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Postbiotic is defined as the bioactive metabolites produced by probiotic lactic
acid bacterium (LAB) which mediates beneficial probiotic effects. The postbiotics
produced by Lactobacillus plantarum strains I-UL4 and RS5 are found important
for various industrial applications. The postbiotic produced by Lactobacillus
plantarum I-UL4 (postbiotic I-UL4) was found to have high potential as human
health supplement and as in-feed additive to replace antibiotic growth promoter
for Tilapia fish in aquaculture industry. Meanwhile, the postbiotic produced by
Lactobacillus plantarum RS5 (postbiotic RS5) emerged as promising feed
supplement for broilers and laying hens in livestock industry. One of the
prominent attributes of postbiotic as alternative in-feed growth promoter is its
antimicrobial activity. Bacteriocin is one of the postbiotic compounds contributes
to the antimicrobial activity of postbiotic. However, the production of bacteriocin
is not naturally optimised for maximum production rates and it was affected by
cultural conditions encompass medium composition and physical parameters.
Besides, the optimum condition for bacteriocin production by LAB was also
found strain-dependent. There is no optimisation study has been conducted to
enhance the bacteriocin-inhibitory activity of postbiotic I-UL4 and postbiotic RS5.
In view of the importance to meet the need for different industrial applications, it
is crucial to optimise the cultural conditions for enhancement of bacteriocin-
inhibitory activity of postbiotic 1-UL4 and postbiotic RS5 respectively.

The optimisation study for cultural conditions which involves a huge number of
experiments is more practical to be conducted in small scale cultivation using
universal bottle. However, to determine the feasibility of production for industrial
application, it is paramount to check the reproducibility of optimised cultural
conditions in bioreactor level. Therefore, the general objective of this study was



to enhance the bacteriocin-inhibitory activity of postbiotic I-UL4 and postbiotic
RS5. The first and second specific objectives were to optimise the cultural
conditions for the production of bacteriocin-inhibitory activity of postbiotic I1-UL4
and postbiotic RS5 in universal bottle by using combination approaches of “one
factor at a time” and response surface methodology. The optimised culture
condition has enhanced bacteriocin-inhibitory activity of postbiotic I-UL4 to 100%
in comparison to the activity achieved in de Man Rogosa Sharpe (MRS) medium.
The bacteriocin-inhibitory activity of postbiotic I1-UL4 achieved 1440 MAU/mL
when L. plantarum I-UL4 was cultivated in optimised medium at 27 °C, initial pH
at 6.72 and inoculum of 6.60 % (v/v). The optimised medium comprised of 20
g/L glucose, 36.20 g/L of yeast extract, 3.75 g/L of sodium acetate, 0.76 g/L of
tween 80 and 0.03 g/L of manganese sulphate terahdyrate. For L. plantarum
RS5, the optimised culture condition has enhanced bacteriocin-inhibitory activity
to 112.5 % as compared to MRS medium. The bacteriocin-inhibitory activity of
postbiotic RS5 was increased to 1360 MAU/mL when cultivated in optimised
medium at 30 °C, initial pH at 6.40 and inoculum of 5.22 % (v/v). The optimised
medium for L. plantarum RS5 consists of 20 g/L of glucose, 27.84 g/L of yeast
extract, 5.75 g/L of sodium acetate, 1.12 g/L of tween 80 and 0.05 g/L of
manganese sulphate terahydrate.

The third specific objective was to determine the optimum agitation speed for 2
L batch cultivation of L. plantarum I-UL4 and L. plantarum RS5 using optimised
medium and physical parameters in stirred tank bioreactor. The maximum level
of bacteriocin-inhibitory activity (1440 MAU/mL), product yield coefficient of
bacteriocin-inhibitory activity (100.28 x10° MAU/g) and biomass (5.54 g/L) were
achieved when L. plantarum I-UL4 was cultivated at optimum agitation speed of
100 rpm under anaerobic condition. Meanwhile, the maximum level of
bacteriocin-inhibitory activity (1600 MAU/mL), product yield coefficient of
bacteriocin-inhibitory activity (87.15 x 10 MAU/g) and biomass (3.59 g/L) were
achieved when L. plantarum RS5 was cultivated at optimum agitation speed of
150 rpm under anaerobic condition. The corresponding impeller tip speed for L.
plantarum |-UL4 and L. plantarum RS5 was 0.34 m/s and 0.50 m/s respectively
based on respective optimum agitation speed.

