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Bacteriocin-like inhibitory substances (BLIS) have sparked great interest because of their promising use in food as natural
antimicrobial agents. In this work, six Streptomyces isolates obtained from the gut of Chanos chanos demonstrated their ability
to produce extracellular metabolites with inhibitory activity against Salmonella enterica serovar Typhimurium, Escherichia coli,
Listeria monocytogenes, and Staphylococcus aureus. Exposure of the extracellular metabolites to proteolytic enzymes (i.e.,
proteinase-K, trypsin, and pepsin) revealed high sensitivity and confirmed their proteinaceous nature. The metabolites were
stable at high temperatures (up to 100°C for 30 min) and a wide range of pH (pH 2.0-7.0). Fractionation of the crude BLIS by
filtration yielded three fractions based on molecular weight: <3kDa, 3-10kDa, and >10kDa. Analysis of the antibacterial
activity of these fractions showed increased specific activity, especially in the fraction with a molecular weight (MW) of
<3KkDa, relative to the crude sample. The fraction with MW < 3 kDa had minimum inhibitory and bactericidal concentrations
in ranges 0.04-0.62mg-mL ™" and 0.08-1.25mgmL"", respectively. This fraction also showed better temperature and pH
stability compared with crude BLIS. Brine shrimp toxicity assay revealed that this fraction has moderate toxicity with a 50%
lethal concentration of 226.975 ugmL™" (i.e, moderate toxicity) to Artemia salina. Identification of the peptide sequences of
this fraction by liquid chromatography-tandem mass spectrometry yielded 130 proteins with retention times of 15.21-
19.57 min. Eleven proteins with MWs of 1345.66-2908.35Da and composed of less than 30 amino acid residues with high
hydrophobicity (15.34-26.22kcal-mol™") appeared to be responsible for the antibacterial activity of the fraction. This study
revealed the potential application of BLIS from Streptomyces, especially BLIS SCA-8, as antibacterial agents.

1. Introduction

Increasing consumer awareness of the adverse health effects
of chemical preservative in food has resulted in heightened
interest in fresh and minimally processed food [1-3]. How-
ever, this trend presents a massive challenge because mini-
mally processed food is closely related to various diseases

caused by pathogenic bacteria [4, 5]. Hence, numerous
explorations of potential natural preservatives, such as bacte-
riocins or bacteriocin-like inhibitory substances (BLIS), have
been conducted in efforts to replace chemical preservatives
to improve the shelf life and safety of food [6, 7].
Bacteriocins are short-chain protein or polypeptide com-
pounds synthesized ribosomally by microorganisms that
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could inhibit the growth of bacterial strains closely related to
the bacteriocin-producing strains [7, 8]. The term BLIS
describes a peptide or protein antimicrobial compound that
is synthesized by ribosomes but not fully characterized by its
amino acid sequence and biochemical properties [9]. Bacte-
riocins may be divided on the basis of their structure into
three main classes: class I includes lantibiotics, class II
includes small posttranslationally unmodified bacteriocins,
and class III includes large antibacterial proteins (>10kDa)
and bacteriolysins [10]. Bacteriocins generally have a narrow
antibacterial spectrum and are limited to closely related gen-
era or species [7]. However, the growing demand for natural
agents for food preservation (i.e., to replace chemical preser-
vatives) or clinical applications renders the study and explo-
ration of bacteriocins with broad spectrum antibacterial
activity increasingly necessary [11, 12].

Most bacteriocins are produced by lactic acid bacteria,
such as those belonging to Lactococcus, Lactobacillus, Strep-
tococcus, and Pediococcus [7, 10]. Some bacteria from other
genera, one of which is Streptomyces, are also capable of pro-
ducing bacteriocins or BLIS with potential antibacterial
activity and stability [13]. Several authors have examined
the bacteriocins produced by Streptomyces pluripotens sp.
nov. [14], Streptomyces scopuliridis sp. nov. [15], Streptomy-
ces griseus (grisemycin) [16], and Streptomyces bottropensis
(bottromycin A2) [17]. These studies show that Streptomyces
bacteriocins have broad spectrum antibacterial activity
against Gram-positive and negative bacteria and even resis-
tant pathogenic bacteria, such as methicillin-resistant Staph-
ylococcus aureus [14]. However, although the potential
activity of some BLIS produced by Streptomyces has been
reported, many other Streptomyces species producing these
substances have not been described [13].

Streptomyces is a Gram-positive bacterium widely
known to produce various bioactive compounds [18]. These
bacteria are widely abundant in various ecosystems and can
form associations with eukaryotic hosts, such as fish [19, 20].
This ability confers the bacterium with the physiological and
genetic ability to adapt and express metabolites of varying
bioactivity [21]. Several studies have discovered metabolites
with potential bioactivity produced by Streptomyces associ-
ated with fish [20, 22, 23]. Kurnianto et al. [23, 24], for
instance, identified a suspected peptide-containing antibac-
terial metabolite with broad spectrum antibacterial activity
produced by Streptomyces associated with Chanos chanos.

The present study is aimed at analyzing the potential of
six Streptomyces isolates from the gut of C. chanos to pro-
duce BLIS, at analyzing the stability and antibacterial activity
characteristics of BLIS, and at identifying the active fraction
of BLIS using liquid chromatography-tandem mass spec-
trometry (LC-MS/MS).

