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Synopsis

D-lactic acid (DLA) is an industrially significant organic acid with diverse applications in the
production of biodegradable polymers, such as polylactic acid (PLA), a sustainable alternative
to traditional plastics. The optical purity of DLA is a critical factor influencing the thermal
stability and crystallinity of PLA, which are essential for applications like food packaging.
Microbial fermentation using lactic acid bacteria (LAB) offers an eco-friendly and
economically viable alternative to conventional chemical synthesis for DLA production. LAB,
particularly homofermentative strains, possess inherent metabolic pathways to synthesize DLA
with high optical purity from renewable feedstocks, including lignocellulosic biomass, food

waste, and agro-industrial residues.

Advancements in metabolic engineering have enabled the enhancement of DLA biosynthesis
through strategies such as gene overexpression, pathway optimization, and targeted knockouts
to eliminate by-product formation. Emerging synthetic biology tools and genome-scale
metabolic models have further improved the efficiency of strain development. The integration
of dynamic metabolic engineering, employing feedback-regulated circuits and inducible
systems, can facilitate precise control over DLA production, ensuring high yields and reduced
metabolic burdens. LAB present challenges as hosts for genetic engineering due to limited
molecular cloning tools available for many strains. Lactococcus lactis and Lactobacillus
plantarum are the primary host organisms extensively studied and engineered LAB due to their
relatively well-developed genetic systems. However, Lactobacillus delbrueckii, an important
member of the LAB family, holds significant potential for producing high titre of optically pure
DLA due to its metabolic capacity. Despite this, the genetic manipulation of L. delbrueckii
remains challenging due to the lack of efficient molecular cloning tools and reproducible
transformation methods. Although substantial progress has been made in developing advanced
genetic tools and synthetic biology approaches for LAB, including CRISPR-based genome
editing, the availability of these tools for L. delbrueckii is still limited. Addressing these
challenges by optimizing transformation protocols and developing strain-specific molecular
tools is crucial for unlocking the full potential of L. delbrueckii as a robust microbial cell

factory for industrial applications including DLA biosynthesis.
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Chapter 1 of this thesis deals with introduction and the state-of-the-art literature for DLA
biosynthesis through microbial fermentation route using LAB as a potential host. Chapter 2 of
this thesis focuses on the initial screening of multiple Lactobacillus delbrueckii strains to
identify suitable candidates for enhanced DLA production. Strains Lactobacillus delbrueckii
subsp. bulgaricus ATCC 11842 and VI104 demonstrated superior lactose utilization and DLA
production under static and shaking culture conditions. Among these, strain VI104 exhibited
the highest DLA titre of 1.98 g L~! and an optical purity of 99.09% under shaking conditions
in presence of 2%(w/v) lactose-Man Rogosa Sharpe (MRS) media, making it a prime candidate
for metabolic engineering. Conversely, ATCC 11842, while capable of moderate DLA
production, exhibited low electroporation efficiency and poor transformation reproducibility,
limiting its immediate applicability for direct genetic manipulation. Optimization of
electroporation protocols for the shuttle vector pLEM415 revealed critical parameters for
enhanced transformation efficiency, including harvesting cells during the early exponential
phase and applying pulse voltages within the range of 1.5-1.8 kV. The P promoter from
Lactobacillus sakei was validated for robust recombinant protein expression in VI104,
establishing it as the optimal host for metabolic engineering. ATCC 11842, despite its
limitations, was selected for random mutagenesis due to its potential for improvement through

strain adaptation strategies.

Building on the findings of Chapter 2, Chapter 3 delves into the metabolic reprogramming of
L. bulgaricus V1104 to enhance overall DLA production. It explores targeted metabolic
engineering of L. bulgaricus V1104 to overcome lactose assimilation bottlenecks and improve
DLA production. The heterologous expression of galactokinase (gal/K) and galactose-1-
phosphate uridyltransferase (galT) constructed the complete Leloir pathway, significantly
reducing galactose accumulation, a common byproduct of lactose hydrolysis in L.bulgaricus.
To mitigate ATP imbalances caused by redirected metabolic flux, overexpression of the
pyruvate kinase (pyk) gene was employed, enhancing acid tolerance under high DLA
concentrations. Overexpression of key glycolytic enzymes (d-lactate dehydrogenase (dldh),
phosphofructokinase (pfk), and phosphoglycerate kinase (pgk)) and the major d/dh homologs
(Ldb0101 and Ldb1010) sequentially further improved metabolic flux, leading to a 240%
increase in DLA titres compared to wild VI104. The engineered strain, LdbVI104 07, achieved
a maximum DLA production 0of 9.39 g L ! with a yield of 0.188 g g ' and a 273% enhancement
in acid tolerance. Transcriptomics and enzymatic assays substantiated these improvements,

revealing elevated expression levels of the key glycolytic genes including d/dh. This metabolic
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reprogramming identifies VI104 as a highly promising strain for further enhancement and

optimization in industrial applications.

Despite the significant advancements in strain performance achieved in Chapter 3, the
constitutive overexpression of heterologous enzymes introduced a metabolic burden, limiting
further improvements in productivity. Chapter 4 addresses this challenge by employing
dynamic metabolic engineering to regulate metabolic activity in response to DLA levels. The
development of an engineered DLA-inducible promoter-repressor system enabled real-time
modulation of enzyme expression, reducing the metabolic load during the growth phase and
maximizing DLA production during the production phase. This promoter-repressor system,
derived from Pseudomonas fluorescens A506, was re-engineered for functional efficacy in
VI104. Codon optimization enhanced regulatory element performance, with peak activity
observed at DLA inducer concentrations between 60—100 mM. The engineered promoter-
repressor system enabled precise modulation of d/dh expression as an application,
autonomously regulating the transition between growth and production phases. This dynamic
control reduced overall metabolic load during the growth phase while maximizing DLA
biosynthesis during the production phase. Fluorometry and microscopy validated the
engineered promoter repressor system functionality, while molecular docking elucidated
critical noncovalent interactions between the D-L/dR repressor and the operator sequence in
the absence of DLA. Upscaling to lab-scale bioreactor resulted in a 1.63-fold increase in DLA
production, achieving a maximum titre of 9.02 g L-!. The autonomous dynamic regulatory
system (ADR) also extended the fermentation time and improved overall productivity
compared to constitutive expression systems. These results highlight the potential of dynamic
regulatory systems to optimize biosynthesis and enhance industrial applicability. Cross-species
validation and molecular docking analyses expanded the utility of this synthetic circuit,

enhancing metabolic flexibility and productivity in LAB.

While the engineered V1104 strain achieved impressive results, the mutagenesis approach
outlined in Chapter 5 aimed to enhance the performance of ATCC 11842, a strain initially
identified in Chapter 2 with moderate DLA production capacity. Due to the extremely low
transformation efficiency of ATCC 11842, an alternative strain improvement strategy was
employed to enhance its DLA biosynthetic potential. Synergistic use of ultraviolet (UV)
irradiation and chemical mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine (NTG)
generated a mutant strain, Mut N23, with significantly enhanced metabolic capabilities.

Mut N23 exhibited a 97% increase in DLA production and a 37% improvement in glucose
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uptake rates. Optimization of fermentation parameters using One-Factor-At-a-Time (OFAT)
and Response Surface Methodology (RSM) led to a maximum DLA titre of 7.88 g L~!, a 300%
improvement compared to the wild-type ATCC 11842 strain, with a specific productivity of
0.110 g g! h!. Mut N23 also demonstrated versatility by utilizing whey permeate (WP), a
cost-effective carbon source, to produce 4.89 g L~! of DLA with 99.09% optical purity as an
application. Characterization of purified DLA using Fourier Transform Infrared (FTIR) and
proton Nuclear Magnetic Resonance (NMR) spectroscopy confirmed its equivalence to
commercially available standards. The transcriptomic analysis of Mut N23 revealed
upregulated expression of key genes associated with lactose metabolism and DLA biosynthesis,

providing insights into the molecular basis of its improved performance.

Overall, this thesis focused on exploring Lactobacillus delbrueckii subsp. bulgaricus as a
potential host for industrial applications beyond its traditional role in dairy industries. Through
systematic strain screening, metabolic engineering, construction of dynamic regulatory
systems, and mutagenesis approaches, this work highlights the versatility and adaptability of
L. bulgaricus for producing high-purity DLA. Importantly, a foundational framework has been
established by developing molecular cloning tools, such as optimized electroporation protocols
and synthetic regulatory systems, to facilitate further genetic modifications in this organism.
The findings of this study pave the way for leveraging L. bulgaricus in applications far beyond
DLA production. The groundwork laid here not only advances its use in industrial
bioproduction but also opens avenues for exploring this organism for potential therapeutic and
probiotic applications in the future. This thesis thus serves as a significant step toward realizing

the untapped potential of L. bulgaricus as a versatile microbial cell factory.

Vi
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1.1 Lactic acid and its isomers

Lactic acid is an organic compound commonly found in various biological processes and
industries. It is a hydroxycarboxylic acid with the chemical formula (C3HsO3). Lactic acid exists in
two stereoisomers: L(-)-lactic acid (LLA) and D(+)-lactic acid (DLA), which are mirror images of
each other (Fig 1.1). These isomers differ in their spatial arrangement of atoms, making them chiral.
LLA is predominantly found in biological systems, such as muscle metabolism and fermentation,
while DLA has applications in certain industrial processes. Together, these isomers play a significant
role in fields ranging from biochemistry to material science. Lactic acid finds applications across
diverse industries due to its versatile properties. In the food and beverage sector, it is used as a
preservative, flavor enhancer, and pH regulator. In pharmaceuticals and cosmetics, lactic acid serves
as a moisturizing agent and exfoliant in skincare products. Its biodegradable nature makes it
valuable in the production of polylactic acid (PLA), a sustainable bioplastic used in packaging and
medical devices. Additionally, lactic acid is employed in agriculture as a feed additive and in the
textile industry for dyeing and finishing processes. Its wide range of applications highlights its

importance in both traditional and modern industries.

COOH COOH
* *
H—— (|2 OH OH——C H
CHs CHs
D(+) - Lactic acid L (-) - Lactic acid

Figure 1.1 Structure of lactic acid isomers
1.1.1 D-lactic acid

DLA is an organic acid that holds substantial industrial significance and is widely utilized in various
sectors such as the chemical, pharmaceutical, agriculture, textile, leather, and polymer industries[1].
In recent times, there is a surge in interest surrounding DLA primarily because of its application in
the development of thermostable biodegradable polymer known as PLA [2]. PLA has gained
prominence as a highly promising and eco-friendly substitute to polythene, demonstrating its
potential to serve as a viable material for various food packaging applications. PLA is synthesized

by the process of polymerization using lactic acid as its monomer [3]. However, properties of PLA
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are hindered primarily due to its optical purity of lactic acid. PLA, a compound with chirality,
consists of two enantiomers: DLA and LLA. The specific characteristics of PLA are influenced by
the relative proportions of DLA and LLA [4]. Consequently, it becomes crucial to generate lactic
acid with the highest possible optical purity to facilitate optimal PLA production [1]. Thermal
stability is a crucial requirement for the successful utilization of PLA in the food industry. Traditional
production methods of poly-L-lactic acid (PLLA) have involved employing LLA as the monomer,
ensuring the desired thermal stability for PLA applications. However, its application has been
restricted due to its thermal instability above 173-178 °C. In addition, using DL A as a monomer, the
melting temperature of the Poly-D-lactic acid (PDLA) can be increased by 40-50° C. Proportionately,
the enhanced thermal steadiness of PLA has found its application as a food packaging material in

food industry [5].

Through precise control of fermentation conditions and the strategic selection of host organisms, it
becomes feasible to exclusively obtain specific lactic acid isomers using fermentation technology.
Lactic acid bacteria and other microbes are naturally capable of producing both isomers of lactic acid
from various carbohydrate sources. Leveraging genetically modified microbes further enhances
lactic acid production capabilities. The formation of amorphous polymers occurs when a racemic
mixture of LLA or DLA is polymerized. On the other hand, to produce crystalline and stable
polymers like PLLA or PDLA, it is necessary to initiate the process implementing optically pure
LLA or DLA, respectively. Different concentrations of the enantiomers applied manipulate specific
attributes of the polymers, such as crystallinity. When PLLA is blended with PDLA, for example, it
elevates the polymer's melting point by 50°C, resulting in a highly regular complex with high degrees
of crystallinity and thermal stability [6]. Consequently, it is increasingly necessary to manufacture
optically pure PDLA that can be used to enhance the melting temperature employing DLA. The
growing demand for PLA is projected to drive its market size from USD 1,096.31 million in 2019 to
USD 2,424.62 million by 2025, reflecting a compound annual growth rate (CAGR) of 14.14%.
Additionally, the DLA market is expected to reach USD 293.1 million by the end of 2026, with a
CAGR of 7.2% during the period of 2021-2026.