The last specific objective was to scale-up the production of bacteriocin-
inhibitory activity of postbiotic I-UL4 and postbiotic RS5 using optimised cultural
conditions in 20 L batch cultivation based on constant impeller tip speed. For
both L. plantarum strains, same level of maximum bacteriocin-inhibitory activities
and comparable kinetic parameter values were achieved in 2 L and 20 L batch
cultivations respectively, indicating the production of postbiotic 1-UL4 and
postbiotic RS5 were successfully scale-up based on constant impeller tip speed.
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Posbiotik ialah metabolit bioaktif hasilan Bakteria Asid Laktik yang memberikan
kesan probiotik yang berfaedah. Posbiotik yang dihasilkan oleh L. plantarum I-
UL4 dan L. plantarum RS5 didapati penting untuk gunaan dalam pelbagai
aplikasi industri. Posbiotik yang dihasilkan oleh Lactobacillus plantarum [-UL4
(posbiotik 1-UL4) didapati mempunyai potensi tinggi sebagai makanan sihat
manusia dan sebagai agen perangsang pertumbuhan ikan Tilapia di industri
akuakultur. Manakala, posbiotik yang dihasilkan oleh Lactobacillus plantarum
RS5 (posbiotik RS5) mempunyai potensi tinggi sebagai pengganti kepada
antibiotik yang digunakan sebagai agen perangsang pertumbuhan ayam di
industri penternakan. Kesesuaian posbiotik sebagai agen perangsang
pertumbuhan haiwan di industri penternakan adalah disebabkan posbiotik
mengandungi kesan antimikrob. Bakteriosin ialah salah satu sebatian dalam
posbiotik yang menyumbangkan kesan antimikrob tersebut. Oleh itu, objektif
utama kajian ini adalah untuk meningkatkan aktiviti bakteriosin dalam posbiotik
I-UL4 dan posbiotik RS5. Objektif spesifik pertama dan kedua kajian ini adalah
untuk mengoptimakan keadaan kultur untuk penghasilan aktiviti bakteriosin
posbiotik I-UL4 dan posbiotik RS5 di botol universal melalui kombinasi kaedah
optimasi “Satu Faktor Pada Satu Masa” dan “Metode Permukaan Respon”.
Keadaan kultur yang optima meningkatkan aktiviti bakteriosin posbiotik 1-UL4
sebanyak 100 % dan kos medium yang optima menurun sebanyak 90 %
berbanding dengan medium de Man Rogosa and Sharpe (MRS).

Aktiviti bakteriosin posbiotik I-UL4 mencapai 1440 MAU/mL apabila dikulturkan
di dalam medium yang optima pada suhu 27 °C, pH awal medium pada 6.72 dan
saiz inoculum pada 6.60 % (v/v). Kandungan medium yang optima untuk L.
plantarum 1-UL4 terdiri daripada glukosa (20 g/L), ekstrak yis (36.20 g/L),



natrium asetat (3.75 g/L), tween 80 (0.76 g/L) dan mangan sulfat terahidrat (0.03
g/L). Bagi L. plantarum RS5, keadaan kultur yang optima meningkatkan aktiviti
bakteriosin posbiotik RS5 sebanyak 112.5 % dan kos medium yang optima
menurun sebanyak 91 % berbanding dengan medium de Man Rogosa and
Sharpe (MRS). Aktiviti bakteriosin posbiotik RS5 mencapai 1360 MAU/mL
apabila dikulturkan di medium yang optima pada suhu 30 °C, pH awal medium
pada 6.40 dan saiz inoculum pada 5.22 % (v/v). Kandungan medium yang
optima untuk L. plantarum RS5 terdiri daripada glukosa (20 g/L), ekstrak yis
(27.84 g/L), natrium asetat (5.75 g/L), tween 80 (1.12 g/L) dan mangan sulfat
terahidrat (0.05 g/L). Objektif spesifik ketiga kajian ini adalah untuk menentukan
kelajuan putaran yang optima untuk fermentasi L. plantarum I-UL4 dan L.
plantarum RS5 yang berisipadu 2 L di bioreaktor berpengaduk. Aktiviti
bakteriosin yang maksimum (1440 MAU/mL), pemalar aktiviti bakteriosin
berasaskan substrat (100.28 x10® MAU/g) dan pertumbuhan sel (5.54 g/L) yang
tinggi dicapai apabila L. plantarum I-UL4 dikulturkan di bawah kelajuan putaran
pada 100 rpm dalam keadaan anaerobik. Manakala, aktiviti bakteriosin yang
maksimum (1600 MAU/mL), pemalar aktiviti bakteriosin berasaskan substrat
(87.15 x10°® MAU/g) dan pertumbuhan sel (3.59 g/L) yang tinggi dicapai apabila
L. plantarum RS5 dikulturkan di bawah kelajuan putaran pada 150 rpm dalam
keadaan anaerobik. Halaju hujung pengaduk untuk L. plantarum I-UL4 dan L.
plantarum RS5 adalah bernilai 0.34 m/s dan 0.50 m/s berasaskan kelajuan
putaran yang optima masing-masing. Objektif spesifik terakhir kajian ini adalah
untuk menjalankan peningkatan skala penghasilan aktiviti bakteriosin posbiotik
I-UL4 dan posbiotik RS5 berisipadu 20 L berasaskan halaju hujung pengaduk
yang tetap. Untuk kedua-dua L. plantarum strain, aktiviti bakteriosin yang sama
dan nilai-nilai parameter kinetik yang setanding dicapai di fermentasi berisipadu
2 L dan 20 L masing-masing. Ini juga menunjukkan bahawa peningkatan skala
penghasilan posbiotik I-UL4 dan posbiotik RS5 telah berjaya dijalankan
berasaskan halaju hujung pengaduk yang tetap.
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CHAPTER 1