2. Materials and Methods

2.1. Bacterial Strains and Culture Collection. Six Streptomy-
ces (i.e., S. variabilis SCA-5, S. variabilis SCA-11, S. variabilis
AJA-10, S. labedae SCA-8, S. globisporus AIA-12, and S. mis-
ionensis AIA-17) were obtained from the gut of milkfish (C.
chanos) [23, 24]. The strains were identified through their
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morphological, physiological, biochemical, and molecular
characteristics by 16S rRNA gene sequencing. The isolates
were cultivated in ISP-2 medium (yeast extract, 4g; malt
extract, 10g; dextrose broth, 4g; bacteriological agar, 20g;
and distilled water, 1,000 mL) and incubated at 30°C. Target
bacteria, including Salmonella enterica serovar Typhimur-
ium ATCC 14028, Escherichia coli ATCC 25922, Listeria
monocytogenes ATCC 35152, and S. aureus ATCC 25923,
were grown on tryptic soy broth (Oxoid, UK) and incubated
for 24 hours at 37°C.

2.2. Production and Preliminary Screening of BLIS-Producing
Bacteria. The six Streptomyces isolates were inoculated on
ISP-2 and incubated at 30°C during the optimum antibacte-
rial production time (9-11 days) with agitation in a shaker
incubator (New Brunswick, Germany) [24]. Bacterial cul-
tures were centrifuged (Hermle, Germany) at 7,000 x g and
4°C for 15min to separate the supernatant from the cell bio-
mass. The supernatants were adjusted to pH 6.5-7.0 with
1 mol-.L™! NaOH (Merck, Germany) and passed through a
0.22 ym membrane filter (Sartorius, France) to obtain a neu-
tralized cell-free supernatant (CFS). This CFS was analyzed
for its inhibitory activity against two bacteria (ie., E. coli
ATCC 25922 and S. aureus ATCC 25922) via the microdilu-
tion method [25]. A total of 100 uL of the tested bacterial
suspension (1 x 10° CFU-mL™), 80 yuL of Mueller-Hinton
broth medium (MHB) (Oxoid, UK), and 20 4L of the CFS
were added to each well of a microplate. Test bacteria grown
on MHB medium without exposure to the CFS were used as
controls. The microplate was incubated for 24 h at 37°C, and
the absorbance of each well of the microplate was measured
at 600 nm using an ELISA reader (Bio-Rad, US). The growth
inhibitory activity of the test bacteria was calculated from
the absorbance of samples with and without treatment (con-
trol). An absorbance value lower than the control indicates
inhibition of the growth of the test bacteria. CFS samples
showing potential activity were concentrated using a freeze
dryer (Christ, Germany) to obtain crude BLIS.

2.3. Confirmation of the Proteinaceous Nature of Crude BLIS.
The proteinaceous nature of crude BLIS was assessed by
exposure of the six concentrated CFS samples to various
enzymes, including proteinase-K (Geneaid, Taiwan), trypsin
(Sigma-Aldrich, USA), and pepsin (Sigma-Aldrich), at a
final concentration of 10 mg-mL~" and incubation for 2h at
37°C. The samples were heated for 2min to inactivate the
enzyme, cooled to room temperature, and then subjected
to antimicrobial activity testing [11] by using the agar well
diffusion method.

2.4. Partial Purification via Ultrafiltration Membranes. The
six crude BLIS samples were separated according to molecu-
lar weight by using 3 and 10kDa ultracentrifuges (Amicon
Ultra Centrifugal Unit, Regenerated Cellulose 3,000 and
10,000 MWCO, Merck Millipore Ltd., Germany) for
60min at 1,328.4 x g and 4°C. This process separated the
samples into three BLIS ultrafiltration fractions (BLIS-UEF),
i.e., <3kDa, 3-10kDa, and >10kDa [26]. Each fraction was
concentrated with a freeze dryer (Christ, Germany), adjusted
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to a final volume of 80 mL with deionized water, and then
subjected to bacterial inhibitory activity tests to assess their
bioactivity.

2.5. Quantification of Total Protein. The total protein con-
centration of each sample was determined on the basis of
the Bradford method (Bradford 1976), which refers to Jama-
luddin et al. [27]. A total of 160 uL of each sample was
reacted with 40 uL of Bradford reagent in a 96-well microti-
ter plate and then incubated at 37°C in an orbital shaker for
10min. Protein concentrations were determined by an
ELISA reader (Bio-Rad) at 595 nm. Distilled water was used
as a blank sample, and a protein standard curve was
obtained using bovine serum albumin as a protein standard.

2.6. Determination of the Antibacterial Activity of BLIS. The
antibacterial activity of BLIS was determined using the agar
well diffusion method. A total of 25 mL of Mueller-Hinton
agar (Oxoid, UK) containing the test bacteria (1% v/v; E.
coli, S. Typhimurium, L. monocytogenes, and S. aureus) at
a density of 1x 10°CFU-mL™ was poured into the wells
of a plate and allowed to solidify. A well (diameter, 6 mm)
was made in the agar with a cork borer, and 100 yL samples
of BLIS were placed into the wells. After incubation at 37°C
for 24 h, the diameter of the inhibition zone (mm) was mea-
sured. Distilled water and ampicillin 10 yg-mL™" were used
as controls. The antibacterial activity of BLIS was expressed
as activity (A) and specific activity (B) [28]. Purification fold
(C) and yield activity (%) (D) of the samples were also
calculated.

BLIS activity (A) was calculated as shown in equation (1)
and expressed in units of AU-mL™", where 1 AU-mL ™" was
defined as the unit area of the inhibition zone per unit vol-
ume (mm*mL ™). In equation (1), L, refers to the clear zone
area (mm?), L, refers to the well area (mm?), and V refers to
the sample volume (mL).

A=z s (1)

BLIS-specific activity (B) was defined as the ratio of the
total BLIS activity of the sample to the total protein concen-
tration (AU-yg’l) and calculated using equation (2), where
A refers to the BLIS activity (AU-mL™), TP refers to the total
protein concentration (¢g) in the sample, and V refers to the
sample volume (mL).

