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Abstract
Consumer demand for natural pathogen-control agents for substitution of synthetic food preservatives and traditional antibiotics is

increasing. This study aimed to reveal the distribution of lactic acid bacteria (LAB) in raw camel milk and to characterize their

antimicrobial traits. The genetic identification by 16S rRNA sequencing of 58 LAB isolates showed the predominance of Enterococcus

(24.2%), Lactococcus (22.4%) and Pediococcus (20.7%) genera in raw camel milk. These genera exhibited inhibitory activity against a

broad spectrum of Gram-positive and Gram-negative bacteria including multidrug-resistant Salmonella. Among these LAB, two

isolates— identified as Pediococcus pentosaceus CM16 and Lactobacillus brevis CM22—were selected for their strong bacteriocinogenic

anti-listerial activity estimated at 1600 and 800 AU/mL, respectively. The bacteriocins produced were partially purified by ammonium

sulphate precipitation and gel filtration and then biochemically characterized. The proteinaceous nature of bacteriocins was confirmed

by the susceptibility to enzymes. These bacteriocins showed significant technological characteristics such as heat-resistance, and

stability over a wide range of pH (2.0–10.0). In conclusion, these results indicated that Pediococcus pentosaceus CM16 and Lactobacillus

brevis CM22 could be useful as potential probiotics. Moreover, their partially purified bacteriocins may play an important role as food

preservatives and feed additives. To our knowledge, this is the first report describing the distribution of LAB population in raw camel

milk and the characterization of their bacteriocins from the Arabian Peninsula of western Asia.
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Introduction
Camel milk is a highly nutritious medium permissive for the
growth of many diverse bacterial species that have important

technological characteristics, health-promoting effects and the
ability to produce many antimicrobials that might be used as

food preservatives [1]. Although the microbiological charac-
terization of this milk is worth investigating, few studies have
This is an open access arti
been conducted on the microbiota of camel milk including
lactic acid bacteria (LAB) [2]. LAB are the dominant popula-

tion in raw milk, playing a key role in food fermentation
processes and food preservation through the production of a

variety of antimicrobials such as organic acids, hydrogen
peroxide, antifungal peptides and bacteriocins [1]. Seven

genera of LAB were identified in camel milk from different
countries, including Enterococcus, Lactobacillus, Lactococcus,
Streptococcus, Leuconostoc, Pediococcus and Weissella. LAB

isolates were dominated by the genus Enterococcus in
Kazakhstan and Iran [3,4]. Whereas, in Sudan and Morocco,

the genera Streptococcus and Lactobacillus were identified as
the major groups, respectively [5–7]. Furthermore, the genus

Lactococcus was one of the most represented genera in
Morocco, Sudan, Kazakhstan and the United Arab Emirates

[2,3,7,8]. Besides being one of the major genera in Morocco
and Kazakhstan, Leuconostoc was the most abundant in Kenya
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[3,7,9]. Pediococcus was the less represented genus in

Morocco and Iran, whereas, the genus Weissella was detected
only in Iran [4,7].

Generally, LAB used as probiotics and their partially
purified bacteriocins are isolated from food matrices in

which those microorganisms are used. Therefore, the
isolation of LAB from camels as potential probiotics and the
characterization of their bacteriocins are necessary to

control food-borne pathogens in the dairy industry,
particularly in camel milk and its by-products. The beneficial

effect of LAB and their bacteriocins is not limited to food
preservation, but they are also considered as an alternative

to traditional antibiotics—specifically in controlling the
major global problem of antimicrobial resistance [10].

Despite advances in the treatment of food-borne diseases,
pathogenic multidrug-resistant microorganisms are an
important threat to both human and animal health

worldwide.
Bacteriocins and bacteriocin-producing LAB have been

isolated from raw camel milk and have demonstrated
antimicrobial activity against a broad-spectrum of Gram-

positive and Gram-negative bacterial strains. A recent
study reported an inhibitory activity of the LAB strain

Enterococcus faecium LCW44 isolated from raw camel milk
against Listeria sp., Staphylococcus aureus and other LAB

[11]. A Lactobacillus casei TN-2 strain isolated from fer-
mented camel milk showed antimicrobial activity against
Escherichia coli and Staphylococcus aureus. The purified

bacteriocin produced by this strain, caseicin TN-2, exhibi-
ted a broad antimicrobial spectrum against food-borne

pathogens including some antibiotic-resistant strains [12].
In addition, the Lactobacillus acidophilus AA105 strain iso-

lated from raw camel milk strongly inhibited Staphylococcus
sp., Bacillus sp., Salmonella paratyphi, Shigella sp. and