INTRODUCTION

Lactic acid bacteria (LAB) are generally described as gram positive bacteria
which predominantly produce lactic acid as end product in carbohydrate
fermentation. They are non-sporulating, non-motile and anaerobic or facultative
anaerobic in nature (Khalid, 2011). LAB are ubiquitous microorganisms in nature
which are usually found in carbohydrate-rich environment such as plant,
fermented food products and the mucosal surfaces of human, terrestrial and
marine animals (Florou-Paneri et al., 2013).

Many genera of LAB are important groups of microorganism renowned for their
essential role in food, agricultural and clinical applications (Florou-Paneri et al.,
2013; Saeed & Salam, 2013). Lactobacillus is one of the core genera of LAB
consist of high number of Generally Regarded as Safe species (Khalid, 2011)
and play important roles as biopreservative agent in food industry, as starter
culture in food and feed fermentation and as probiotic or as vaccine carrier (Goh
& Klaenhammer, 2009; Salvetti et al., 2012). The broad applications of LAB were
attributed to their fast growing characteristics and the production of various
beneficial metabolites (Saeed & Salam, 2013).

Recently, the term “postbiotic” was used to describe the bioactive metabolites
produced by probiotic LAB which mediates beneficial probiotic effects (Cicenia
et al., 2014; Tsilingiri et al., 2012). The postbiotic produced by LAB commonly
comprised of bacteriocin, organic acid, ethanol, diacetyl, acetaldehydes and
hydrogen peroxide (Suskovic et al., 2010). Several previous reports showed that
postbiotics produced by Lactobacillus plantarum isolated from Malaysian
fermented food exhibited broad inhibitory activity towards closely related and
pathogenic bacteria (Foo et al., 2003; Thanh et al., 2010) and emerged as a
promising replacer to antibiotic growth promoter (AGP) for livestock industries
(Loh et al., 2010; Thu et al., 2011; Loh et al., 2013). The high potential use of
postbiotics as in-feed growth promoter fulfilled the critical need as the alternative
AGP for the indiscriminate use of antibiotic growth promoter leading to antibiotic
resistance effect which imparts hazardous effects on human and environment
[World Health Organisation (WHO), 2014].

One of the prominent attributes of postbiotic as in-feed growth promoter is
antimicrobial activity. Bacteriocin is one of the postbiotic compounds contributing
to the antimicrobial activity (Rattanachaikunsopon & Phumkhachorn, 2010).
Bacteriocin comprised a huge family of ribosomally synthesised peptides which
are biologically active with antimicrobial actions against other bacteria,
predominantly closed related species (Parada et al., 2007; Perez et al., 2014).
Bacteriocins produced by LAB are able to tolerate high thermal stress and



remain active in a wide pH range (Perez et al., 2014). Bacteriocins are
proteinaceous compounds which are susceptible to degradation by proteolytic
enzymes. Therefore, bacteriocins do not reside long in the human body and this
minimise the risk of development of resistance effect. So far, no report about the
development of resistance was found even though bacteriocins are applied long
in industry (Perez et al., 2014). Recent reports also showed that bacteriocin
produced by probiotic LAB might contribute to the probiotic functionality in the
host (Dobson et al., 2012). Bacteriocin may act as killing peptides which directly
eliminates pathogens. They may also function as colonising peptides for
probiotics to compete with the resident microbiota in gut. Bacteriocins may also
act as signalling peptides in quorum sensing (Kleerebezem et al., 1997;
Meijerink et al., 2010; van Hemert et al., 2010). All these positive attributes make
bacteriocin especially attractive for various applications (Chen & Hoover, 2003;
Cleveland et al., 2001; van Heel et al., 2011).

