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General Introduction

The Gambia is the smallest country on the African continent, with a total area of 11,000 square kilometers
and a population of approximately 2.4 million. It is surrounded on all sides by Senegal except the West by
the Atlantic Ocean. It is about 450 km long from east to west, and has a coastline of 80 km to the west and
a border of about 25 km at the eastern end of the country. It is made up of five administrative regions and
two municipalities. The Gambian economy is mainly reliant on services, agriculture and tourism. About
70% of the country’s labor force are employed in agriculture. Although agriculture being an important
sector of the economy, farmers in The Gambia still practice subsistence agriculture. In the past two decades,
crop production has declined due to many factors including government policies and drought linked to
climate change. Meanwhile livestock production has been increasing at an uneven rate. Cattle, goats, sheep,
poultry, horses and donkeys are bred as livestock in the country. The estimated populations of cattle, goats,
sheep and poultry, which are the major livestock, are approximately 300,000, 250,000, 150,000, and
870,000, respectively. The country's major livestock products are milk, meat (beef, mutton, goat meat,
poultry meat) and eggs with an estimated output of 76,000, 7,000, and 1,000 tons, respectively (FAOSTAT
2018). Among these livestock, cattle are especially essential for the rural communities in The Gambia as
they served as sign of wealth (prestige), expressing of cultural heritage, source of income, meat, milk,

draught power and farm manure for growing crops.

Like other West African countries, cattle rearing and milk production is mostly done by the pastoralists
Fulani in The Gambia. Majority of them lead a nomadic life and has not modernized their livestock
production. Whilst milking is mostly done by men, the preparation and selling of milk and dairy products
is dominated by women. Cattle herders usually perform milking in the morning using bare hands in the
open ranches. Milk is collected in vessels such as Calabash or wooden gourds depending on the choice and
convenience of the farmer. The milk is filtered through either a sieve or a clean white cloth. Some fresh
milk will be eaten or sold as it is. The rest of the raw milk is allowed to spontaneously ferment in a Calabash
Gourd or plastic vessels for 24 hours. The completed Gambian traditional fermented milk can be described
as a yoghurt-like product with a very thick consistency, sour taste accompanied by a creamy top layer with
a pleasing aroma. Traditional FM have a unique name for each ethnic group, as The Gambia is a multi-
ethnic and multilinguistic country. For instance, among the three major ethnic groups, it is named as “Kosam”
in the Fula language, “Sow” in Wolof and “Nonno” in Mandinka. Fermented milk is also consumed without

pasteurization, like fresh milk. Generally, Gambian traditional fermented milk is consumed with sugar.



Otherwise, it is either drank alone or in many cases accompanied by cereals like Chakiri or Churai Gerteh
(Porridge made by mixture of wholegrain rice and powered peanut) or Mono (a watery Porridge made from

millet flour).

Milk and fermented milk are popular with people of all walks of lives and ages in The Gambia, as it is well
known to contain useful nutrients such as carbohydrates, fats, proteins and calcium, which are essential to
consumers. However, consumers have little knowledge about the characteristics of milk and dairy products
produced in The Gambia. Hempen et al. (2004) have reported that Gambian milk and dairy products are
highly contaminated with coliform bacteria as well as pathogenic bacteria, which can pose severe health
risks to consumers. Such contamination has been suggested that it is due to the poor sanitation of the bovine
udder, milker's hands, milking environment, milking, transport and fermentation vessels. The FAO/WHO
(WHO/FAO 2004) and International Dairy Federation (IDF 2019) recommend milk to be pasteurized in
other to be safe for public consumption. However, milk and fermented milk produced in The Gambia are
consumed without pasteurization, like many other African countries. Diarrheal disorders in children under
the age of 5 have been frequently reported in The Gambia (Saha et al. 2013), suggesting that pathogenic
microorganisms present in unpasteurized milk and fermented milk are one of the causes (Hempen et al.

2004).

On the other hand, fermentation has been practiced to extend the shelf life of food in many African countries
for centuries. One of such fermented foods is traditional fermented milk, which has been handed down for
generations in various parts of Africa. During the fermentation of milk, LAB ferments lactose into mainly
lactic acid which lowers the pH by increasing in acidity. Subsequently organic acid produced by LAB
inhibits the growth of pathogenic and spoilage bacteria (Rubak et al. 2020; Widodo et al. 2017). Some
LABs have also been reported to produce antimicrobial compounds such as bacteriocins, diacetyl, ethanol,
fatty acids and hydrogen peroxide (Hassan et al. 2020). In addition to these antibacterial effects, some LAB
is also known to relate the formation of texture, taste and flavor of dairy products, and to function as
probiotics (Terzic -Vidojevic et al. 2020 and 2021). So far, various LABs have been isolated from
traditional African fermented milk by spontaneous fermentation of raw milk (Jans et al. 2017). Some of
these LAB have already been used as starters for producing fermented milk. For instance, Lactococcus
lactis, Lactobacillus bulgaricus and Streptococcus thermophilus respectively isolated in Chadian, Egyptian
and Ghanaian fermented milks, are universally adopted as starter cultures for producing safe fermented

milk (Doutoum et al. 2013; El-Baradei et al. 2008; Obodai and Dodd, 2006). Although L AB has never been



isolated from Gambian traditional fermented milk, it may also contain beneficial LAB as in other traditional

fermented milk.

Consequently, due to improve living standards, changes in life style and consumer choices, there has been
a steady increase in demand for milk and dairy products recently. Moreover, due to increase awareness and
concerns on food safety by consumers, there is an urgent need to comprehensively analyze and evaluate

traditional Gambian fermented milk. Therefore, the aim of this research was as follows;

1. Clarification of the total microbial diversity of Gambian traditional fermented milk and to assess its
microbiological quality and safety.

2. Isolation of lactic acid bacteria from Gambian traditional fermented milk and evaluation of their effect
on the quality by analyzing the characteristics of LAB, mainly acid producing ability and bacteriocin-like
inhibitory substance producing ability.

3. Characterization of bacteriocin produced by LAB isolated from Gambian traditional fermented milk.

In addition, this research also provides an opportunity to preserve microbial resources isolated from
Gambian traditional fermented milk. The lactic acid bacteria isolated in this research may be able to be used
as a starter culture in milk fermentation in The Gambia and elsewhere. Therefore, this study may serve as

a principal reference point for research into Gambian fermented milk in generations to come.



CHAPTER 1

Profiling of bacterial communities in Gambian traditional fermented milk,

“Kosam”

1.1 Introduction

Fermented milk (FM) including yoghurt has been one of the most consumed fermented foods around the
world. As it is rich in beneficial lactic acid bacteria, FM is eaten for numerous other reasons including
health. Some of the health properties of FM include prevention of hypertension, diarrhea, bacterial, fungal
and respiratory infections. It also has anticarcinogenic properties, promotes bone health, have
hypocholesterolemic, antioxidant, anti-allergenic and immunomodulatory effects among others (Garcia-
Burgos et al. 2020). FM provides consumers with a rich source of beneficial microorganisms such as lactic
acid bacteria (LAB) in addition to improving flavor, taste and digestibility (Shori 2012). As milk is an
important source of nutrients, in poorer parts of the world with many malnourished people such as Africa,
it offers an alternative source of proteins and vitamins to consumers (Jans et al. 2017). However, an
estimated 30% of the milk produced in Africa is lost due to inadequate equipment and storage facilities
prior to reaching consumers. Consequently, imported dairy products account for quarter to half of all milk
and milk products consumed in many African countries (Jans et al. 2017). In The Gambia, despite cows
representing the largest portion of number of cattle, the country does not produce enough milk to meet local
demand. Some of factors responsible for this include low milk yield by local cattle breeds and climate
change. Thus, over the years, the country has become a net importer of milk and milk products. For instance,
in 2019 alone, 7200 tons of dairy products were imported into The Gambia (WITS/World bank 2019). Due
to increasing population and changes in lifestyle, the demand for milk and milk products is expected to
continue to grow in The Gambia and the rest of Africa. Some of the imported dairy products, such as
powered milk, is often made into yoghurt with the addition of starter culture in the form of tablets. Locally-

produced milk is often consumed raw, as well as in the form of traditional FM to extend shelf life.

However, despite the long tradition of FM in the African continent, general knowledge of the unique aspects
of the fermentative microbiota of FM products has only recently been studied (Jans ef al. 2017). There are
numerous studies on FM produced in several African countries (Jans et al. 2017; Parker et al. 2018). These

reports reveal that the microbiota of FM is mainly influenced by geographical location, fermentation vessel,



fermentation conditions among others. For instance, the predominant LAB in Kenyan FM “Amabere
amaruranu’” is S. thermophilus, Lactiplantibacillus plantarum, Lactobacillus delbrueckii subsp. bulgaricus,
Leuconostoc mesenteroides (Nyambane et al. 2014). Amasi, a South African FM is predominated by
Lactococcus lactis followed by other strains such as Enterococcus faecalis, Lactobacillus casei,
Lactobacillus paracasei. Other pathogenic bacteria include Klebsiela, Escherichia coli, Kluyvera, Shigella
(Osvik et al. 2013). In addition, Enterococcus spp., Limosilactobacillus fermentum, Lactiplantibacillus
plantarum, Lactococcus lactis subsp. lactis, Pediococcus pentosaceus, Weissella confusa were isolated from
Malian fermented milk, Féné (Wullschleger et al. 2013). Similarly, Cameroonian FM, Pendidam is
predominated by Lactobacillus delbrueckii, Lactobacillus helveticus, Lactobacillus fermentum,
Lactiplantibacillus plantarum, Enterococcus faecalis, Enterococcus faecium, S. thermophilus followed by
Lactobacillus casei, Leuconostoc mesenteroides, Leuconostoc paramesenteroides (Jiwoua and Milliere,
1990). Meanwhile, Streptococcus sp. and Lactobacillus sp. were found to predominate naturally FM in
Northern Senegal. Other pathogenic bacteria such as the genus Bacillus, Clostridium, Enterococcus,

Salmonella, and Shigella were also detected (Parker ef al. 2018).

