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Globally, foodborne illness is still uncontrolled, and outbreaks can result in both health
and economic losses. In conjunction with community awareness of the link between
lifestyle, diet, and good health, explains the growing demand for functional food
products that can improve health beyond the provision of essential nutrition. This
scenario encouraged researchers to look for a unique lactic acid bacterium (LAB) with
antimicrobial as well as health-promoting traits. In the biomanufacturing of LAB, all the
influencing factors are often strain-specific. Therefore, it is important to establish the
upstream and downstream processes for mass production of any newly isolated LAB
strain. The environment and media compositions strongly influence the growth of LAB
and the accumulation of their metabolites such as bacteriocin. In retrieval of the
bacteriocin from the culture media, most of the recovery and purification methods are
expensive and required several steps in partitioning the final products, which can lead to
a decrease in yield. The probiotic application remains a challenge facing the food
industry due to the substantial loss of cell viability during the manufacturing,
transportation, and prolonged storage of the formulated products.

This study was designed to develop a biomanufacturing process started from upstream
up to downstream and product development for the production of bacteriocins-like-
inhibitory substance (BLIS) from Lactococcus lactis Gh1l, a newly isolated LAB from a
traditional flavour enhancer. This BLIS- producing LAB was first assessed in vitro, to
evaluate its potential applications in the food industry. Subsequently, optimisation of
culture conditions and medium composition for improvement of growth and ability of
the L. lactis Ghl to secrete BLIS were conducted in shake flask culture and then
transferred into the large scale using stirred tank bioreactor to maximise the product
yield. Response surface methodology (RSM) and artificial neural network (ANN)
models were employed for medium optimisation. Concurrently, the purification of BLIS
for large scale process was carried out to optimise the parameters affecting partitioning



of a BLIS in extractive fermentation using aqueous two-phase system (ATPS). In the
end, the stability of the freeze-dried cells in the optimal combination of drying medium
was examined under different conditions of storage.

Results from this study have demonstrated that L. lactis Gh1 was a good candidate as a
probiotic bacterium with the ability to coagulate milk, tolerant to NaCl (0.1 - 4.0%, w/v),
phenol (0.1 - 0.4%, w/v), bile salt, pH 3 and produced few important enzymes. The
absence of haemolytic activity and susceptibility towards ten types of antibiotics ensured
the safety of L. lactis Gh1 for human consumption. The antimicrobial activity of BLIS
had significant stability at 4 °C in up to 6 months, displayed firmness in four freeze-thaw
cycles, did not affected by pH 4 - 8, sensitive to proteinase k, and tolerant to numbers of
important food additives. In the cultivation of L. lactis Gh1, the replacement of nitrogen
and carbon sources to soytone and fructose, respectively with mid-exponential age of
inoculum at 1% (v/v) grown in media with pH 7 increased BLIS production up to 34.94%
compared to commercial BHI medium. Subsequently, in medium optimisation, ANN
methodology provided better estimation point and data fitting with higher value of R?
and lower value of MAE and RMSE as compared to RSM. BLIS production in optimal
medium (717.13+0.76 AU/mL) was about 1.40-fold higher than that obtained in non-
optimised (520.56+3.37 AU/mL) medium. BLIS production was further improved by
about 1.18times higher in 2 L stirred tank bioreactor (787.40£1.30 AU/mL) as compared
to that obtained in 250 mL shake flask (665.28+14.22 AU/mL) using the optimised
medium. The suitable purification of BLIS using extractive ATPS fermentation through
RSM modeling was successfully proposed. The scaled up ina 2 L stirred tank bioreactor
shows that the maximum recovery rate of BLIS (68.34%), K (0.93) and PF (1.93) were
achieved under the conditions of PEG 2000 (10%, w/w)/dextran T500 (8%, w/w) at
suitable impeller speed (200 rpm) and pH (pH 7). Sustainable growth of the cells and
repeated fermentation up to 8 times (7.35x108 CFU/mL) were observed in this study. In
final product preparation, the combination of 10% (w/v) galactose with 10% (w/v)
trehalose exhibited the highest survivability rate (91.86+1.54%) and cell viability
(7.95x108 CFU/mL) of freeze-dried cells during storage at -30 °C up to day-60.