(2)

Purification fold (C) was defined as the ratio of the spe-
cific activity of the fraction obtained at each purification step
(B,) to the specific activity of crude BLIS (B,) and calculated

using equation (3), where B, was the BLIS-specific activity of
the fraction obtained at each steps of purification and B, was

3
the BLIS-specific activity of crude BLIS.
B
Cc=-L. (3)
B,

Yield activity (D) was defined as the ratio of the total
BLIS activity (AU-mL™") calculated at each step of purifica-
tion to the total activity of crude BLIS and calculated using
equation (4), where A was the BLIS activity (AU-mL™") in
each step, V was the sample volume (mL), and A, was the
BLIS activity of crude BLIS.

D- (A: V) X 100. (4)

0

2.7. Analysis of Minimum Inhibitory and Bactericidal
Concentrations. Determination of the MIC of BLIS was con-
ducted by preparing BLIS samples at several concentrations
(ie., 10, 5.0, 2.5, 1.25, 0.625, 0.312, 0.156, 0.078, 0.04, 0.02,
0.009, and 0.004 mg-mL™"). Each BLIS sample was placed
on a microplate that had previously been inoculated with
0.1mL of test bacteria (density, 1x 10°) and 0.1mL of
MHB (HiMedia, India). The microplate was incubated for
24h at 37°C. The growth of the test bacteria on the micro-
plate was observed using a microplate reader (Bio-Rad) at
600nm, and their viability was determined by the plate
counting method [3]. The MIC was obtained from the low-
est concentration of bacteriocin that could inhibit the
growth of the test bacteria. The MBC of BLIS was evaluated
as follows. After MIC determination, the liquid remaining
on the microplate was inoculated with Mueller-Hinton agar
(HiMedia) and then incubated for 24h at 37°C. The MBC
refers to the MIC of bacteriocin required to kill 99.9% of
the tested bacteria.

2.8. Determination of the Temperature and pH Stability of
BLIS. Evaluation of the temperature stability of BLIS was
performed by dissolving all of the fractions in deionized
water and then incubating the resulting solutions at 60, 80,
or 100°C for 30 min or 121°C for 15 min. The solutions were
cooled to room temperature and subjected to antibacterial
activity tests [29]. The pH stability of BLIS was determined
by adjusting the pH of the purified fractions to pH 2.0-
10.0 by using 1 mol-L™" HCl and 1 mol-.L™' NaOH as neces-
sary and incubating for 2 h. Prior to the antibacterial activity
test, the pH of the samples was set to pH 7.0. All antibacte-
rial activity tests were performed by using the agar-well dif-
fusion method, as described above.

2.9. Analysis of Toxicity by Using Brine Shrimp Lethality
Assay. Artemia salina cysts were hatched in artificial seawa-
ter containing 27 g of NaCl in 3 L of distilled water and pro-
vided light and aeration. The larval hatching process was
conducted for 48 h. Once hatched, the larval eggs were con-
sidered ready for analysis. The purified BLIS fraction show-
ing the best specific activity was dissolved in artificial
seawater to obtain test solutions with final BLIS concentra-
tions of 2,000, 1,000, 200, and 20 yg~mL’1. A total of 1mL
of each test solution was transferred to a separate test tube



and added with 10 two-day-old A. salina larvae by using a
sterile syringe. The volume in the test tube was adjusted to
2mL to achieve final BLIS concentrations of 1mgmL ',
500 pg-mL ™", 100 ugmL™", and 10 ug-mL™". The test tubes
were incubated for 24 h, and the number of dead A. salina
larvae was counted. The lethal concentration (LC,,) of BLIS
was determined via the probit analysis method with a 95%
confidence interval using SPSS software. Each concentration
was tested thrice, and artificial seawater was used as a nega-
tive control [30].

2.10. LC-MSIMS Analysis and In Silico Study of the BLIS
Fraction with the Greatest Activity. The BLIS fraction with
the greatest antibacterial activity was dissolved in 1mL of
water, centrifuged for 1min, and then injected into a
NanoLC Ultimate 3000 Tandem Q Exactive Plus Orbitrap
HRMS instrument equipped with a Thermo PepMap RSLC
C18 capillary column (75 um x 15cm, 3 um, 100 A) and a
Thermo Scientific™ 164649 trap column (30 ym, 5mm).
The sample was eluted with H,O with 0.1% formic acid
(A) and acetonitrile with 0.1% formic acid (B) at a flow rate
of 300 nL-min". The elution program was as follows: 2%-
35% B for 30min, 30%-90% B for 15min, 90% B for
15min, and 5% B for 30 min. Spectra were collected over
the mass range of 200-2,000 m/z. The mass spectral results
were analyzed using Proteome Discoverer 2.2 (Thermo Sci-
entific), which uses the search engine SEQUEST HT, for
database-based protein identification. The enzyme used
was trypsin with a maximum miss cleavage of 2. The
dynamic modifications applied were oxidation (for the
amino acid methionine) and acetylation (for N-terminals).
The percentages of hydrophobic and cationic amino acid
residues were predicted using ProtParam (https://web
.expasy.org/protparam/), and the physicochemical proper-
ties of the detected amino acid peptide sequences (i.e.,
sequence length, molecular weight (MW), hydrophobicity,
and Boman index) were determined using PepDraw
(https://www.pepdraw.com/).

2.11. Statistical Analysis. All experiments were performed as
three independent replicates, and the results were expressed
as mean * standard deviation. Data analysis was performed
using SPSS 18.0 software. One-way analysis of variance
(ANOVA) and Duncan’s multiple range test (95% confi-
dence interval) were applied to detect significant differences
between means.

