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Abstract

This is a preliminary characterisation of a bacteriocin, BacL49 produced by Lactococcus lactis ssp. lactis. This bacteriocin is significant
due to its activity against Streptococcus iniae, a bacterial pathogen causing severe economic losses in the global aquaculture of various fish.
Spot-on-lawn and microtitre plate assays were used to test antagonistic activity of the bacteriocin. BacL49 is heat and pH stable (100 °C
for 60min, pH 2.5-9.5), and sensitive to proteinase K, a-chymotrypsin, trypsin and papain. BacL49 has a bactericidal mode of action and is
produced during late log phase growth. BacL49 exhibits a broad activity spectrum against S. iniae, antagonising 93.75% (45/48) of S. iniae
isolates collected from a variety of hosts and environments. The apparent molecular masses of the active protein components determined
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis are 5 and 54kDa. Molecular analyses were performed to locate the genetic
determinants of BacL49. PCR of chromosomal DNA successfully amplified the structural gene encoding the precursor of nisin. Subsequent
analysis of nucleotide sequences of the PCR products revealed it to be identical to the nis Z structural gene of nisin Z. There is a paucity of
reports examining the inhibition of S. iniae by a lactococcal bacteriocin or even L. lactis as an aquacultural probiotic. This is one of the first
studies to identify nisin genes in a strain of L. lactis exhibiting activity against S. iniae. BacL49 is a candidate biocontrol agent for mitigation

of this important fish pathogen.
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Introduction

Streptococcus iniae is one of the most economically
important bacterial pathogens causing streptococcosis in fish.
Globally, economic damages have been in excess of US$100
million per year [1] with as much as 70% loss in annual
production in certain fish cultures [2]. S. iniae causes disease and
mortality in at least 30 species of fish in marine, brackish and
freshwater environments [3,4]. Outbreaks of S. iniae typically
occur in warm-water, cultured situations throughout the world
including Australia, Bahrain, Israel, Japan, Korea, Spain, Italy,
and the United States [4,5-10]. Epizootic incidents have also
been reported in wild populations [11,12], the most notable
being the 1999 and 2008 Caribbean fish kills [13,14]. Zoonotic
infections of S. iniae, normally caused by percutaneous injuries
sustained during raw seafood preparations, have been reported
in Canada, China, Hong Kong, Singapore, Taiwan, and the United
States [15]. Prevention and treatment of S. iniae in aquaculture
remains difficult, particularly with the industry seeking safer

alternatives to antibiotics and vaccines. Antibiotics, including
erythromycin have previously been successful in treating
streptococcus is in fish [16]. Nonetheless, the use of antibiotics
in aquaculture is gradually being eschewed due to widespread
development of antibiotic resistance in the environment and in
cultured fish, which causes consumer concern [16-18]. In some
cases, antibiotics are also believed to merely suppress clinical
symptoms without eliminating the infection, thereby promoting
the development of “carrier fish” [1].

Research devoted to creating effective vaccines for prevention
of S. iniae suffered a major setback when a novel serotype of S.
iniae caused severe outbreaks in Israel amongst vaccinated
rainbow trout (Oncorhynchus mykiss) [19,20]. Since then,
commercial vaccines against S. iniae have been marketed, but are
very limited geographically [21,22]. Alternative vaccines have
yielded successful results but are still undergoing testing [23-
25]. In spite of this progress, the task of effectively vaccinating
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each individual can be tedious, expensive, and even stressful for
the fish [26]. Vaccinations can be futile when applied to juvenile
fish that may not be fully immunocompetent [27]. Additionally,
S. iniae is capable of surviving in the aquatic environment
without a host [11,28,29] and this was speculated to have been
a factor in the evolution of the new serotype by allowing the
bacterium to evade the immune response of the vaccinated fish
[19]. Furthermore, the outbreak in Israel is evidence of serotype
diversity that could enable S. iniae to eventually overcome
yet another vaccine. Thus, the quest continues for a long-term
solution that can be universally and easily applied throughout
the aquaculture industry [25]. Chemical-free “green solutions”
appear to be the next era of therapeutics for preventing bacterial
epizooticsin fish [17]. Probiotics, either in the form of whole cells
or cell components such as bacteriocins, are anticipated as being
effective replacements for antibiotics and chemotherapeutics
to fight infectious diseases [30]. Bacteriocins are a group of
proteinaceous molecules that are biologically active against
bacteria that are closely related to the bacteriocin producer,
while the producer is immune [31-33]. Ubiquitous across all
bacterial genera, these ribosomally synthesized peptides confer
a selective advantage to their producers [31,32,34]. Bacteriocins
are recognized as potentially useful agents in the control of
bacterialinfections due to their effectiveness, non-toxicity and
relatively cheap production [32,35,36]. Only two published
studies on bacteriocins have tested S. iniae as an indicator
species [37,38].