1.1.2 Production methods and commercialization

Industrially, DLA can be produced through either a conventional chemical route or the microbial
fermentative route. The former case uses non-renewable petrochemical feedstock as raw material. It
uses hazardous chemicals during the chemical synthesis yielding a racemic mixture of lactic acid

whereas, the microbial fermentation route produces enantiomerically pure lactic acid isomers using

TH-3603_196106017



abundantly available feedstocks at low cost [7]. The commercial production of chemical synthesis
depends on the formation of lactonitrile. In this procedure, initially, hydrogen cyanide is introduced
to acetaldehyde in the presence of a catalyst to synthesize lactonitrile. Then the lactonitrile is
hydrolysed by the addition of concentrated H>SO4 to produce lactic acid and ammonium salt.
Additionally, the process involves the esterification of methanol to yield methyl lactate, which is
subsequently hydrolysed in the presence of an acid catalyst to produce methanol and lactic acid [8].
Microbial production of DLA using homo-fermentative lactic acid bacteria (HFLAB) is a much more
techno-economically viable strategy for DLA production due to their ability to convert sugar solely
into DLA effectively by reducing other by-products. Different renewable resources such as
lignocellulosic biomass, starchy biomass, etc., were studied for optically pure DLA production in the
last two decades [9] [10]. However, its pre-treatment involves the use of costly enzymes. On the
other hand, the dairy industry's by-product, whey, is considered a lucrative substrate for DLA

production apart from its wide availability.

The Food and Drug Administration (FDA) recognizes lactic acid and its calcium, sodium, and
potassium salts as food additives that are Generally Recognized as Safe (GRAS)[11]. DLA
bioproduction is being optimized at different levels for lessening overall manufacturing cost and
production of highly optically pure isomers. The downstream processes for separation and
purification of DLA at high scale for commercialization is the major cause for incrementing the
overall cost factor. DLA production has been previously achieved through metabolic engineering
strategies, adaptive evolution in host organisms, and the implementation of various bioreactor
systems. Furthermore, strategies that involve the co-cultivation of symbiotic microbes have been
investigated for their potential use in this context [12]. The utilization of innovative immobilization
techniques and compatible support materials within bioreactor systems has the potential to yield

substantial economic benefits for production of lactic acid isomers.

Prominent lactic acid and PLA manufacturers include Archer Daniels Midland Company (USA),
NatureWorks LLC (USA), Purac (The Netherlands), Galactic S.A. (Belgium), as well as various
Chinese companies such as CCA (Changzhou) Biochemical Co. Ltd., Henan Jindan Lactic Acid Co.
Ltd., and Musashino Chemical Co. Ltd (China). The cost estimates for food-grade lactic acid fall
within the range of 1.38 US$ kg-1 (at 50% purity) to 1.54 USS$ kg-1 (at 88% purity). Presently,
prominent producers of D-lactic acid (DLA) include Corbion (Netherlands), Musashino Chemical,

Galactic, Yancheng Huade Biology (China), and Shandong Shouguang Juneng Golden Corn (China).

1.1.3 Advances in DLA production from renewable sources
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Renewable feedstocks used for DLA production till date include lignocellulosic biomass, food
waste, sugar and starch materials, macroalgae, microalgae, and glycerol, offering sustainable and
cost-effective alternatives through microbial fermentation[13][14][15]. Lignocellulosic biomass,
such as bagasse, grass, straw, corn cob, wood waste, molasses, sugar beet pulp, and coconut pulp,
requires pretreatment to break down its complex structure into fermentable sugars. Food waste, rich
in carbohydrates, can be sourced from households, cafeterias, restaurants, bakeries, and food
industries, while sugar and starch materials, including molasses, whey, and agricultural fruit waste,
also serve as substrates, needing pretreatment to remove inhibitors. Macroalgae and microalgae,
which do not require fertile land or freshwater, offer high carbohydrate content and require thermal
acid hydrolysis for fermentation [16][17]. Glycerol, a by-product of biodiesel and bioethanol
production, can be converted into DLA using LAB or through chemical reactions with catalysts and
enzymes [18]. Recent advancements have focused on utilizing lignocellulosic biomass and agro-
industrial waste streams, which not only provide sustainable feedstocks but also reduce production
costs. For instance, lignocellulosic biomass, rich in glucose and xylose, has been identified as a
valuable resource due to its abundance and low cost. Engineered strains of Escherichia coli have
been shown to effectively ferment glucose-xylose mixtures, achieving DLA production levels of up
to 87.5 g L' [19]. Studies on agro-industrial wastes, such as coffee mucilage and rice husk
hydrolysates, have demonstrated their potential as alternative carbon sources, significantly
improving lactic acid yields [20]. A recent study using a three-stage carbon source utilization
strategy with Zizania latifolia waste and cane molasses achieved lactic acid production levels of
129.47 g L' after 86 hours of fermentation [21]. Similar strategies can be implied for DLA
biosynthesis as well. Overall, the shift towards renewable resources for DLA production reflects a
growing commitment to sustainable practices in the chemical industry, addressing environmental

concerns while meeting the increasing demand for biodegradable materials.
1.1.4 Advances in DLA production through metabolic engineering strategies

The prime objective of metabolic engineering is to overproduce a certain metabolite having desired
applications. Each metabolite has a predetermined pathway for biosynthesis. Enzymes have the
most basic function in metabolite synthesis post transcriptionally. Overexpression of genes
expressing these enzymes significantly increases the yield of the target metabolite is the most
feasible strategy being done frequently in this field using suitable molecular biology tools till date.
Since overexpression of target genes may result in additional side effects such as metabolic burden,
an imbalance in total energy, and cellular stress, fine tuning of metabolic flux is necessary. Gene

knockout and gene silencing done using advanced genome editing tools can selectively cut-off by-
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product formation shifting carbon flux towards product of interest (£ig./.2). Through using strong
constitutive promoters and inducible promoters the metabolic shunting of pathways can also be

controlled through dynamic metabolic engineering strategies via toggle switches.

Engineering strains capable of producing the required product effectively enough to meet the criteria
for large-scale bioprocessing is a critical task of metabolic engineers in the establishment of
commercial microbial cell factories. The choice of the base strain for alteration is the first key step
in the metabolic engineering process. Isolation and evaluation of DLA producing microbes from
environment and dairy wastewater samples could be desirable for selecting an efficient wild strain
with enhanced DLA production. Since it is unlikely that a single wild-type organism will have a
phenotype that satisfies all of the requirements for the production of a variety of products, starting
strains should be chosen based on metabolic capacity for the desired product, bioprocess
compatibility, metabolic and genetic engineering ease, and the ability to use low-cost feedstocks,
among other factors. Computational genome-scale metabolic modelling and simulation can be a
valuable resource in selecting an ideal production organism by allowing comparison of metabolic

capacities of different species of organisms.

Certain major glycolytic genes along with the key enzymes d-Idh and beta-galactosidase (f-gal)
overexpression can highly increment DLA production in presence of lactose-based substrate in host
organism lactic acid bacteria (Table 1.1). Efficient lactose-based substrate utilization through
creating galactose utilization pathways is a viable option for enhancing DLA production which has
been addressed in this thesis work. Adaptive evolution studies reflect the flexibility of microbes to
adapt to certain stress conditions can be applied for inheriting acid resistant and wide range
temperature resistance impacting target metabolite biosynthesis. A common challenge encountered
during the overproduction of certain natural metabolites is the occurrence of feedback inhibition
and transcriptional attenuation control in the production pathway, which is triggered by the
accumulation of the desired product. To address this issue, strain development involves the
implementation of dynamic metabolic engineering strategies to optimize the production process.
Several elegant and effective genetic tools for LAB have been discovered during the last few
decades [22]. Previous published literature reports have described several synthetic and natural
promoters for efficient gene expression in Lactococcus lactis and several other LAB. Lactococcus
lactis and Lactobacillus plantarum have been the primary choice for genetic and metabolic studies
so far due to their significance as starter cultures and probiotics, coupled with the availability of
ample genetic tools and high transformation efficiencies. However apart from inducible gene
expression systems, specific gene regulatory elements in LAB have been developed and
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characterised, including synthetic promoter libraries, inducible promoters (e.g. PlacA, PlacSynth,

and PxylA) and constitutive promoters for controlled gene expression in several LAB [23].

Over the last few decades, substantial work has been devoted to the development of marker less
LAB genome manipulation. More advanced application of LAB genome engineering has been
reported, employing single-stranded oligonucleotide-mediated recombineering rather than double-
stranded DNA [24]. The demand for a large amount of oligonucleotide, as well as the low
recombineering efficiency, are some of the drawbacks of this method. The introduction of Clustered
regularly interspaced short palindromic repeats (CRISPR) technology has also expanded the scope
for manipulating genomic DNA of several LAB which offers several prospects for enhancing starter
culture functional properties, probiotic qualities, and the generation of native or non-native
metabolites. Except for overexpression and downregulation of genes, there are very limited
published reports on advanced metabolic engineering of LAB for enhanced DLA synthesis due to

lack of well-established molecular biology tools.

Strain Improvement Strategies
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Figure 1.2 Metabolic engineering strategies for strain improvement
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Table 1.1: An overview of the literature on metabolically modified strains for increased DLA

production.
Host organism Regulated genes Media Yield DLA Reference
of titre
DLA (gL
(99%)
Bacillus subtilis Overexpressed genes:
strain 168 e D- Lactate dehydrogenase
(IdhA) LB 0.96 87 [25]
e glycerol dehydrogenase
(gldA101)
Saccharomyces Overexpressed genes:
cerevisiae e D- Lactate dehydrogenase
(IdhA) YPD 0.61 62 [26]
Downregulated gene:
e Pyruvate Decarboxylase 1
(PDC1)
Escherichia coli Downregulated gene
e synthase gene (msgA) Minimal 0.98 118 [27]
Bacillus Downregulated gene
coagulans e L-lactate dehydrogenase
Qz19 (Idh) LB 096 99 [28]
e Acetolactate synthase (alsS)
Saccharomyces Overexpressed genes
cerevisiae e D- lactate dehydrogenase
(IdhA, LEUM 1756)
Downregulated genes
e Pyruvate decarboxylase YP 08 112 [29]
(PDC1)
e Monocarboxylate transporter
(JEN1)
e Alcohol dehydrogenase
(ADH1)
Downregulated genes
e Alcohol dehydrogenase
(ADH1) Mineral 092 34
Klebsiella e phospho- salt [30]
oxytoca KMS004 transacetylase/acetate kinase
A genes (pta-ackA)
Downregulated genes
e Fumarate reductase Low 0.98 133 [31]
(FrdABCD) salt
e Pyruvate formate lyase
(PfIB)

Lactobacillus ~ Overexpressed genes
plantarum
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e Xylose isomerase and

Xylokinase (XylAB) Corn 053 472 [32]
Downregulated genes stover
e L- lactate dehydrogenase (L-  Waste
Idh)
Corynebacterium  Overexpressed genes
glutamicum e Glycolytic pathway enzymes
e Entner—Doudoroff (ED)
pathway enzymes
Downregulated genes Rich 095 264 [33]
e Lactate dehydrogenase (Idh) an_d.
e Phosphophenolpyruvate minimal
carboxylase (ppc)
Saccharomyces  Overexpressed genes
cerevisiae e Glycolytic pathway enzymes
Downregulated genes
e Pyruvate Decarboxylase 1 YPD 0.646 60.3 [34]
(PDC1)
e Alcohol dehydrogenase
(ADH1)
Saccharomyces  Overexpressed genes
cerevisiae e Issatchenkia orientalis
glycosylphosphatidylinositol-
anchored protein (loGas1)
e D- Lactate dehydrogenase
(d-1dh) [35]
Downregulated genes YPD 0.7 92.0
e Pyruvate decarboxylase
(PDC1, PDC6)
e JEN1 (a monocarboxylate
transporter)
e L-lactate cytochrome-c
oxidoreductase (CYB2)
e Alcohol dehydrogenase
1(ADH1)
Synechocystis sp.  Overexpressed gene BG-11 2.17
PCC 6803 o Novel glycerol dehydrogenase  rich NA  (with [36]
(gldA101) medium acetate)
Saccharomyces  Overexpressed gene
cerevisiae o D-lactate dehydrogenase (Idh)
Downregulated gene Yeast
e Glycerol pathway genes (GPD ~ minimal 0.81  40.03 [37]
1, GPD 2) media
¢ Alcohol dehydrogenase
1(ADH1)