Escherichia coli [13]. Benmechernene et al. [14] demon-
strated the antimicrobial activity of a bacteriocin-producing
Leuconostoc mesenteroides strain against other LAB, such as

Lactobacillus sp., Lactococcus sp., and against several patho-
genic bacteria, such as Escherichia coli, Staphylococcus aureus

and Listeria sp.
This work aimed to study the distribution of the LAB pop-

ulation in raw camel milk and to identify food-control agents.
We report LAB strains displaying antimicrobial activity against a

broad spectrum of food-borne pathogens and aetiological
agents of animal diseases including multidrug-resistant Salmo-

nella. These strains and their bacteriocins could be promising in
optimizing animal-feed additives and substituting synthetic
preservatives towards the preservation of animal and human

health.
© 2019 The Authors. Published by Elsevier Ltd, NMNI, 30, 100560
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Materials and methods
Raw camel milk sampling and isolation of LAB
Twenty raw camel milk samples were collected in sterile bot-

tles from the two main habitats of camels in Kuwait, Al-Wafra
(southernmost area of Kuwait) and Kabad (northwest region of

Kuwait). All samples were transported in ice-boxes to the
laboratory and analysed immediately upon arrival. LAB were
isolated using the spread-plate method on de Man, Rogosa and

Sharpe (MRS) agar (Thermo Fisher Scientific, Waltham, MA,
USA). The plates were incubated at 37°C for 48 h under

anaerobic conditions. After incubation, the colonies were
counted, and representative colonies were selected (about 10%

of the observed count) from each sample. Isolates possessing
typical LAB characteristics (Gram-positive, catalase-negative,

oxidase-negative) were inoculated into MRS broth and
streaked to obtain pure cultures. Pure cultures were stored in
glycerol (50%) at –80°C.

Genetic identification of LAB isolates
All LAB isolates were identified at the molecular level by 16S

rRNA sequencing. Genomic DNA extraction from an overnight
culture of the LAB was carried out using a GenElute Bacterial

Genomic DNA Kit (Sigma-Aldrich, St Louis, MO, USA) ac-
cording to the manufacturer’s instructions. PCR-mediated
amplification of the 16S rDNA was carried out using a Hot-

StarTaq Plus Master Mix Kit (Qiagen, Valencia, CA, USA) under
the following conditions: 94°C for 3 minutes, followed by 28

cycles of 94°C for 30 seconds; 53°C for 40 seconds and 72°C
for 1 minute; after which a final elongation step at 72°C for 5

minutes was performed. Following PCR, all amplicon products
from different samples were mixed in equal concentrations and

purified using Ampure PB beads (Pacific Biosciences, Menlo
Park, CA, USA). Purified PCR products were sequenced using

PacBio Sequel chemistry following the manufacturer’s pro-
tocols. The library for each sample was prepared using an
SMRTbell Template Prep Kit (Pacific Biosciences) following the

manufacturer’s user guide. After completion of initial DNA
sequencing, each library underwent a secondary analysis, Cir-

cular Consensus Sequencing, using PacBio’s CCS2 algorithm.

Antimicrobial activity spectrum of LAB isolates
The antimicrobial activities of the identified isolates were
determined according to the spot-on-the-lawn method as
described by Hoover and Harlander [15]. LAB isolates were

cultured in MRS broth at 37°C for 24 h, after which 1-μL ali-
quots were spotted on the surface of MRS agar and incubated at

37°C for 24 h under anaerobic conditions, then, the
nses/by-nc-nd/4.0/).
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appropriate culture medium containing 0.8% (weight/volume)

agar was inoculated with each indicator strain at 106 CFU/mL
and overlaid on the LAB-spotted plates and incubated at the

conditions required by each indicator strain. Results of tripli-
cates were determined by measuring the diameter of the in-

hibition halos (clear zone) in millimetres. All indicator strains
were purchased from the American Type Culture Collection
(ATCC; Manassas, VA, USA) including Salmonella enterica

ATCC 13076, Escherichia coli ATCC 25922, Staphylococcus
aureus ATCC 25923, Staphylococcus epidermidis ATCC 12228,

Listeria monocytogenes ATCC 7644, Shigella flexneri ATCC
12022 and Pseudomonas aeruginosa ATCC 27853. The antimi-

crobial activity of the isolates was also tested against multidrug-
resistant Salmonella isolated from local chicken caecum in a

previous study [16].