An inhibitory substance, identified as bacteriocin BacL49,
was found during experimentation with the library of S. iniae
and other aquatic bacteria from James Cook University (JCU).
The bacteriocin was produced by a strain of Lactococcus lactis
ssp. lactis and was observed to inhibit a large spectrum of S. iniae
isolates. L. lactis, along with the rest of the lactic acid bacteria
(LAB) are considered the most prolific of all the Gram-positive
bacteriocinogens [32,39]. A versatile species, variousstrains
of L. lactis can produce an assortment of bacteriocins that
are predominantly encoded on plasmids [40-43]. Some L.

lactis strains produce the bacteriocin nisin, a small (<5kDa),
membrane-active member of the Lantibiotic class of LAB
bacteriocins capable of antagonistic activity towards a wide
range of Gram-positive bacteria [44-46]. Nisin is heat-tolerant
(115-121 °C) at low pH levels, making it an ideal preservative in
pasteurised and acidic food products [45,46]. Being “generally
regarded as safe,” nisin has achieved worldwide recognition as
a non-toxic food additive in over 50 countries [31,32,45]. As
produced by various strains of L. lactis, nisin occurs as natural
variants with designations A, Z, Q, and F [47-49]. 106 Unlike
most plasmid-encoded bacteriocins produced by L. lactis, nisin is
encoded on a conjugative transposon [50-52], a chromosomally-
associated segment of DNA with the capacity to repeatedly insert
into and mobilise plasmids and genomes [52,53]. Thus, one
objective of this study was to identify the genetic determinants
of the bacteriocin BacL49 through assessing the prevalence of
plasmids in L. lactis subsp. lactis L49 and examining the bacterial
chromosomal DNA for nisin genes. This study also provides
a brief characterisation of bacteriocin BacL49 and highlights
the potential of this substance as a green solution for S. iniae
infections in fish.

Materials and Methods

Source and identification of BacL49 producer. A lawn of S.
iniae AS-04-1524#1 (JCU isolate S42; Table 1) was observed as
a mixed culture, with one distinct colony type antagonizing the
growth of the other. Both isolates were identified using a PCR
assay for the lactate oxidase (IctO) gene of S. iniae using the
primer combination LOX-1/LOX-2 [54], and a 16S rDNA PCR
assay using universal primers 27F/1492R. PCR products were
cleaned and sequenced by Macrogen Inc. (Korea). The 16S PCR
assay returned a sequence 99% identical to Lactococcus lactis
ssp. lactis in BLAST. According to sequencing, the antagonizing
bacterium was identified as L. lactis L49, originally isolated
from a moribund sleepy cod (Oxyeleotris lineolatus) at JCU. The
inhibitory substance produced by L. lactis L49 was designated
as BacL49.

Table 1: Trial bacterial isolates. TAAHL: Tropical and aquatic animal health laboratory, Queensland; JCU: James Cook University; WADF:

Western Australia Department of Fisheries.

Strain Previous Designation Species Source Identified

L49 Lactococcus I(.IC“S subsp. Oxyeleotris lineolatus JCU
lactis

L53 Lactococcus chtls subsp. Marlbu'nd Oxyeleotris JcU
lactis lineolatus

S1 0-43154-1 Streptococcus iniae Lates calcarifer gill TAAHL

S2 0-43154-2 Streptococcus iniae Lates calcarifer gill TAAHL

S3 98-47701-1 Streptococcus iniae Moribund L'ates calcarifer TAAHL

kidney
S4 98-47701-9* Streptococcus iniae Moribund Lates calcarifer TAAHL
S5 0-49386-3** Streptococcus iniae Unknown TAAHL
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Moribund Lates calcarifer

