Figure 2. Inhibition of bacterial pathogens of fish species by GarKS cultured overnight on Mueller–
Hinton agar plates. (A) Inhibition zone around Streptococcus agalactiae serotype Ia isolated from Nile
tilapia (Oreochromis niloticus) in Taiwan, (B) inhibition zone around S. agalactiae serotype Ib from
Nile tilapia in Taiwan, (C) inhibition zone around Aeromonas hydrophila strain 19 from rohu (Labeo
rohita) in India and (D) no inhibition zone around Edwardsiella tarda from Olive flounder (Paralichthys
olivaceus) in South Korea. (E) Note the presence of inhibition zone around Aeromonas salmonicida
strain 6421 and the absence of inhibition zones around (F) A. salmonicida strain 6422 and (G) Yersinia
ruckeri isolated from Atlantic salmon (Salmo salar L). S. agalactiae, A. hydrophila and E. tarda were
cultured at 37 ◦C while A. salmonicida and Y. ruckeri were cultured at 25 ◦C. For all bacterial species,
100 µL of 107 CFU/mL bacterial suspension were spread on Mueller–Hinton agar plate while 50 µL
of 33 µg/mL GarKS were put in the well at the centre of each plate.

Figure 3. Lack of inhibition of fish and foodborne bacterial pathogens cultured overnight on Mueller–
Hinton agar plates at 25 ◦C, 30 ◦C and 37 ◦C., Klebsiella pneumoniae (A1–A3), Escherichia coli (B1–B3),
and Salmonella enterica (C1–C3) Yersinia ruckeri (D1–D3) showing no inhibition at 33 µg/mL GarKS
after overnight culture on Mueller–Hinton agar plates at 25 ◦C, 30 ◦C and 37 ◦C.
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4.2. Inhibition of Foodborne Pathogens by GarKS

Our findings show that all foodborne bacterial pathogens, K. pneumoniae, E. coli, and
S. enterica were not inhibited at 33 µg/mL GarKS at all three temperatures of 25 ◦C, 30 ◦C
and 37 ◦C after overnight culture (Figure 3A–C).

4.3. Inhibition of Bacterial Fish Pathogens at Different GarKS Concentrations

GarKS inhibited the growth of A. salmonicida 6421 at concentrations of 33 µg/mL and
3.3 µg/mL, while a partial inhibition was seen for the 0.33 µg/mL concentration and no
inhibition for lower concentrations (0.33 µg/mL–0.0033 µg/mL) was seen on Mueller–
Hinton agar after overnight culture at 25 ◦C (Table 2, Figure 4A). Equally, the growth
of S. agalactiae serotype Ia and Ib was inhibited at high concentrations, 33 µg/mL and
3.3 µg/mL, but no inhibition was observed for the lower concentrations ≤0.33 µg/mL after
overnight culture at 37 ◦C (Table 2, Figure 4C,D). There was low inhibition of A. hydrophila
strain 19 at 33 µg/mL and 3.3 µg/mL, while concentrations <3.3 µg/mL showed no growth
inhibition of A. hydrophila 19 after overnight culture at 37 ◦C (Figure 4B).

Table 2. Inhibition of different bacterial species exposed to different concentrations of GarKS
bacteriocin.

Microorganism Incubation Temperature
on Mueller–Hinton Agar

GarKS Concentration and Inhibition Zone Diameter in mm

33 µg/mL 3.3 µg/mL 0.33 µg/mL 0.033 µg/mL 0.0033 µg/mL

Aeromonas salmonicida
strain 6421 25 ◦C 19.0 10.0 0 0 0

Aeromonas hydrophila
strain 19 37 ◦C 14.5 6.7 0 0 0

Streptococcus
agalactiae serotype Ia 37 ◦C 18.5 9 0 0 0

Streptococcus
agalactiae serotype Ib 37 ◦C 18.0 8.7 0 0 0

Figure 4. Inhibition of bacterial pathogens isolated from fish exposed to five different GarKS con-
centrations of 33 µg/mL (1), 3.3 µg/mL (2), 0.33 µg/mL (3), 0.033 µg/mL (4) and 0.0033 µg/mL
(5). (A) Note inhibition of Aeromonas salmonicida strain 6421 at high concentrations of 33 µg/mL
and 3.3 µg/mL, and no inhibition around low concentrations ≤0.33 µg/mL. (B) Inhibition around
A. hydrophila for higher concentrations of 33 µg/mL and 3.3 µg/mL, and no inhibition around low
concentrations ≤0.33 µg/mL GarKS. (C) Inhibition of Streptococcus agalactiae serotype Ia for high
concentration of 33 µg/mL and 3.3 µg/mL and no inhibition on low concentrations ≤0.33 µg/mL
GarKS. (D) Inhibition of S. agalactiae serotype Ib high concentrations of 33 µg/mL and 3.3 µg/mL
and no inhibition on low concentrations ≤0.33 µg/mL GarKS.
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4.4. Cytotoxicity of GarKS on CHSE-214 and RTG-2 Cells