1.1.5 Bioprocessing strategies and purification

To improve yield and cost-effectiveness in biosynthesis of DLA, integrated bioprocesses have

been proposed. The chemical and biological production processes are being encouraged to

implement one step integrated operations to replace two stage reactions attributed to the rising
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economic and ecological demands. The downstream and purification techniques, and less on
the process intensification segment, are main crucial contributors of the overall cost factor [38].
To enhance output and productivity, reduce process time, and minimise operating expenses and
capital investment, there is a significant need for intensification and integration of processing
steps. Successful process integration requires increased process sturdiness, thorough process
knowledge, simple process development tactics, effective troubleshooting, and a better
comprehension of the system. DLA has been reported to produce in lab scale via both wild and
metabolically engineered strains [39] [40] [40] [41]. Continuous platforms provide several
conveniences for small operations in a straightforward and streamlined manner. In terms of
cost, flexibility, and productivity, continuous bioprocessing is a more preferable solution for
DLA over batch production, especially with process intensification techniques that need the
treatment of large volumes of feedstocks throughout the year. Although continuous lactic acid
production coupled with process intensification by membrane-based separation [42] [43] has
been reported so far, there are relatively few reports available in the area of effective controlling
and online monitoring that will effectively address the performance glitches. In order to achieve
optimal control and monitoring of continuous DL A production, advanced sensors and actuators
are required to measure and regulate key process variables such as pH, temperature, substrate
concentration, product concentration, biomass concentration and dissolved oxygen. These key
variables affect the growth and metabolism of the microorganisms that could impact the quality
and yield of DLA. Deployment of online analytical tools such as near-infrared spectroscopy
(NIRS), mass spectrometry (MS) and high-performance liquid chromatography (HPLC) could
facilitate real-time monitoring of residual concentration of limiting nutrients and the quality
(optical/chemical purity) of DLA. Moreover, these analytical tools also enable the
implementation of model-based control strategies that can optimize the performance of the
bioprocess by adjusting the operating conditions according to the desired objectives. On
operational perspective, online monitoring and control can facilitate rapid detection and
correction of faults or disturbances that may occur during the continuous operation, such as

contamination, equipment failure, or fluctuations in feed quality or flow rate.

The flexible operation, high productivity, and decreased cost with quality, as well as process
integration facilities, are the crucial elements underlying the biotech sectors that are leveraging
continuous platforms over batch. The challenges associated with maintaining homogeneity,

regulating nutrient intake over extended periods with stringent sterility requirements, and
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addressing genetic instability in cells underscore the need for rigorous control procedures,

accompanied by robust online monitoring and control strategies.

Lactic acid purification involves a chemical reaction with concentrated sulfuric acid (H2SOs),
which yields calcium sulfate (CaSOs4) or gypsum as a byproduct. This purification step is one
of the basic and age-old procedures for separating and purifying lactic acid (Fig /.2) in various
industries, where lactic acid is used as a key ingredient in products ranging from food and
pharmaceuticals to cosmetics and biotechnology applications. Recent separation and
purification technologies like reactive extraction, in-situ adsorption, ion-exchange
chromatography, electrodialysis or crystallization when integrated along with the fermentation

process can certainly enhance efficiency [44] [45].

Whey from industrial waste

Filtration Distillation 1IEC
¥

AR g 1
Biomass removal /_\ |
A B4 \/J

Gypsum

Fermentation Centrifugation  Precipitation

o]
\;)J\OH
OH
Purified DLA

Figure 1.3 An overview of integrated process technology for converting WP (renewable
source) into DLA.

Efficient purification methods play a crucial role in lactic acid production, also require ensuring
its economic feasibility. The significant disparity in boiling points and lactic acid’s strong
affinity for water present considerable challenges in achieving proper separation and the
production of high-purity lactate. Lactic acid and its isomers in technical grade (22-44 % w/w)
are mostly separated through precipitation process with generation of huge amounts of solid
waste. For generation of highly optically pure lactic acid, process optimized liquid-liquid

extraction, adsorption processes and membrane-based separation are mostly preferred.
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Esterification reactions accompanied with reactive distillation processes are prominent

currently [46] [47].

Two important parameters for bioproduction of DLA includes optical purity and titre. Optical
purity of DLA from several lactic acid bacteria totally depends on the NAD dependent lactate
dehydrogenase gene and can be improved through genetic engineering strategies only [48].
While high concentrations of acid can be improved by continuous product removal techniques
since acid accumulation hampers biomass. Process optimization through membrane-based
separation of DLA can prove to be more effective in reducing overall cost factor. The cross-
flow velocity and transmembrane pressure are equally key elements in the separation of acid
by membrane integration. These attributes are important in separating efficiency, which has an
indirect influence on fermentation dilution rate. All these challenges can be efficiently
addressed by implementing good controlling approaches with effective online sensing
instruments that forecast feed rates and product concentrations. Process intensification
strategies including continuous fermentation coupled with suitable less cost separation and

purification technology is what is required for bringing out more potential of DLA.

1.2 Lactic acid bacteria as potential host

LAB comprise a group of gram-positive bacteria that are non-motile and microaerophilic. This
category encompasses various genera (Enterococcus, Lactobacillus, Pediococcus,
Leuconostoc, Oenococcus, Lactococcus, Streptococcus, Weissella, etc., within the order
Lactobacillales) associated to the phylum Firmicutes, and anaerobic Bifidobacterium genus
under the phylum Actinobacteria and have low G-C content. LAB have been involved with
food fermentation and preservation from time immemorial, and they are now the most
significant category of emerging industrial microorganisms being used as starter cultures in
food sector. The confirmed GRAS status of most LAB, their ability to withstand various stress
conditions, their uncomplicated metabolism, and their capability to metabolize a wide range of
carbon sources are characteristics that significantly contribute to their widespread application
in various industrial settings [49]. LAB genomes exhibit a notable phenomenon known as
reductive evolution, characterized by the loss of numerous metabolic genes, biosynthetic
constraints, and the presence of several pseudogenes in comparison to other organisms [50]. In
the food sector, there has been an ongoing effort to enhance LAB probiotics through strain
improvement, which aims to enhance product qualities, including texture, taste, reduced
additives, calorie content, acid compositions modulation, and the elimination of undesirable

traits like antibiotic resistance [51]. In a similar way, LAB including major probiotics could be
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exploited as an efficient cell factory to make bulk and fine bio-chemicals including pyruvate-
dissipating end products, exopolysaccharides, bacteriocins, vitamins, low-calorie
carbohydrates, complex flavour compounds, and polylactic acid or polylactide. Presently,
Lactobacillus strains have found widespread industrial applications with successful market
integration across various sectors. In the food and beverage industry, products like Yakult,
containing Lactobacillus casei, have achieved remarkable commercial success, with daily sales
of over 40,000 bottles in Japan, while companies like Amul in India have introduced probiotic
ice creams to meet growing consumer demand for functional foods [52]. In the pharmaceutical
sector, the Indian probiotic drug market has expanded rapidly, with products like Bifilac,
Darolac, and Sporlac achieving significant sales, reflecting the increasing demand for
probiotics to treat antibiotic-associated diarrhoea and gut health issues. Additionally,
Lactobacillus strains are extensively used as starter cultures in fermented meat products, such
as dry sausages, enhancing food safety and quality by inhibiting spoilage microorganisms.
Moreover, Lactobacillus plays a crucial role in industrial lactic acid production, a key raw
material for biodegradable plastics and other products, with the global lactic acid market
projected to reach 2.8 million tons by 2030 [53]. These examples demonstrate how
Lactobacillus has achieved remarkable industrial success, highlighting its potential for future

biotechnological application

LAB can be broadly categorized into two types: Homofermenters and heterofermenters, which
is determined by the type of end product they produce. The homofermenters produce lactic acid
as the major product generated from pyruvate while heterofermenters produce other by-
products (acetate/ ethanol/ formate etc.,) along with lactic acid. Homofermenter helps in
directing the carbon flux from the carbon substrate only towards lactic acid production and can
be efficiently used for DLA fermentation. These homofermentative organism includes
Lactobacillus acidophilus, Lactobacillus amylophilus, Lactobacillus bulgaricus, Lactobacillus
helveticus and Lactobacillus salivarius while heterofermentative organisms include
Lactobacillus fermentum, Lactobacillus xylosus, Lactobacillus plantarum, Lactobacillus casei
and Lactococcus lactis. DLA has been reported to be produced by several species of LAB, in
particular Lactobacillus delbreuckii [54][55] [56], Lactobacillus coryniformis subsp. torquens
[57] [54] Leuconostocmesenteroides subsp. mesenteroides, Leuconostocmesenteroides subsp.
dextranicum, Leuconostoccarnosum, Leuconostocfallax , Lactobacillus bulgaricus [58], as

well as genetically modified Lactobacillus plantarum [59][60]. Furthermore, it's worth noting
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that certain LAB strains have the remarkable ability to exclusively produce optically pure DLA
(Fig 1.3).

Lactococei L(-)

/ Mesophilic Pediococci DL
Q / Homofermentative
\‘ Thermophilic — | Streptococci L(-)

Cocci shaped Enterococci DL

Heterofermentative — | Leuconastoc subsp D(+) |

Lactic acid bacteria

(LAB) o
\ - f‘ Homeofermentative —— |L. delbreuckii subsp. lactis D(+)
L. delbreuckii subsp. bulgaricus D(+)
Round shaped L. helveticus DL
L. Acidophilus DL
J \A Heterofermentative
Facultative fermentative ~
l L. brevis DL
L. fermentum DL
L. casei DL L. kefir DL
L. paracaesi DL L. reuteri DL

L. rhamnosus L(-)
L. plantarum DL

Figure 1.4 Classification of LAB based on their end-product

The increasing global demand for PLA has resulted in a rapid surge in the demand for lactic
acid. LAB produces DLA naturally through their cellular metabolism from carbon sources,
which accounts for certain enzymes comprising glycolytic pathway and the key enzyme D-
lactate dehydrogenase (d-/dh) accomplishing the purpose. The number of competent pathways
for by-product formation is reduced for homo-lactic acid bacteria, for which they are mostly
preferred when compared to other species of bacteria like Escherichia coli, Corynebacterium
glutamicum, Saccharomyces cerevisiae, Bacillus species, etc. Genetically modified organisms
for future manufacturing and commercialization of DLA needs to fulfil specific requirements,
including its safety, stability, and efficacy. Although certain wild HFLAB can produce only
DLA isomer but for its application in industries, productivity and yield required be improved

further through genome modification and process optimization strategies.

Since LAB are considered GRAS organisms, their use for producing industrially important
compounds and therapeutics can be justified well. Although the FDA does not permit the easy
marketing of genetically modified organisms, LAB can be considered because of its safe

category and basic metabolic alteration. Aside from that, LAB has quite a limited biosynthetic
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capacity, metabolic versatility, and simple physiology which are essential characteristics in host
organisms makes it suitable for metabolic engineering [61]. Furthermore, within LAB, energy
metabolism and the process of biosynthesis are relatively distinct processes, allowing sugar
catabolism to be manipulated without affecting biosynthesis and vice versa. The efficiency of
metabolic engineering in these bacteria has been aided by a thorough understanding of their

physiology and genetics and there is no concern on multiplicity of genes.

Emerging molecular cloning tools for engineering LAB and presence of strong constitutive
promoters makes its more suitable host for efficient strain development through metabolic
engineering strategies [62] [63] [22] [64]. The total genomic sequences of 25 commonly used
LAB are already annotated and published in database of National Centre for Biotechnology
Information (NCBI) which makes them more suitable for manipulations. Genomics and
functional genomics study provide us an opportunity to even get a broad understanding of

LAB's physiological and metabolic capacities.

1.2.1 Metabolic pathways for DLA production in LAB

In LAB, the metabolism of hexoses primarily occurs through two major pathways: the
glycolytic pathway (Embden-Meyerhof pathway) and the phosphoketolase pathway [65][66].
Lactic acid is the major metabolite in homofermentative metabolism through glycolytic
pathway while acetic acid, propionic acid, CO., ethanol, and other by-products are formed
through heterofermentative metabolism in phosphoketolase pathway. Two moles of lactic acid
per mole of glucose is formed from homolactic fermentation theoretically but experiment
yields are lower due to biomass formation. LAB produces lactic acid in two forms: L- and D-
isomer. While DLA is harmful to human health, LLA is preferred for use in food and
pharmaceuticals, as well as a starting material in the production of biopolymers. DLA is
synthesized mainly through glycolysis, which commences with glucose and finishes with
pyruvate. D-Idh, a key enzyme found in LAB which owns stereospecific NAD*-dependent
activity, converts this pyruvate to optically pure DLA in a reversible reaction. Pyruvate can also
be converted to a variety of different products via other processes, depending on the growth
circumstances and characteristics of the organism. Numerous research teams have directed
their efforts toward enhancing the production of optically pure lactic acid using different LAB
strains. This is achieved through the disruption or deletion of the lactate dehydrogenase gene
(I-ldh/d-1dh), which encodes the enzyme responsible for the formation of the undesired isomer.