At the moment, there is very scanty information about the microbiota of Kosam. Although there are reports
of pathogens present in fermented milk from The Gambia, there is no literature regarding other
microorganisms. An earlier study by Hempen et al. (2004) stated that there are pathogenic bacteria such as
Bacillus cereus, Clostridia, Listeria, Escherichia coli, Salmonella, Staphylococci in FM produced in The
Gambia. The consumption of dairy products from such raw milk can bring harmful health consequences
(Oliver et al. 2005). Therefore, this chapter aims to elucidate the microbial profile of Gambian traditional

FM and evaluate its safety.

1.2 Materials and Methods

1.2.1 Sampling of Gambian traditional FM

Sampling was performed in Bansang, Central River Region (CRR) and Soma, Lower River Region (LRR)
of The Gambia (Figure 1-1). One sample of traditional Gambian FM was collected in each of the identified
sampling regions from Fulani women in October 2019. The pH of the samples was measured at the sampling
sites using a portable pH-meter (Essentials pH meter, Hydrogarden, Coventry, United Kingdom). The

samples were aseptically collected and transferred into sterile 50 ml tubes then kept in cooler boxes (4-



10°C) and transported to the Central Veterinary Laboratory of the Department of Livestock Services, Abuko,
The Gambia. The samples were kept in a refrigerator (4°C) immediately upon arrival at the laboratory and

analyzed within 24 h.

1.2.2 Microbial enumeration

The number of LAB in the FM was enumerated using BCP plate count agar (Eiken Chemical Co. Ltd.,
Tochigi, Japan), whilst coliform bacteria and E. coli were enumerated using XM-G agar (Nissui Ltd., Tokyo,

Japan).

One milliliter of FM was thoroughly mixed with 9 mL of sterile 0.85% NaCl solution and then diluted in
serial. Aliquots (0.1 mL) of appropriate dilutions (10#-10"7 for LAB, 10-'-10-3 for coliforms and E. coli)
were mixed with the respective selective media. All samples were incubated under aerobic conditions at
35°C similar to the average temperature of Gambian weather at the time. After the incubation for 72 h, the
yellow colonies on BCP plate count agar were enumerated as lactic acid bacteria. On the other hand, the
blue and red colonies on XM-G agar were respectively counted as E. coli and coliform bacteria after the
incubation for 24 h. Microbial counts were carried out in triplicate and expressed as colony forming units

per milliliter of FM (log CFU/mL).

1.2.3 Isolation of lactic acid bacteria

The colonies on countable BCP plates were randomly picked up using sterile disposable needles (Watson,
Kobe, Japan), inoculated into MRS agar in the cryotube vials (1 colony per vial) and incubated aerobically
at 35°C for 48 h. After confirmation of growth, the samples were kept at 4°C and then transported to Japan
by air. The samples were immediately stored at 4°C upon arrival in our university and applied to further

analysis.

Each microbial culture in a cryotube vial was picked using sterile disposable needles, inoculated into 5 ml
of MRS broth and incubated aerobically at 35°C for 24 h. After incubation, each culture was streaked on
MRS agar plate and then incubated under the same conditions. Each single colony on MRS agar plate was

picked up and sub-cultured into MRS broth. After cultivation, the bacterial cells were aseptically collected



by centrifuging the culture in a Tomy MX-300 centrifuge (Tomy digital biolology, Tokyo, Japan) at 5,000
g for 10 min at 4°C. After discarding the supernatant, the cells were suspended in 200 pl of MRS broth
containing 15% glycerol, transferred into cryotube vials and stored at —80°C until use. Before use, these
LAB isolates were inoculated into MRS broth and then incubated for 35°C for 24 h. The LAB isolates were

then activated by sub-culturing two more times.

1.2.4 Identification of LAB isolates

The isolated strains were confirmed to be Gram-positive by Gram staining, and acid-producing on BCP agar
medium. Genotypic identification of these isolates was performed by 16S rRNA gene sequencing. The total
genomic DNA of the LAB was extracted from overnight cultures using Bactozol Bacterial DNA Isolation
Kit (Molecular Research Center, Ohio, United States) following manufacturer’s instructions. The DNA
concentration was determined using Ultrospec 2000 UV/Visible Spectrophotometer (Pharmacia Biotech,

New Jersey, United States).

PCR amplification was carried out in a 50 pl reaction volume consisting of the following; 5 ul of 10x Ex
Taq buffer, 4 pl of 2.5 mM dNTPs and 0.25 pl of Taq polymerase (Takara, Shiga, Japan), 2 pl of each primer
(10 um) and 5 pl (5 ng) DNA template and ddH,O. The 16S-derived universal bacterial primers 27F (5°-
AGAGTTTGATCCTGGCTCAG-3") and 1406R (5-ACGGGCGGTGTGTAC-3") were used to amplify the
16S rRNA gene at approximately 1300 bp. PCR was performed on Bioer thermal cycler (LifeEco, Winnipeg,
Canada) with the following conditions: initial denaturation at 95°C for 3 min, 30 cycles of denaturation at
94°C for 30 sec, annealing at 60°C for 45 sec and extension at 72°C for 90 sec and final extension at 72°C
for 5 min. Subsequently 9 pl of the PCR product were used to assessed the quality of amplified DNA using
1.5% (w/v) agarose gel electrophoresis; TAE 1 x buffer (40 mM Tris, 20 mM Acetate, | mM EDTA, pH
8.6). After the completion of the electrophoresis, the gels were stained with ethidium bromide (50 pg/ml)
in 1XTAE (Wako, Nippon Gene) for 15 min and rinsed in running tap water for 10 min. The gels were then

visualized using ATTO Printgraph (ATTO, Tokyo, Japan) to confirm the presence of amplicons.

The PCR products were purified using Fast Gene Gel/PCR Extraction kit (Nippon Genetics, Tokyo, Japan)
according to manufacturer's instructions. The samples were then prepared in a 0.2 ml 8-strip PCR tubes
(Nippon Genetics, Tokyo, Japan) in a maximum volume of 20 pl consisting of 80-120 ng of DNA template,

6.4 pmol of primer and ddH>O. The sequencing of purified products was performed at the Eurofins
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Genomics Inc. (Tokyo, Japan). The sequences derived from the isolates were searched using the BLAST

search tool https://www.ddbj.nig.ac.jp on DNA Data Bank of Japan (DDBJ) to identify LAB species.

1.2.5 Metagenomic analysis

In order to profile the microbiota in traditional Gambian FM, total DNA was directly extracted from the
two samples of FM collected in CRR and LRR using ZymoBIOMICS DNA miniprep kit (Zymo Research,
Irvine, United States) in accordance with the manufacturer’s instructions. Illumina sequencing analysis for
16S rRNA gene profiling was conducted at Bioengineering Lab. Co. Ltd. (Sagamihara, Kanagawa, Japan).
The full-length cDNA synthesis, cDNA amplification and short read sequencing library preparation were
completed using the LoopSeq to obtain a comprehensive metagenomics of all bacteria present in Gambian
traditional FM. The DNA was purified using M Pure-12 bacterial DNA Extraction Kit (MP Biomedicals,
Santa Ana, California, United States) according to the manufacturer’s instructions. The concentration of the
extracted DNA solution was quantified using Synergy H1 (BioTek Instruments, Winooski, Vermont, Untied
States) and QuantiFluor dsDNA System (Promega Co., Madison, Wisconsin, United States). The amplicon
library was prepared using the LoopSeq 16S Microbiome SSC 24plex Kit (Loop Genomics, San Jose,
California, United States) according to the protocol, vlp3. The concentration of the prepared library was
measured using QuBit dsDNA HS Kit (Thermo Fisher Scientific, Waltham, Massachusetts, United States).
The library quality was evaluated using Bioanalyzer and High Sensitivity DNA Kit (Agilent Technologies,
Santa Clara, California, USA). Pair-end sequencing (2x150 bp) was carried out using the Illumina NextSeq

system (Illumina, San Diego, California, United States).