Characterization of bacteriocins produced by LAB
isolates
Evaluation of the anti-listerial potential of bacteriocins All LAB
strains were tested for their ability to produce bacteriocins

against Listeria monocytogenes ATCC 7644 by the well-diffusion
assay as described previously [17]. The results of three assays

were determined by measuring the diameter of the clear zone
(in mm) around the wells. Zones of inhibition >5 mm were
regarded as positive.

Bacteriocinogenic activity was measured by the well-
diffusion assay following a two-fold serial dilution of the cell-

free supernatant. The titre, in arbitrary units (AU) per milli-
litre, was defined as the reciprocal of the highest two-fold

dilution still providing a distinct inhibition zone [18].
Partial purification of bacteriocins Cell-free supernatants of

the bacteriocin-producing LAB strains were subjected to
ammonium sulphate precipitation (40%, 60%, 80% and 100%

saturation) according to Kumari et al. [19] and tested for anti-
listerial activity using the well-diffusion assay as described pre-
viously [17]. Then, the partially purified bacteriocins were

subjected to further purification by gel filtration chromatog-
raphy (Superdex 75 10/300 GL; GE Healthcare Life Sciences,

Chalfont St Giles, UK). Twenty-eight fractions of 0.5 mL each
were collected on the chromatogram between 7 and 20 mL.

The antimicrobial activity of the partially purified bacteriocins
(1 μg) against Listeria monocytogenes ATCC 7644 was assayed by

the agar well-diffusion method [17].
Biochemical characterization of bacteriocins The effect of

enzymes, pH and temperature on bacteriocin activity was

assessed on the partially purified bacteriocins. The bacteriocins
were tested for their susceptibility to various enzymes (Sigma):

trypsin, α-chymotrypsin, proteinase K, papain and protease
(final concentration 1 mg/mL). Following incubation at 37°C for

2 h, reactions were heated at 80°C for 10 min to denature the
This is an open access artic
enzymes and were then assayed for activity. As a control, a

sample was treated with the enzyme buffer. To determine
thermal stability, the bacteriocins were first heated for 3 h at

37°C, 60 min at 60°C and 80°C, 30 min at 100°C and 15 min at
121°C, and then cooled and assayed for activity. A non-heated

control sample was kept at 4°C. The effect of pH on the bac-
teriocins was tested by adjusting the pH level between 2 and 10
(at increments of 2 pH unit) with sterile 1 M NaOH or 1 M HCl.

Following incubation at 37°C for 1 h, the samples were re-
adjusted to pH 6.5 and tested for anti-listerial activity. Un-

treated samples served as control.
Results and discussion
Genetic identification of LAB isolates
Fifty-eight bacterial colonies were characterized as possessing

typical LAB characteristics. They were identified molecularly by
direct sequencing of PCR-amplified 16S rDNA. The obtained

sequences were compared with 16S rRNA sequences depos-
ited in the RDPII () and NCBI () (Table 1). The isolates CM19,

CM20, CM46, CM55 and CM61, which were classified to genus
level (similarity index >98.7%), could be new species. The

identity of these isolates will be further determined by whole
genome sequencing. The distribution of the identified LAB
isolates is summarized in Table 2. At the genus level, the

dominant genus is Enterococcus (24.2%) followed by Lactococcus
(22.4%), Pediococcus (20.7%), Lactobacillus (12%), Weissella

(10.3%), Leuconostoc (6.9%) and Streptococcus (3.5%). These
genera, which are typical dairy bacteria representing the most

common LAB present in milk, have been identified in raw camel
milk in several countries (Table 2). As Enterococcus can survive

adverse conditions, including high-temperature and high-salinity
environments [20], camel milk is typically dominated by this
genus because of the high salt content in camel milk compared

with other livestock animals. The predominance of this genus in
raw camel milk was also reported in Morocco, Kazakhstan and

Iran [3,4,21]. Lactococcus, which is a dominant genus in raw cow
milk, was also detected in raw camel milk along with Ped-

iococcus, Lactobacillus, Weissella, Leuconostoc and Streptococcus
[2–4,7,21,22].