[67][68][69][70].
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Apart from d-Idh, phosphofructokinase enzyme (pfk) was discovered to play a key role in the
EM route flow, with decreased or increased activity resulting in proportionately lower or higher
flux and lactate production [71]. Under situations of carbon limitation, poor growth rates, and
changes in oxygen content, homofermentative bacteria have been shown to transition to mixed
acid fermentation (Fig.1.4). Also, in presence of galactose utilization pathways, homolactic
acid bacteria shifts its metabolic flux towards production of acetic acid. Increased NADH
oxidase (Nox) activity in presence of oxygen causes competition for available NADH and, as

a result, a switch in metabolism to generate a mixture of products [72].

Pyruvate kinase (pyk) is a pivotal enzyme within the glycolytic pathway, playing a crucial role
in cellular metabolism by generating ATP and pyruvate from phosphoenolpyruvate. This
enzyme has acid tolerance property in few of the LAB which provides low pH resistance along
with shifting carbon metabolic flux towards DLA production [73]. Another enzyme that has
been found to produce high yield homofermentative lactic acid is fructose-1,6-biphosphate
aldolase (fba). Dual expression of phosphofructokinase (pfk) and aldolase (ald) in presence of
strong constitutive promoters and carbon substrate might increase D-lactic acid yield as per

reported study [71].

Glucose
Homofermentative LAB Heterofermentative LAB
D Fructose 6-phosphate D Ribulose 5-phosphate
I ’hmp/ug//"uc/okirzm-yK ATE P/mx/)l:(';/\'emlasc|
ADP
D-Glyceraldehyde 3- phosphate 1 1
D-Glyceraldehyde
Phosphoglycerokinase y Y ACCtyl"phOSphatC
3- phosphate
3-Phosphoglycerate l l
Enaiass l Phosphoenolpyruvate Acetyl Co-A
NADH
Phosphoenolpyruvate Besaio /‘,,-,l(,wl l<
NAD
ADP
Pyruvate kinase K o Pyruvate Acetaldehyde
NADH NADH
P yri uvate Lactate dehydrogenase l<
NADH NAD NAD
Lactate dehydrogenase
NAD Lactate Ethanol

Lactate

Figure 1.5 Brief overview of metabolic pathways for lactate production in homo and
hetero-fermentative lactic acid bacteria
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1.2.2 Metabolic engineering strategies for increased DLA titre and productivity

in LAB

Traditional and conventional methods for enhancing strains to produce D-lactic acid (DLA)
have primarily focused on fermentation-based optimization, selective adaptation, mutagenesis,
and process engineering. Fermentation remains the core strategy, with Lactobacillus species
such as Lactobacillus delbrueckii and Lactobacillus bulgaricus widely utilized in batch, fed-
batch, and continuous fermentation systems to improve DLA yield and productivity [74].
Selective adaptation has been employed to enhance strain tolerance to high DLA concentrations
and improve substrate utilization [75]. Random mutagenesis using UV irradiation or chemical
agents like ethyl methanesulfonate has led to high-yielding mutant strains with improved acid
tolerance and reduced by-product formation [76]. Process optimization, including the use of
low-cost feedstocks such as cassava starch hydrolysate and lignocellulosic hydrolysates, has
further improved economic feasibility [5]. Additionally, immobilized cell fermentation using
alginate beads or polymer matrices has enhanced lactic acid production by maintaining high
cell densities and enabling continuous fermentation [77]. These traditional approaches have
significantly contributed to industrial-scale DLA production, paving the way for further

advancements through metabolic engineering and synthetic biology.

Enhancing the production of DLA in LAB requires targeted metabolic engineering strategies
that focus on key metabolic pathways and enzymatic activities. Since, DLA production
pathways are almost similar in different LAB strains, a generalized central approach involves
increasing the activity of d/dh, the key enzyme catalyzing the conversion of pyruvate to DLA
similar to previous reports [78]. Strategies such as gene overexpression of the d/dh gene,
utilizing strong promoters and optimized ribosome binding sites compatible with the specific
LAB strain, can significantly boost DLA production (Table 1.2) [79]. Additionally, enzyme
engineering techniques, including directed evolution and rational design, can generate dldh
variants with improved catalytic efficiency [80]. Furthermore, enhancing NADH regeneration
through the overexpression of associated enzymes can support higher DLA yields by ensuring
adequate cofactor availability during the metabolic process [78], since d/dh the key enzyme for

DLA biosynthesis is dependent on this cofactor.

To maximize DLA production, it is also crucial to optimize the supply of key precursors,
particularly pyruvate. Metabolic pathway engineering can facilitate this by modifying

glycolytic flux or reducing competing pathways through targeted overexpression or gene
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knockouts, thereby directing more carbon toward DLA synthesis similar to previous reports
[81]. The choice and concentration of carbon sources also play a significant role as well;
optimizing these factors can lead to enhanced pyruvate availability and increased DLA titres
[2]. A thorough investigation of different carbon sources and their impact on LAB metabolism
can yield insights into optimal growth conditions for DLA production. Reducing byproduct
formation is another essential strategy in metabolic engineering for DLA production. Gene
knockouts targeting enzymes involved in competing pathways can redirect metabolic flux
toward DLA synthesis, minimizing unwanted byproducts. Employing metabolic flux analysis
can provide a detailed understanding of the cellular metabolism and identify critical
bottlenecks, allowing for a rational approach to optimizing the metabolic network. These
insights can lead to the development of engineered strains that maintain high DLA production

rates while minimizing the accumulation of undesired metabolites.

Finally, enhancing cell growth and viability is critical for achieving high DLA titres.
Optimizing the culture medium composition by adding essential nutrients and growth factors
can significantly improve both cell density and DLA yield. Additionally, fine-tuning
fermentation parameters such as temperature, pH, and dissolved oxygen levels can create
optimal growth conditions for LAB. The integration of systems biology approaches, utilizing
omics data to understand the broader metabolic network, can further refine these strategies,
leading to more effective metabolic engineering frameworks. By leveraging these multifaceted
strategies, researchers can significantly enhance the productivity and titre of DLA in LAB,
paving the way for more efficient bioproduction processes. Limited literature exists on the
metabolic engineering of LAB for DLA production till date. Among these, one notable study
reported the engineering of Lactococcus lactis for enhanced galactose and glucose utilization,
combined with the overexpression of key dldh genes, resulting in improved DLA production
[79]. However, there are very few studies where other Lactobacillus species have been
engineered for lactic acid biosynthesis. One significant study focused on the engineering of
Lactobacillus helveticus CNRZ32 for the production of pure LLA. Researchers constructed
two ldhD-negative strains through gene replacement, resulting in strains GRL86 and GRL&9.
Among these, GRL89 exhibited a 93% increase in [-ldh activity compared to the wild-type

strain, demonstrating enhanced LLA production [82].
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Table 1.2: A comparative analysis of different strains of LAB and various metabolic
engineering approaches for enhanced production of target metabolite

Strain Product Technique Cloning tools Titre References
of interest
P. acidilactici  L-/DLA Idh gene disruption ~ pSET4E plasmid,a 76 g/L [83]
DQ2 temperature-
sensitive knockout
vector modified to
include an
erythromycin
resistance gene
(Em").
Lactobacillus DLA IdhL1 gene pCU plasmid, an 147g/L  [84]
plantarum disruption and expression vector
NCIMB 8826 expression of with erythromycin
(AldhL1) secreted resistance gene
endoglucanase (Em")
(CelA)
Lactobacillus ~ Mannitol  Additional Integration vector ~ Reduced  [85]
fermentum and disruption of ldhL pKTH5097 with mannitol
GRL1032 pyruvate gene in the IdhD- erythromycin productiv
deficient mutant resistance for ity;
using targeted gene  targeted gene
replacement disruption
Lactobacillus DLA Disruption of IdhL1  Modified IdhL1 73.2¢9/L  [86]
plantarum gene replaced with  disruption cassette
NCIMB 8826 an a-amylase- integrated into the
secreting expression  genomepG+host9
cassette to enable plasmid
direct starch (temperature-
utilization sensitive vector for
homologous
recombination)
Lactobacillus  LLA Knockout of IdhD pNcas-AldhD- 221 g/L [87]
paracasei gene and IdhL1 plasmid
NCBIO01- overexpression of (containing sgRNA
M2 IdhL1 gene using for IdhD,
CRISPR-Cas9 gene  homology arms,
editing and Amp' resistance
gene)
Lactococcus DLA Replacement of the  pAH4 plasmid for  15.09/L  [88]

lactis NZ9000

endogenous I-lactate
dehydrogenase (I-
Ldh) gene with a
heterologous d-

homologous
recombination
(replacement of I-
Ldh with d-Ldh);
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lactate pNZ8048 plasmid
dehydrogenase (d- for a-amylase gene
Ldh) gene from expression
Lactobacillus
delbrueckii subsp.
lactis JCM 1107 for
AHZ1; additional
introduction of an a-
amylase gene from
Streptococcus bovis
NRIC 1535 for AH2
to enable starch
utilization.
Lactobacillus DLA CRISPR/dCas9- Modified 9.4 g/L [89]
saerimneri assisted CRISPR/dCas9
TBRC 5746 transcriptional plasmid derived
repression of two from pHSPO02,
Lidh genes to containing crRNA
enhance optical for Lldh genes and
purity chloramphenicol
resistance marker
Lactobacillus DLA Disruption of IdhL1  pLEMA415 vector 61.4¢g/L  [90]
plantarum gene; introduction with the
NCIMB 8826 of xylose- constitutive clpC
AldhL1 assimilating genes promoter for gene

(xylAB encoding
xylose isomerase
and xylulokinase) to
enable utilization of
pentose sugars for
fermentation

expression;
erythromycin
resistance marker
(Em’)

Similarly, there are few more literature reports where lactobacillus species has been engineered
for enhanced LLA biosynthesis. The strategies used for engineering Lactobacillus plantarum
include deleting the gene encoding d-ldh (IdhD) and disrupting the operon encoding lactate
racemase (lar4-E)[91]. Similarly, the strategies used for engineering Lactobacillus paracasei
include establishing a CRISPR-Cas9 gene editing platform and applying adaptive evolution to
obtain a high-performance strain capable of efficiently producing LLA at high temperatures
[92]. Despite these advancements in LLA production, the number of engineered Lactobacillus
strains for DLA production remains extremely limited. Among the available studies,
Lactococcus lactis and Lactobacillus plantarum are the most extensively engineered strains for
metabolic pathways aimed at DLA production as mentioned before [93]. Apart from this, one

recent study also focussed on increasing DLA in Lactobacillus saerimneri TBRC 5746 through
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CRISPR/dCas9-assisted transcriptional repression of the two /-/dh genes responsible for LLA
production which resulted in a 38% increase in DLA production and improved the optical
purity[94]. Overall, this highlights the significant gap in research and the potential for further

exploration of other Lactobacillus species for this purpose.

1.2.3 Synthetic biology tools available for engineering LAB

The development of synthetic biology tools for LAB has significantly advanced the field of
microbial engineering. These tools include a variety of genetic and genomic techniques that

enable precise manipulation of LAB for various applications.
1.2.3.1 Expression Systems

A cornerstone of synthetic biology is the forward engineering of cellular behavior using well-
defined parts libraries. Lactococcus lactis (L. lactis) has emerged as a model and platform LAB
for synthetic biology due to its importance in the fermented foods industries. Early gene cloning
vectors constructed using plasmids isolated from L. lactis strains, such as pWVO01 and pSH71,
are still the backbone for more advanced genetic tools for gene expression, inducible systems,
chromosomal integration, and recombineering [95]. Constitutive promoters and terminators of
varying strength have been isolated from L. lactis, providing sufficient gene expression for
initial characterization studies. Inducible promoters, such as the nisin-controlled expression
(NICE) system, offer conditional expression and are widely used in synthetic biological
applications. Other inducible systems include the PZn-zitR expression system and the
agmatine-controlled expression (ACE) system, which provide tight co-expression and dose-
responsive alternatives to the NICE system [96]. However, in contrast, only a limited number

of well-established molecular cloning tools are currently available for Lactobacillus species.