3. Results and Discussion

3.1. Antibacterial Activity of Crude BLIS. The neutralized
CEFS of six Streptomyces isolates showed potential inhibitory
activity (Figure 1). The growth inhibition of E. coli and S.
aureus was highest in the CFS of S. globisporus AIA12 and
S. misionensis AIA17. Meanwhile, the lowest inhibition of
growth of E. coli and S. aureus was found in CFS produced
by S. labedae SCA-11 and S. variabilis AIA-10, respectively.
ANOVA followed by Duncan’s multiple range test indicated
that the growth absorbance of test bacteria exposed to CFS
was significantly lower than that of test bacteria not exposed
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FiGUre 1: The growth absorbance (in 600 nm) of test bacteria in
Mueller Hinton broth exposed to cell-free supernatant (CES);
white square: E. coli; light-gray square: S. aureus; C (-): control
negative using Mueller Hinton broth inoculated with test bacteria
without being exposed to CFS; C (+): control positive using
ampicillin 10 ugmL™".

to CFS. This result indicates that the presence of extracellu-
lar metabolites produced by Streptomyces in CFS could
inhibit the growth of the test bacteria and supports previous
findings demonstrating the potential antibacterial properties
of metabolites produced by Streptomyces isolated from the
gut of C. chanos [23, 24]. The difference in antibacterial
activity produced is due to differences in the concentration
of extracellular metabolites produced [13]. Analysis of anti-
bacterial activity using the agar well diffusion method con-
firmed these findings. Specifically, the concentrated CES
formed inhibition zones against all tested bacteria
(Figure 2). These results show that crude BLIS has broad
spectrum antibacterial activity.

The zones of inhibition determined in this study indi-
cated that the six crude BLIS samples have better inhibitory
activity against Gram-negative bacteria than against Gram-
positive bacteria. This finding contradicts most studies
reporting that bacteriocins are only active against Gram-
positive bacteria [31, 32]. However, recent studies have
reported the ability of several bacteriocins to inhibit Gram-
negative bacteria. For instance, the bacteriocins synthesized
by Streptomyces nigrescens inhibit Vibrio parahaemolyticus,
bacteriocin SLG10 inhibits E. coli, and bacteriocin JLA-9
inhibits E. coli, S. Typhimurium, Pseudomonas fluorescens,
and Shigella flexneri [3, 13, 33]. According to Pei et al. [3],
the inhibitory activity of bacteriocins against Gram-
negative bacteria is due to the ability of these substances to
form interactions with nucleic acids and bacterial intracellu-
lar enzymes and damage the integrity of bacterial cell mem-
branes. Choi and Lee [34] added that the inhibitory activity
of bacteriocins against Gram-negative bacteria may also be
due to their low MW. These bacteriocins can penetrate cell
membranes through porins and directly attack the intracel-
lular components of cells.

3.2. Proteinaceous Nature Properties of Crude BLIS. Since
bacteriocins and BLIS are considered peptides, confirmation
of the proteinaceous nature of these compounds is neces-
sary. Analysis of the proteinaceous nature of the crude BLIS
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FIGURE 2: Inhibition zone (mm) of concentrated cell-free supernatant (crude BLIS) against test bacteria determined using the agar well
diffusion method; white square: E. coli; dark-gray square: S. aureus; light-gray square: L. monocytogenes; black square: S. Typhimurium;
C (-): control negative using distilled water; C (+): control positive using ampicillin 10 yg-mLfl.

revealed that the antimicrobial activity of the six extracts
against E. coli was completely lost after treatment with
proteinase-K and trypsin (Table 1). Moreover, whereas other
crude BLIS fractions showed a significant decrease in activ-
ity, only the crude BLIS of S. variabilis SCA-11 and SCA-5
completely lost their activity following pepsin treatment.
These findings are consistent with those of Lasik-Kurdy$
and Sip [35], who reported that BLIS produced by Oenococ-
cus oeni loses its activity after exposure to pronase E, pro-
teinase-K, trypsin, pepsin, and a-chymotrypsin. Moracanin
et al. [36] also found that the bacteriocin produced by Leuco-
nostoc mesenteroides loses its antilisteria activity after expo-
sure to pepsin, papain, and proteinase-K. These results
confirm the proteinaceous nature of active metabolites in
crude BLIS, which may be responsible for the latter’s anti-
bacterial activity.

3.3. Stability of Crude BLIS. Knowledge of the temperature
and pH stability of BLIS is important because good stability
is necessary to realize its applications in food processing.
Among the crude samples assayed in this work, the crude
BLIS of S. variabilis SCA-5 and S. labedae SCA-8 were the
most stable (Figure 3). Both extracts could maintain over
50% of their antibacterial activity after heating up to
100°C. Even in crude BLIS of S. variabilis SCA-5, the activity
was maintained up to 121°C. Besides, both extracts were also
able to maintain their antibacterial activity at exposure to a
wide range of pH 2.0-7.0. However, significant decreases
in activity occurred when the temperature and pH were
increased beyond these ranges. This finding is consistent
with the results of Hernandez-Saldafia et al. [13], who
reported that the bacteriocin produced by S. griseus and S.
nigrescens shows activity loss of up to 50% at 100°C and sta-
ble at pH 3-7. Meanwhile, in S. violaceoruber and S. bottro-
pensis, the activity decreased up to 70% at the same
temperature. Du et al. [31] reported that plantaricin GZ1-
27 maintains its activity at temperatures of up to 80°C for
30 min and is stable at pH 2.0-6.0.