In conclusion, the results of this study demonstrated the potential of L. lactis Gh1 to be
used in the food industry. This bacteriogenic LAB has a favourable probiotic property
that allows it to be integrated into compatible food matrices. The formulated culture
medium and determined influencing fermentation parameters in a 2 L stirred tank
bioreactor could be used in larger scale mass production of this probiotic strain. The
response of BLIS on extractive ATPS has uncovered the rarely practiced approach in
BLIS recovery directly from the fermentation culture which provides a simple yet
effective purification procedure. The formulated non-dairy-based protection agents
could be utilised to diversify the functional food products, which are useful to vegans,
vegetarians, and lactose-intolerant people. The data and information generated from this
study could be used to propose a suitable biomanufacturing design for commercial BLIS
production by L. lactis Gh1.
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Di peringkat global, penyakit bawaan makanan masih tidak terkawal, dan wabak boleh
mengakibatkan kerugian kesihatan dan ekonomi. Selari dengan kesedaran masyarakat
mengenai hubungan antara gaya hidup, diet, dan kesihatan yang baik, menjelaskan
permintaan yang semakin meningkat untuk produk makanan berfungsi yang dapat
meningkatkan kesihatan melebihi penyediaan nutrien penting. Senario ini mendorong
para penyelidik untuk mencari bakteria asid laktik yang unik dengan sifat antimikrobial
dan menggalakkan kesihatan. Dalam pembuatan bio LAB, semua faktor yang
mempengaruhi selalunya adalah strain-khusus. Oleh itu, adalah mustahak untuk
menetapkan proses hulu dan hilir untuk pengeluaran besar-besaran bagi setiap strain
LAB yang baru diasingkan. Keadaan persekitaran dan komposisi medium sangat
mempengaruhi pertumbuhan LAB dan pengumpulan metabolitnya seperti bakteriosin.
Dalam pengambilan bakteriosin dari medium kultur, kebanyakan kaedah pemulihan dan
pemurnian itu mahal dan memerlukan beberapa langkah dalam pemisahan produk akhir,
yang boleh menyebabkan penurunan hasil. Aplikasi probiotik tetap menjadi cabaran
yang dihadapi oleh industri makanan kerana kehilangan daya hidup sel yang besar
semasa pembuatan, pengangkutan, dan penyimpanan produk yang diformulasikan secara
berpanjangan.

Kajian ini dirancang untuk mengembangkan proses pembuatan bio yang bermula dari
hulu ke hilir serta pengembangan produk untuk penghasilan bahan inhibitori seperti
bakteriosin (BLIS) dari Lactococcus lactis Ghl, LAB yang baru diasingkan dari
penambah rasa tradisional. Pertama, LAB penghasil BLIS ini dinilai secara in vitro,
untuk menilai potensi penggunaannya dalam industri makanan. Selepas itu,
pengoptimuman keadaan pengkulturan dan komposisi medium untuk peningkatan
pertumbuhan dan kemampuan L. lactis Gh1 untuk mengeluarkan BLIS dilakukan dalam
kultur kelalang goncang dan kemudian dipindahkan ke skala besar menggunakan
bioreaktor tangki berpengaduk untuk memaksimumkan penghasilan produk. Metodologi



permukaan respons (RSM) dan model rangkaian neural buatan (ANN) digunakan untuk
pengoptimuman medium. Bersamaan dengan itu, pemurnian BLIS untuk proses skala
besar dilakukan untuk mengoptimumkan parameter yang mempengaruhi pembahagian
BLIS dalam fermentasi ekstraktif menggunakan sistem dua fasa berair (ATPS). Pada
akhirnya, kestabilan sel kering beku dalam kombinasi medium pengering yang optimum
diperiksa dalam keadaan penyimpanan yang berbeza.