S6 98-49835-1 Streptococcus iniae kidney TAAHL
s7 98-49835-2 Streptococcus iniae Moribund ﬁ:;‘;i calcarifer TAAHL
S8 98-51343-1 Streptococcus iniae Lates calcarifer TAAHL
S9 98-51343-1 Streptococcus iniae Lates calcarifer TAAHL
S10 1-41291 Streptococcus iniae Lates calcarifer TAAHL
S11 1-43034-2 Streptococcus iniae Lates calcarifer heart TAAHL
S12 94-40210-4** Streptococcus iniae Unknown TAAHL
S13 95-40786-6 Streptococcus iniae Moribund Lates calcarifer TAAHL
S14 95-47554-1 Streptococcus iniae Lates calcarifer heart TAAHL
S15 98-43935-11* Streptococcus iniae Lates calcarifer TAAHL
S16 ATCC 29177 (type) Streptococcus iniae Iniae geoffrensis JCU
S17 Streptococcus iniae Unknown JCU
S18 Streptococcus iniae Moribund Lates calcarifer JCU
S19 Streptococcus iniae Moribund Lates calcarifer JCU
S20 K6 Streptococcus iniae Unknown Jcu
S22 Streptococcus iniae Unknown JCU
S23 Streptococcus iniae Water sample JCU
S24 Streptococcus iniae Water sample JCU
S25 Streptococcus iniae Unknown Jcu
S26 Streptococcus iniae Unknown JCU
S27 Streptococcus iniae Water sample JCU
S28 Streptococcus iniae Moribund Lates calcarifer JCU
S29 Streptococcus iniae Moribund Lates calcarifer Jcu
S30 Streptococcus iniae Moribund Lates calcarifer Jcu
S31 Streptococcus iniae Moribund Lates calcarifer JCU
S32 Streptococcus iniae Unknown JCU
S33 Streptococcus iniae Unknown JCU
S34 Streptococcus iniae Healthy Lates calcarifer JCU
S35 Streptococcus iniae Unknown JCU
S36 Streptococcus iniae Moribund Lates calcarifer JCU
S36a Streptococcus iniae Healthy Lates calcarifer Jcu
S37 Streptococcus iniae Healthy Lates calcarifer JCU
S38 Streptococcus iniae Moribund Lates calcarifer JCU
S39 Streptococcus iniae Moribund Lates calcarifer JCU
S40 Streptococcus iniae Moriblgicria(i.l?ykiss JCU
S41 AS-04-1503#7 Streptococcus iniae Lates calcarifer WADF
S42 AS-04-1524#1 Streptococcus iniae Lates calcarifer heart WADF
S43 AS-04-0018#1 Streptococcus iniae Lates calcarifer liver WADF
S44 AS-04-0006#1 Streptococcus iniae Lates calcarifer spleen WADF
S45 AS-01-2199#1 Streptococcus iniae Flying Fox Fish & guppies WADF
S46 CCUG#47771 Streptococcus iniae Farmed fish Private company
S47 CCUG#47769 Streptococcus iniae Human infection Private company
S48 CCUG#27303 (type) Streptococcus iniae Iniae geoffrensis Private company
B597 Escherichia coli
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53e

Escherichia coli

Staphylococcus aureus

Streptococcus pneumoniae

*Altered TAAHL accession number. Changes were made for unknown reasons by previous researchers; it is likely these isolates are from

the correct animal accession but the final number has been altered (ie. -9 and -11). **Invalid TAAHL accession number.

Bacterial growth and isolation of BacL49. Unless otherwise
stated, bacteria were propagated aerobically at 28 °C in heart
infusion broth (HIB) or agar (HIA) produced by the addition
of 1.5% technical agar to HIB. Bacterial lawns were made by
seeding HIA plates with 1ml overnight growth of bacteria,
removing excess culture and allowing lawns to dry at room
temperature. To produce cell-free supernatant (cfs) containing
BacL49, L. lactis L49 was grown aerobically at 28 °C for 10-12h,
then centrifuged at 4300g for 5min and filtered through 0.45um.
Aliquots of cfs were stored at 4 °C.

135 Assays for antagonistic activity. The activity of L. lactis
L49 against 48 isolates of S. iniae (Table 1) was determined
by an altered deferred antagonism method [55]. Briefly, an
overnight L. lactis L49 culture was streaked in a single line on
an HIA plate with a sterile loop. Bacterial isolates and a control
of uninoculated broth were then streaked with sterile loops in
parallel at right angles to L49. Zones of inhibition were measured
after incubation for 16h. For interest, streak plates were made
to determine the activity of L. lactis L49 against B antibiotic
resistant human pathogens including E. coli B597, E. coli 53e,
community acquired methicillin-resistant Staphylococcus
aureus and Streptococcus pneumoniae. For these human isolates,
one plate was incubated at 37 °C with CO, and the other was
incubated aerobically at 37 °C to ensure sufficient growth of the
pathogens. Zones of inhibition were measured after 24h.

detected
qualitatively on solid media using a spot-on-lawn assay [56].

146 Antagonistic activity of BacL49 was
Antagonistic activity was quantified in liquid media using a
modified microtitre plate assay [57]. The indicator culture was
grown to an optical density of approximately 0.2 measured at
540nm, and added to two-fold dilutions of the growth medium
or cfs (treated or untreated) in duplicate 96-well round bottom
plates. Plates were incubated aerobically for 3h at 28 °C and the
optical density measured. Antagonistic activity was defined as
the reciprocal of the dilution causing 50% growth inhibition
(determined by optical density) relative to the control culture
without cfs (AU = arbitrary units). S. iniae S23 was used as the
indicator strain for all spot-on-lawn and microtitre plate assays
due to its high level of sensitivity to BacL49.