One recent publication discusses the development of synthetic LactoSpanks promoters for
Lactobacillus gasseri, a model commensal bacterium from the human gut [97]. These inducible
promoters, controlled by the Lacl repressor from E. coli and induced by IPTG, offer a range of
expression levels with reduced leakage. This advancement supports various applications in L.
gasseri and potentially other LAB and Gram-positive bacteria, enhancing the precision and
efficiency of gene expression control in synthetic biology. Promoters of elongation factor Tu,
such as P33 from Lactobacillus plantarum, P4 from Lactobacillus buchneri, and Py from
Lactobacillus reuteri, are commonly derived from housekeeping genes essential for
fundamental cellular functions are some of the strong constitutive promoters used in

lactobacillus [98]. However, natural promoters often lack the precise control needed for optimal
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gene expression. To address this limitation, engineered promoters have been developed to fine-
tune gene regulation. For example, a synthetic promoter library was created for Lactobacillus
strains by randomizing the non-consensus spacer sequences of rRNA constitutive promoters,

enabling enhanced versatility in controlling gene expression[99].
1.2.3.2 Genome Editing Tools

Chromosomal integration has long been achieved in L. lactis for both knock-out and knock-in
functionalities. Recent advancements include the use of single-stranded DNA (ssDNA)
recombineering combined with CRISPR-Cas9 technology, which has vastly improved
mutational efficiency [100]. The pathway engineering vehicle for lactic acid bacteria
(PEVLAB) system leverages species-specific plasmid copy control to accommodate large

DNA manipulation and chromosomal integration through homologous recombination.
1.2.3.3 Synthetic Biological Circuits

Synthetic gene circuits offer tunable autonomous decision-making for successful delivery and
production of biotherapeutics. These circuits can provide added protection through
containment mechanisms, such as quorum-sensing molecule-induced autolysis and spatial
patterning using dual inducing and antimicrobial activities of nisin. Various 'kill-switches'
developed for E. coli may also be adaptable to LAB [101]. Overall, the development of these
synthetic biology tools has provided a strong foundation for engineering LAB for therapeutic,
preventative, and diagnostic applications, paving the way for the next generation of living

therapeutics.

1.2.3.4 Application of Genome-Scale Metabolic Models (GEMs) and Constraint-Based
Reconstruction and Analysis (COBRA)

Genome-scale metabolic models (GEMs) and Constraint-Based Reconstruction and Analysis
(COBRA) have become invaluable tools in understanding and optimizing the metabolic
capabilities of LAB. These models integrate genomic, biochemical, and physiological data to
simulate and predict the metabolic behavior of LAB under various conditions. GEMs provide
a comprehensive representation of the metabolic network of LAB, including all known
metabolic reactions and associated genes. By using COBRA, researchers can apply constraints
based on experimental data, such as nutrient availability and environmental conditions, to

predict the fluxes of metabolites through the network. This approach allows for the
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identification of key metabolic pathways and bottlenecks, enabling targeted genetic

modifications to enhance desired traits.

One significant application of GEMs and COBRA is in predicting the nutrient requirements of
LAB. By simulating growth under different nutrient conditions, researchers can determine the
minimal set of nutrients required for optimal growth and productivity[102]. This information
is crucial for designing cost-effective fermentation media and improving the efficiency of
industrial fermentation processes. Additionally, GEMs and COBRA can be used to predict the
metabolic patterns of LAB under stress conditions, such as high temperature, low pH, or
nutrient limitation [103]. These predictions help in understanding how LAB adapt to adverse
environments and can guide the development of more robust strains with enhanced stress
tolerance. Overall, the application of GEMs and COBRA in LAB research has provided deep
insights into the metabolic capabilities and requirements of these bacteria, paving the way for

the development of improved strains for various industrial applications.

1.2.4 Challenges in engineering LAB

While the engineering of LAB through synthetic biology tools has shown great promise,
several challenges remain that hinder the full realization of their potential. Understanding and
addressing these challenges is crucial for advancing the application of engineered LAB in

various fields, including food production, probiotics, and therapeutic uses.
1.2.4.1 Genetic stability and expression control

One major challenge in the engineering of LAB is maintaining genetic stability over time. LAB
often exist in complex environments, which can impose selective pressures that may lead to
the loss of engineered traits. Additionally, the expression of heterologous genes may be
inconsistent due to variations in promoter efficiency and the competition for cellular resources.
This instability can undermine the reliability of LAB as production organisms for industrial

applications.
1.2.4.2 Limited genetic tools and resources

Despite recent advancements, the availability of genetic tools specific to LAB is still limited
compared to other microorganisms, such as Escherichia coli or Saccharomyces cerevisiae. The
lack of efficient methods for gene editing and transformation in LAB strains poses significant

hurdles for researchers. Many LAB species exhibit natural competence, but the efficiency of
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transformation can be low, necessitating the development of more robust genetic systems to

facilitate the introduction and expression of desired traits.
1.2.4.3 Metabolic burden and pathway engineering

Another challenge faced in LAB engineering is the metabolic burden associated with
introducing new pathways. The incorporation of heterologous genes can divert resources away
from essential metabolic processes, leading to decreased growth rates and product yields.
Optimizing metabolic pathways to balance the production of desired compounds while
maintaining cellular fitness is a complex task that often requires iterative rounds of engineering
and selection. Moreover, understanding the intricate metabolic networks within LAB is still an

evolving area of research.
1.2.4.4 Regulatory and safety concerns

The use of genetically modified organisms (GMOs), including engineered LAB, raises
regulatory and safety concerns, particularly in food applications. Regulatory frameworks for
the use of GMOs vary by region, and navigating these regulations can be a significant barrier
to the development and commercialization of engineered LAB. Furthermore, the safety of these
organisms must be thoroughly evaluated to ensure they do not pose risks to human health or
the environment. This necessitates comprehensive risk assessments and long-term studies to

establish the safety profiles of engineered LAB strains.
1.2.4.5 Consumer acceptance and market readiness

Consumer acceptance of engineered LAB is another critical challenge. While there is a growing
interest in probiotics and functional foods, the idea of consuming genetically modified
organisms can be met with skepticism. Educating consumers about the benefits and safety of
engineered LAB is essential for fostering acceptance. Additionally, the market readiness for
such products requires collaboration between scientists, industry stakeholders, and regulatory
bodies to develop clear guidelines and standards for the use of engineered LAB in food and

health applications.

1.3. Lactobacillus delbrueckii subsp. bulgaricus: A potential host

Lactobacillus delbrueckii subsp. bulgaricus (L. bulgaricus) is a prominent species of lactic acid
bacteria (LAB) widely recognized for its essential role in the production of yogurt and other
fermented dairy products. This bacterium is notable for its probiotic properties, which

contribute to various health benefits, making it a significant subject of study in both food
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science and microbiology. L. bulgaricus is a rod-shaped, gram-positive bacterium that is
homofermentative, meaning it primarily ferments sugars to produce lactic acid. This
fermentation process is crucial in yogurt production, where it helps to lower the pH of milk,
leading to coagulation and the development of yogurt's characteristic texture and flavour.
Research has demonstrated that L. bulgaricus exhibits several probiotic characteristics. It can
enhance gut health by promoting the growth of beneficial gut microbiota and inhibiting
pathogenic bacteria. Studies indicate that consumption of yogurt containing this bacterium can

alleviate symptoms of lactose intolerance and improve overall digestive health.

Recent research on L. bulgaricus has made significant strides in understanding its biological
functions, health benefits, and applications in food technology. Notably, a study published
explored the oleate hydratase enzyme in this bacterium, which is involved in synthesizing
conjugated linoleic acid (CLA), a compound linked to various health benefits, including anti-
cancer properties[104]. Additionally, research conducted demonstrated that L. delbrueckii
subsp. bulgaricus could alleviate acute mountain sickness in hypoxic mice by mitigating tissue
damage and oxidative stress[105]. Another literature published focused on the interactions
between L. bulgaricus and Streptococcus thermophilus during milk fermentation, revealing
how these interactions enhance the texture and flavor of fermented products through
metabolomic analyses[106]. Despite these advancements, several research gaps remain
regarding L. bulgaricus. There is limited exploration into its adaptation to non-dairy substrates,
which could facilitate the development of alternative fermented products. Additionally, while
some studies have highlighted its probiotic effects, a deeper understanding of the mechanisms
by which it interacts with the human microbiome and immune system is needed. Longitudinal
studies examining the long-term health effects of consuming products containing this
bacterium are also lacking, particularly concerning chronic conditions like functional
dyspepsia and metabolic syndrome. Furthermore, more extensive genomic studies are required
to uncover genetic variations across different strains that confer specific health benefits or

fermentation traits.

Apart from health-related applications, this species holds immense potential for the
biosynthesis of industrially significant metabolites, including optically pure DLA. Literature
reports are unavailable on metabolic engineering of L. bulgaricus, and only a few investigations
have focused on developing molecular cloning tools for its genetic manipulation. Extensive
research is required to investigate the native restriction endonucleases in this organism to
enable modifications aimed at improving its transformation efficiency. Addressing these gaps
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could enhance our understanding of Lactobacillus delbrueckii subsp. bulgaricus and lead to

innovative probiotic products and therapeutic strategies and extend its application beyond this.

1.3.1 Currently available strains for research and applications:
Advancements in engineering

Over the years, various strains of L. bulgaricus have been isolated, characterized, and made
available for research purposes and applications. Lactobacillus bulgaricus ATCC 11842, one
of the most extensively utilized and well-characterized strains, has been pivotal in various
scientific studies [2]. Although a variety of Lactobacillus bulgaricus strains are available in
different culture banks, only a select few are suitable for genetic engineering purposes. ATCC
11842 is one of the publicly available strains, known to exhibit low to moderate electroporation

efficiency when using pLEM series vectors [107].

Among commercially significant strains apart from ATCC 11842, Lactobacillus bulgaricus
2038 is widely applied in yogurt fermentation processes due to its favorable fermentative
characteristics along with other applications [108] [109]. Additionally, Lactobacillus
delbrueckii subsp. bulgaricus DSM 20081 is primarily used in the dairy industry as a starter
culture for yogurt production. This strain is capable of synthesizing exopolysaccharides (EPS),
which are important for the texture and viscosity of fermented dairy products like yogurt[110].
Another recent published research includes wild strains including IDCC 3601 has
demonstrated antibacterial activity against carbapenem-resistant Enterobacteriaceae, making
it a beneficial probiotic for enhancing gut health [111]. L. bulgaricus strains L9-7 and L4-32-
12 were used in another literature report to investigate the role of membrane lipid composition
differences on spray drying survival [112]. Very few strains have been genetically modified
including the L. bulgaricus spl.l, which has been specifically employed in spray-drying
research, highlighting its robustness and industrial relevance [113]. Similarly, the L. bulgaricus
ljj wild type, originally isolated from yogurt, has been genetically engineered for knockout
experiments, showcasing its utility in advanced genetic and metabolic studies [114]. Another
literature report investigated the role of key eps genes in exopolysaccharide synthesis and their
immunomodulatory effects in L. bulgaricus OLL1073R-1 where eps genes in Cluster I were
deleted via conjugal transformation to understand their role in EPS synthesis [115].
Collectively, all these strains, including the publicly available Lactobacillus bulgaricus ATCC
11842, represent invaluable resources for advancing research in microbiology, biotechnology,

and health sciences.
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Recent advances in the engineering of L. bulgaricus have also focused on enhancing its
functional properties and applications in food technology. Researchers have developed genetic
tools and methodologies that allow for the precise modification of this bacterium, improving
its metabolic pathways and fermentation characteristics. For instance, studies have explored
the effects of gene deficiencies, such as the ccp4 gene, under various conditions to understand
their impact on protein expression and metabolism [116]. Additionally, the introduction of
food-grade selection markers, like the nisin resistance gene, has paved the way for safer genetic
modifications without compromising food safety standards. However, significant limitations
remain, including the need for comprehensive studies on the long-term stability of engineered
strains in commercial production settings and their interactions with other microbial species
during fermentation. Most importantly, research is still needed to explore the potential of L.
bulgaricus in non-dairy applications and its ability to produce novel metabolites that could

enhance health benefits or sensory qualities in fermented foods.

1.3.2 Challenges associated and molecular cloning tool availability

Engineering Lactobacillus bulgaricus presents several challenges due to its unique
physiological and genetic characteristics. One of the primary difficulties is the lack of efficient
transformation methods [117]. Traditional methods like protoplast transformation and
electroporation have shown limited success, with low reproducibility and efficiency.
Additionally, L. bulgaricus strains harbour very few plasmids, and the replication mechanisms
of these plasmids are not well understood. This makes it challenging to introduce and maintain
foreign DNA in the bacterial cells. Another significant limitation is the strain dependency of
transformation efficiency. Different strains of L. bulgaricus exhibit varying abilities to take up
and express foreign DNA, which complicates the development of a universal transformation
protocol. Moreover, the presence of restriction-modification systems in L. bulgaricus can
inhibit the transformation with foreign DNA, further reducing the efficiency of genetic

modifications[117].