1.2.6 Data Analysis

The data obtained from the sequencing were analyzed as follows. The distribution of samples and the
creation of long-read contigs was performed in the LoopSeq cloud system. Contigs with a length of more
than 1300 bases were filtered from the synthesized long-read contigs using the Biopython for sequence
filtering. The sequences filtered for clustering were then imported into Qiime2 and clustered with a
threshold value of 99% by applying the vsearch plugin. The Silval38 database was used as a reference for
lineage estimation. The maximum hit sequences were set to 5 using the feature-classifier priming
(classify _consensus_blast) of Qiime2, and lineage estimation was performed with the top hit strains being

supported by the majority of sequences.
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1.3 Results

1.3.1 pH and viable counts

Table 1-1 shows the pH and viable counts of Gambian traditional FM. The pH of FM sampled at CRR
(CRR-FM) was 4.7, total counts of LAB was were 8.27+£0.08 log CFU/mL. On the other hand, the pH of
FM sampled at LRR (LRR-FM) was 5.4 and the LAB numbers were 7.21+0.09 log CFU/mL. The numbers
of coliform bacteria and E. coli on the XM-G agar in LRR-FM were 5.734£0.17 log CFU/mL and 4.82+0.13

log CFU/mL, respectively. However, coliform bacteria and E. coli were not detected in CRR-FM.

1.3.2 Isolation and Identification of LAB in Gambian traditional FM

A total of 134 isolates were identified by 16S rRNA gene sequencing (Table 1-2). Sixty-seven isolates were
detected in the CRR-FM and were classified as follows; Lactobacillus delbrueckii (35 isolates),
Streptococcus lutetiensis (13 isolates), Limosilactobacillus fermentum (11 isolates), Lactococcus lactis (5
isolates), and Lacticaseibacillus paracasei (1 isolate), Lactiplantibacillus plantarum (1 isolate), and
Leuconostoc mesenteroides (1 isolate). On the other hand, sixty-seven isolates were detected in the LRR-
FM which were classified as Lactococcus lactis (57 isolates), Enterococcus italicus (7 isolates), and
Enterococcus faecalis (3 isolates). Lb. delbrueckii was the predominant LAB in FM from CRR, whilst Lc.
lactis dominated in LRR-FM. The 16S rRNA sequencing revealed that CRR-FM was more diverse in viable
LAB. Seven-different LAB species were detected in the CRR-FM whilst only three different species were

detected in FM collected in the Lower River Region.

1.3.3 Metagenomic analysis

DNA extracted from FMs was used as a template for 16S metagenomics analysis to describe the bacterial
diversity. The microbiota of CRR-FM consisted of 19 different bacterial genera (Figure 1-2). Lactobacillus
was the dominant genus consisting 34.3% of the total bacterial community in CRR-FM followed by
Streptococcus (27.2%), Lactococcus (14.3%) and Acetobacter (11.2%). Other genera such as Klebsiella
consisting 4.0%, Enterococcus and Kurthia both 1.2% were also detected in the CRR-FM. Meanwhile,
twenty different bacterial genera were detected in the LRR-FM. The most predominant genus detected in

LRR-FM was Lactococcus consisting of 36.4%, followed by Lactobacillus with 29.3% of total detected

12



bacterial microbiota. In addition, coliforms Klebsiella and Enterococcus, consisting of 14.4% and 8.9%

respectively were more abundant in LRR-FM.

Figure 1-3 shows the microbial species in each FM. Forty-eight species were detected among the two FM
samples. Streptococcus lutetiensis (21.6%) was the most predominant species in CRR-FM, followed by Lb.
delbrueckii (13.9%), Lc. lactis (12.1%) and Lb. helveticus (9.1%). In addition, there was noticeable presence
of acetic acid bacteria including Acetobacter ghanensis consisting of 4.0%, Acetobacter tropicalis makes
2.7%, Acetobacter pasteurianus 1.9%, Acetobacter orientalis and Acetobacter senegalensis both consisting
just 1.0% of species detected. Some pathogenic bacteria such as Klebsiella pneumoniae (3.3%), an
opportunistic pathogen, was also detected. In LRR-FM, Lc. lactis (32.0%) was the predominant species
followed by Lb. delbrueckii (20.2%) followed by Enterococcus sulfureus 7.4%. Among the other 27 species

detected, there was an abundance of K. pneumoniae consisting of 13.3% of total the microbiota.

1.4 Discussion

This research presents the first total bacterial profile of Gambian traditional FM, Kosam. Gambian
traditional FM was dominated by LAB as revealed by both the culture-dependent and culture-independent
methods. Lc. lactis and Lb. delbrueckii predominate lactic acid bacterial species in Gambian FM followed
by S. lutetiensis. Similarly, microbial analysis of Sudanese FM, Rob, revealed the presence of Lb.
fermentum, Streptococcus salivarius, Lc. lactis subsp. lactis and Lb. acidophilus (Abdelgadir et al. 2001).
Parker et al. (2018) reported that “lait caille” a FM produced in Senegal, an immediate neighbor to The
Gambia, was dominated by Streptococcus spp. and Lactobacillus spp. followed by low percentage of
Weisella, Enterococcus, Leuconostoc, Vagococcus, and Pediococcus. The major functions of Lactococcus,
Lactobacillus and Streptococcus are the production of lactic acid, hydrolysis of casein, lipolysis of fat and
fermentation of citric acid (Zhong et al. 2016). Accordingly, these LAB species may also have a significant
influence on the texture and flavor of Gambian traditional FM. Milk composition and source, bacterial
composition in cases inoculum is used, fermentation vessels and abiotic factors are some of the determinants
of bacterial community of naturally FM (Parker ez al. 2018). Therefore, one or all of these factors may have
influenced the presence of the microbiota found in Gambian FM. The microbiota of FM greatly influences

the shelf life, safety and general product characteristics.
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In the culture-dependent method, no coliforms were detected in the CRR-FM sample with a pH value of
4.7, contrastingly the LRR-FM sample with a pH of 5.4 contained high numbers of coliforms and E. coli.
In the culture-independent method, coliforms were detected in both FM whilst E. coli was not detected.
There is no contradiction in these results because the number of LAB in LRR-FM (7.21 log CFU/mL) is
approximately thirty times as that of coliforms and two hundred times more than of E. coli (4.82 log
CFU/mL). E. coli were reported to be inhibited by low pH resulting from organic acids (e.g. lactic acid and
acetic acid) produced by LAB (Suiryanrayna & Ramana 2015). In addition, a combination of multiple
factors including low pH and the production of bacteriocin, hydrogen peroxide, and ethanol by LAB was
reported to have an inhibitory effect on E. coli in FM (Yilma et al. 2015). According to Mathara et al.
(2004), Maasai traditional FM with pH values more than 4.5 tended to contain relatively high numbers of
Enterobacteriaceae. Therefore, the difference in the ratio of acid-producing LAB between these FMs may

affect their pH values, E. coli and coliform counts.

Among the isolates from LRR-FM, seven strains were identified as E. italicus and three strains were
identified as E. faecalis. E. italicus was previously detected during fermentation of "nunu", a Ghanaian FM
produced from unpasteurized raw milk (Akabanda ef al. 2013). According to Gaaloul ef al. (2014), some
Enterococcus have the ability to contribute to the process of milk fermentation and its aromatic smell. On
the other hand, the presence of enterococci in raw milk is mainly due to cross-contamination from human
or animal feces, water, environment, or milking equipment resulting from poor hygiene and handling
conditions (McAuley et al. 2015). Therefore, it is necessary to search for the origin of these bacteria and

further evaluate their safety.

As revealed by the metagenomic analysis, the genus Klebsiella consisted of 14.4% of total detected bacterial
microbiota in LLR-FM and 4.0% in CRR-FM. As an opportunistic bacterial pathogen, Klebsiella is
responsible for causing mastitis in cows and has previously been isolated in milk samples. Therefore, its
presence in milk is mainly caused by contamination through infected cows (Langoni et al. 2015; Massé et
al. 2020; Munoz et al. 2007; Podder et al. 2014). K. pneumoniae detected in the LRR-FM by the
metagenomic analysis is one of the highly pathogenic species of the genera Klebsiella. It is known to cause
infection in humans. Therefore, Klebsiella spp. coupled with other pathogens may make consumers health
risky by intake of FM because coliforms containing Klebsiella spp. was detected in LRR-FM by the culture
method (Massé et al. 2020).
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Meanwhile the genera Acetobacter consisting of A. ghanensis, A. pasteurianus, A. senegalensis and A.
tropicalis were more abundant in CRR-FM than in LRR-FM. The presence of Acetobacter spp. was
previously reported in Mongolian and Indian natural FMs (Oki et al. 2014; Shangpliang et al. 2018). In
particular, Acetobacter spp. such as A. pasteurianus, A. lovaniensis, and A. syzygii was found to be
predominant in some Indian naturally FM products. Nakasaki et al. (2008) have reported that acetic acid
bacteria grow better in acidic condition as it can hardly grow from neutral and alkaline conditions. In this
study, CRR-FM was more acidic than LRR-FM. Thus, the acidity of FM could affect to the abundance of

Acetobacter genera.