The most frequent species isolated were Enterococcus fae-
cium (20.7%), Lactococcus lactis (17.2%), Pediococcus pentosaceus

(9.8%), Pediococcus acidilactici (10.3%), Weissella confusa (6.9%),
Leuconostoc pseudomesenteroides (6.9%) and Lactobacillus reuteri
(5.2%). These species display important technological charac-

teristics in the food industry: Enterococcus faecium plays a
fundamental role in the manufacturing and ripening of a tradi-

tional European cheese originating from Mediterranean coun-
tries by adding a unique taste and flavour. This is possibly due to
© 2019 The Authors. Published by Elsevier Ltd, NMNI, 30, 100560
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TABLE 2. Distribution of LAB populations detected in raw

camel milk

Genus Geographical area Frequency Reference

Enterococcus Kuwait 24.2 This study
Morocco 58.8 Benkerroum et al. [21]
Morocco 10.8 Khedid et al. [7]
Iran 51.0 Davati et al. [4]
Kazakhstan 51.3 Akhmetsadykova et al. [3]

Lactococcus Kuwait 22.4 This study
Morocco 8.0 Benkerroum et al. [21]
Morocco 25.8 Khedid et al. [7]
Kazakhstan 10.9 Akhmetsadykova et al. [3]

Pediococcus Kuwait 20.7 This study
Morocco 28.2 Benkerroum et al. [21]
Morocco 5.0 Khedid et al. [7]
Iran 2.0 Davati et al. [4]

Lactobacillus Kuwait 12.0 This study
Morocco 37.5 Khedid et al. [7]
Iran 11.0 Davati et al. [4]
Kazakhstan 29.8 Akhmetsadykova et al. [3]

Weissella Kuwait 10.3 This study
Iran 2.0 Davati et al. [4]

Leuconostoc Kuwait 6.9 This study
Morocco 1.0 Benkerroum et al. [21]
Morocco 11.7 Khedid et al. [7]
Iran 5.0 Davati et al. [4]
Kazakhstan 8.0 Akhmetsadykova et al. [3]

Streptococcus Kuwait 3.5 This study
Morocco 4.0 Benkerroum et al. [21]
Morocco 9.2 Khedid et al. [7]
Somalia 53.7 Abera et al. [22]

TABLE 1. Identified LAB isolates by 16S rRNA sequencing

Isolate Species Identity %

CM1 Lactobacillus salivarius 99.9
CM2 Lactococcus garvieae 99.9
CM3 Enterococcus faecium 99.9
CM4 Lactobacillus reuteri 99.9
CM5 Pediococcus acidilactici 99.7
CM6 Lactococcus lactis 99.9
CM7 Lactobacillus reuteri 99.9
CM8 Pediococcus acidilactici 99.7
CM9 Pediococcus acidilactici 99.7
CM10 Lactobacillus fermentum 99.9
CM11 Weissella sp. t4r2c13 99.9
CM12 Pediococcus acidilactici 99.7
CM13 Pediococcus acidilactici 99.7
CM14 Leuconostoc pseudomesenteroides 100.0
CM15 Pediococcus pentosaceus 100.0
CM16 Pediococcus pentosaceus 100.0
CM17 Pediococcus pentosaceus 99.0
CM18 Pediococcus pentosaceus 99.0
CM19 Lactobacillus sp.a 98.0
CM20 Pediococcus sp.a 98.0
CM21 Enterococcus durans 99.0
CM22 Lactobacillus brevis 99.9
CM23 Pediococcus pentosaceus 100.0
CM26 Enterococcus faecium 99.9
CM27 Weissella confusa 99.9
CM28 Weissella confusa 99.9
CM29 Enterococcus gallinarum 99.5
CM30 Pediococcus acidilactici 99.7
CM31 Lactococcus lactis 99.9
CM32 Lactobacillus reuteri 99.9
CM33 Leuconostoc pseudomesenteroides 100.0
CM34 Weissella sp. t4r2c13 99.9
CM35 Lactococcus lactis 99.9
CM36 Lactococcus lactis 99.9
CM37 Weissella confusa 99.9
CM38 Lactococcus lactis 99.9
CM39 Enterococcus faecium 99.9
CM40 Lactococcus lactis 99.9
CM41 Streptococcus infantarius subsp. infantarius 99.9
CM42 Lactobacillus plantarum 99.8
CM43 Lactococcus lactis 99.9
CM44 Lactococcus lactis 99.9
CM45 Weissella confusa 99.9
CM46 Lactococcus sp.a 97.8
CM47 Streptococcus subsp. infantarius 99.9
CM48 Lactococcus lactis 99.9
CM49 Leuconostoc pseudomesenteroides 100.0
CM50 Lactococcus lactis 98.9
CM51 Leuconostoc pseudomesenteroides 100.0
CM53 Enterococcus faecium 99.9
CM54 Enterococcus faecium 99.9
CM55 Enterococcus sp.a 98.3
CM56 Enterococcus faecium 99.9
CM57 Enterococcus faecium 99.9
CM58 Enterococcus faecium 99.9
CM59 Enterococcus faecium 99.9
CM60 Enterococcus faecium 99.9
CM61 Enterococcus sp.a 97.9