Effect of heat, pH and enzymes on BacL49 activity. To
determine the heat stability of BacL49 activity, cfs samples (pH
5) were heated at 100 °C for 10, 20, 30 and 60min. Samples were
cooled to room temperature before spot-on-lawn and microtitre
plate assays. To determine the effect of pH on BacL49 activity,
cfs samples were adjusted to pH levels between 1.5 and 9.5

using 1N NaOH or HCIL. Samples were incubated with agitation
for 2h, then readjusted to pH 5 (the pH level of untreated cfs
following incubation) before spot-on-lawn and microtitre plate
assays. To determine the effect of different enzymes on BacL49
activity, cfs samples were adjusted to pH 7.0 and treated to
a final concentration of 2mg ml! with the following enzymes:
proteinase K (40 units mg-1), a-chymotrypsin (59.3 units mg-
1), trypsin (2.6 units mg?), pepsin, papain (19 units mg?), and
catalase (1340 units mg!). Samples were incubated at 37 °C with
agitation for 2h, then at 100 °C for 5min to deactivate enzymes.
Remaining antagonistic activity was measured using the spot-
on-lawn assay. An untreated cfs sample was used as a control in
all assays.

170 Kinetics of production and activity. The Kkinetics
of BacL49 production by L. lactis L49 were investigated by
measuring the growth of the bacterium and activity of BacL49
produced over the same period. Overnight growth of L. lactis L49
was added to HIB (3.75% volume) and the culture was incubated
with agitation. The optical density of the culture was measured
at 600nm every hour until 12h, then periodically to 28h. At each
reading, 1ml culture was removed to produce cfs, which was
stored at 4 °C. Antagonistic activity was measured using a spot-
on-lawn assay following the collection of all cfs samples.

Theactivity of BacL49 was determined as either bacteriostatic
or bactericidal by measuring the growth of indicator strain S.
iniae S23 after the addition of BacL49. Early log-phase growth
of the indicator strain was distributed into triplicate 10ml
aliquots. One ml of cfs was added to two indicator cultures and
HIB was added to the remaining control culture. Optical density
was measured at 600nm over 24h. To measure cell viability in a
treated culture, mid log-phase growth of the indicator strain was
distributed into duplicate 10ml aliquots. One ml cfs was added
to one aliquot and HIB was added to the control. Optical density
measurements at 600nm were taken over time and 10-fold serial
dilutions were grown on HIA to measure cell forming units (cfu)
of the indicator strain in both cultures at 48h.

Protein purification. L. lactis L49 was grown overnight in
HIB previously filtered through Millipore type HA filters (to
remove unwanted proteins from the media). A portion of the
cfs produced from this culture was treated with ammonium
sulphate in two stages. For the primary precipitation, saturated
ammonium sulphate solution was slowly added to 100ml cfs
while stirring to 60% saturation at room temperature. The
solution was agitated 12h at 4 °C, then centrifuged at 4500g for
30min at 4 °C. The precipitate was resuspended in 10ml sterile
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distilled water. A small portion was removed and stored at 4 °C
for the activity assay. Saturated ammonium sulphate solution
was added to the remaining primary solution while stirring to
80% saturation at RT. This solution was agitated 12h at 4 °C,
then centrifuged at 4500g for 30min at 4 °C. The secondary
precipitate was resuspended in 1ml (1% original volume) sterile
distilled water and stored at 4 °C. The activity of the ammonium
sulphate precipitated (primary and secondary) proteins was
tested with a microtitre plate assay.

Approximate molecular size of BacL49 was determined
by tris-tricine sodium dodecyl sulfate- polyacrylamide gel
electrophoresis (SDS-PAGE). Aliquots of the partially purified
protein samples and untreated cfs were prepared with TruSep
tricine SDS sample buffer and run on 16% tris-tricine gels with
a low MW prestained protein ladder (Fermentas, Australia) at a
constant 150V. Gels were silver stained using a Silver Stain Plus
staining kit (BioRad, Australia) according to the manufacturer’s
protocol 208.

Proteins separated by SDS PAGE were eluted from the gel
using a modified protocol from Busarcevic et al. [58]. Following
agitation at room temperature overnight, the eluted samples
were centrifuged at 10,000g for 5min and the supernatants
concentrated by vacuum at 33 °C for 20min. Two controls were
used: one elution made with a slice of gel from an unused well
lane (containing no protein) and one with elution buffer only.
Eluted samples were assayed for antimicrobial activity with a
spot-on-lawn assay.