The diversity of the microbiota in some traditional African FM was reported in previous studies. It is
suggested to be influenced by geographical location, temperature, humidity, source of milk, fermentation
vessels, fermentation condition, starting material among others (Jans et al. 2017). Therefore, the difference
in the microbiota between the FM sampled at the two regions could also be attributed to multiple factors,
as in FM from other African countries and elsewhere. For the first time in this study, LAB strain was isolated
and identified from Gambian traditional FM. It may be possible to elucidate the mechanism of bacterial
flora formation and develop safer FM that inherits the tradition, by investigating the effects of the addition
of these LAB on the bacterial flora of FM.
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1.5 Summary

This research aims clarify the microbiological characterization of Gambian traditional fermented milk,
“Kosam”. Fermented milk (FM) samples were collected at two regions (Central River Region: CRR,
Lower River Region: LRR) in The Gambia in 2019. The microbiota of these samples was analyzed by
culture-dependent methods and Illumina sequencing. The number of lactic acid bacteria LAB in FM from
CRR and LRR was 8.27+0.08 log CFU/mL and 7.21+0.09 log CFU/mL, respectively. Whilst no coliforms
and Escherichia coli were detected in FM from CRR, that from LRR contained 5.73+£0.17 log CFU/mL of
coliforms and 4.82+0.13 log CFU/mL of E. coli. The dominant viable LAB in FM from CRR was
Lactobacillus delbrueckii, followed by S. lutetiensis, while that from LRR was Lc. lactis. The metagenomic
analysis also revealed that these species were dominant in Gambian traditional FM. Furthermore, it also
revealed the possibility of the presence of pathogens such as Klebsiella spp. This study can enhance the

knowledge concerning Gambian FM and contribute to the elucidation of microbial communities.
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Bansang

100 km

Figure 1-1. Sampling locations in The Gambia.
WCR: Western Region, NBR: North Bank Region, LRR: Lower River Region, CRR: Central River

Region, URR: Upper River Region, e: Sampling location.
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Table 1-1. Viable counts (log CFU/mL) and pH of Gambian fermented milk

Sample LAB Coliforms E. coli pH
CRR 8.27+0.08 n.d. n.d. 4.7
LRR 7.21£0.09 5.73+0.17 4.82+0.13 5.4

n.d.: not detected
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Table 1-2. Identification of LAB isolated from traditional Gambian fermented Milk

Species Number of strains
CRR LRR
Enterococcus faecalis 0 3
Enterococcus italicus 0 7
Lacticaseibacillus paracasei 1 0
Lactiplantibacillus plantarum 1 0
Lactobacillus delbrueckii 35 0
Lactococcus lactis 5 57
Leuconostoc mesenteroides 1 0
Limosilactobacillus fermentum 11 0
Streptococcus lutetiensis 13 0
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Figure 1-3. Relative abundance (%) of bacterial species in Gambian fermented milk. Only bacterial species

with a relative abundance above 0.5% in at least one sample are shown.
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CHAPTER 2

Characterization of LAB isolated from traditional Gambian fermented milk

2.1 Introduction

Fermented milk (FM) products containing yogurt are produced by fermenting milk with LAB. In the process
of fermenting milk, LAB provides superior nutritional benefits to milk, such as prevention of diarrhea by
decomposition of lactose, improvement of digestion and absorption by decomposition of protein,
improvement of Ca absorption by lowering pH, and addition of vitamins. (Tomovska et al. 2006). In
addition, some LAB have a probiotic function, which can be used in the production of fermented milk to

further contribute to the health of consumers.

Screening for LAB from natural resources is one of the means to obtain LAB strains for manufacturing FM
products. LABs for producing FM are usually selected based on their acid-producing ability and their
influence on the taste, aroma, flavor and textural properties of the final product. There is a relationship
between the acid-producing ability of LAB and the textural properties of FM. The coagulation of milk by
LAB is related to the production of organic acids, mainly lactic acid by LAB during fermentation and the
accompanying change in pH. The pH of milk is usually between 6.5-6.7. The decrease in pH due to
fermentation reduces the electrostatic repulsion force between casein micelles. When the pH value reaches
5.5 t0 5.0, the colloidal calcium phosphate (CCP) of casein micelles is solubilized, which changes the bond
between caseins in the micelles and strengthens the hydrophobic interaction and hence form a gel.
Furthermore, when the pH value reaches 4.6 or less, a stable gel is formed by isoelectric point precipitation
of casein. Texture properties such as viscosity, smoothness, hardness, cohesiveness, stickiness and elasticity
of FM thus formed influence consumers' product choices (Han et al. 2016; Mudgil. et al. 2017).
Furthermore, the amount of lactic acid in FM at such pH contributes to not only the overall texture but also

preservation of the products (Gastaldi et al. 1996).

The preserving property of products are not unique to lactic acid. Bacteriocins also inhibits the growth of
other bacteria. Bacteriocins produced by LAB are classified into 5 classes based on the following; amino
acid composition, molecular weight, mechanism of action, secretory mechanism, antibacterial spectrum,

etc. Bacteriocins are often active at different pH values, are resistant to high temperatures, and exhibit a
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broader inhibition spectrum (Shah and Dave 2002). The most representative bacteriocin produced by LAB
is nisin, which is produced by Lactococcus lactis subsp, lactis. Nisin was approved for use in food in 1969
by the Joint FAO/WHO Expert Committee on Food Additives (JECFA). It is currently approved as
“Generally Regarded as Safe” (GRAS) by the US Food and Drug Agency (FDA) for use in foods. Nisin
possesses a broad spectrum of activity against Gram-positive bacteria such as Bacillus sp., Clostridium sp.,
Lactobacillus sp., Lactococcus sp., and Listeria sp. etc. (Fujita et al. 2007; Shah and Dave 2002; Younes et
al. 2017). On the other hand, due to its broad-spectrum of activity, nisin-producing Lactococcus lactis
subsp. lactis strains can be considered to influence the microbiome during the producing of fermented food

(Abee et al., 1995).

In Chapter 2, LAB strains isolated from Gambian traditional FM presented in Chapter 1 were evaluated for
acid production in reconstituted skimmed milk. In addition, the interactions among LAB strains were

evaluated on the bases of bacteriocin-like inhibitory activity.

2.2 Materials and Methods

2.2.1 Acid production in milk

The acid-producing ability of LAB strains isolated from the Gambian traditional FM was evaluated using
10% reconstituted skimmed milk (RSM). Each LAB stock solution (10 pl) was inoculated into 5 mL of
MRS broth (MRS; Oxoid Ltd., Basingstoke, UK) and incubated for 24 h at 35°C. In order to activate the
cells, 50 pl (1%, v/v) of the culture was sub-cultured twice into the same medium and incubation conditions.
Thereafter, the cells were aseptically collected by the centrifugation at 5,000 g for 10 min at room
temperature using Tomy MX-300 centrifuge (Tomy digital biology, Tokyo, Japan). After removing of the
supernatant, the cells were washed twice with 0.85% NaCl solution. The cells were then suspended in saline
solution and adjusted to ODgop = 1.0 using ASUV1100 Spectrophotometer (AS ONE Co., Osaka, Japan).
The suspension (50 pl) was inoculated into 5 ml of 10% RSM and incubated at 35°C for 24 h. After
incubation, the pH of each culture was measured using a HM-41X pH meter (DKK-TOA Co., Tokyo, Japan).

The measurement of pH was done in triplicate and the average pH was calculated.
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2.2.2 Bacteriocin-like inhibitory activities among LAB strains

Twenty strains (9 species) were selected from 134 strains (9 species) isolated from the Gambian traditional
FM. These 20 strains were used as indicator strains for estimating of bacteriocin-like inhibitory activity by
the agar well diffusion assay (Yang et al. 2012). Each LAB stock solution (10 pl) was inoculated into 5 ml
of MRS broth (Biokar diagnostic, Allone, France) and incubated for 24 hrs at 35°C. In order to activate the
cells, 50 pl (1% v/v) of the culture was sub-cultured twice into the same medium and incubation conditions.
Thereafter, the cells were aseptically collected by centrifugation at 5000 g for 10 min at room temperature.
After removing of the supernatant, the cells were washed twice with 0.85% NacCl solution. The cells were
then suspended in saline solution and adjusted to ODgoo = 1.0. Then, the cell suspension was mixed at a
ratio of 1% (v/v) with MRS agar kept at 50°C and then transferred into Petri dishes. After solidification,
four wells (6 mm diameter) were cut in each plate using a cork borer (Nonika Rikaki, Tokyo, Japan). The
preparation of cell-free supernatant (CFS) of all strains isolated from the Gambian traditional FM was
performed as described below. Each stock culture solution (10 pl) was inoculated into 5 ml of MRS broth
and incubated overnight at 35°C. After that, 50 pl of the overnight culture was sub-cultured into the same
medium and incubation conditions. After incubation, the culture was centrifuged at 5000 g for 10 min and
recovered the supernatant. The supernatant was neutralized by the addition of 1.0M NaOH and then
sterilized by filtering through a 0.22 um membrane filter unit (Advantec, Tokyo, Japan). The resulting
solution was applied to bacteriocin-like inhibitory activity as a cell-free supernatant (CFS). The CFS (50
pl) was poured into the wells on the plates prepared as described above, and incubated overnight at 35°C.

After the incubation, the formation of clear zones (halo) around the wells was observed.

2.3 Results

2.3.1 Lactic acid production by LAB

The lactic acid production in milk ability of LAB strains isolated from Gambian traditional FM was assessed
based on changes in pH of RSM. As shown in Table 2-1, 80% of Lc. lactis isolates, which were predominant
among the isolates from FM, were unable to lower the pH of RSM below 6.0. On the other hand, 82.9% of
Lb. delbrueckii isolates could lower the pH of RSM below 6.0. In addition, all S. /utetiensis isolates could
lower the pH of RSM below 5.0. The ratio of isolates that reduced the pH of RSM to less than 6.0 are 79.1%
(53 isolates) and 16.4% (11 isolates) in CRR-FM and LRR-FM isolates, respectively. Among the CRR-FM
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isolates, strains that reduced the pH of RSM to less than 5.0 were one Leu. mesenteroides strain, two Lb.
fermentum strains, sixteen Lb. delbrueckii strains and thirteen S. lutetiensis strains. On the other hand, only

three Lc. lactis strains among the LRR-FM isolates could reduce the pH of RSM to less than 5.0.