3.4. Antibacterial Activity of BLIS Ultrafiltered Fractions.
Antibacterial activity analysis using the agar well diffusion
method showed that the BLIS ultrafiltered (BLIS-UF) frac-

tion with MW > 10 kDa could produce the largest inhibition
zone (Figure 4). This trend is similar to the trend of BLIS
activity observed. However, BLIS-specific activity calcula-
tions indicated that this fraction has the lowest activity
among the fractions obtained. BLIS-specific activity
describes the ratio of BLIS activity to the total protein con-
centration, where this value is the activity per one ug of pro-
tein contained in the fraction. The greater the BLIS-specific
activity of a fraction, the more active it is [28]. Compared
with the BLIS-UF fraction with MW > 10kDa, those with
MW < 3 kDa and 3-10kDa had higher BLIS-specific activity.
These results indicate that the active fraction of BLIS Strep-
tomyces has a low MW, consistent with previous studies
reporting that BLIS produced by Streptomyces have MW <
3kDa, such as Streptomyces griseus IFO 1330 (1,833 kDa),
Streptomyces griseus XylebKG-1 ADFC02 (~2kDa), and
Streptomyces nigrescens ATCC 23941 (3kDa). BLIS shows
inhibitory activity against Bacillus cereus, Vibrio parahaemo-
Iyticus, Enterococcus casseliflavus, L. monocytogenes, and
Micrococcus luteus [13, 16].

Among the fractions obtained, BLIS-UF SCA-8 with MW
< 3 kDa showed the highest BLIS-specific activity. This fraction
revealed broad spectrum antibacterial effects against E. coli, S.
aureus, L. monocytogenes, and S. Typhimurium with specific
activities of 635.6, 167.9, 664.5, and 615.5 AU-ug ', respectively
(Table 2). These results reflect an increase in BLIS-specific activ-
ity of up to 396.9 AU-ug ' compared with that of crude BLIS.
Such results may be attributed to the purification level of crude
BLIS, which was increased by up to 2.5 times. Application of
ultrafiltration membranes appeared to be quite effective in sep-
arating crude BLIS into purified fractions based on MW. Yield
recoveries ranged from 15.7% to 99.6%. Among the fractions
obtained, that with MW < 3kDa revealed the lowest yield.
The results of the present study are similar to those of Zacharof
et al. [37], who found a decrease in yield recovery from 68% to
36% after filtration using 1 kDa MWCO nanofilters.

4. MIC and MBC of BLIS Ultrafiltration SCA-
8 with MW < 3 kDa Fraction

The MIC and MBC of BLIS-UF SCA-8 with MW < 3kDa
are shown in Table 3. This fraction revealed MICs ranging
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TasLE 1: Inhibitory zone (mm) of crude BLIS after proteolytic enzyme treatment against Escherichia coli.
Treatment Inhibition zone (mm)
SCA-5 SCA-8 SCA-11 AIA-10 AIA-12 AIA-17
Proteinase-K 0 0 0 0 0 0
Pepsin 0 7.0+0.32 0 7.3£0.03 6.4+0.07 7.4%0.10
Trypsin 0 0 0 0 0 0
Untreated control 19.2+£0.10 16.5+0.13 24.1+0.12 22.6 £0.05 21.7+0.18 20.4+0.19
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F1GURE 3: Inhibitory zone (mm) of crude BLIS after heat (a) and pH (b) treatment against E. coli; i: SCA-5; @: SCA-8; ¢: SCA-11; A: AIA-

10; O: ATA-12; &: AIA-17.
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FIGURE 4: Inhibition zone (mm) of BLIS ultrafiltration fraction based on molecular weight (<3 kDa, 3-10kDa, and >10kDa) against E. coli
(), S. aureus (b), L. monocytogenes (c), and S. Typhimurium (d) using the agar well diffusion method; light-gray square: >10 kDa; dark-gray

square: 3—10 kDa; white square: <3 kDa.



BioMed Research International

"SI dpnad ut £31anoe [e303 Y pue das yoea ur A)1a1oe ST [B10) UdIMIDq OTjel d) AQ PIUTULIIAP Sem P[at Xp "SI'Td 2pnd jo Ayanoe oyoads a pue das yoes ur Ly1anoe oymads usamiaq oner ay) Aq paururialop
SeM [9A9] uoIedYLINg, JUs)u0d urjoid [e10) pue A1Anoe SITd [10) UdaMIDq ORI Y} Aq PIUTULINOP sem AJAToR u@_uu%.mﬁmg swmpoa d[duwres [ejo} oy} Surrepisuod ‘uorsnyip [Pom Iede £q paurwiIalep
sem Ayanoe ST [e10],, “(1S) wnumunydLy, ‘s pue ‘(NT) sauadosdoouows T (yS) snainp s (DH) 107 " ‘BLIAOEQ PI)SI) PIUTWLIANAP 10U (N ‘UOTdRIy Uonen[yen[n SITd :ANd Juejeutadns so15-100 1§10,

048 09 €9¢ 965 ¥T TO0 OL 91 S97€ §ST 9LIT SFHSE 9L6TLT LSYIT 00086 TLT'S6T €e8 08 €>

L6 €%S T8F S8L L1 60 80 €1 T6TT 0SvL ¥L6 8§T6T ¥9T'S0E LSI€6T 889°6T1 8SS88€ TEET 08 01-¢ (e) dNd

€76 STL 8€S €€F T'T 80 90 S0 TSI LO0El S¥L TOIL 00¥'88CT 6IE€FST 800°SYI 08FFIC 961 08 01< LI-VIV
00T 00T 00T 00T OT OT OT OT 68cl T8ST 6611 10CC 0TSTIC 076°GSE 0L969T ¢€1°S6¥ 0STC 00T SI'Td °pnID