To overcome these challenges, several strategies can be employed. Optimizing the
electroporation conditions, such as the growth stage of the cells, the composition of the wash
and electroporation buffers, and the parameters of the electrical pulse, can significantly
improve transformation efficiency [118]. Using endogenous plasmids with native selectable
markers can also enhance the success rate of genetic modifications. Additionally, developing
and utilizing integrative vectors that can stably integrate into the L. bulgaricus chromosome

can provide a reliable method for introducing foreign genes. Overall, while engineering L.
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bulgaricus is challenging, advancements in transformation techniques and the development of
new genetic tools hold promise for overcoming these limitations and enabling more efficient

genetic modifications.

1.4 Dynamic metabolic engineering for enhanced biosynthesis of
target metabolites

Dynamic metabolic engineering has emerged as a powerful strategy to optimize bioproduction
by dynamically regulating cellular processes and minimizing metabolic burdens. This approach
involves real-time modulation of metabolic pathways to achieve precise control of gene
expression and metabolic fluxes in response to environmental and cellular changes [119]. One
key aspect is the development of genetic circuits that sense and respond to intracellular
metabolite levels. These circuits, based on transcription factors, riboswitches, or other
regulatory elements, enable fine-tuning of metabolic pathways to balance cell growth with
product synthesis. Feedback loops play a crucial role in dynamically adjusting pathway gene
expression, thereby ensuring efficient resource allocation between growth and production

phases.

Advanced strategies also focus on engineering dynamic control systems that regulate enzyme
activity and cofactor availability. By designing cells to produce or regenerate essential
cofactors, such as NADH and ATP, in response to metabolic demands, researchers can enhance
biosynthetic pathway efficiency and improve overall yield. Additionally, optogenetic tools
provide temporal control of gene expression by synchronizing metabolic activities with

external stimuli like light.

Computational synthetic biology tools such as GEMs and COBRA frameworks as mentioned
previously further enhance dynamic metabolic engineering as well. These models predict and
simulate metabolic fluxes, identify pathway bottlenecks, and guide dynamic control strategies
to minimize metabolic burdens and maximize productivity. The integration of real-time control
mechanisms, computational modelling, and advanced genetic tools establishes dynamic
metabolic engineering as a versatile and effective approach for developing robust microbial
cell factories capable of producing high-value biochemicals with improved efficiency and

sustainability.

1.4.1 Dynamic control modalities
Two-phase fermentations involve decoupling growth and production phases, often through

chemical inducers. For example, microbial cultures can be grown to a specific cell density, after
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which production pathways are induced [120]. This approach minimizes growth-related
metabolic burdens and maximizes production efficiency. Open-loop control relies on
predefined adjustments to optimize production, while closed-loop control incorporates real-
time feedback to dynamically adjust fermentation parameters [121]. An open-loop system
might be used in a fermentation setup where temperature and pH are maintained at fixed levels
based on historical data. While this can work well under controlled conditions, it lacks
flexibility in response to unexpected changes. Closed-loop systems are particularly
advantageous in responding to process perturbations, ensuring stable and optimal production.
Quorum sensing systems, such as the Lux system derived from Vibrio fischeri, utilize acyl-
homoserine lactones (AHLs) as signalling molecules that bind to LuxR at high cell densities,
activating gene expression for luminescence and biofilm formation [119]. AHL-based systems
from various Gram-negative bacteria also support controlled gene expression in synthetic
biology. Temperature-inducible systems, including the c//cro system from bacteriophage A,
enable temperature-dependent gene regulation, where c/ represses transcription at low
temperatures but is degraded at elevated temperatures, allowing gene expression [122].
Similarly, heat shock promoters like Asp70 are activated under heat stress [123] and pH-
inducible systems, facilitating survival and controlled gene expression in low-pH fermentations
[124]. Light-inducible systems, like phytochrome-based systems and the CRY2/CIB1 blue-light
system, offer precise spatial and temporal control of gene expression using specific
wavelengths of light [125]. Stress-inducible promoters can be used to control gene expression
by activating the transcription of target genes in response to specific stress conditions. For
example, in the study, hybrid plasmids were constructed with stress-inducible promoters from
Bacillus subtilis, such as the SOS promoter PdinC, the methylation-specific response promoter
PalkA, and the oxidative stress promoter PmrgA4 [126]. Metabolite-inducible systems, such as
the XylS system activated by aromatic compounds and glycolytic promoters responding to
metabolic intermediates, link gene expression to cellular metabolic states [127]. Synthetic
inducible systems, including modified pLac or pBAD promoters and CRISPR-based
technologies, provide tightly controlled, precise regulation. Finally, oxygen-inducible systems,
such as the SoxRS regulon in Escherichia coli is activated by elevated dissolved oxygen
concentrations, which can be used to induce the expression of recombinant proteins [128].
Using the product of interest as the inducer molecule for dynamic metabolic engineering
applications is also an innovative strategy for autonomously regulating target metabolite

biosynthesis as well.
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1.5 Engineered strain for market deployment: A real challenge

While industrial biotechnology and microbial metabolic engineering hold great promise in
addressing the increasing demand for sustainable, cost-effective commodity chemicals and
natural products, the number of biochemicals that are commercially producible remains
limited. Metabolic engineering has improved significantly in recent years. Its essence is the
integration of analytical tools for quantifying fluxes and controlling fluxes with molecular
biological procedures for implementing specified genetic alterations [129]. Metabolic
engineering aims to improve the production of desired metabolites, but several crucial factors
need careful consideration for successful large-scale commercialization in industries (Fig.1.5).
These factors include the selection of appropriate feedstock, achieving high product yield,
productivity, and titre, as well as cost-effectiveness of midstream and downstream processes.
Metabolic engineering is essential for creating a robust industrial strain by designing pathways
and optimizing flux to ensure genetic stability and strain resilience during actual fermentation.
Limitations like plasmid curation can be avoided by genetic alteration in the main genome of
host organism. Apart from the fact that industrial strains need to be stable through multiple
generations in order to be scaled up to industrial grade, cost factor and environmental concerns
needs to be considered as well. The utilization of inducer molecules and antibiotics primarily
adds to the cost factor, making them less favorable for widespread acceptance. Recent advances
in strain modification have preferred chromosomal pathway integration using CRISPR
technology over plasmid-based expression if possible since it will get rid of apprehension of
chances for plasmid curation. Use of inducer molecules and additives for overexpression of
target gene promoters of wild strains and removing intracellular metabolites from host cells are
possible ways to enhance production of metabolite of interest without molecular cloning
techniques. Dynamic metabolic engineering strategies using the target product as inducer
molecule are also in trend nowadays where foreign inducer molecules are not required reducing
toxicity and cost. Biotechnology firms have already amassed a plethora of unpublished
information’s on scaling up processes for fulfilling societal demands, therefore academia-

industry partnerships will definitely hasten successful scale-up processes in future.

Regulatory challenges significantly impact the market deployment of engineered microbial
strains, as stringent safety, environmental, and compliance requirements must be met before
commercialization. The use of genetically modified Lactobacillus delbrueckii subsp.
bulgaricus for DLA production introduces additional regulatory considerations, particularly
regarding GMO classification, biosafety, and market acceptance. Since L. bulgaricus is
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traditionally associated with the dairy industry, regulatory scrutiny may be heightened to assess
potential risks such as horizontal gene transfer, antibiotic resistance marker usage, and
unintended ecological impacts. If applied in food or pharmaceutical sectors, approvals such as
GRAS (Generally Recognized as Safe) status or Novel Food approval may be required. For
industrial applications (e.g., bioplastics or biofuels), regulatory concerns may be lower, but
biocontainment strategies are still necessary to prevent unintended environmental release.
Compliance with regulatory standards adds to production costs, particularly when using
antibiotics or chemical inducers, which may face restrictions due to toxicity and environmental
concerns. Intellectual property disputes over genetic modifications and proprietary metabolic
pathways also create barriers, especially for academia-industry collaborations. Additionally,
consumer perception and labelling laws influence market acceptance, especially in regions with
strict GMO regulations. Addressing these challenges requires strategic academia-industry
partnerships, transparent regulatory navigation, and innovative approaches such as
chromosomal pathway integration (instead of plasmid-based expression), antibiotic-free
selection markers, and self-regulated metabolic circuits (e.g., DLA as an inducer molecule),

aligning with safety, sustainability, and cost-effectiveness standards.
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Target Metabolite Host Selection Pathway Optimization Process Optimization Scale Up
Media Culturing
Optimization Condition
Metabolic ATP Balance Enzyme
Pathway Flux Energy Activity Optimization

Tool Availability Robustness  Tolerance  Genetic Information

Figure 1.6 Steps involved for scale up and commercialization of metabolically engineered
microbial strains producing value added compounds.

31
TH-3603_196106017



CHAPTER 2:

Selection of optimal Lactobacillus
delbrueckiihost strains for strain
improvement in enhanced D-lactic

acid biosynthesis with high optical

purity

N e Strain ATCC &Y
High electroporation 11842 23 ‘- f//\"
efficiency with pLEM415 7% 220N

o Low electroporation
p efficiency with pLEM415
Ny

= e

Metabolic engineering @ @

Random mutagenesis

32
TH-3603_196106017



2.1 Summary

Lactic acid, particularly its optically pure D-enantiomer (DLA), is a critical precursor for
producing biodegradable polymers such as PLA. This study focuses on optimizing host-vector
selection and electroporation efficiency in L. delbrueckii to enhance optically pure DLA
production through strain improvement strategies. Multiple L. delbrueckii strains, including L.
delbrueckii subsp. bulgaricus and L. delbrueckii subsp. lactis, were screened for their ability
to metabolize lactose and produce DLA under static and shaking culture conditions. Strains L.
bulgaricus ATCC 11842 and VI104 demonstrated superior lactose utilization and DLA yields,
with VI104 achieving the highest DLA titre (1.98 g L™!) and optical purity (99.09%) under
shaking conditions in presence of 2% lactose-MRS media. Electroporation protocols were
optimized for shuttle vector pLEM415 transformation, identifying critical parameters such as
early exponential-phase cell harvesting and pulse voltages between 1.5-1.8 kV to improve
transformation efficiency. The Pz promoter from L. sakei was validated for robust
recombinant protein expression in recombinant L. bulgaricus. Based on these results, strain
VI104 was identified as the optimal host for metabolic engineering due to its superior
electroporation efficiency, transformation reproducibility, and comparatively high DLA
production capability. Conversely, strain ATCC 11842 exhibited significantly low
electroporation efficiency and poor reproducibility, limiting its utility for direct genetic
manipulation. Therefore, in this study, we selected two L. bulgaricus strains for further
investigation: VI104 for targeted metabolic engineering to enhance DLA biosynthesis and
ATCC 11842 for random mutagenesis to improve its DLA production capability. Additionally,
this study discusses the limitations and research gaps associated with these two strains,
providing a foundation for future advancements in their optimization and industrial

applications.

2.2 Introduction

Lactic acid, a naturally occurring organic acid, plays a pivotal role in diverse industrial
applications, ranging from food and pharmaceuticals to the production of biodegradable
polymers such as PLA. The enantiomeric forms of lactic acid—DLA and LLA—are of
particular importance due to their influence on the physical and chemical properties of PLA.
For instance, the optical purity of DLA is a critical determinant in the development of PLA

with desirable thermal stability and mechanical strength. This has driven substantial interest in
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microbial production systems capable of synthesizing optically pure DLA with high efficiency
and yield.

Among the various lactic acid-producing microorganisms, Lactobacillus delbrueckii is a
promising host for DLA biosynthesis due to its metabolic versatility, robustness under
industrial fermentation conditions, and natural ability to produce optically pure lactic acid. Its
subspecies, such as L. delbrueckii subsp. bulgaricus and L. delbrueckii subsp. lactis, exhibit
unique metabolic pathways that can be exploited to achieve high lactic acid yields with
exceptional optical purity. These characteristics make L. delbrueckii an attractive candidate for
exploring metabolic engineering and other strain improvement strategies aimed at enhancing

its biosynthetic capabilities.