2.3.2 Bacteriocin-like inhibitory activities among LAB isolates

As shown in Table 2-2, S. lutetiensis strains showed bacteriocin-like inhibitory activity in 15 of 20 strains
(5 of 9 species) used as indicators. Similarly, Lc. lactis strains and Lb. delbrueckii strains showed activity
against 7 strains (3 species) and 6 strains (2 species), respectively. In contrast, E. faecalis G2049, Lc. lactis
G2053, Lb. fermentum G3049, Lb. plantarum G3037, and Leu. mesenteroides G3061 were not inhibited by

all other LAB strains isolated from Gambian FM.

Compared the proportion of strains with bacteriocin-like inhibitory activity, all of E. faecalis strains showed
the bacteriocin-like inhibitory activity against three Lb. delbrueckii strains as indicators. Lb. fermentum had
a high proportion of strains with bacteriocin-like inhibitory activity, as 7-8 of the 11 strains showed activity
against Lb. delbrueckii strains. Of the 13 strains of S. lutetiensis, 7-8 strains showed activity against E.
italicus, 5-9 strains against Lc. lactis, 6-8 strains against Lb. delbrueckii, and 3 strains against Lb. paracasei,
respectively. On the other hand, the proportions of Lb. delbrueckii strains and Lc. lactis strains with
bacteriocin-like inhibitory activity were as low as 1-2 strains per 35 strains and 1-5 strains per 62 strains,

respectively.

2.4 Discussion

Evaluating acid production by LAB based on FM samples, most of LAB (79.1%) isolated from CRR-FM
can decrease the pH of skimmed milk to less than 6.0, while most of LAB (77.6%) isolated from LRR-FM
cannot. This result does not contradict that the pH of CRR-FM and LRR-FM were 4.7 and 5.4, respectively.
The pH reduction by the production of organic acids (e.g. lactic acid and acetic acid) in FM products was
reported to cause the inhibition of E. coli and other coliforms. Mathara et al. (2004) has reported that the
Maasai traditional FM in Kenya with pH values more than 4.5 tended to contain relatively high numbers of
Enterobacteriaceae. In addition, a combination of factors including low pH and the production of
bacteriocin, hydrogen peroxide, and ethanol by LAB was reported to have an inhibitory effect on E. coli in

FM (Yilma et al. 2015). Therefore, the proportion of strains that can produce acid in milk was considered
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to affect the number of coliforms and E. coli in Gambian FM.

The majority (80.6%) of the Lc. lactis strains isolated most from the Gambian FM were unable to lower the
pH of RSM below 6.0. Lc. lactis, which is used in the production of dairy products, can generally produce
lactic acid in milk and reduce the pH of milk. Li et al. (2020) reported that 75% of Lc. lactis strains isolated
from various dairy products reduced the pH of skim milk to 4.5 within 24 h. On the other hand, Lc. lactis
is divided into three subspecies namely Lc. lactis subsp. lactis, L. lactis subsp. cremoris, and Lc. lactis
subsp. hordniae (Parapouli et al. 2013). Among these three subspecies, except Lc. lactis subsp. hordinae,
most of Lc. lactis subsp. cremoris and Lc. lactis subsp. lactis strains can metabolize lactose to produce
lactic acid. In addition, lactose-negative mutants of Streptococcus lactis (old name of Lc. lactis) have been
reported to occur spontaneously in broth cultures (Mckay et al. 1972). Furthermore, non-dairy or wild
Lactococcus isolates have been shown to take longer to coagulate milk than dairy strains, based on the
acidification profiles in milk (Mckay et al. 1972; Cavanagh et al. 2015). Therefore, the less or no lactose

metabolization may be characterizations of Lc. lactis strains isolated from the Gambian FM.

Among Lb. delbrueckii strains isolated from CRR-FM, 16 strains (46%) were coagulated by lowering the
pH of skim milk to less than 5.0. Lb. delbrueckii subsp. bulgaricus is utilized as a starter culture for yogurt
and has a significant impact on the acidity, flavor and texture properties of dairy products (Crow and Curry,
2002). Therefore, some of Lb. delbrueckii subsp. bulgaricus isolated in this study (only species level is
shown in Table 1-2) may be used as a starter for producing FM. Similarly, 13 strains of S. lutetiensis isolated
from CRR-FM could also reduce the pH of skim milk to less than 5.0. The genus Streptococcus includes
not only species known as pathogens such as Streptococcus pyogenes, Streptococcus pneumoniae, and
Streptococcus agalactiae, but also species such as S. thermophilus that have been used in the production of
yogurt together with Lb. delbrueckii subsp. bulgaricus. S. lutetiensis is isolated from various sources such
as infant feces (Suzuki 2011), milk and dairy products. S. lutetiensis is suggested to be rarely associated
with bovine mastitis, but has good adaptability to bovine mammary cells or tissues and potential to spread
within a dairy herd (Chen et al. 2021). In addition, although there are few cases, S. lutetiensis has been
reported to be associated with infectious diseases (Yamamoto et al. 2021; Yu et al. 2021). On the other
hand, S. lutetiensis isolated from Wagyu (Japanese beef) cattle milk has been reported to produce a large
amount of acid and diacetyl-acetoin, which has influence on the quality of FM (Tsuda and Kodama 2021).
Therefore, S. lutetiensis strains isolated in this study may also be utilized in the production of dairy products,

although it is necessary to confirm the safety sufficiently.
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Bacteriocin-like inhibitory activity tests between the isolated strains revealed that growth inhibition was
observed between not only the species but also the strains in the same species. Among total sixty-two strains
of Lc. lactis, eleven strains isolated from LRR-FM showed bacteriocin-like inhibitory activity against Lb.
delbrueckii subsp. delbrueckii G3055. In addition, three E. faecalis strains isolated from LRR-FM inhibited
the growth of Lb. delbrueckii subsp. delbrueckii G3055, Lb. delbrueckii subsp. indicus G3060, and Lb.
delbrueckii subsp. lactis G3050. Some strains of Lc. lactis and E. faecalis were reported to produce
bacteriocins such as nisin and enterocin respectively in skimmed milk (Penna et al. 2005; Jozala et al. 2007,
Izquierdo et al. 2009). As described in Chapter 1, Lb. delbrueckii was detected in CRR-FM in the culture-
dependent method while none was detected in LRR-FM. On the other hand, Lb. delbrueckii were detected
in both CRR-FM and LRR-FM in the culture-independent method. These results may show that bacteriocin-
like inhibitory substances produced by some strains of Lc. lactis and E. faecalis during fermentation are a
cause of Lb. delbrueckii mortality. Therefore, the detection of Lb. delbrueckii in the culture-independent

method may have been caused by the amplification of DNA extracted from the dead cells.

There are few reports on the bacteriocin-like inhibitory activity of S. lutetiensis, which was isolated from
CRR-FM. In this study, some S. lutetiensis strains inhibited not only the growth of E. italicus, Lc. lactis,
Lb. delbrueckii, and Lb. paracasei as indicators of different species, but also that of the same species strains.
Similar growth inhibition was also confirmed in some Lc. lactis and Lb. delbrueckii strains. This
phenomenon is common because bacteriocins are known to inhibit the growth of some closely related
species. For instance, Batdorj ef al. (2005) demonstrated that bacteriocin extracted from E. durans inhibited
the growth of same species. In another study, Yang et al. (2012) reported that some species of Lactobacillus
sakei were also inhibited by bacteriocin isolated from same species. However, it is important to note that
the effectivity of a bacteriocin (in a medium) is influenced by many factors including pH, temperature,
metabolic characteristics, availability of oxygen, source of bacteriocin, presence of other substances like
metallic ions etc (Matevosyan et al. 2019, Marianelli et al. 2010, Parada ef al. 2007, Xi et al. 2018).
Regarding S. lutetiensis, the strains isolated from infant feces have been reported to inhibit the growth of
different strains (Suzuki 2011). These facts may indicate that some of S. lutetiensis strains have a relatively

broad antibacterial activity.

This study revealed that LAB strains isolated from the Gambian FM have varying milk fermentability ability
and antimicrobial activity. These facts showed some strains might have contributed to the biodiversity of

Gambian FM, as lactic acid and bacteriocin can influence the microbiota of fermented milk (Shah and Dave
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2002). By selecting the strains in consideration of the acid-producing ability of the strains and the inhibitory
activity among the strains, it may be possible to produce safe FM products that follow the Gambian

traditional FM.
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2.5 Summary

In this study, LAB isolates from Gambian traditional FM were characterized on the basis of acid production
in reconstituted skimmed milk (RSM) and their bacteriocin-like inhibitory activity among isolates.
Among the strains derived from CRR-FM and LRR-FM, the proportions of the strains in which the pH of
RSM was lowered to 6.0 or less were 79% and 16%, respectively. The majority of Lc. lactis strains isolated
from both Gambian FM could not decrease the pH value of RSM to less than 6.0. On the other hand, among
LAB isolated from CRR-FM, some of Lb. delbrueckii, Leu. mesenteroides, Limosilactobacillus fermentum,
and Streptococcus lutetiensis strains could reduce the pH to less than 5.0. These results suggested that the
proportion of strains that can produce acid in milk affected pH and the number of coliforms and E. coli in

Gambian FM.