N dN dN dN dN dN dN dN dN dN dN dN aN dN AaN aN 090°L1 00T‘1 S40

69L S0 LST §LS €T 60 S0 LT 98 0161 6TC ¥II¥ 0TI20€ 889IST 00T  9LL°9T¢ ¥6L 08 €>

069 086 615 9%8 81 ST €1 TT 0€0€ 8G€S 099 067G T1L9°GLT 90SL8F 08009 STLLLY 016 08 01-¢ (e dnd

966 0/8 608 €56 I'l 60 60 OT1 6S81 TTOT L€F STST TI6L6E 9LLTEY ¥T9€6 FTv'8€ES 5284 08 01< CI-VIV
00T 00T 00T 00 OTL OT OT OT ZTILZL S€IT L6F 8§TPT 0L566€ OIF'L6V 969°GT1 688F9S LTET 00T SI'Td 2pnID

dN dN dN dN dN dN dN dN dN dN dN dN anN aN aN aN 61761 00T‘1 S40

I'66 LSI S¥C 61y 1T €0 S0 60 €88C €19 61€ 00ST 097°S0€  ¥I6F9  89L€E  8TLFIT 6501 08 €>

T09 8¥%S T69 089 0T O1 TI TI OFPL TILL OFL G€€C 8EP'S8T 8€6'9TT ¥HE'S6  6€9°6TH 88T‘1 08 01-¢ (e dnd

996 86L 9¥8 TL8 O1 80 80 60 9€€I €8YL €TS TLVPT 8TLL6T ¥SE0EE ¥TI9IT 0¥80SS 8TTT 08 01< 0I-VIV
00T 00T 00T 00 OL OT OT OT 861 TSBL 919 978 T18080¢ 060FI¥F 198°LET 186°1€9 LETT 001 SI'Td 2pnID

dN dN dN dN dN dN dN dN dN dN dN dnN anN aN adN aN L66°0T 00Z‘1 S40

188 00L ¥1IS ¥eSs €T 81 €1 ¥ G199 T69Y LFPT T6lh S0S'G8S STLITYF 910°0€T 9€L°S8¢ 668 08 €>

G98 6¢6 TIT6 88L 8T 0T 0T LT 6¢€CS 8FIS TTIT T8IS 00€SLS 767995 896TET ¥70°69S 8601 08 01-€ (e dnd

966 ¥66 8¥6 616 0L 0T OL 60 ¥68T 919T 6¥%01 ¥06T T6LT99 0TEB6S 8T66ET F8IF99 L8TT 08 01< 11-VOS
00T 00T 00T 00 OTL OT OT OT IS8T €8ST S80I 660€ 0€LF99 00TTO9 €10°€ST 9TSTTL T€eT 00T SI'Td 2p1ID

dN dN dN dN dN dN dN dN dN dN dN dN aN aN aN aN 06£12 00T‘1 S40

€19 ¥T6 L¥r 189 91 ST TI LT GSI9 S¥99 6L91 96€9 ¥LIQTS SPTOLS TITFPL FEE6LS (4 08 €>

619 076 TSL TSS 9T €T 61 ST L¥8S 67TC9 T99T LIPS 010°€eS ¥8L°L9S 889THT TST'69% 8¢8 08 01-€ (e dnd

Tl6 S66 LSL T6L TI €1 0T OT €8¢ STPE TIET 0°GLE ¥98S8L 880F19 9EIFHT FHETLI €6L°T 08 0I< 8-VOS
00T 00T 00T 00T OT OT OT OT 9€LE 9297 66€1 889¢ 0€€T198 006919 €SSTTE IP10S8 S0€T 00T SI'Td 9pnid

N dN dN dN dN dN dN dN dN dN dN dN anN aN aN aN 240! 00T‘1 S40

608 905 OTZ TLE 8T LT O1 €1 TILF 985y €O0IT 8981 8T6L6E TIELYE TSI€6  TOHLLSI S¥8 08 €>

I'69 618 106 675 81 TT TT ¥I 960€ TE9S T90T 9T0T 80TO¥E 0¥0LT9 FPIGIT 9S¥FCT €Il 08 01-¢ (e dN4d

176 S08 0001 €79 0T 60 TT L0 €991 6¥%¢C 8LV ¥96 8V0cSy 8TS919 TSITEl 96TFH9T 1¥LT 08 0I< §-VOS
00T 00T 00T 00 OT OT OT OT 6891 879C 0SF &SPI 080T6Y 068S9L LSIIET ¥60VTY ¥16C 00T SI'Td °pniID

N dN dN dN dN dN dN dN dN dN dN dN dN AaN aN aN 620°ST 00T‘T S40

IS WTI vS Od IS WTI VS Dd IS T VS od LS WT VS od

p(%) PRIX

,[0A9] uoneoyLINg

(i 81nv)
Ayanoe oymads-gI1g

(V) Ananoe Srg [elo,

(81) wrayoxd Tejoy, (Tw) owmpop  doys uonedyLINg

$9JeJOST

*ds saodu03dasgs Aq paonpoid S1q jo sdeys uoneuonoery Surmp (9) pRIA pue Pad] uoneoyund ATw:.. NV) £anoe ogads-S11g (NV) A11anoe ST Te303 (8) uejoid [ejo], iz a1av],



TaBLE 3: The MIC and MBC of BLIS-UF SCA-8 with molecular
weight less than 3 kDa.

Bacterial test MIC MBC
(mg~mL_1) (mg-mL_l)

Escherichia coli ATCC 25922 0.31 0.62

Salmonella Typhimurium ATCC

14028 0.62 1.25

Staphylococcus aureus ATCC

25923 0.04 0.08

Listeria monocytogenes ATCC

35152 0.04 0.16

TaBLE 4: SCA-8 with MW < 3 kDa against Escherichia coli.