aThese isolates were classified to the genus level (similarity value <98.7%).
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its proteolytic activity and its ability to hydrolyse milk fat. Apart
from its role in the manufacturing of cheese, this genus acts as a

preservative against various food-borne pathogens through
producing antimicrobial peptides [23,24]. Lactococcus lactis,

Pediococcus pentosaceus, Pediococcus acidilactici, Weissella confusa,
Leuconostoc pseudomesenteroides and Lactobacillus reuteri are
used in the dairy industry as starter or adjunct cultures. In

addition, they are currently available in the market as probiotics
[1,25–29].

Although many LAB are described as “generally recognized
as safe”, some pathogenic LAB are responsible for human dis-

eases [30]. In this study, Streptococcus infantarius subsp.
© 2019 The Authors. Published by Elsevier Ltd, NMNI, 30, 100560
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/lice
infantarius represented 3.3% of the identified LAB isolates. It
belongs to the Streptococcus bovis/Streptococcus equinus complex,

some members of which are associated with endocarditis,
bacteraemia and cancer of the colon [31]. This species was

previously reported in fermented camel milk product from
Sudan and Kenya [5,32].

Antimicrobial activity of LAB isolates
From the LAB collection, representative isolates of each iden-

tified genus were tested for their antimicrobial activity against
eight food-borne pathogens and aetiological agents causing an-
imal diseases. Antimicrobial activities of these isolates ranged

from 6- to 35-mm inhibition zones. Numerous isolates dis-
played strong antimicrobial activities against all the tested

pathogens (Table 3). The results demonstrate that the antimi-
crobial activity of LAB against pathogens is species- and strain-

dependent. This observation is in agreement with previous
reports [2,33]. The antimicrobial activity of these LAB was

mainly due to the production of one or more active metabolites
during their growth such as organic acids, hydrogen peroxide
and bacteriocins.

The antimicrobial activities of the isolates were also evalu-
ated against a multidrug-resistant Salmonella strain isolated from

local chicken’s caecum in a previous study [16] and identified by
16S rRNA gene sequencing as a strain of Salmonella enterica

subsp. enterica. This strain demonstrated its resistance to
different groups of antibiotics whose modes of action involved

the inhibition of either cell wall or protein synthesis. It displayed
nses/by-nc-nd/4.0/).
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TABLE 3. Antimicrobial activity of representative LAB isolates against seven pathogens