Cytotoxicity based on the LDH assay was only observed at the highest concentration,
33 µg/mL GarKS in CHSE-214 cells cultured at 25 ◦C and 37 ◦C. That said, leakage of LDH
in CHSE-214 cells exposed to 33 µg/mL GarKS was significantly lower (p < 0.001) than in
cells treated with the positive control LDH solution (Figure 5A,B). There was indication
of induced cytotoxicity in CHSE-214 cells treated with lower concentrations of GarKS
(≤3.3 µg/mL), cultured at 25 ◦C and 37 ◦C (Figure 5A,B). For RTG-2 cells, cytotoxicity
was only observed in cells treated with the highest concentration of 33 µg/mL GarKS
cultured at 25 ◦C and 37 ◦C (p < 0.01) (Figure 5C,D), and again levels of leakage were
significantly lower (p < 0.0001) than in cells treated with the LDH positive control solution
(Figure 5C,D). No cytotoxicity was observed in RTG-2 cells treated with concentrations
≤3.3 µg/mL GarKS cultured at 25 ◦C and 37 ◦C (Figure 5C,D).

Figure 5. Cytotoxicity LDH test of GarKS on Chinook salmon embryo 214 (CHSE-214) and rainbow
trout gill II (RTG-2) cell exposed to concentrations of 33 µg/mL, 3.3 µg/mL, 0.33 µg/mL, 0.033 µg/mL,
and 0.0033 µg/mL GarKS cultured at 37 ◦C and 25 ◦C. Negative control represents cells exposed to
PBS while positive control represents cells treated with the LDH solution based on manufacturers’
guidelines (CyQUANT™ LDH, ThermoFisher Scientific, Waltham, MA, USA). Upper channel shows
GarKS treated CHSE 214 cells cultured at 37 ◦C (A) and 25 ◦C (B) while the lower channel shows
GarKS treated RTG-2 cells cultured at 37 ◦C (C) and 25 ◦C (D).

4.5. Kaplan Meyer’s Survival Analysis of Zebrafish Larvae Challenged with L. garvieae

The Kaplan Meyer’s survival analysis showed the survival plots over a 96-h observa-
tion period for zebrafish larvae, following lethal challenge with L. garvieae (108 CFU/mL).
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Zebrafish larvae pre-treated with the highest concentration, 33 µg/mL GarKS, had a sur-
vival of 53% and with 48% survival for the 3.3 µg/mL GarKS-treated group (Figure 6).
There was no difference in mortality for the two doses (p = 0.8221). Mortalities in both
groups were significantly higher (p = 0.0001) than the mortality in noninfected larvae
(treated with PBS). Larvae pre-treated with concentrations of 0.33 µg/mL, 0.033 µg/mL
and 0.0033 µg/mL had survival of 13.33%, 16.66% and 13.33%, respectively, which was
not significantly different (p ≥ 0.25) for any of the groups compared with the noninfected
negative control group. This shows that zebrafish pre-treated with GarKS at 33 µg/mL and
3.3 µg/mL gave significantly increased survival following lethal challenge with L. garvieae.

Figure 6. Kaplan Meyer’s post challenge survival analysis of zebrafish larvae challenged with Lacto-
coccus garvieae after treatment with five different concentrations (33 µg/mL, 3.3 µg/mL, 0.33 µg/mL,
0.033 µg/mL, and 0.0033 µg/mL) of GarKS.

5. Discussion

In this study, we have shown the inhibitory properties of GarKS on growth of differ-
ent fish bacterial pathogens, foodborne bacteria, and its protective ability against lethal
challenge with L. garvieae in zebrafish larvae.

Chi and Holo [22] showed that GarKS inhibited the growth of Acinetobacter but not
the growth of other Gram-negative bacteria. Equally, we found that GarKS did not inhibit
the growth of Gram-negative foodborne bacteria S. enterica, K. pneumoniae, and E. coli. Yet,
GarKS inhibited the growth of Gram-negative, fish pathogenic A. salmonicida strain 6421 and
A. hydrophila. GarKS also inhibited the growth of two Gram-positive S. agalactiae serotypes
characterized as Ia and Ib, based on differences in the capsular antigens [23]. Altogether,
our findings show that GarKS has inhibitory properties against bacterial pathogens of
different fish species, pointing to its potential application as a broad-spectrum therapeutic
agent against a wide range of bacterial pathogens in aquaculture. In addition, the inhibitory
properties of GarKS seen against fish pathogens such as S. agalactiae and A. hydrophila, where
both are potential human pathogens [24–26], suggest that GarKS has potential application
as a therapeutic agent against fish-borne zoonoses in humans.