Among the postbiotic produced by L. plantarum isolated from Malaysia
fermented food, the postbiotic produced by L. plantarum I-UL4 (postbiotic I-UL4)
was found to have high potential as human health supplement (Tan et al., 2015)
and as in-feed additive to replace antibiotic growth promoter for Tilapia fish in
aquaculture industry (Anuradha et al., 2013). Meanwhile, the postbiotic
produced by L. plantarum RS5 (postbiotic RS5) emerged as promising in-feed
growth promoter for broilers and laying hens in livestock industry (Thu et al.,
2011; Loh et al., 2014). These two postbiotics with antimicrobial activity are
important for aquaculture and livestock industries. However, no optimisation
study has been conducted to enhance the bacteriocin-inhibitory activity of
postbiotic I-UL4 and postbiotic RS5. Just as other metabolic activities, the
bacteriocin production by LAB is not naturally optimised for maximum production
rates (Sanchez & Demain, 2008). The production of bacteriocin is usually strain-
dependent (Carolissen-Mackay et al., 1997) and is affected by both cultural
conditions encompassing biochemical environment and physical parameters
(Saeed & Salam, 2013). Biochemical environment includes nutritional
requirement which is made available through the culture medium (Saeed &
Salam, 2013). Meanwhile, physical parameters include cultivation conditions, for
instance incubation temperature, initial pH of medium and others (Kumar et al.,
2012; Patel et al., 2009; Vijayalakshmi & Rajakumar, 2010). Previous reports
also showed that the bacteriocin production by LAB had been successfully
enhanced after the optimisation of cultural conditions (Lee et al., 2012; Li et al.,
2002; Malheiros et al., 2015). Therefore, it is essential to optimise the cultural
conditions encompass medium composition and physical parameters to
enhance the bacteriocin-inhibitory activity of postbiotic I-UL4 and postbiotic RS5.

Keeping in view to the complexity of cultural conditions contributing to
bacteriocin production, the identification of factors influencing the production is
crucial for subsequent optimisation (Delgado et al., 2007). Therefore, preliminary
identification of factors influencing production of desired compound was usually
performed preceeding the statistical optimisation of concentration of desired
compound. The approach of “One factor at a time” was generally employed in



preliminary identification while Response Surface Methodology (RSM) was
applied in statistical optimisation (Preetha et al., 2007; Suganthi &
Mohanasrinivasan, 2014). RSM is a gathering of statistical techniques for
designing experiments, evaluating the effects of factors and determining
optimum conditions of factors to achieve a desirable outcome (Lee et al., 2012).
This method had been successfully applied for the optimisation of
microorganims’ metabolite production (He et al., 2004; Venil &
Lakshmanaperumalsamy, 2009), conditions of enzymatic hydrolysis (Eslahi et
al., 2013), parameters of food preservation (Gupta et al., 2013) and fermentation
processes (Peng et al., 2015). Besides, RSM has also been shown as a powerful
tool for the optimisation of bacteriocin production by various LAB such as
Lactobacillus sakei (Malheiros et al., 2015), Pediococcus acidilactici (Suganthi
& Mohanasrinivasan, 2014), Lactobacillus brevis (Lee et al., 2012) and
Streptococcus phocae (Kanmani et al, 2011). Optimisation study which involved
a few factors at a same time will involve a huge number of experiments.
Therefore, it is more practical to conduct in small scale cultivation using universal
bottle or shake flask, before performing the cultivation with optimised conditions
at large scale in bioreactor (Kennedy & Krouse, 1999). In cultivation using stirred
tank bioreactor, an optimum agitation speed is important to ensure the uniform
suspension of microorganisms in the medium without introducing excessive
shear stress to the microorganisms. Moreover, the understanding of agitation
speed effect on the cultivation of microorganisms would affect the selection of
strategy to scale-up to larger volume of bioreactor. The selection of scale-up
strategy is subjected to the process conditions (Stephenie et al., 2007). There
are various scale-up strategies including the scale-up based on volumetric
coefficient of oxygen transfer (kLa) that is usually applied in aerobic cultivation
and scale-up based on constant impeller tip speed which takes mixing and shear
stress into consideration (Junker, 2004).