Stability test Inhibition zone (mm) Residue activity (%)*
Heat

60°C 23.78 £0.25 97.13
80°C 23.50 +0.07 95.63
100°C 18.90 + 0.49 70.49
121°C 12.23+0.32 34.02
pH

2 22.80+0.21 91.80
4 22.00+0.28 87.43
6 23.53+0.11 95.77
7 21.85+0.42 86.61
3 14.83 £ 0.25 48.22
10 0 0
Enzyme

Proteinase-K 0 0
Pepsin 6.35+0.14 1.93
Trypsin 0 0
Untreated control 24.3+0.14 100

TaBLE 5: LCq,, by the brine shrimp lethality test of most potential
BLIS SCA-8 with MW < 3kDa fraction.

Sample Concentra_t'iion Mortality LCso_1
(ugmL™") (%)  (ugmlL™)
1000 96.6
BLIS SCA-8 with 500 66.6 226.975
MW<3 100 40
10 13.3

from 0.04mgmL™' to 0.62mgmL"' and MBCs ranging
from 0.08 mg-mL~" to 1.25 mg-mL". The lowest MIC of this
fraction (0.04mg-mL™") was obtained in S. aureus and L.
monocytogenes, and its lowest MBC (0.08 mg-mL™") was
observed in S. aureus. The MIC and MBC obtained in this
study are higher than those of the bacteriocins SLG10 and
JLA-9. The bacteriocin SLG10 produced by Lactobacillus
plantarum shows MICs in the range of 0.016-0.032 mg-mL ™"
and MBCs in the range of 0.016-0.064 mg-mL ™" and is most

BioMed Research International

lethal to L. monocytogenes CICC 21529 [3]. Bacteriocin JLA-
9 has MBCs in the range of 0.016-0.032 mg-mL~" [33]. Dif-
ferences in MICs and MBCs obtained in this study relative to
those in previous reports may be related to the purity of the
bacteriocins. Specifically, bacteriocins SLG10 and JLA-9
were tested in their pure form, whereas BLIS-UF SCA-8 with
MW < 3kDa is only semipurified at best. Sharma et al. [38]
indicated that further purification may reduce MIC, which
has implications for smaller MIC doses in certain
microorganisms.

4.1. Stability of BLIS Ultrafiltration SCA-8 with MW < 3 kDa
Fraction. Among the fractions obtained, BLIS-UF SCA-8
with MW < 3kDa revealed the greatest BLIS-specific activ-
ity. Stability analysis of this fraction showed better stability
at high temperatures and pH, as well as improved sensitivity
to enzymes, compared with crude BLIS. BLIS-UF SCA-8
with MW <3kDa retained over 70% of its antibacterial
activity despite exposure to temperatures of 60-100°C for
30 min and solution pH of 2.0-7.0. It also showed enhanced
sensitivity to pepsin (Table 4). Considering that food mate-
rials comprise various matrices and are subjected to various
processing methods, such as heating or acidification [39, 40],
the excellent stability of BLIS-UF SCA-8 with MW < 3kDa
reveals its promising potential use as a food biopreservative.

inhibition zone of threated sample — 6
% 100.

(5)

4.2. Median Lethal Concentration of BLIS Ultrafiltration
SCA-8 with MW <3kDa Fraction. The most promising
BLIS fraction, BLIS-UF SCA-8 with MW < 3 kDa, was sub-
jected to the brine shrimp lethality assay to determine its
LC, [41]. The test results showed that the mortality rate
of A. salina increased with increasing BLIS concentration,
in which a probit test showed that this fraction has LC;, of
226.975 ptg-mL’1 (moderate toxicity) (Table 5). Hamidi et al.
[42] classified toxicity based on LC, as follows: highly toxic,
0-100 pg-mL~"; moderately toxic, 100-500 yg-mL""; weakly
toxic, 500-1,000 ug-mL™"; and nontoxic, >1,000 ug-mL ™"
The LC,, of BLIS-UF SCA-8 with MW < 3kDa was higher
than that of the purified bacteriocin from Lactobacillus lactis,
which revealed an LCy, of 21.54 ugmL™" [43]. The differ-
ence in LC., between BLIS samples may be attributed to dif-
ferences in the purity of the samples.

LCs, in A. salina and LD, in animal models has a pos-
itive correlation, in which LCs, < 10 ug- mL™! has an LD,
of 100-1,000 mg-kg ', LCs, <20 ug-mL™! has an LD, of
1,000-2,500 mg'kg ', and LCy, >25ug-mL™! has an LDy,
of 2,500-8,000 mg-kg ™" [44]. On the basis of these studies,
BLIS-UF SCA-8 with MW < 3 kDa may be assumed to have
an LD, of over 2500 mg-kg " (weakly toxic) because its LCs,
to A. salina is 226.975 pyg-mL™". Erhirhie et al. [45] classified
LD, according to the dose range as follows: extremely toxic,
<5mgkg; highly toxic, 5-50 mgkg '; moderately toxic,
50-500 mg-kg™'; weakly toxic, 500-5,000 mg-kg'; nontoxic,
5000-15,000 mg-kg ', and relatively harmless,
>15,000 mgkg ™', These findings demonstrate that BLIS-UF

*Residue activity =

inhibition zone of unthreated control — 6
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FIGURE 5: LC-MS/MS chromatogram profile of BLIS UF-SCA-8 with MW < 3kDa fraction.

TaBLE 6: Identified peptide sequences (relative abundance > 60%) by Proteome Discoverer 2.2 (Thermo Scientific) in BLIS-UF SCA-8 with

MW < 3kDa fraction.