Hasil kajian ini menunjukkan bahawa L. lactis Gh1l adalah calon yang baik sebagai
bakteria probiotik dengan kemampuan membekukan susu, toleran terhadap NaCl (0.1 -
4.0%, bfi), fenol (0.1 - 0.4%, b/i), garam hempedu, pH 3 dan menghasilkan beberapa
enzim penting. Ketiadaan aktiviti hemolitik dan kerentanan terhadap sepuluh jenis
antibiotik memastikan keselamatan L. lactis Gh1 untuk penggunaan manusia. Aktiviti
antimikrobial BLIS mempunyai kestabilan yang ketara pada suhu 4 °C sehingga 6 bulan,
menunjukkan ketahanan dalam empat kitaran pembekuan-pencairan, tidak dipengaruhi
oleh pH 4 - 8, sensitif terhadap proteinase k, dan toleran terhadap sejumlah bahan
tambahan makanan yang penting. Dalam pengkulturan L. lactis Ghl, penggantian
sumber nitrogen dan karbon masing-masing kepada soytone dan fruktosa, dengan usia
inokulum pertengahan eksponen pada 1% (i/i) dikultur di dalam media dengan pH 7
meningkatkan pengeluaran BLIS hingga 34.94% berbanding medium BHI komersial.
Seterusnya, dalam pengoptimuman medium, metodologi ANN memberikan titik
anggaran dan data yang lebih baik dengan nilai R? yang lebih tinggi dan nilai MAE dan
RMSE yang lebih rendah berbanding dengan RSM. Penghasilan BLIS dalam medium
optimum (717.13+0.76 AU/mL) adalah sekitar 1.40-kali lebih tinggi daripada yang
diperoleh dalam medium yang tidak dioptimumkan (520.56+3.37 AU/mL). Pengeluaran
BLIS terus ditingkatkan dengan kira-kira 1.18-kali lebih tinggi dalam bioreaktor tangki
berpengaduk 2 L (787.40£1.30 AU/mL) berbanding dengan yang diperoleh dalam
kelalang goncang 250 mL (665.28+14.22 AU/mL) menggunakan medium yang
dioptimumkan. Pemurnian BLIS yang sesuai menggunakan fermentasi ATPS ekstraktif
melalui pemodelan RSM berjaya dicadangkan. Peningkatan skala dalam tangki
berpengaduk 2 L menunjukkan bahawa kadar pemulihan maksimum BLIS (68.34%), K
(0.93) dan PF (1.93) dicapai dalam keadaan PEG 2000 (10%, b/b)/dextran T500 (8%,
b/b) pada kelajuan pengaduk (200 rpm) dan pH (pH 7) yang sesuai. Pertumbuhan sel
yang berterusan dan penapaian berulang hingga 8 kali (7.35x108 CFU/mL) diperhatikan
dalam kajian ini. Dalam penyediaan produk akhir, gabungan galaktosa 10% (b/i) dengan
trehalose 10% (b/i) menunjukkan kadar kelangsungan hidup (91.86+1.54%) dan daya
maju sel (7.95x108 CFU/mL) yang tertinggi pada sel kering-beku semasa penyimpanan
pada suhu -30 ° C hingga hari ke-60.

Kesimpulannya, hasil kajian ini menunjukkan potensi L. lactis Gh1l untuk digunakan
dalam industri makanan. LAB bakteriogenik ini mempunyai sifat probiotik yang baik
yang membolehkannya disatukan ke dalam matriks makanan yang serasi. Medium kultur
yang diformulasikan dan parameter fermentasi mempengaruhi yang ditentukan dalam
bioreaktor tangki berpengaduk 2 L dapat digunakan dalam pengeluaran besar-besaran
strain ini. Tindak balas BLIS terhadap ATPS ekstraktif telah menemui pendekatan yang
jarang dipraktikkan dalam pemulihan BLIS secara langsung dari kaldu fermentasi yang
menyediakan prosedur pemurnian yang mudah tetapi berkesan. Agen perlindungan
berasaskan susu yang diformulasikan dapat digunakan untuk mempelbagaikan produk
makanan yang berfungsi dan membantu vegan, vegetarian, dan orang yang tidak toleran
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laktosa. Data dan maklumat yang dihasilkan dari kajian ini dapat digunakan untuk
mengusulkan reka bentuk pembuatan bio yang sesuai untuk pengeluaran BLIS komersial
oleh L. lactis Gh1.
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CHAPTER 1

INTRODUCTION

In recent decades, demands on foods that promote health and prevent disease have led
to the development of functional foods containing probiotic bacteria. Furthermore,
concern over possible health effects due to the existence of chemical additives in foods
and consequently, the consumer has often drawn natural or "fresher" foods without
additional chemicals. These perceptions and the increasing demand for minimally
processed foods with a long shelf life and comfort combined with recurrent Listeria
problems in food have stimulated the interest of research to find natural, but efficient,
protective products (Vijayakumar and Muriana, 2015).