DNA purification. Isolation of plasmid DNA was carried
out using the Wizard® Plus SV Minipreps DNA Purification
System (Promega, Australia). Low-copy number plasmids were
assumed for all strains. Genomic DNA isolations were carried
out using the High Pure PCR Prep Kit (Roche, Australia) for the

detection of nisin structural genes. DNA isolation procedures
were performed according manufacturer specifications with the
addition of a lysozyme step for Gram-positive bacteria. Negative
control preparations contained no bacterial culture.

DNA products were resolved by electrophoresis on agarose
gels stained with GelRedTM and then visualised under UV light.
Since L. lactis strains often harbour a wide size-range (2kb to
about 100kb) of plasmids (Teuber and Geis, 2006), plasmid DNA
products were visualised using two different DNA ladders. These
included the 1kb GeneRulerTM (Fermentas, Australia) used with
1% (w/v) agarose gels at 90V and the Lambda Mix Marker 19
(Fermentas, Australia) used with 0.5% (w/v) agarose gels at
40V.

PCR analysis of the nisin gene. Oligonucleotide primers
(Macrogen, Korea) were designed using the NCBI-ORF Finder
and OLIGO 7 primer analysis software (Table 2) to target the
nis A structural gene. Genomic DNA samples were prepared for
PCR using GoTag® Green master mix (Promega, Australia). As L.
lactis L53 was found to contain a plasmid (results not shown),
this isolate was included in the procedure. For negative controls,
atube of reaction mix containing indicator strain S. iniae S23 and
one without sample DNA were included for the nisin structural
gene protocol, and for the PCR protocol, respectively. DNA
was amplified in a thermocycler (Eppendorf, Australia) set for
denaturation at 94 °C, annealing at 55 °C and extension at 72
°C. PCR products were visualised on 2% (w/v) agarose gels at
120V, along with a 50bp GeneRulerTM (Fermentas, Australia).
Sequence information (Macrogen, Korea) of the PCR products
was analysed using Sequencher® 5.0 software. The resulting
consensus sequences were compared to DNA and protein
sequences contained in the National Center for Biotechnology
Information (NCBI) database via BLAST search of “highly
similar” sequences.

Table 2: Forward-reverse oligonucleotide primers designed to amplify the nisin precursor gene.

Direction Name Sequence (5’ to 3’) Product Size (bp)
Forward 2212F19 CGCATTACAAGTATTTCGC
100
Reverse 2297R20 TTTGCTTACGTGAATACTAC

Results

L. lactis L49 produced antagonistic activity against 93.75%
(45/48) of S. iniae isolates in the JCU library (Figure 1). L. lactis
L49 failed to inhibit the growth of isolates S32, S39, S47 and
the human pathogens tested. Antagonistic activity of BacL49

remained following 60min at 100 °C and over a broad pH range
(pH 2.5-9.5), though activity was weaker at pH levels higher than
5.5 (Table 3). The cfs also showed antagonistic activity against
the indicator after exposure to pepsin and catalase, but lost
activity when exposed to proteinase K, a-chymotrypsin, trypsin
and papain. L. lactis L49 began producing BacL49 at the end of
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the log growth phase (Figure 2). BacL49 production reached a

maximum at early stationary phase, but began to drop following

600min growth and continued to decrease to the end of 24h.
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Streptococcus iniae isolate Figure 2: Kinetics of BacL49 production during the growth of L.
L — : lactis L49. The growth curve of the bacteria was generated by
Figure 1: Zones of inhibition produced by Lactococcus lactis L49 measurements of OD600 and BacL49 production was evaluated
on isolates of S. iniae in a deferred antagonism assay. Inset: by measuring the clearance produced on indicator S. iniae S23
example deferred antagonism plate showing isolates S21-S40 by cfs samples collected throughout the period shown.
streaked against L. /actis L49 (S21-S30 on right, S31-S40 on N J
left).
N J

Table 3: Antagonistic activity by BacL49 from L. lactis L49 against indicator S. iniae S23 following different treatments.

Treatment Activity (AU ml-1)
Control cfs 160
Heat
10m @100 °C 80
20m @100 °C 80
30m @100 °C 80
60m @100 °C 80
pH
35 160
5.5 160
6.5 160
7.5 80
8.5 80
9.5 80
Enzymes?
Proteinase K -(s)
a-chymotrypsin -(s)
Trypsin -(s)
Pepsin +(r)
Papain -(a)
Catalase +(r)
Ammonium Sulphate
1° precipitation 1280
2° precipitation 10240
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HA Filtration

Retained activity

240

Filtered activity

80

aActivity measured as present (+) or absent (-) for enzyme tests. Absence antagonistic activity (-) correlates to senstivity (s) to the enzyme
tested, and antagonism of the indicator (+) correlates to resistance (r) to the enzyme tested; Cfs: Cell Free Supernatant.