A bacteriocin-like inhibitory activity assay among isolates was performed by the agar well diffusion assay.
S. lutetiensis strains showed bacteriocin-like inhibitory activity in 15 of 20 strains isolated from Gambian
FM (5 of 9 species), suggesting that they have a relatively wide range of antibacterial activity. Similarly,
Lec. lactis strains and Lb. delbrueckii strains showed the activity against 7 strains (3 species) and 6 strains
(2 species), respectively. All of E. faecalis strains showed the bacteriocin-like inhibitory activity against
three Lb. delbrueckii strains as indicators. In contrast, E.faecalis, Lb.plantarum, Lb.fermentum, Lc.lactis,
and Leu. mesenteroides were not inhibited by all other LAB strains isolated from Gambian FM. These
results suggest that the bacteriocin-like active substances produced by LAB strains are involved in the

formation of the microbiota of Gambian FM.
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Table 2-1. pH of reconstituted skimmed milk fermented by LAB isolates for 24 h

Region Species pH range
6.5-6.0 5.9-5.5 5.4-5.0 <5.0

Lacticaseibacillus paracasei - 1 - -
Lactiplantibacillus plantarum - 1 - -

CRR Lactobacillus delbrueckii 6 9 4 16
Lactococcus lactis 4 1 - -
Leuconostoc mesenteroides - - - 1
Limosilactobacillus fermentum 4 5 - 2
Streptococcus lutetiensis - - - 13
Enterococcus faecalis 3 - - -

LRR Enterococcus italicus 6 1 - -
Lactococcus lactis 46 6 2 3
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CHAPTER 3

Purification and characterization of a bacteriocin from Streptococcus
lutetiensis G3067

3.1 Introduction

Every year about 600 million people fall sick and over two-third of that number die annually from the
consumption of contaminated food (Lee and Yoon 2021). Food preservatives are effective in reducing such
microbial hazards in foods. In recent years, as consumers and producers have become more aware of food
safety, there have been concerns about the health effects of traditional chemical preservatives. Therefore,
there is increase interest in natural antimicrobial additives (Zhu et al. 2000). LAB is well-known to produce
several antimicrobial compounds such as lactic acid, acetic acid, ethanol, carbon dioxide, diacetyl, hydrogen
peroxide and bacteriocins (Hassan et al. 2020, Matevosyan et al. 2019). Among these antimicrobial
compounds, bacteriocins are proteins mostly secreted by certain LAB that demonstrate the antimicrobial
activity against other species of bacteria (Abanoz and Kunduhoglu 2018; Arakawa et al. 2009; Ye et al.
2021). The type of bacteriocin differs depending on the producer LAB and its antibacterial spectrum differs

depending on the type of bacteriocin (Arakawa et al. 2009).

As described in Chapter 2, several strains of Lc. lactis and S. lutetiensis have bacteriocin-like activity.
Although Lc. lactis is well-known to produce the most representative bacteriocin, nisin, bacteriocin
production has also been reported in LAB belonging to the genus Enterococcus, Lactobacillus, Lactococcus,
and Streptococcus, etc. Streptococcus equinus and Streptococcus gallolyticus isolated from the rumen of
animals have been reported to produce bovicin HC5 and bovicin 255 (De Sousa et al. 2021; Joachimsthal
et al. 2010; Whitford et al. 2001). However, there are no reports of bacteriocin-like substances (BLS)
produced by S. lutetiensis. Therefore, this chapter aims to clarify the characteristics of BLS produced by S.

lutetiensis isolated from traditional Gambian fermented milk.
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3.2 Materials and Methods

3.2.1 Screening for BLS synthesizing S. lutetiensis strains

Thirteen strains of S. /utetiensis isolated from Gambian traditional FM were estimated for bacteriocin-like
inhibitory activity against Lb. delbrueckii subsp. bulgaricus NBRC13953T. A stock culture solution (10 pl)
of each strain was inoculated into 5 mL of MRS broth and incubated at 35°C overnight. After that 50 pl of
the overnight culture was sub-cultured in the same medium at 35°C for 24 h. The culture was centrifuged
at 15,000 g for 10 min using a Tomy MX-300 centrifuge (Tomy Digital Biolology Co. Ltd. Tokyo, Japan)
and then recovered the supernatant. The supernatant was neutralized by the addition of 1.0 M NaOH and
then sterilized by the filtration using a 0.22 pm membrane filter unit (Advantec, Tokyo, Japan) to achieve
a cell-free supernatant (CFS). Lb. delbrueckii subsp. bulgaricus NBRC13953T as an indicator was incubated
at 35°C overnight in MRS broth. An aliquot (150 pl) of the overnight culture was transferred into Petri
dishes, poured and mixed 15 mL of MRS agar kept at 50°C. After solidification, four wells (6 mm diameter)
were cut off on each plate using a cork borer (Nonika Rikaki, Tokyo, Japan). Thereafter, 50 pl of CFS of
each LAB strain was poured into a well and incubated overnight at 35°C. After incubation, the size of the
clear zone (halo) around the well was measured by a digital caliper (AS ONE Co., Osaka, Japan). CFS from
five strains (G3032, G3034, G3056, G3066, and G3067) could be observed to form halo. Among them, S.

lutetiensis G3067 was selected based on the size of the halo and applied as follows.

3.2.2 Separation of BLS produced by S. lutetiensis G3067

S. lutetiensis G3067 strain isolated from Gambian FM was used as the BLS-producing strain. The preculture
under the same conditions mentioned in 3.2.1 was inoculated into 1.2 L of MRS broth at a ratio of 1% (v/v).
After incubation, the culture was removed the cells by the centrifugation and recovered the supernatant.
The supernatant was neutralized by 1.0 M NaOH, transferred into a separating funnel and then added an
equal volume of chloroform. After shaking sufficiently, the mixture was allowed to settle for an hour that
resulted in the formation of two distinct layers. The lower chloroform layer was recovered, concentrated to
dryness using a rotary evaporator and then dissolved in 40 ml of distilled water. The solution was added
grounded ammonium sulfate in small portions with continuous stirring and reached 50% on the final
saturated concentration of ammonium sulfate. Insoluble components were recovered by the centrifugation

at 5 000 g for 5 min at room temperature, re-dissolved in 5 ml of distilled water, and dialyzed in a SpectraPor
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Dialysis membrane (Repligen Co. California, USA) for 48 h. After the dialysis, the sample was evaporated
to dryness using a rotary evaporator, re-dissolved in 5 ml distilled water and applied to the following

experiments as a crude BLS.

The crude BLS was separated by anion exchange chromatography using a Toyopearl DEAE-650M column
(16 mm x 15 cm, Tosoh Co., Tokyo, Japan). The crude BLS fraction was applied to the column, which had
been equilibrated with 20 mM phosphate buffer (pH 7.0). Elution was done first with 100 mL of buffer and
then with a liner gradient of NaCl from 0 to 1.0 M in the same buffer in a total volume of 400 mL at a flow
rate of 1.0 mL/ min. Fractionation was done by 10 ml each, using the CHF100AA fraction collector
(Advantec, Tokyo, Japan). Each fraction was monitored at 220 nm and 280 nm by ASUV-1100
Spectrophotometer (AS ONE Co., Osaka, Japan). Fractions with absorption of two wavelengths were pooled,
concentrated using a rotary evaporator and dialyzed as mentioned above. After dialysis, each fraction was

dissolved in 5 ml of distilled water and subjected to a bacteriocin-like inhibitory activity assay.

A bacteriocin-like inhibitory activity of each fraction was estimated by the agar well diffusion method
according to 3.2.1. The bacteriocin titer was determined and expressed as arbitrary units (AU/ml) using the
formula: AU/mL=D1000/V (D: dilution factor, V: the volume of each solution (50 pl). One AU was defined
as the reciprocal of the highest serial two-fold dilution showing a clear zone of growth inhibition of the

indicator strain.

3.2.3 High performance Liquid Chromatography (HPLC)
HPLC analysis of a BLS fraction was performed on a Shimaldzu LC10-AD pump using a TSKgel G2000
PW (7.8 mm I.D. x 30 cm, pore size 12 um, Tosoh Co., Tokyo, Japan) connected with the guard column.

Elution was done using distilled water at 40°C with a flow rate of 1 mL/min. The detection was performed

by the absorbance at 220 nm using a Shimadzu SPD-10A UV/VIS detector.

3.2.4 Tricine SDS-PAGE

Tricine SDS PAGE was performed using P-T16.5S p-PAGEL precast gel (ATTO Co., Tokyo, Japan)

according to a manufacture’s protocol. Electrophoresis was done using AE-1415 EzRun T buffer (ATTO
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Co., Tokyo, Japan) as a running buffer at a constant voltage of 15 V for 30 min and 30 V during the rest of

the separation. The gel was stained with Coomassie Brilliant Blue G-250.