Bacteria

Antimicrobial activity (IZD)a

S. entericab E. colic St. aureusd St. epidermidise
L.
monocytogenesf MDR-S. entericag Sh. flexnerih P. aeruginosai

CM1 Lactobacillus salivarius 35.0 ± 0.0 28.7 ± 1.5 28.0 ± 0.0 21.0 ± 1.0 28.0 ± 0.0 32.7 ± 0.6 16.0 ± 0.0 —
CM2 Lactococcus garvieae 30.0 ± 0.0 12.0 ± 0.0 8.0 ± 0.0 6.0 ± 0.0 12.0 ± 0.0 19.0 ± 1.0 6.0 ± 0.0 —
CM3 Enterococcus faecium 35.0 ± 1.0 35.0 ± 0.0 34.7 ± 0.6 20.0 ± 0.0 33.6 ± 1.5 27.0 ± 0.0 16.0 ± 0.0 —
CM4 Lactobacillus reuteri 33.0 ± 1.7 30.0 ± 0.0 46.0 ± 0.0 14.3 ± 0.6 33.0 ± 1.0 33.7 ± 2.5 20.0 ± 0.0 —
CM5 Pediococcus acidilactici 28.3 ± 1.5 34.7 ± 2.0 35.0 ± 0.0 27.0 ± 1.0 34.7 ± 2.0 27.0 ± 0.0 15.3 ± 1.5 —
CM6 Lactococcus lactis 31.0 ± 1.0 25.0 ± 0.0 15.0 ± 0.0 17.3 ± 1.5 27.6 ± 1.5 25.0 ± 1.0 12.3 ± 2.5 —
CM7 Lactobacillus reuteri 34.0 ± 1.0 21.7 ± 3.0 13.0 ± 1.0 14.0 ± 1.0 18.0 ± 0.0 18.0 ± 2.6 9.3 ± 1.5 —
CM8 Pediococcus acidilactici 34.7 ± 2.5 25.0 ± 1.0 20.0 ± 0.0 19.7 ± 0.6 23.0 ± 1.0 28.0 ± 0.0 13.0 ± 2.0 —
CM9 Pediococcus acidilactici 35.0 ± 1.0 34.7 ± 2.0 8.0 ± 0.0 35.0 ± 0.0 35.0 ± 1.0 34.0 ± 1.7 15.0 ± 0.0 —
CM10 Lactobacillus fermentum 35.0 ± 1.0 33.0 ± 1.7 33.3 ± 2.5 28.0 ± 0.0 28.0 ± 0.0 — 16.0 ± 0.0 —
CM11 Weissella sp. T4R2C13 35.0 ± 2.6 35.0 ± 1.0 33.0 ± 2.0 23.0 ± 2.0 34.0 ± 1.0 34.3 ± 1.5 20.0 ± 0.0 —
CM12 Pediococcus acidilactici 35.0 ± 2.0 22.0 ± 1.0 20.0 ± 0.0 18.0 ± 0.0 22.0 ± 0.0 29.3 ± 2.5 15.0 ± 0.0 —
CM13 Pediococcus acidilactici 18.0 ± 1.0 35.0 ± 2.0 34.3 ± 2.0 23.7 ± 2.5 34.0 ± 0.0 16.3 ± 2.5 8.0 ± 0.0 —
CM14 Leuconostoc pseudomesenteroides 30.0 ± 0.0 32.0 ± 2.0 15.0 ± 1.0 14.0 ± 2.0 25.0 ± 1.0 20.0 ± 0.0 — —
CM15 Pediococcus pentosaceus 26.0 ± 0.0 22.0 ± 0.0 23.0 ± 0.0 15.0 ± 0.0 22.0 ± 0.0 27.0 ± 2.0 16.0 ± 0.0 —
CM16 Pediococcus pentosaceus 27.0 ± 2.0 23.0 ± 2.0 22.0 ± 0.0 14.0 ± 0.0 24.3 ± 1.5 28.0 ± 0.0 19.0 ± 2.0 —
CM17 Pediococcus pentosaceus 34.7 ± 2.5 22.0 ± 0.0 29.0 ± 1.0 15.0 ± 1.0 22.0 ± 0.0 28.0 ± 0.0 15.0 ± 0.0 —
CM18 Pediococcus pentosaceus 31.0 ± 1.0 25.0 ± 0.0 22.3 ± 2.5 16.0 ± 1.0 25.7 ± 3.0 28.0 ± 0.0 18.0 ± 2.0 —
CM19 Lactobacillus sp. 14.0 ± 0.0 25.0 ± 0.0 28.0 ± 1.0 28.7 ± 3.0 29.0 ± 2.0 30.0 ± 2.0 16.0 ± 1.0 —
CM20 Pediococcus sp. 31.0 ± 1.0 — 35.0 ± 0.0 34.7 ± 0.6 35.0 ± 3.0 30.0 ± 0.0 — —
CM21 Enterococcus durans 12.0 ± 0.0 29.0 ± 2.0 27.0 ± 2.0 17.0 ± 1.0 35.0 ± 1.0 — 15.0 ± 0.0 —
CM22 Lactobacillus brevis 30.0 ± 0.0 17.0 ± 2.6 18.0 ± 0.0 8.0 ± 0.0 22.0 ± 0.0 23.0 ± 2.0 24.0 ± 0.0 —
CM23 Pediococcus pentosaceus 35.0 ± 0.0 22.0 ± 1.0 25.0 ± 0 13.0 ± 1.0 28.0 ± 0.0 34.0 ± 2.0 27.0 ± 1.0 —
CM27 Weissella confusa 26.0 ± 0.0 18.0 ± 0.0 25.0 ± 2.0 9.0 ± 1.0 19.7 ± 1.5 24.0 ± 1.0 23.0 ± 1.0 32.0 ± 0.0
CM41 Streptococcus infantarius 17.0 ± 0.0 11.0 ± 0.0 16.5 ± 0.5 9.0 ± 1.0 14.0 ± 2.0 18.0 ± 1.0 14.0 ± 0.0 16.0 ± 1.0
CM42 Lactobacillus plantarum 29.0 ± 1.0 24.0 ± 1.0 20.0 ± 0.0 17.0 ± 2.0 21.0 ± 1.0 27.0 ± 1.0 25.0 ± 0.0 32.0 ± 0.0
CM47 Streptococcus infantarius 19.3 ± 0.6 13.0 ± 0.0 14.0 ± 0.0 8.0 ± 1.0 15.0 ± 1.0 19.0 ± 1.0 15.0 ± 1.0 31.0 ± 1.0
CM57 Weissella confusa 25.0 ± 1.0 15.0 ± 0.0 17.0 ± 1.0 14.0 ± 1.0 17.0 ± 0.0 24.0 ± 2.0 20.0 ± 0.0 23.0 ± 1.0