A Growth of the indicator strain was not only inhibited
following the addition of BacL49, but the optical density of the
culture continued to drop steadily over time without recovery,
while the control culture grew normally to a high optical density.
The cell viability of the treated indicator culture dropped 10-
fold in the first 30min following the addition of BacL49 and
continued to drop over 70min while the control culture cfu
increased 10-fold.

Ammonium sulphate precipitation successfully concentrated
the bacteriocin (Table 3). The primary precipitate showed 8
times the activity (in AU) of the untreated cfs and the secondary
precipitate showed at least 64 times the activity of the untreated
cfs (1/512 was the highest dilution made of the substances
tested in the microtitre assay).

Tris-tricine SDS PAGE allowed separation of the low
molecular weight proteins, and multiple protein bands were
clarified after silver staining of the gel (Figure 3). Following
elution of proteins from the tris-tricine gel slices, only minor
antagonistic activity was produced on the indicator strain by the
small molecular weight band (5kDa) but strong antagonism was
produced by the large molecular weight (54kDa) band.

e N
™ 1
kDa
100 pe—
54 kDa
30 e—
25 w—
20—
L
1 —
5 -. .tlea
34 —
Figure 3: Silver stained tris-tricine SDS-PAGE showing protein
separations of ammonium sulphate concentrated BacL49 from
L. lactis L49. Lane 1: Protein standards; lane 2: secondary
ammonium sulphate precipitate. Bands with antagonistic activity
are designated by arrows.

- J

Following plasmid extraction, DNA samples of L49 showed
faintbands that were too unremarkable to be denoted as plasmids
(Figure 4). Based on this data, further plasmid experimentation

007

was not pursued. PCR for the nisin structural gene resulted in
products just over 100bp for isolates L49 and L53 (Figure 5). No
bands were detected for S23 or the control. Sequence analysis
of the L49 PCR product yielded a consensus sequence of the
nisin structural gene (Figure 6) that was 99% homologous to
the nis A structural gene and 100% homologous to the nisZ
structural gene (Table 4). The protein BLAST search showed
100% homology with the Nisin Z precursor, followed by that of
nisins F and A, and then nisin Q (Table 4). A deduced amino acid
sequence of BacL49 was also obtained from the BLAST search,

which showed that BacL49 was identical to nisin Z.
e N\

250

Figure 4: Plasmid extraction results for Lactococcus lactis L49.
L: 1kb DNA ladder; lane 1: negative control for plasmid DNA;
lane 2: L. lactis subsp. lactis L49; lane 3: positive control for

plasmid DNA
- J

4 A

Figure 5: PCR products of reaction detecting the nisin structural
gene. Lanes 1,2: L. lactis subsp. lactis L49; 3: S. iniae S23; 4:
L. lactis subsp. lactis L53; 5: Nuclease-free water (control). L:

50bp DNA ladder.
\ J
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1
61
il
181

ATGAGTACAAAAGATTTTAACTTGGATTTGGTATCTGTTTCGAAGAAAGATTCAGGTGCA
TCACCACGCATTACAAGTATTTCGCTATGTACACCCGGTTGTAAAACAGGAGCTCTGATG
GGOTTGTAACATGAAAACAGCAACTTGTAATTGTAGTATTCACGTAAGCAAATAACCALAAT
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Figure 6: Nucleotide sequence of the nisin structural gene isolated from L. /actis sub sp. lactis L49 and L57. It is identical to the nisZ
structural gene of nisin Z (Mulders et al. 1991).

J

Table 4: NCBI BLAST results of “highly similar” sequences displaying homology with the BacL49 sequence. Nucleotide (blastn) search results
show BacL49 compared with the nisA and nisZ structural genes. Protein (blastx) search results show comparisons of the deduced amino acid

sequence.