3.2.5 Enzyme treatment of BLS

The BLS produced by S. lutetiensis G3067 was investigated for its sensitivity to proteolytic enzyme.
Proteinase K (4 pl) was mixed with 100 pl of the peakl fraction on the anion exchange chromatography,
and 10 mM sodium phosphate buffer (pH 6.5, 96 ul). After incubation at 37°C for 1 hr, a bacteriocin-like
inhibitory activity was conducted according to 3.2.1. A mixture with the treatment solution without

proteinase K was used as a control.

3.2.6 Thermal stability

The peakl fraction on the anion exchange chromatography, which has a bacteriocin activity, was used for
the evaluating of thermal stability. An aliquot (100 pl) was subjected for 30 min to heat treatment at 40°C,
50°C, 60°C, 70°C, 100°C and 121°C, respectively. After cooling, it was estimated an inhibitory activity by

the agar well diffusion method according to 3.2.1. An unheated sample was used as a control.

3.2.7 Effect of metal ions

The effect of metal ions on the bacteriocin activity was evaluated by mixing 90 pl of the peak 1 fraction
with 10 pl of 50 mM of each metal ion (MgCl,, FeSO4, CaCly, ZnSO4, MnSOy4, or CuSO4). A mixture with
distilled water was prepared as a control. Each mixture was conducted as bacteriocin activity according to

3.2.1.

3.2.8 Statistical analysis
Statistical significance between control and test group was determined by a paired t-test using MS Excel

2019. All measurement data are expressed as means + standard deviations. A significant difference was

considered when p value was <0.05.
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3.3 Results

3.3.1 Purification of bacteriocin

The CFS produced by S. lutetiensis G3067 was obtained as described above. The bacteriocin produced by
S. lutetiensis G3067 was separated from the CFS by three- steps: chloroform extraction, ammonium sulfate
precipitation and anion exchange chromatography. By the chloroform extraction, the activity of BLS
increased from 20 AU/mL to 400 AU/mL, the yield was 66.7% (Table 3-1). Furthermore, by the ammonium
sulfate precipitation, the activity of BLS increased from 400 AU/mL to 800 AU/mL, the yield was 33.3%.
The ammonium sulfate precipitate was separated by anion exchange chromatography into two peaks: a
unadsorbed fraction (peak 1) and a 0.2 M NacCl eluted fraction (peak 2) (Figure 3-1). Peak 2 fraction was
dialyzed, concentrated and evaluated for bacteriocin activity, but showed no activity. On the other hand, the
activity of BLS of peakl was 800 AU/mL, did not change and the yield decreased to 16.7%. This peak 1
fraction eluted as a single peak at 13 minutes on high performance liquid chromatography using gel filtration
column (Figure 3-2). The fraction was detected as a broad band at the position between 1.0 and 3.5 kDa on
Tricine SDS-PAGE (Figure 3-3). The estimated molecular weight was calculated about 3.0 kDa on the basis
of the mobility. In addition, the fraction was inactivated by treatment with proteinase K (data not shown),

like many other bacteriocins. Therefore, this fraction was named bacteriocin G3067.

3.3.2 Effects of heat treatment and metal ions on the activity of bacteriocin G3057

In the thermal stability experiments, after treatment at 40°C, 50°C and 60°C for 30 min, the activity of
bacteriocin G3067 did not change significantly compared with the unheated sample, and the antibacterial
activity remained unchanged (Figure 3-4). After treatment at 70°C, 100°C and 121°C for 30 min, the activity
of bacteriocin G3067 increased significantly compared with the unheated sample. In particular, after 30 min
of treatment at 100°C, the diameter of the inhibition zone increased 1.5 times as that of unheated sample.
On the other hand, the addition of metal ions did not cause a noticeable change in the activity of bacteriocin

G3067 (Figure. 3-5).
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3.4 Discussion

Bacteriocins have attracted increased attention in the food industry due to their ability to inhibit and control
the growth of microorganisms including food spoilage and foodborne pathogenic bacteria. This study aims
to characterize the bacteriocin produced by S. lutetiensis isolated from traditional Gambian FM. The fraction
with bacteriocin-like activity prepared from the supernatant of S. lutetiensis G3067 culture was low
molecular weight and inactivated by protease treatment. These results show that the active component is a

protein (peptide). Therefore, this component was clarified to be bacteriocin and named bacteriocin G3067.

Bacteriocin G3067 was characterized by not only remarkable thermal stability but also increase of the
activity by heating. Many bacteriocins have been reported to be inactivated or reduced in activity by heat
treatment (Li et al. 2021; Hassan et al. 2020; Hwanhlem ef al. 2013; Abanoz and Kunduhoglu 2018; Yang
et al. 2012). In the other hand, some researchers have also demonstrated that some bacteriocins maintain
their antimicrobial activity after being subjected to heat treatment (Girma and Aemiro 2021; Lasik-Kurdys$
and Sip 2019; Ren ef al. 2018). Bacteriocins that are known have thermostability includes plataricins, nisin,
pediocin, brevican 37 and lactacin F (Navarro ef al. 2000). Some of the reasons for thermotolerance of some
bacteriocins are due to low molecular weight and chemically diverse secondary structures (or lack of tertiary
structures) or the presence of covalent bonds that help stabilize the protein globular structure among others
(Girma and Aemiro 2021; Lasik-Kurdy$ and Sip 2019; Ren et al. 2018). For widespread use in the
manufacture of foods, bacteriocins are better to have higher heat stability. Therefore, bacteriocin G3067 is

considered to have one of the properties that can be utilized in food production in terms of thermal stability.

Divalent metal ions have been reported so far to increase or decrease the activity of some bacteriocins (Du
et al. 2022; Sudha and Aranganathan 2021; Zhang et al. 2018). However, the activity of bacteriocin G3067
was not affected by the addition of divalent metal ions. This result suggests that the activity of bacteriocin
G3067 remains even in foods containing various metal ions such as dairy products. However, it will be
necessary to investigate the influence of the concentration dependence of metal ions in order to use it in

foods in the future.

Since most bacteriocins are produced during LAB growth, the pH of the medium has a significant effect on
bacteriocin production (Parente et al. 1994). The addition of metal cations to the medium has also been

reported to affect the production of bacteriocins (Arakawa et al. 2009; Matevosyan et al. 2019). In this
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study, such factors affecting the production of bacteriocin by S. lutetiensis were not investigated. Since the
amount of bacteriocin produced in this study is small, it will be necessary to investigate the better culture

conditions in order to further analyze the characteristics of the bacteriocin.
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3.5 Summary

A bacteriocin produced by S. lutetiensis G3067 isolated from Gambian FM was purified and characterized.
The cell-free supernatant (CFS) prepared from MRS broth culture of S. lutetiensis G3067 was subjected to
three preparation steps: chloroform extraction, ammonium sulfate precipitation, anion exchange
chromatography. Bacteriocin-like inhibitory activity assay was performed by an agar well diffusion method
using Lb. delbrueckii subsp. delbrueckii NBRC13953T as an indicator strain. By these purification steps,
bacteriocin activity increased from 20 AU/mL in CFS to 800 AU/mL in Peak 1 on anion exchange
chromatography, with a yield of 16.7%. Peak 1 fraction was inactivated by proteinase K and eluted as a
single peak on HPLC. In addition, it was detected as a broad band at the position between 1.0 and 3.5 kDa
on Tricine SDS-PAGE, and its molecular weight was estimated 3.0 kDa. These results revealed that this
component was a bacteriocin. This bacteriocin, named bacteriocin G3067, had thermal stability against the
heat treatment at 40°C, 50°C and 60°C, for 30 min. Furthermore, after treatment at 70°C, 100°C and 121°C
for 30 min, its activity increased significantly compared with the unheated sample. In addition, an activity
of bacteriocin G3067 was not changed by the addition of divalent metal ions. These properties suggest that

bacteriocin G3067 may be available for food production.
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Table 3-1. Purification yield rate of bacteriocin of Streptococcus lutetiensis G3067

Purification step Volume Titer Total activity Yield
(mL) (AU/mL) (AU) (%)
CFS 1200 20 24000 100
Chloroform Extraction 40 400 16000 66.7
Ammonium sulfate precipitation 10 800 8000 333
Anion-exchange chromatography (Peak 1) 5 800 4000 16.7
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Figure 3-1. Anion exchange chromatogram of ammonium sulfate precipitate prepared from CFS of S.

lutetiensis G3067
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General Discussion

In The Gambia, milk is one of the most popular foods and is consumed either in fresh raw milk or fermented
form as there are no dairy plants in the country yet. Cattle farmers in The Gambia are yet to adopt modern
dairy farming techniques and do not have adequate refrigeration facilities. Therefore, milk is often rapidly
spoiled or unsafe for consumption. It has been well verified that the intake of such milk can cause many

problems for human health, especially for babies and people with weak immunity.