Lactobacillus delbrueckii, particularly its subspecies bulgaricus and lactis, has been the focus
of numerous recent studies reflecting its significance in both the food industry and health
sciences. Studies have explored the probiotic potential of L. delbrueckii strains in alleviating
gastrointestinal issues [130]. A comprehensive genomic analysis revealed a highly conserved
proteolytic system in L. delbrueckii, which is crucial for its growth in dairy
environments[131]. Research has also focused on the fermentation characteristics of L.
delbrueckii strains when combined with other bacteria, such as Streptococcus thermophilus, to
optimize yogurt production [132]. Overall, these studies contribute to a deeper understanding
of L. delbrueckii's role in food technology and its potential health benefits, paving the way for
further applications in probiotics and functional foods. Despite the industrial significance of
Lactobacillus delbrueckii strains, their genetic and metabolic engineering remains an
underexplored area, with limited reports available in the literature. As mentioned in previous
chapter, unlike other LAB, such as Lactococcus lactis or Escherichia coli, which have well-
established molecular tools and protocols, L. delbrueckii strains pose unique challenges for
genetic manipulation due to their recalcitrant nature and low transformation efficiencies.
Critical gaps exist in understanding the molecular mechanisms underlying lactose metabolism,
substrate utilization, and the regulation of DLA biosynthesis in these strains. Furthermore, the
lack of complete genome sequences for many L. delbrueckii strains hinders precise genetic
modifications and pathway optimization. While a few studies have explored plasmid-based
transformations, the reproducibility and efficiency of these methods remain suboptimal,
especially for industrially relevant strains like L. bulgaricus. Additionally, random mutagenesis
as an alternate strategy to enhance metabolic traits in L. delbrueckii has not been systematically
applied or reported. Addressing these gaps is crucial to unlock the full potential of L.
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delbrueckii strains as robust microbial cell factories for industrial-scale DLA production.
Furthermore, selecting the appropriate L. delbrueckii host strain for specific metabolic
engineering applications is a critical step, as it lays the foundation for developing high-

performing production platforms tailored to industrial requirements.

Most LAB grow efficiently in presence of lactose instead of glucose. Glycolytic pathway being
the major pathway in these strains, lactic acid production is directly dependent on the type and
amount of carbon source available. This chapter explores the selection criteria and strategies
for identifying the most suitable Lactobacillus delbrueckii host organism for strain
improvement through metabolic engineering and strain improvement studies. This chapter also
explores the lactose utilization efficiency of the selected L. bulgaricus strains, highlighting
their limitations, research gaps, and potential areas for improvement. Furthermore, it delves
into innovative strategies that can be employed to overcome these challenges, paving the way
for expanding their applicability in industrial-scale production. Lastly, based on the preliminary
results obtained and underlying research gaps the main objectives of this thesis work have been
concisely outlined, providing a clear framework for addressing these gaps and advancing the

development of L. bulgaricus strains for enhanced DLA biosynthesis.

2.3 Materials and methods

2.3.1 Bacterial strains, plasmids, media and culture conditions

The bacterial strains employed in this study and the plasmids details are listed in Table 2.1. All
lactic acid bacteria strains including Lactobacillus delbrueckii subsp. bulgaricus V1104 and
ATCC 11842 was cultivated in deMan Rogosa Sharpe (MRS) media. For preculture preparation,
the strain was propagated in 10 mL MRS broth at 37°C shaking conditions prior to the culture
entered its phase of exponential growth (~10° CFU mL ). MRS medium composition: lactose
20 g L', beef extract 10 g L !, peptone 10 g L, yeast extract 5 g L', CH;COONa.3H,O 5 g L
I KoHPO4 2 g L, tri-ammonium citrate 2 g L', MgS04.7H,0 0.2 g L'!, MnS04.4H,0 0.5 g L~
"'and Tween 80 1 g L'!. A PVDF membrane filter with a 0.22-um diameter was used to sterilise
the fermentation medium. All LAB strains used in this study were grown in 37°C shaking
conditions. All reagents and chemicals including antibiotics employed in this present study were

purchased from M/s HiMedia Laboratory Chemicals (Bengaluru, India).
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Table 2.1: List of bacterial strains and plasmids used in this study

Strain Description Source
E. coli TOP10F’ Host for gene cloning, F’ [lacl g, Invitrogen
Tn10(TetR)] mcrA A(mrr-hsdRMS-mcrBC)
@80lacZAM15 AlacX74 recAl araD139
A(ara-leu)7697 galU galK rpsL(StrR)
endAl nupG
E. coli BL21(DE?3) F~ ompT gal dcm lon hsdSg(re™ms™) A(DE3)  Novagen
Lactobacillus delbrueckii subsp. Selected LAB expression host in this study A kind gift from

bulgaricus V1104

Prof. Emmanuelle
Maguin, French
National Institute
for Agriculture,
Food, and
Environment
INRAE, France

Lactobacillus delbrueckii subsp.

delbrueckii
NBRC 3534

Screening of suitable LAB expression
host

NITE (National
Institute of
Technology and
Evaluation)
Biological
Research Center,
Japan.

Lactobacillus delbrueckii
subsp. lactis
NBRC 3073

Screening of suitable LAB expression
host

NITE (National
Institute of
Technology and
Evaluation)
Biological
Research Center,
Japan.

Lactobacillus delbrueckii
subsp. lactis
NBRC 102622

Screening of suitable LAB
expression host

NITE (National
Institute of
Technology and
Evaluation)
Biological
Research Center,
Japan.

Lactobacillus delbrueckii
subsp.bulgaricus
ATCC 11842

Screening of suitable LAB expression
host

American Type
Culture
Collection located

TH-3603_196106017
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in Manassas,
Virginia, US

2.3.2 Electroporation protocols used for optimization

Plasmid pLEM415 was subsequently transformed into LAB via electroporation. LAB competent
cells were prepared, and the transformation protocol was optimized based on previously
published protocols, incorporating modifications to enhance efficiency [117]. After incubating
overnight, the culture was harvested at the early stationary phase, indicated by an optical density
at 600 nm (ODeoo) of 1.7, and collected through centrifugation. The cell pellet were rinsed once
with 100 ml of cold electroporation buffer (EB) (comprising 0.4 M sucrose, 1 mM MgCl,, 5 mM
KH2PO4; pH 6 as per reports by [117]) and then twice with 30 ml of cold EB. The cells were
resuspended in EB to reach an ODgoo of approximately 50. The cell suspension was incubated at
45°C for 20 minutes and subsequently placed on ice for 10 minutes. For electroporation, 80 pl
of the cell suspension was combined with 0.3 to 2 pg of recombinant plasmid DNA. The mixture
was then subjected to a 1.5-kV, 800-Q, 25-uF electric pulse in electroporation cuvette using a
Gene Pulser (0.2cm gap MicroPulser Electroporation cuvette, BioRAD). Immediately following
electroporation, 2 ml of MRS medium (with 2% w/v glucose) was added, and the cells were
incubated for 3 hours at 37°C before being plated on MRS-glucose (2% w/v) agar plates with
erythromycin. The plates were incubated at 37°C for 3 days under anaerobic conditions using

Gaspak (M/s Himedia, Bengaluru, India).

2.3.3 Screening of the LAB host

For screening the best LAB host, the preculture was transferred into 250 mL baffled flasks
containing 100 mL of fermentation medium, adjusted to an initial optical density (ODeoo) of
approximately 0.05, and incubated at 37°C. For shaking conditions culture was agitated at 150
rpm. Cells were collected regularly at 1 hour time intervals, and cell pellet were harvested by
centrifugation for biomass analysis while the supernatant was stored at —20°C for subsequent

product and by-product analysis.

2.3.4 Analytical techniques

Supernatant collected at regular intervals for all shake-flask and static flask studies were further
evaluated for metabolite quantification. Glucose, lactate, and other metabolites in the collected
supernatant were assessed using Phenomenex Aminex HPX-87H column and Phenomenex

guard column attached to HPLC-RID detector system (M/s. Shimadzu, Corp., Kyoto, Japan).
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The isocratic elution procedure was adopted with a flow rate of 0.6 mL min™! and a mobile
phase of 5 mM H>SO4. Total lactic acid was evaluated using UV detector at 210nm. Cell growth
was measured using a UV-Vis spectrophotometer (Spectronics 200, ThermoFisher, UK. All the
analysis was performed in duplicates, and the metabolite concentrations were represented as
mean value of duplicates. To specifically verify the presence of DLA, a dldh based enzyme kit
(K-DATE, M/s Megazyme, Ireland) was used and L-lactic acid (LLA) was analysed using an
L-lactate oxidase kit (K-LATE, M/s Megazyme, Ireland) based on manufacturers protocol in a
multimode plate reader (VarioskanTM Lux, M/s ThermoFisher Scientific). Optical purity was

estimated using the formula given in equation 1:

((D (+)—Lactic acid — L(—)—Lactic acid)
Total Lactic acid

) £ 100, (Eql)

2.4 Results and discussion

Optimization of host-vector selection and electroporation efficiency in

Lactobacillus delbrueckii

Different Lactobacillus delbrueckii strains were screened for their capacity to produce high
yields of optically pure DLA using MRS-lactose as the carbon source, under both shaking and
static culture conditions. Lactobacillus delbrueckii strains being a facultative anaerobe exhibit
optimal growth under both static and shaking conditions, with shaking generally enhancing
oxygen transfer and biomass yield, while static conditions can favour the production of certain
metabolites [2]. Lactobacillus delbrueckii strains NBRC 3073, 3534, and 102622, along with
ATCC 11842 and VI104, were screened for their production efficiency (Table 2.2 and 2.3).
Lactobacillus delbrueckii strains produce maximum DLA when lactose and fructose are used
as carbon sources, although lactose is the preferred carbon source where the growth parameters
are enhanced including doubling time. Therefore, the aim of this chapter was to select a host
with enhanced lactose utilization capability and further engineer it for complete lactose
utilization by constructing a galactose utilization pathway so that overall yield of DLA from
lactose is enhanced for future valorization applications. NBRC 3073 and NBRC 3534 strains
showed less growth on MRS lactose media under both static and shaking conditions.
Lactobacillus delbrueckii subsp. delbrueckii does possess the capability to metabolize glucose
and lactose, although the efficiency and mechanisms can vary among different strains
[133][134]. The complete genome sequence of NBRC 3073 is also unavailable, making it

challenging to address the exact reasons for its growth failure on MRS lactose media.
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Alternatively, even if lactose is transported into the cytoplasm, the absence of functional beta-
galactosidase, which converts lactose into glucose and galactose, could be a limiting factor.
The glucose produced could then support the growth of NBRC 3073 and NBRC 3534 on MRS
lactose media. The strains NBRC 102622, ATCC 11842, and VI104, which demonstrated
successful growth on MRS lactose media, were further evaluated. The assessment focused on
their kinetic parameters to identify the most suitable host for producing high optically pure

DLA.

The specific lactose utilization rate in L. bulgaricus strains ATCC 11842 and VI104 was
significantly higher compared to L. delbrueckii lactis strain NBRC 102622, indicating a more
efficient metabolic adaptation to lactose in these strains (Table 2.2 and 2.3). Under static
conditions, NBRC 102622 exhibited a significant reduction in residual lactose, decreasing from
18.37 g L' to 3.12 g L', with tandem increase in residual galactose concentration to 14.44 g
L'!. This indicates that the NBRC 102622 strain efficiently metabolizes and hydrolyses lactose
under static conditions. Additionally, the optical purity of the DLA improved to 94.38%. In
contrast, L. delbrueckii bulgaricus strains exhibited a lower initial residual lactose
concentration of 1.80 g L™! under shaking conditions, with substantial galactose (12.72 g L)
and maximum DLA titre achieved (1.81 g L), with an optical purity of 99.08%. Under static
conditions, residual lactose further diminished to 1.46 g L', with galactose at 12.67 g L™,
attaining maximum DLA titre of 1.36 g L', with optical purity at 98.37%. Due to improved
lactose utilization, rapid substrate dissociation, and high yields of optically pure DLA, strains
ATCC 11842 and VI104 were selected as optimal hosts for electroporation optimization and

advanced metabolic engineering, employing compatible molecular cloning tools.

L. bulgaricus efficiently metabolizes lactose to produce DLA, with optimal production
observed under shaking conditions due to presence of d-/dh gene. Among the tested strains, the
highest DLA titre of 1.98 g L' was achieved by L. bulgaricus V1104 under shaking conditions,
accompanied by an exceptional optical purity of 99.09%, in shake flask experiments. ATCC
11842 and V1104 strains were utilized for optimization of electroporation protocol using shuttle
vector pPLEM415. While previous literature has demonstrated the successful transformation of
the pLEM415 vector into Lactobacillus bulgaricus strain ATCC 11842 [107] , our study
denoted that transformation reproducibility and efficiency was extremely low. These
difficulties underscore the complexities inherent in metabolic engineering within this species,
necessitating further exploration of alternative transformation methods to improve genetic
manipulation outcomes [118]. High electroporation efficiency of the pLEM415 vector

39
TH-3603_196106017



in Lactobacillus bulgaricus strain V1104 strain was reported [117], but the successful protocol,

albeit with slight modifications, indicated that harvesting cultures during the early exponential

phase is crucial; otherwise, a significant reduction in electroporation efficiency was observed.

Additionally, optimal pulse voltages between 1.5 kV and 1.8 kV were identified to enhance this

efficiency. It was also observed that the Pz, promoter from L. sakei exhibits significantly

enhanced activity, making it highly effective for driving heterologous recombinant protein

production in Lactobacillus bulgaricus. Thus, VI104 strain was further selected as the optimum

host with high efficiency of transformation and was further metabolically engineered for

enhanced DLA biosynthesis in this study.