Comparison

Accession

Description

Max Identity

Identities

E Value

blastn of nisA

HM219853.1

S. iniae subsp. lactis
nisin biosynthetic
gene cluster, complete
sequence

99%

186/187

1.00E-90

AF465351.1

S. iniae nisin A (nisA)
gene, complete cds;
and NisB (nisB) gene,
partial cds

99%

186,187

1.00E-90

M27277.1

S. iniae subsp. lactis
nisin A precursor,
gene, complete cds

99%

186/187

1.00E-90

D00696.1

S. iniae spaN gene
for nisin precursor,
hypothetical proteins,
complete and partial
cds

99%

186/187

1.00E-90

blastn of nisZ

AF420259.1

S. iniae NisZ (nisZ)
gene, complete cds;
and NisB (nisB) gene,
partial cds

100%

188,188

3.00E-92

X61144.1

L.lactis nisZ gene for
nisinZ

100%

188,188

3.00E-92

718947.1

S. iniae nis genes

100%

188/188

3.00E-92

AB083093.1

S. iniae subsp. lactis
nisZ, nisB genes
for nisin Z, nisin B,
complete and partial
cds

100%

188/188

3.00E-92

D10768.1

S. iniae mutated
spaN gene for nisin,
complete cds

100%

188,/188

3.00E-92

blastx

P29559.1

Rec Name:
Full=Lantibiotic
nisin-Z; Flags:
Precursor

100%

57/57

3.00E-34

ABU45463.1

nisin F [Lactococcus
lactis]

98%

56/57

4.00E-34

P13068.1

Rec Name:
Full=Lantibiotic
nisin-A; Flags:
Precursor

98%

56/57

2.00E-33

ADB43136.1

nisin Q [synthetic
construct]

95%

54/57

5.00E-33
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Discussion

The inhibitory substance BacL49 produced by L. lactis L49
has been identified as a bacteriocin due to meeting the criteria
of being a biologically active protein moiety with a bactericidal
mode of action [33]. BacL49 can be produced in anaerobic
conditions and is capable of diffusing through solid media
(results not shown), which rules out hydrogen peroxide and
phage activity, respectively, as the cause of antagonism. The
protein nature of BacL49 was confirmed by its sensitivity to a
number of proteases and the mode of action was confirmed as
bactericidal by optical density and cell viability experiments.

BacL49 is heat and pH stable, though antagonistic activity
was weaker when the bacteriocin was incubated in an alkaline
environment. An acidic pH can be necessary for the retention
of the cationic properties of bacteriocin peptides, which appear
to be crucial for their antagonistic activity [59]. Most L. lactis
bacteriocins, including nisin, are heat stable and tolerant to
acidic conditions [21,60-62] but many show different enzyme
sensitivities. A review of publications describing Nisin Z
production by L. lactis strains isolated from various sources
found that nisin Z is consistently sensitive to proteinase-K, but
varies in sensitivity to trypsin, a-chymotrypsin, and papain. A
few published descriptions of nisin exactly matched the protease
sensitivity profile of BacL49 [63-65]. Interestingly, the only
other described nisin isolated from fish differs from BacL49 in
sensitivity to trypsin and a-chymotrypsin [37].

Abactericidal mode of action was confirmed by the reduction
over time in optical density and Viable cell count of the BacL49
treated indicator culture. It is known that many antibiotics kill
bacteria by targeting lipid I, thus blocking cell wall synthesis
and leading to cell lysis by pore formation [44,66,67], and it
is possible that BacL49 performs in a similar manner. The
bactericidal mode of action of BacL49 not only confirms this
substance is a bacteriocin, it indicates that BacL49 could reduce
bacterial loads in fish or the environment by destroying S.iniae
cells.

Production of antagonistic activity by the two differently
sized peptide bands eluted from SDS PAGE gels (54kDa, and
S5kDa) suggests that two different inhibitory substances
are being concurrently produced by L. lactis L49. The two
component lantibiotic lacticin 3147 consists of two 3-4kDa
peptides, but both are required for antagonistic activity [68].
This required cooperation is apparently not the case with
the two BacL49 peptides, as evidenced by their independent
production of antagonism. It is also possible that cleaving of
BacL49 is occurring; the large molecular weight peptide may be
an unseparated quaternary structure of the small peptide.

The results of the plasmid extraction do not support the
hypothesis that L49 contained plasmids. The faint bands
observed after electrophoresis were not indicative of a typical
plasmid profile. Chromosomal DNA extraction results suggest

that L49 possesses the structural gene encoding the nisin
precursor. Interestingly, equally strong bands for the structural
gene were evident for isolate L53. Whilst this result was not
expected due to isolate L53 only inhibiting 30% of S. iniae
isolates in the JCU library (results not shown), it was also not
surprising since various strains of L. lactis have been observed
to produce nisin.

Based on the NCBI BLAST search results, BacL49 is likely
nisin Z. The DNA sequence was shown to differ from that of nisin
A exactly as stated in Mulders et al. [48], varying at position by
a C to A transversion. Comparison of the deduced amino acid
sequence with those of the other nisin variants, coupled with
the protein BLAST results, substantiates the nucleotide results.
Nisin Z is a natural nisin variant that has only been produced by
strains of L. lactis, however these strains have been isolated from
a variety of sources from different environments.