Fermentation has also been a common method for storing milk as food for centuries, as it can prolong the
shelf life of milk, even on the African continent. In the past, there have been several studies on the
microbiology of FM products in many other African countries such as Burkina Faso (Savadogo ef al. 2004),
Egypt (Ayad et al. 2004), Ethiopia (Yilda et al. 2015), Ghana (Akabanda et al. 2010 and 2013), Morocco
(Hamama, 1992), Nigeria (Obi & Ikenebomeh 2007; Uzeh ef al. 2006; Atanda and Ikenebom 1989), Senegal
(Parker et al. 2018), South Africa (Beukes et al. 2001), Sudan (Abdelgadir et al. 1998 and 2001, Mohammed
et al. 2011), Tanzania (Isono et al. 1994), Kenya (Nyambane ef al. 2014; Mathara et al. 2004), Zimbabwe
(Feresu and Muzondo 1990; Gadaga ef al. 1999). Most of these reports illustrate the microbial diversity and
the presence of foodborne pathogens among African fermented milks. Also, regarding Gambian FM,
Hempen et al. (2004) reported that the abundance of pathogens such as Bacillus cereus, Clostridia spp.,
Listeria spp., Escherichia coli, Salmonella spp., Staphylococci spp. was as high as that of raw milk.
However, they did not investigated microorganisms other than pathogenic bacteria including LAB and its
microbiota has not been clarified in detail. Therefore, this study aimed to elucidate the microbial profile of

Gambian traditional FM.

This study suggested that various pathogens might still be present in Gambian traditional FM, 20 years after
the report by Hempen et al. (2004). Therefore, it is important to publicize the importance of pasteurization
in order to ensure that Gambian consumers can safely consume milk and dairy products. However, this
requires a long time to educate producers and consumers. As one of the methods for producing safe FM
during less period, the addition of LAB as a starter into the milk can be considered. Some LAB can suppress
the growth of harmful microorganisms such as E. coli and coliform bacteria by producing lactic acid and
acetic acid. Not only were Lb. delbrueckii and S. lutetiensis the dominant species in Gambian FM, but some
of them can decrease the pH of the milk below 5. If beneficial strains with acid-producing ability and

antibacterial activity against pathogens can be selected from these strains and used for the production of
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fermented milk, FM products will be safer than the conventional FM. Furthermore, FM produced using
these LAB strains is suggested to have a taste, flavor and texture similar to those of conventional FM, since

the origin of strain is Gambian traditional FM.

This is the most comprehensive study of Gambian traditional FM so far. The information on the total
microbiota of traditional Gambian fermented milk has revealed its safety level. The study also provided an
opportunity to preserve LABs isolated from Gambian FM as microbial resources. Furthermore, in this study,
the bacteriocin produced by S. lutetiensis G3067 was characterized and suggested the possibility to use as
a natural preservative. These findings will become important not only for Gambian politicians and
bureaucrats to consider laws and regulations, but also to promote safe dairy products eating habits for the

general public in The Gambia.
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Abstract (219)

L LRI, AHARRBEREZEATNDLIEDD, T ETOHLDHEED A% IZ AR
W ET, LLRNG, TreT7 O3 (FM) (2 Bacillus J&, Clostridia J&, Listeria J&,
Escherichia J&, Salmonella J&3 X OV RO EKE 2 EDIFHAENFEL TVWDL LW HETHD b
DD, HET DI R FEEALOMAEMEICET AT LA LEH Y FE A, ITFE, T
T T S BRI O PO FRITES BOMEEIC RS ST Y (Sahaeral, 2013), MRIRFE ST
W WRRL & BEEFLICAFE T DRI MEAED RNRIR D 1 DThHh 2D Z ENFRBRENTHET, HE
FRAEEZTILIZO L D MER T T, T 7 CAEINDIFASCHAB B ORI ONTH

WFZEAEHFEDH Y FH A, £ TARPZETIE, T 7 OB FM [Kosam] OMAEY) 7 1
TrANERRAL, TOREMEFMMT S LaRMICANE LE L,

FEREFLFEHT I 2019 T T o BT @ 2 SO Hdk (k)i : CRR, T/ : LRR) TULEE
L7ebDaHWE L, BB OEEMRIT L, BBIELANVI T =T Ao TITWE LT,
CRR B LN LRR OREEILTOIEEE (LAB) O¥i%, ThZi 8.27+0.08 log CFU/mL L ¥
7.21£0.09 logCFU/mL T L7, KEGHE#E & KIHH L CRR OFEEEA (CRR-FM) Tl Eh £+
AT L7272, LRR OFEEFL (LRR-FM) (21 5.73+0.17 log CFU/mL & KL & 4.82+0.13
logCFU/mL O KGHE A &£ L=, CRR-FM O£ 7 LAB 1% Lactobacillus delbrueckii C &
D, IWNT Streptococcus lutetiensis T L7-, F£72, LRR-FM TIX Lactococcus lactis TL 7=, AV
T T URICRD AL ) AEITIZBNT S, T OB T ET ORI FE L THE
BThHHrZLaMoneRYE LI, SHIT, KEITIZEY Kiebsiella J&72 & DIRIFARDFLED
AREME LGN E R E LT,

, WU BT CRERBEHLZMUET 272012, T ET7 OBHKNE FM DRSS iz
LAB X, #ItHiEF. (RSM) @ pH ~0DFHER L OV BEE 087 7 U A4 o UERLE TR M & R
B onE Lz, CRR-FM LU LRR-FM 75 D LAB 7Bk D 5 5, 35°CT 24 FE DA
V¥ aN—T 3 EICRSM O pH & 6.0 L IR T SE72EHHROEEIL, ZREN 19% B L)
16% T L7, WHFDOH T HEILN D 3BEZ LT Le. lactis DR 431E, RSM @ pH % 6.0 A&
W T2 M TEEHATLR, —J, CRR-FM M byl S 7= LAB TIE, Lb. delbrueckii,
Leu. mesenteroides, Limosilactobacillus fermentum,¥3 5. 0% Streptococcus lutetiensis 00— EB D E KR,
pH % 5.0 RiIC FIF A2 L8 T& £ L7, CRR-FM & LRR-FM @ pH (3TN ZEN 4.7 & 54 TH
O, INTTBEERTEDEKOEIG DRI pH ICHEEZ 525 Z BRI E LT,
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SO, pHDOIKTFIEA Y ET O FM OKGHEEEE RKIBEOBIC b HELZE 252 L bRBEnE
L7z,

SEEREI DN T U A URRBREIEN T v 'A%, BRY =2 MIEBIEIC X > TITWE L, H
YET OFREBEINO B ST 9 W 20 EHR AR E L THWE L7z, S lutetiensis BHRIZ, 15
ERE (5 Ff) 1T LT T U AT AR EEEZ R L, HEBAFEHHOREEEZFF > T D
ZEMRBENE LTz, [FERIS, Le lactis Bk & Lb. delbrueckii WiREIE, T Zh 7wtk (3 FE) &
6 Hk QFE) OREREICH L TEEEZ/RLE Lz, 9XTCD Efaecalis KRS, EEEE L CHWZ
3ERD Lb. delbrueckii (5% LT T V) AV URRBAEEW 2R UE Lc, dREYIC, FREL LT
P72 E. faecalis, Lb. plantarum, Lb. fermentum, Lc. lactis 35 52 OV Leu. mesenteroides 1%, 5> E7T
FM 6 3B S+ _XTO LABRRIZ K > THEINEFEATLE, o2 &b, LAB
BN EET D237 T VA URRIEEME N T BT ORBEILOMEMEOIKICEE L TWnD
@ EhE L,

PRy IR H I O FIEIEYEZ A LTz S, lutetiensis RO TG, K0 @WAT T U 4 2 U RRIEME
EHTDHERE LTS lutetiensis G3067 L LE LTz, I HIZ, ZOWEKICK > TEASNT
NI T VA B, ZORMMNT 21TV E LTz, S. lutetiensis G3067 ® MRS £ 381K 0> & 7
WL EME BE (CFS) %, Zrwud/Laflit, mifgy o e=v Lkl LOfaA 4 55
0~ 7774 =03 OOFURAT AT LE LT, N7 T VATV URREEET v A1,
Lb. delbrueckii subsp. delbrueckii NBRC13953T & FIW/2 € R 7 = VPEBIEIZ L VATWE LT, 2
SOEHAT v 72X, NI T VAT UAEEIL CFS @ 20 AU/mL 225, [EA A U237 u~ b
777 4—OE—2717T800AU/ mL IZHEML, ZTOWHEIF16.7% TLiz, E—27 1 EyX, 7
B7AF—EKIZE> TRIELSH, HPLC TH—OE—27 & LTiHanE L, £, U
22 SDS-PAGE [ TT 1.0~35kDa DI 7T m— RN RE LTRSS, BEIENSST
(T 3.0kDa LHESNELLL, TNOLDRRNS, ZOWRGNANIT IV FT o ThHD LR
n, N7 T UAT G067 s LELIZ, 2O T U AU, 40°C, 50°C8 LU 60°C T 30
S OB 5 U CRZEMEEZ /T LTWE Lz, $£72, 70°C, 100°CF LY 121°CT 30 43 AL
HUZ XY, ZOIEMHRIZIEMEY o TN LI L THEICEMLUE LI, 2027 7 U 432 G3067
OIEMEE, TiO@RA A ORI L > TREez2 T EEATLE, TREDRMEIE, N7 T
U AT G3067 NEMIMTICHATE 2 HEMEADH D Z NS E Lz,

COMEIFIAET FIMICET 2MAEZmD, MAEDHEORIICEMLE L, 72, T
BT FM b S iz LAB R MAEMEIR E L TREFET O bRIELE L, Zhbokm
Ri%, HreT7 OBURERERMERG ZRET 2720720 T, TreE7 o fRTTRNA%ZE
RABMGEBERD LR RET HDICHEEICRDLITL L I,
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