ATCC, American Type Culture Collection; IZD, inhibition zone diameter; LAB, lactic acid bacteria; MDR, multidrug-resistant; — indicates no inhibition.
aIZD, means of inhibition zone diameter of triplicate (mm) ± Standard Deviation.
bIZD against Salmonella enterica ATCC 13076.
cIZD against Escherichia coli ATCC 25922.
dIZD against Staphylococcus aureus ATCC 25923.
eIZD against Staphylococcus epidermidis ATCC 12228.
fIZD against Listeria monocytogenes ATCC 7644.
gIZD against multi-drug resistant Salmonella enterica.
hIZD against Shigella flexneri ATCC 12022.
iIZD against Pseudomonas aeruginosa ATCC 27853.
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resistance to penicillin G (10 μg), ampicillin (10 μg), erythro-
mycin (15 μg), clindamycin (10 μg), tetracycline (30 μg), van-

comycin (30 μg) and bacitracin (10 μg). Interestingly, most of
the tested isolates showed strong antimicrobial activity against

this strain (Table 3).

Anti-listerial activity of the bacteriocins
Listeria monocytogenes is a ubiquitous pathogen responsible for

listeriosis, which is potentially lethal in immunocompromised
individuals [34]. It has the ability to grow at a wide range of

temperatures (from 0°C to 50°C) and pH levels (as low as 4.5),
and has been reported to be present in raw milk and cheese. As

several listeriosis outbreaks have occurred following con-
sumption of contaminated dairy products [23], effective anti-

microbial agents against this pathogen are required. In this
context, all LAB strains were tested for their ability to produce
bacteriocins against Listeria monocytogenes ATCC 7644 by the

well-diffusion assay as described previously [17]. Among these
isolates, CM16 and CM22, which were identified as Pediococcus

pentosaceus (NCBI accession number MH023512) and Lacto-
bacillus brevis (NCBI accession number MH023515), respec-

tively, showed anti-listerial activity estimated at 1600 and 800
This is an open access artic
AU/mL after neutralization of their cell-free supernatant at pH
6.5. The neutralized cell-free supernatant of these strains did

not show a significant activity against the indicator strains listed
in Table 3. Further tests will be conducted to evaluate their

activity on other pathogenic bacteria. Some strains of Ped-
iococcus pentosaceus are known for their production of the

bacteriocins named pediocins and have been the focus of much
research with regard to food preservation [26]. Regarding
Lactobacillus brevis, a recent PCR-based study revealed the

presence of genes encoding for the bacteriocin Brevicin 174A
in five Lactobacillus brevis isolates using specific primers for this

bacteriocin [35]. Few bacteriocins produced by this species
isolated from various sources have been partially purified and

characterized [36].