Producers of nisin Z have previously been derived from
dairy [51,69] and vegetables products [70,71]. Recently, it has
been shown that they are also associated with mangroves [72],
marine fish [37], and now with freshwater fish. The source of
the producing strain could have an impact on how and in what
context it can be used most effectively.

Based on the results of this study, it is likely that BacL49
is encoded on a conjugative transposon. Like plasmids, some
conjugative transposons can possess avery broad hostrange [73],
allowing for the dissemination of various traits (e.g. antibiotic
resistance) across different species [53,74,75]. Further research
following this study should focus on isolating this mobile genetic
element from L49, characterising it, and assessing its potential
novelty and uses by genetic manipulation.

Other bacteriocin-producing L. lactis strains have been
isolated from freshwater fish in the past [47,60] however
these studies tested bacteriocin activity against S. aureus, L.
monocytogenes, and other pathogens important in food spoilage
and human infection. This study reports similar findings to that
in Heo et al. [37], in which a strain of L. lactis subsp. lactis was
isolated fromtheintestine ofamarineolive flounder (Paralichthys
olivaceus) and was found to inhibit S.iniae during in vitro
experiments. Heo et al. [37] examined the in vitro effects of nisin
Z against S. iniae by combining it with varying concentrations
of NaCl. The authors concluded that the ability of nisin Z to
inhibit the growth of S. iniae was synergistically improved when
applied in conjunction with NaCl. This is significant for marine-
based aquaculture. The producer of BacL49 was isolated from a
freshwater fish species, thus it would be interesting to look for
any significant differences in activity between BacL49 and nisin
Z originating from a marine source BacL49 could have important
applications in the aquaculture industry with regard to S. iniae.

The ability to retain its activity through heating processes
would allow this bacteriocin to be readily incorporated into
commercial fish food. The fact that BacL49 remains active
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over a broad pH range is also advantageous because S. iniae
can establish in a variety of organs and tissues in infected fish.
BacL49 could also be added directly into the culture water as a
non-toxic means of biological control of S. iniae in the culture
environment and be a supplement to vaccination procedures.
This environmental treatment could address the issue of S.
iniae cells surviving freely in the water and evading the immune
responses of vaccinated fish. Differences in activity, such as
increased inhibitory specificity, distinguish bacteriocins from
classical antibiotics and are another advantage to their use in
a cultured environment [76]. This specificity can reduce the
risk of non-target bacteria (particularly beneficial ones) being
antagonized and minimize the threat of resistance development.
However, the broad activity spectrum of BacL49 on different
isolates of S. iniae would prove to be an advantage due to the
large variation that exists between strains of this pathogen
[76,77].

The pathological effects of bacteriocins must be considered
before they are used in an in vivo situation, and it would be
beneficial to determine whether the bacteriocin is strongly
antigenic [33]. However, most bacteriocins are not toxic to
animals at effective antimicrobial concentration due to their
specificity [78]. Despite the results of this study showing that
high concentrations of BacL49 are easy to achieve, bacteriocin
delivery or retention in fish tissues could prove difficult in vivo.
If this were the case, L. lactis ssp. lactis L49 could be trialed
as a probiotic. Great interest has been shown towards LAB
as potential probiotics, as they are well-recognised for their
bacteriocinogenic capabilities and presence within the normal
microbiota of fish (typically the intestine) [30,79]. Not only can
they withstand acidic stomach conditions, but they can grow
and colonise the intestine of fish [80]. The piscine origins of L49
may contribute to its survivability and efficacy as a potential
probiotic, though there are few studies examining L. lactis as a
probiotic specifically against fish pathogens. Though L. lactis has
not been documented as a fish pathogen and is regularly present
in the aquatic environment and the intestinal tract of both
freshwater and marine fish [71,81-84], it would be necessary
to confirm isolate L49 as non-pathogenic to the species of fish
undergoing treatment. The elucidation of the L. lactis genome
and the fact that products from the bacteria are generally
regarded as safe make the bacterium a unique candidate for
genetically engineered live vaccines as well [85].

BacL49 is significant because it displays a broad activity
spectrum for S. iniae isolates, implicating it as a new therapeutic
or preventative agent for infections caused by this economically
important fish pathogen. Nisin has had a long history as a safe
food additive in the manufacturing of various foods for human
consumption, thus BacL49 may also be integrated with fish
food without serious concern over chemical residues. Purified
BacL49 should be tested in vivo to determine antigenicity of the
substance in fish, and the bactericidal action of the bacteriocin

should be studied in depth to identify problems that may arise
with bacterial resistance.
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