Listeria monocytogenes is one of the deadliest foodborne pathogens found in food-
related infections implicated in sporadic cases, outbreaks, and food recall worldwide. L.
monocytogenes can cause fatal disease (30 - 40%) in foetuses, infants, pregnant women,
elderly subjects and immunocompromised individuals with cancer, kidney disease, heart
disease or AIDS; subject to organ transplants; and/or treated with immunosuppressants
(lacumin et al., 2020). The outbreak in South Africa has been the largest in Listeria to
date, with over 1000 laboratory-confirmed cases and over 200 deaths (NICD,
2019). Concerns associated with this pathogen survives and replicates over a wide range
of temperature (4 to 42 °C), pH, salt, and oxygen concentration (Roberts et al., 2020).

Lactic acid bacteria (LAB) are a group of Gram-positive, non-spore-forming, cocci or
rods, catalase-negative, and fastidious organisms, with a high tolerance for low pH (De
Vuyst and Leroy, 2007; Mokoena, 2017). Since their discovery, LAB have been gained
much interest in various applications, as starter cultures in food and feed fermentations,
pharmaceuticals, probiotics and as biological control agents. In the food industry, LAB
are widely used as starters to achieve favourable changes in texture, aroma, flavour and
acidity (Leory and De Vuyst, 2004). LAB are generally-recognized-as-safe (GRAS) by
the Food and Drug Administration (FDA) and the bacteria themselves, or their cultured
by-products, can be freely used in foods as food ingredients, and also been granted the
Qualified Presumption of Safety (QPS) status by the European Food Safety Authority
(EFSA) (EFSA, 2007). Some strains of LAB are known for the production of growth
inhibition substances such as bacteriocins, hydrogen peroxide, diacyls, which prevent
the proliferation of food spoilage bacteria and pathogens (Alakomi et al., 2000; De Vuyst
and Leroy, 2007).

Globally, the market for probiotic foods is rapidly growing due to increased consumer
awareness of the health effects of food. Among emerging functional foods in the market,
probiotics-based foods and beverages are considered as one of the future foods that are
more prominent with wider acceptability among consumers (Shi et al., 2016). This has
expanded its global market value of US$ 42.55 billion in 2017 and is expected to reach
US$ 94.48 billion by 2024 (Fortune Business Insights, 2020). Asia-Pacific is the major
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market in the worldwide probiotics industry, accounting for 43% of the market in 2019,
and is expected to grow at the fastest compound annual growth rate (CAGR) of around
9%, reaching US$ 35.8 billion by 2026 (Research and Markets, 2020). Vast health
benefits of probiotics in human wellbeing are long known mostly in providing living
microorganisms with nutrient absorption and keeping a healthy balance in the
gastrointestinal tract at minimum viable counts from 10° to 10" CFU/mL to exhibit
pronounced probiotic effect (Gandhi and Shah, 2015).

Bacteriocins are heat-stable ribosomally synthesized antimicrobial peptides produced by
various bacteria, including food-grade LAB. Bacteriocins can be considered as safe since
they can be easily degraded by proteolytic enzymes of the mammalian gastrointestinal
tract (Silva et al., 2018). These antimicrobial peptides have enormous potential as food
preservatives as well as antibiotics of the next generation for multi-drug resistant
pathogens. The increasing amount of new bacteriocins with unique properties shows that
this family of peptide antibiotics still has to be learned (Perez et al., 2014). The global
food additives market is estimated at US$ 86660 million in 2020 and is predicted to
increase at a CAGR of 6% between 2021 and 2026, reaching US$ 131040 million by the
end of 2026 (Market Study Report, 2020).

In the development of any bioproducts from microbial sources for human consumption,
a careful in vitro and in vivo assessment is required to evaluate the safety and
appropriateness to be incorporated in the food product. In the human digestive system,
probiotic properties and biological barrier resistance different between species and even
the same species. Although a fair number of well-characterized probiotic strains are
available commercially around the world, screening for new strains is still of great
industrial interest (Ayeni et al., 2011). In vitro evaluations are vital steps in searching of
new potential LAB strains to be applied in the food industry as the in vitro tests provide
significant information concerning species and strain differences and are extremely
helpful and strong instruments particularly for the rapid and efficient screening of
bacterial probiotic activity (Zielinska et al., 2015).