RT. alilerliit:rllece Accession Sequence Mv(\)rleeig}]lltar Number 9f Hydrophobjfity Bpman
(min) (%) (Da) amino acid  (kcal-mol™) index
16.11 61.67 F21Y40 TAVTEWTVAHAGGER 1584.77 15 20.84 1.56
16.52 61.37 A0A2A4MKN?2 VTMNKEIDGLER 1420.71 12 22.16 1.16
16.77 69.94 AO0A087LGR3 EQLSAFLQSEEGK 1465.71 13 21.49 2.9
16.91 82 A0A1COVDC5 SAGPMERIFASGMR 1345.66 14 15.34 2.17
16.93 86.02 K2NT65 AGGAYVPIDPGYPSER 1493.69 16 19.31 1.81
17.08 98.53 AO0A087LFKO EVGASSKADMGK 1195.56 12 23.86 1.92
17.46 100 AO0A2G7E6K9 TAAGLEAGETVR 1174.60 12 19.56 1.17
18.07 773 AO0A217EF20 QAAPYPLPADPDAR 1481.73 14 18.36 1.795
18.8 98.53 A0A1U9ZU28 AFDPPPTTHPPATDAR 1690.81 16 20.56 1.45
19.44 71.08 A0A397RL80 DLGAWPALPGEDTSTSSSGPTAAPSISAHQ  2908.35 30 26.22 1.84
19.98 80.64 AOA1B1AP88 RDAPGASPGGTAGRGGPR 1636.82 18 26.5 227

Accession: the master protein accession as found in the database (UniProt).

SCA-8 with MW < 3kDa may be developed as a promising
preservative agent.

4.3. Identification of the Peptide Sequence of the BLIS
Ultrafiltration SCA-8 with MW < 3kDa Fraction. Peptide
identification by LC-MS/MS can provide information on
the molecular mass of the amino acid sequence of the pep-
tide constituents of a sample [42]. LC-MS/MS of BLIS-UF
SCA-8 with MW < 3kDa followed by database-based pro-
tein analysis using Proteome Discoverer 2.2 succeeded in
identifying 130 proteins (retention times of 15.21-
19.98 min) (Figure 5; Table 6). Eleven peptides with over
60% relative abundance and MW ranging from 1.34 kDa to
2.90kDa appeared to be responsible for the antibacterial
activity of this fraction (Table 6). In silico analysis of physi-
cochemical properties using ProtParam (https://web.expasy
.org/protparam/) and PepDraw (http://www.tulane.edu/
~biochem/WW/PepDraw/) revealed that each peptide hav-
ing hydrophobic amino acids ranging from 385 to
75%,and high hydrophobicity (15.34-26.5kcal-mol ")
(Table 6). Gadde et al. [46] found that antimicrobial peptides
are generally hydrophobic and cationic. Cationic properties
may help promote interactions between peptides and bacte-

rial cell membranes or walls [47]. Hydrophobic properties
could destroy cell walls or membranes by forming pores,
resulting in cell lysis [48]. Protein-binding identification
(Boman index) was conducted using an APD-based predic-
tion program (http://aps.unmc.edu/AP/main.php). The
detected proteins revealed high protein binding potential,
especially those detected at 16.77min (Table 6). Boman
[49] stated that if a peptide or protein has a positive Boman
index and is over 2.48 kcal-mol ™', the protein or peptide is
highly likely to be able to bind to bacterial cell membranes.

Bacteriocins may be divided into three classes. Class I
includes bacteriocins with posttranslational modified amino
acid, which heat stable, have a low MW (<5kDa), and are
only able to inhibit Gram-positive bacteria. Class II includes
bacteriocins with low MW (<10kDa), heat stable, which do
not contain a posttranslational modified amino acid and can
inhibit both Gram-positive and negative bacteria. Finally,
class IIT includes bacteriocins with large MW (>30kDa)
and is generally heat labile [50]. According to this classifica-
tion and the data obtained in the present study, BLIS-UF
SCA-8 with MW < 3 kDa may be a class II bacteriocin. This
assumption is based on the MW of BLIS-UF SCA-8
(<3kDa), its heat stable characteristics, its ability to inhibit


https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
http://www.tulane.edu/<biochem/WW/PepDraw/
http://www.tulane.edu/<biochem/WW/PepDraw/
http://aps.unmc.edu/AP/main.php
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Gram-positive and negative bacteria, and the absence of a
posttranslational modified amino acid in its peptide
sequence.

5. Conclusions

Streptomyces is a promising producer of bioactive metabo-
lites. The present study showed that six isolates of Strepto-
myces isolated from the gut of C. chanos could produce
BLIS. The proteinaceous properties of BLIS were confirmed
with assays involving several proteolytic enzymes. Crude
BLIS showed broad spectrum antibacterial activity and high
temperature and pH stability. Fractionation with ultrafiltra-
tion membranes revealed that BLIS fractions with MWs of
<3kDa and 3-10kDa present the greatest activity. Calcula-
tion of the specific activities of these fractions demonstrated
that BLIS-UF SCA-8 with MW <3kDa was more active
than the fraction with MW of 3-10kDa. BLIS-UF SCA-8
with MW < 3kDa showed an increase in purity of up to
2.5 times, good pH and heat stability, and moderate toxicity
to A. salina. Identification of the peptide sequence of this
fraction through LC-MS/MS revealed that the peptides of
this fraction are mostly composed of hydrophobic amino
acids with low MW. Overall, the results of this study demon-
strate the promising potential of BLIS Streptomyces as a can-
didate antibacterial agent for food applications.
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