Inhibitory effects of Garvicin bacteriocins against other L. garvieae strains have been
reported previously by different scientists [27–30]. For example, the bacteriocin Garvicin
Q (GarQ) produced by L. garvieae BCC 43578 isolated from fermented pork sausage [29]
was shown to inhibit the growth of other L. garvieae strains isolated from cow milk [30]
and mallard ducks (Anas platyrhynchos) [27]. Similarly, Garvicin A (GarA) isolated from
a human clinical case of L. garvieae 21881 infection, was shown to inhibit other L. garvieae
strain including fish and bovine-pathogenic isolates [28]. L. garvieae DCC43, isolated from
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mallard ducks had inhibitory properties against fish L. garvieae strains CECT 5807, 5806, and
5274 [27]. Likewise, our findings show that GarKS produced by the L. garvieae strain KS1546
from cow milk inhibited the growth of five fish L. garvieae strains, supporting previous
observations that Garvicin bacteriocins have inhibitory properties against other L. garvieae
strains from different host species. Given that diseases produced by pathogenic L. garvieae
strains cause high economic losses in farmed fish, the use of GarKS as therapeutic agent
would be highly beneficial in reducing economic losses caused by L. garvieae in aquaculture.
Additionally, GarKS would be beneficial as a therapeutic agent against the increasing
L. garvieae infections in humans.

Our findings showed low cytotoxicity in both CHSE-214 and RTG-2 cells treated at
highest concentration of GarKS and at lower concentrations (≤3.3 µg/mL), cytotoxicity
was not observed. In vitro cytotoxicity tests are widely used as the first step to evaluate the
biological safety of different chemical compounds used for drug development. Likewise,
several bacteriocins have been tested using cytotoxicity assays prior to use as therapeutic
agents. Dicks et al. [31] pointed out that most bacteriocins have low or no cytotoxicity
on different host cells, while Maher and McClean [32] found that bacteriocins are cyto-
neutral towards different eukaryotic cells, even at doses 100-fold higher than saturated
killing concentrations [33]. For example, garvicin Q was shown not to be cytotoxic to Vero
cells [29], while a bacteriocin purified from L. garvieae subsp. bovis BSN307 did not cause
cytotoxicity in H9c2 cells [34]. Contrary to this, some studies have reported cytotoxicity of
bacteriocins such as cytolysins and microcin E492 in mammalian cells [35,36]. Thus, the
cytotoxicity of each single bacteriocin should be determined before considering its use as
a remedial compound. These findings suggest that GarKS might have low or no adverse
effects in fish when used as a therapeutic agent.

In this study, 33 µg/mL and 3.3 µg/mL GarKS concentrations produced 53.33%
and 47.67% survival after challenge with L. garvieae, respectively, while concentrations
≤0.33 µg/mL were nonprotective in zebrafish larvae. The use of in vivo animal models for
testing novel drug efficacy is a prerequisite for discovery of active ingredients/substances.
Evaluating drug efficacy using mammalian models is considered costly and slow, while the
use of zebrafish larvae produces rapid results with protective mechanisms comparable with
other vertebrates [37–39]. Kalyanasundaram et al. [38] reported 50% protection in zebrafish
larvae treated with the LAB strain BLN34 bacteriocins from cow milk after challenge using
Mycobacterium kansasii, while Ravindran et al. [37] reported 100% protection in zebrafish
larvae treated with Bacillus subtilis bacteriocins [40] followed by challenge with Vibrio
cholerae. Zebrafish larvae treated with the peocin bacteriocin had survival rates of 63.3%
and 71.67% after challenge with A. hydrophila [39]. These findings suggest that GarKS has
the potential to serve as a therapeutic agent against L. garvieae infections in farmed aquatic
organisms in aquaculture. Moreover, zebrafish has increasingly become a valuable model of
translational research used for testing the safety of novel drugs for humans [41–43] because
of a relatively high homology with the human genome [44]. Therefore, these findings have
significant public health implications, suggesting that GarKS has the potential to be used
as a therapeutic agent against L. garvieae infections in humans, which has emerged to be an
important zoonoses causing endocarditis and other clinical conditions in humans [16].

In summary, this study has shown that GarKS has broad antimicrobial spectrum
against Gram negative and positive bacterial fish pathogens, despite not having inhibitory
properties against the examined foodborne bacterial pathogens. Our findings show low
GarKS in vitro cytotoxicity in fish cells at high concentration and we also showed protection
in zebrafish larvae after challenge with L. garvieae. Altogether, our findings suggest that
GarKS has potential applications as a therapeutic agent against a wide range of bacterial
pathogens. We suggest that future studies involve clinical trials to test the efficacy of GarKS
as a therapeutic agent for different bacterial fish diseases.
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