Industrially, the main hurdles concerning the application of bacteriocins in the food
industry is their low yield in food-grade medium (Garsa et al., 2014). The properties of
the growth medium including amino acid composition, carbon/ nitrogen ratio, pH and
lactose levels have a significant influence on the change in biomass of the culture and
the corresponding change in the level of bacteriocin production (Guerra and Pastrana,
2001). Furthermore, the optimal design of the culture medium is a crucial aspect to be
considered when developing a fermentation process. The formulation of medium
containing complex nutrients is generally preferred for large-scale fermentations since it
leads to the development of cost-effective processes that support maximum product yield
(Dinarvand et al., 2013).

In industrial production of bacteriocins, the cost of culture media and subsequent
purification is indispensable. The purification process is difficult and expensive, which
are sometimes suitable at laboratory scale but not at industrial scale. Extraction and



purification of bio-molecules such as protein need to be economically viable and
industrially proficient. The currently in vogue practices for this purpose, unfortunately,
are both expensive and labour- and time-intensive (Muhammad Khan et al., 2019).
Extractive fermentation in an aqueous two-phase system (ATPS) incorporates both
product formation and purification into a single-phase process that allows the desired
bio-molecules in the form to be recovered spontaneously (Banik and Santhiagu, 2002).
In bacteriocin recovery from LAB culture, limited literature been reported on extractive
fermentation for using ATPS except study conducted by Li et al. (2001) and Li et al.
(2000), who exploited the cultivation of L. lactis in PEG/Na,SO4 and PEG/MgS0Os.7H,0
aqueous two-phase medium, respectively. Therefore, there is an extensive need to
investigate these methods for large scale purification of bacteriocin for industrial use.

The storage of probiotic microorganisms in the dairy and food industries generally
requires for a long period of time and before use in food production and, therefore, the
drying procedure is necessary (De Giulio et al., 2005). Freeze-drying is one of the most
commonly adopted methods in microbial culture collections. This method offers the
convenience of storing and transportation, as well as keeping the microorganisms viable
for extended periods (Hennebert, 1991; Berner and Viernstein 2006; Berny and
Miyamoto-Shinohara et al. 2006). Alongside the type of protectant use in freeze-drying
and powder residual moisture, the level of oxygen, relative humidity and temperature of
the atmosphere are essential factors for the storage of freeze-dried probiotics (Broeckx
etal., 2016).

Statistical methods have been applied for developing reliable culture system. Recently,
response surface methodology (RSM) coupled with central composite design (CCD) and
artificial neural network (ANN) have been a popular tool to model the probable curvature
of the measured responses in bacteriogenic LAB medium formulation (Guo et al., 2010;
Suganthi and Mohanasrinivasan, 2015), also for optimisation of the purification protocol
of bacteriocin (Li et al. 2001) and other bacterial products (Zhi et al. 2005; Alhelli et al.,
2016; Liu et al. 2019). Through this method, high accuracy in predicting the
bioproduction was achieved and represented an established useful tool for the control of
LAB kinetics in bioreactors in terms of its statistical consistency.

This study was focused on developing the upstream and downstream bioprocessing of
newly lactic acid bacterium, Lactococcus lactis Gh1, and its bacteriocin-like inhibitory
substances (BLIS) to be used in the food industry. The new LAB strain might possess
potential special features that can overcome various food processing challenges. L. lactis
Gh1 was chosen in this study because of its ability to produce antimicrobial substances,
that exhibited antagonistic effect against Listeria monocytogenes ATCC 15313.
Therefore, this study was designed to establish the biomanufacturing procedures for the
production of BLIS by L. lactis Gh1. The specific objectives of this study were:



1

2)

3)

4)

5)

To assess the characteristics of L. lactis Gh1 and its BLIS for potential use in
the food industry.

To evaluate the physiological (pH value, inoculum age, and size) and
nutritional (medium compositions) factors for improving the growth and
ability of L. lactis Gh1 to produce BLIS.

To optimise the fermentation medium for improvement of BLIS production
by L. lactis Gh1 in shake flask and also in 2 L stirred tank bioreactor.

To establish an in situ continuous production and extraction approaches of
BLIS by L. lactis Gh1.

To evaluate the influence of type and concentration of lyoprotectants, storage
temperature and storage duration on cell viability and antibacterial activity of
L. lactis Gh1.
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