Partial purification of the bacteriocins
To prevent the growth of spoilage and pathogenic bacteria in

food, bacteriocins are used as food preservatives, either by the
addition of bacteriocin-producing strains or by direct addition

of the semi-purified extracts. The optimal conditions for pro-
duction of bacteriocins from CM16 and CM22 was determined

as follows: overnight cultures of the isolate CM16 and CM22
© 2019 The Authors. Published by Elsevier Ltd, NMNI, 30, 100560
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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were used to inoculate (1% v/v) 500 mL of MRS broth, (pH 6,

incubation at 30°C, 120 rpm for 32 h for CM16 and pH 4,
incubation at 37°C, 120 rpm for 36 h for CM22). The bacte-

riocins produced by CM16 and CM22 were partially purified
from the culture supernatants with 40% and 60% ammonium

sulphate, respectively, followed by further purification by gel
filtration chromatography (Superdex 75 10/300 GL; GE
Healthcare Life Sciences). Fig. 1 shows the chromatography

profile of the bacteriocins from CM16 (Fig. 1a) and CM22
(Fig. 1b). Collected fractions were assayed for anti-listerial ac-

tivity by the agar well-diffusion method. Active fractions were
detected as a peak on the chromatogram between 17.5 and
FIG. 1. Purification of bacteriocins after ammonium sulphate precipitation from

(b) by gel filtration chromatography using Superdex 75 10/300 GL. The peaks w

17.5–18.5 mL for CM22. The dot plots represent the inhibition zone diamet

© 2019 The Authors. Published by Elsevier Ltd, NMNI, 30, 100560
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/lice
18.5 mL for CM16 and between 17.5 and 18.5 mL for CM22.

This elution volume corresponds to a molecular weight be-
tween 1.3 and 6.5 kDa as per the calibration.

Characterization of the bacteriocins
To determine the biochemical properties of the antimicrobial
compounds produced, the partially purified bacteriocins were

tested for sensitivity to different enzymes, temperatures and pH
levels (Table 4). Enzyme sensitivity assays demonstrated a

complete elimination of the inhibitory activity of the bacterio-
cins produced by CM16 and CM22 after treatment with

α-chymotrypsin, proteinase K, papain, trypsin and protease
Pediococcus pentosaceus CM16 (a) and Lactobacillus brevis CM22 isolates

ith antimicrobial activity were observed at 17.5–18.5 mL for CM16 and

er of fractions (mm).

nses/by-nc-nd/4.0/).
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TABLE 4. Effect of enzymes, pH and heat on anti-listerial

activity of bacteriocins from Pediococcus pentosaceus CM16

and Lactobacillus brevis CM22 isolates

Treatment

Antimicrobial
activity of
bacteriocins
from
CM16 isolate

Antimicrobial
activity of
bacteriocins
from
CM22 isolate

Enzymes
Control ++ ++
α-chymotrypsin — —
Proteinase K — —
Papain — —
Trypsin — —
Protease — —

pH
Control ++ ++
2 ++ ++
6 ++ ++
8 ++ ++
10 ++ ++

Heat/time
Control ++ ++
37°C/180 min ++ ++
60°C/60 min ++ ++
80°C/60 min ++ ++
100°C/30 min + ++
121°C/15 min + ++

Results of three assays were determined by measuring the diameter of the clear
zone in mm around the wells. Interpretation of diameter of inhibition zone: — , no
inhibition; +, 10–12 mm; ++, 12–14 mm.
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(Table 4). These results confirmed the proteinaceous nature of
these bacteriocins. Moreover, the bacteriocins retained their

anti-listerial activity after heat treatment up to 121°C for 15
min compared with those of the control sample kept at 4°C.

The heat stability of these bacteriocins may be attributed to the
ecological and environmental adaptation of the strains pro-
ducing them—CM16 and CM22—which were isolated from

camels living in a hot arid environment [37]. In addition, the
bacteriocins retained their activity over a pH range of 2.0–10.0.

These data indicate that the bacteriocins produced by CM16
and CM22 have the potential for use in the dairy industry as

natural preservatives in pasteurized foods and fermented milk
products in general and camel-milk-derived products in

particular.
Conclusions
There is an increasing interest in functional camel-milk-derived

products. Therefore, the isolation and characterization of
resident microbes and their functional traits are essential for
their use as preservatives in these products. This study re-

ported the genetic identification of diverse LAB isolated from
raw camel milk with antimicrobial activity against a broad

spectrum of pathogens. These isolates could be potentially used
as a starter culture in the manufacture of fermented camel milk

products. Moreover, two isolates, Pediococcus pentosaceus
CM16 and Lactobacillus brevis CM22, were able to produce
This is an open access artic
bacteriocins that were stable over a wide range of pH and

temperature and having anti-listerial activity. These properties
make them interesting candidates for application in food pres-

ervation and as feed additives. Further studies are needed to
investigate the safety and probiotic properties of these isolated

LAB strains.
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