In view of various factors affecting the production of bacteriocin-inhibitory activity
of postbiotic in different scales of cultivation, the general objective of this study
was to enhance the bacteriocin-inhibitory activity of postbiotics produced by
Lactobacillus plantarum [-UL4 (postbiotic 1-UL4) and Lactobacillus plantarum
RS5 (postbiotic RS5). The specific objectives of this study were as follow:

(i) To develop an optimised medium formulation for the enhancement of
bacteriocin-inhibitory activity of postbiotic I-UL4 and postbiotic RS5 in
universal bottle by using combination approaches of “One Factor at a
Time” and RSM.

(i) To optimise the physical parameters for the enhancement of
bacteriocin-inhibitory activity of postbiotic I-UL4 and postbiotic RS5 in
universal bottle by using RSM.

(iii) To determine the optimum agitation speed for the enhancement of
bacteriocin-inhibitory activity of postbiotic I-UL4 and postbiotic RS5 in
6.5 L stirred tank bioreactor.



(iv) To scale-up the production of bacteriocin-inhibitory activity of postbiotic
I-UL4 and postbiotic RS5 based on constant impeller tip speed in 30 L
stirred tank bioreactor.
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APPENDICES

APPENDIX A

Determination of carbon content in glucose

To determine the carbon content (mM C) of glucose in modified MRS medium,
the percentage of carbon (f1) and conversion of carbon concentration (g/L) into
milimolar (mM) concentration of carbon (f2) were first determined.

(i) Percentage of carbon (C) within glucose molecule (CsH1206) (f1)
= [(Ar C) x (no of C atom)] /MW glucose

[12 x 6] /180

0.40

where Ar C is relative atomic mass of carbon, MW glucose is molecular weight
of glucose

(ii) Conversion of carbon concentration (g/L) into milimolar (mM) (f2)
=[(1/12) x1000]
= 83.33

Determination of carbon content of glucose in modified MRS medium

Total carbon content of y g/L of glucose = [(y) x f1 x 2] mM C

(Equation 1A)

Table 1A : Total carbon content of different concentrations of glucose in
modified MRS medium

Concentration (g/L) mM C*

0 0

5 166.67

10 333.32

15 499.98

20 666.64

40 1333.28

* The total carbon content is calculated based on Equation 1A

For instance:
Total carbon content of 20 g/L of glucose = 20 x 0.40 x 83.33 = 666.64 mM C
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Determination of nitrogen content in KAT yeast extract

(i) Determination of percentage of nitrogen of KAT yeast extract using Kjeldahl
method

The percentage of nitrogen of KAT yeast extract was determined by using
Kjeltec™ 2400 (FOSS, UK). A mixture of 1.5 g of KAT yeast extract with 0.8 g of
catalyst was reacted with concentrated sulphuric acid prior to heating in
digestion block. A volume of 10 mL distilled water was added into the reaction
mixture when the colour of reaction mixture changed into clear solution. A
volume of 10 mL 45 % (w/v) sodium hydroxide was added subsequently into the
reaction mixture. The reaction mixture was then distilled in distillation unit with
10 mL 0.5 N boric acid and 2 drops of indicator. The unreacted boric acid was
then titrated with 0.05 N H2S04 until neutrality is reached. Same procedure was
conducted for blank without inclusion of KAT yeast extract as sample.

The percentage of nitrogen content was calculated based on Equation 2.1A.

(Is— I,) XN x 14
w

% of N =

Equation 2.1A

where Is is volume of H2S04 to titrate boric acid for sample; Ib is the volume of
H2S04 to titrate boric acid for blank; N is normality of H2SO4; W is weight of
sample.

The percentage of nitrogen of KAT yeast extract (f1)

(31.70 — 10.10) X 0.05 x 14

0, =
% of N 1.50

=10.08 %

= 0.1008 (f1)

The percentage of nitrogen was assigned as f1 for calculation of equation 2.2A
(i) Conversion of nitrogen concentration (g/L) into milimolar (mM) (f2)

= [(1/14) x1000]
=71.33
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Determination of nitrogen content of KAT yeast extract in modified MRS
medium

Total nitrogen content of z g/L of yeast extract = [(z) x f1 x 2] MM N

(Equation 2.2A)

Table 2A : Total nitrogen content of different concentrations of KAT yeast
extract in modified MRS medium

Concentration (g/L) mM N*
11.89 85.49

27.84 200.18
36.20 260.28
44,55 320.32

* The total nitrogen content is calculated based on Equation 2.2A

For instance:

Total nitrogen content of 36.20 g/L of KAT yeast extract
=36.20 x 0.1008 x 71.33

=260.28 mM N

The carbon to nitrogen ratio is calculated based on Equation 2.3A

_ Carbon content (mM C)
" Nitrogen content (mM N)

C /N

(Equation 2.3A)
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