Table 2.2: Kinetic parameters for DLA biosynthesis using MRS-Lactose under shaking
conditions (180rpm) in 100 ml flask volume

Strain  Strain Residual Residual DLA Specific Optical Electropora
No. lactose galactose titre Lactose purity tion
(gLh (gLh (gL") utilization (%) efficiency
rate with
qs pLEM415
(gg'h™)
NBRC L. 18.37 2.78 1.34 0.011 90.09 Nil
10262  delbreuckii
2 subsp. lactis
NBRC L. 12.98 2.34 0.56 0.025 89.09 Nil
3534 delbrueckii
subsp.
delbrueckii
NBRC L. 9.78 3.08 0.78 0.034 86.09 Nil
3073 delbreuckii
subsp. lactis
ATCC L. 1.83 13.98 1.78 0.334 99.07 Less
11842  delbrueckii
subsp.
bulgaricus
VIlo4 L. 0.45 14.78 1.98 0.398 99.09 Good
delbrueckii
subsp.
bulgaricus
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Table 2.3: Kinetic parameters for DLA biosynthesis using MRS-Lactose under static
conditions in 100 ml flask volume

Strain Strain Residual Residual DLA Specific Optical Electropor
No. lactose galactose titre Lactose purity ation
(gLh (gLh (gL") utilizatio (%) efficiency
n rate with
qs pLEM415
(gg’ b
NBRC L 3.12 14.44 1.67 0.123 94.38 Nil

102622 delbreuckii
subsp. lactis

NBRC L. 11.98 12.89 0.87 0.034 90.78 Nil
3534 delbrueckii
subsp.
delbrueckii
NBRC L. 9.67 10.34 1.01 0.078 89.78 Nil
3073 delbreuckii
subsp. lactis
ATCC L. 2.89 10.09 1.89 0.323 99.00 Less
11842 delbrueckii
subsp.
bulgaricus
V1104 L. 1.56 13.98 1.88 0.287 99.08 Good
delbrueckii
subsp.
bulgaricus

2.5 Conclusion and research gap to be addressed in this thesis

This chapter identified and optimized Lactobacillus bulgaricus strain V1104 as a superior host
for producing optically pure DLA due to its efficient lactose metabolism, high DLA yield,
optical purity and excellent electroporation efficiency. Optimized electroporation protocols and
the use of the P promoter from L. sakei further enhanced the strain's genetic manipulation
potential. These findings establish a strong foundation for targeted metabolic engineering of
strain VI104 for industrial-scale DLA production. Meanwhile, the challenges associated with
strain ATCC 11842 highlight the need for alternative strategies such as random mutagenesis to
enhance its utility. Overall, this chapter provides insights into strain selection, metabolic
engineering, and genetic transformation methodologies for improving DLA biosynthesis in

Lactobacillus delbrueckii.
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The potential of L. bulgaricus extends well beyond its traditional role in dairy fermentation,
yet significant research gaps hinder its broader industrial applications. One of the primary
challenges facing L. bulgaricus is its genetic intractability, which severely limits strain
improvement and metabolic engineering efforts. The lack of established constitutive/ inducible
promoter-repressor systems, compatible RBS, spacer regions and effective electroporation
protocols has made genetic manipulation of this species particularly difficult. Current
methodologies for genetic modification are not reproducible or efficient, creating a barrier for
researchers aiming to harness the organism's metabolic capabilities for novel applications.
Furthermore, techniques such as mutagenesis and adaptive evolution have not been thoroughly
explored in L. bulgaricus. These methods could potentially enhance the organism's metabolic
pathways, allowing for increased production of desired compounds (including organic acids
like acetic acid and lactic acid) from various renewable source of substrates. The absence of
comprehensive studies utilizing these techniques limits the understanding of how to optimize

L. bulgaricus for industrial processes.

In summary, while Lactobacillus delbrueckii subsp. bulgaricus possesses remarkable potential
for industrial biotechnology, significant research gaps remain, particularly regarding its genetic
manipulation and application beyond dairy fermentation and these bottlenecks will be
investigated and resolved in this thesis work. The development of advanced genetic tools and
methodologies is crucial to unlocking this potential and enabling the organism to serve as an
effective platform for producing high-value organic compounds. Addressing these challenges
will not only enhance our understanding of this species but also expand its utility in various

biotechnological fields including probiotics and therapeutics.

2.6 Study of the wild Lactobacillus bulgaricus VI104 strain: Identifying

research gaps and opportunities

Limited literature is available regarding the L. bulgaricus V1104 strain. However, a few studies
have highlighted its potential in genetic manipulation and biotechnological applications. One
study reported previously, utilized this strain to identify two thermosensitive plasmids and
investigate the activity of various insertion sequences (IS)[135]. The research demonstrated
that [S1223 and [S1201 could successfully transpose in the VI104 strain, showcasing its utility
as a tool for genetic studies. Another investigation employed the VI104 strain as a host for
heterologous expression. The study revealed that the 4/bA4 gene promoter facilitated high-level

expression and secretion of the staphylococcal nuclease reporter protein[136]. These findings
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underscore the strain's potential for efficient protein production and secretion, making it a
promising candidate for biotechnological applications. Additionally, the VI104 strain was used
to develop an efficient in vivo system for random transposon mutagenesis [137]. This system
enables the generation of random mutations, which is invaluable for functional genomic studies
and the exploration of gene function. In another study, the VI104 strain was employed to
characterize two csp-like genes, cspA and cspB, and to investigate their response to cold shock
[138]. This research provided insights into the cold-shock response mechanism in
Lactobacillus delbrueckii subsp. bulgaricus, further expanding the understanding of its
physiological adaptations. These studies collectively highlight the unique applications of the

VI104 strain in genetic, physiological, and biotechnological research.

Most notably, the VI104 strain stands out as the only L. bulgaricus strain with an optimized
electroporation procedure using the pLEM415 vector, demonstrating remarkable efficiency.
The pLEM415 plasmid, a shuttle vector derived from Lactobacillus reuteri and Escherichia
coli, was employed to refine the electroporation process for the V1104 strain of L. bulgaricus.
Under optimal conditions, the transformation efficiency achieved an impressive 10%
transformants per pg of DNA, significantly enhancing the genetic manipulation capabilities of
the VI104 strain[117]. Despite its demonstrated potential, this strain had never been explored
for metabolic engineering purposes prior to this research. The current work addresses this
critical gap by leveraging the unique features of the VI104 strain to expand its applications in

metabolic engineering and synthetic biology for enhanced DLA biosynthesis.

2.7 Study of the wild Lactobacillus bulgaricus ATCC 11842 strain:

Identifying research gaps and opportunities

Recent research on the Lactobacillus delbrueckii subsp. bulgaricus ATCC 11842 strain has
focused on its applications in fermentation, probiotic properties, and potential health
benefits. A study investigated the effect of various nitrogen sources on the growth of L.
bulgaricus ATCC 11842 and its production of B-galactosidase when grown in deproteinized
whey. The research showed that this strain could utilize a range of nitrogen sources, including
yeast extract and peptone, which were found to be particularly effective for B-galactosidase
production[139]. Research also focused on developing a selective medium (modified
reinforced clostridial medium or mRCM) that enhanced the growth of L. bulgaricus ATCC
11842 compared to conventional media [140]. Studies have highlighted the probiotic potential
of L. bulgaricus ATCC 11842, particularly its antibacterial activity against various pathogens.
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For example, research indicated that this strain could suppress foodborne pathogens in vitro,

suggesting its beneficial role in food safety and gut health [141].

Additionally, genomic studies have explored the presence of clustered regularly interspaced
short palindromic repeats (CRISPRs) in L. bulgaricus strains, including ATCC 11842. The
identification of CRISPR systems could provide insights into the strain's adaptive responses to
environmental stresses and its genetic resilience [142]. These findings collectively underscore
the significance of L. bulgaricus ATCC 11842 in both industrial applications and health-related
research, paving the way for further exploration into its benefits as a probiotic organism and

its role in fermentation technology.

The research gap concerning L. bulgaricus ATCC 11842 is significant, particularly in the
context of metabolic engineering and genetic manipulation. Despite the strain's recognized
probiotic properties and potential applications in food technology, there is a notable lack of
literature addressing its engineering or metabolic engineering. One major barrier to advancing
research in this area is the lack of compatible vectors and low efficiency of electroporation with
recombinant vectors. Current studies primarily focus on its probiotic effects and antioxidative
properties, but they do not explore the genetic modifications that could enhance these traits or
introduce new functionalities. Moreover, the existing literature emphasizes the strain's health
benefits and fermentation capabilities without delving into engineered strains that could
potentially improve its performance in various applications. In the absence of established
reproducible transformation protocol for L. bulgaricus ATCC 11842, exploring random
mutagenesis techniques presents a viable alternative for enhancing the production efficiency of
specific metabolites. This approach could facilitate the development of mutant strains with
improved capabilities, such as increased lactic acid or other beneficial compound production,
without the need for sophisticated genetic manipulation techniques. Notably, this line of study
has not been thoroughly investigated in the context of L. bulgaricus ATCC 11842, representing
a significant research gap. By employing random mutagenesis, researchers could potentially
unlock new metabolic pathways and optimize the strain's performance in various applications,
thereby contributing to both academic knowledge and industrial practices in fermentation

technology.

2.8 Major Objectives

1. Metabolic engineering of Lactobacillus delbrueckii subsp. bulgaricus V1104 as a cell

factory through strategic pathway optimization for enhanced DLA biosynthesis.
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2. Engineering the DLA responsive promoter/repressor system as dynamic metabolic
engineering tool in Lactobacillus delbrueckii subsp. bulgaricus V1104 for controlled DLA
biosynthesis.

3. Random mutagenesis and optimization studies for improved DLA biosynthesis from diverse

carbon sources in mutant Lactobacillus delbrueckii subsp. bulgaricus ATCC 11842.
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3.1 Summary

Lactobacillus delbrueckii subsp. bulgaricus is a homofermentative LAB renowned for
producing optically pure DLA, essential for biodegradable polymer synthesis. However, its
industrial applicability is impeded by inefficient lactose assimilation and genetic
transformation. Galactose accumulation, a byproduct of lactose hydrolysis, was addressed by
heterologous expression of galactokinase (galK) and galactose 1-phosphate uridyltransferase
(galT), constructing the complete Leloir pathway for improved DLA yield. ATP imbalance
from redirected metabolic flux was mitigated through introduction of homologous pyruvate
kinase (pyk) gene, conferring enhanced acid tolerance. Systematic overexpression of key
glycolytic enzymes (dldh homologs, pfk, and pgk) boosted DLA titres. The engineered strain
LdbV1104 07 produced 9.39 g L' DLA (240% improvement) with yield of 0.188 g ¢! and
273% increase in acid tolerance. Transcriptomics and enzymatic assays substantiated
successful metabolic reprogramming in LdbVI104 07. This study explores metabolic
engineering of L. bulgaricus V1104 to enhance DLA biosynthesis and establishes molecular

cloning tools for prospective probiotic and therapeutic applications.

3.2 Introduction

LAB, renowned for their lactic acid biosynthesis capabilities, have been the subject of
extensive  scientific  scrutiny and industrial exploitation. Engineered LAB,
particularly Lactobacillus plantarum and Lactococcus lactis, are widely utilized for genetic
modifications, supporting a diverse array of industrial applications [143][79]. This is primarily
due to the availability of robust molecular cloning tools and established transformation
protocols. Only a limited number of Lactobacillus species can be effectively engineered,
primarily due to the absence of well-established molecular cloning tools. L. delbrueckii is
another species within the LAB group that has gained attention for its potential in the
biosynthesis of value-added products including lactic acid[144][145]. While other subspecies
of Lactobacillus delbrueckii are primarily studied for their ability to produce high-value
metabolites  and  bioproducts, the = homofermentative  probiotic Lactobacillus
delbrueckii subsp. bulgaricus has been predominantly utilized in the dairy industry as a starter
culture for yogurt production [146]. Recent advancements have broadened its role to

encompass probiotic applications, owing to its health-enhancing attributes [147][148].
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Intriguingly, L. bulgaricus exhibits the ability to synthesize optically pure DLA, a valuable
organic acid in diverse industrial applications. Despite its potential, the industrial exploitation
of L. bulgaricus for DLA production remains underexplored. L. bulgaricus lacks the ability to
metabolize galactose. Previous studies have demonstrated the complete utilization of lactose
through co-culture strategies, where L. delbrueckii was combined with genetically engineered
Lactococcus lactis strains with enhanced galactose utilization capabilities [79]. This co-culture
approach facilitated the efficient fermentation of lactose, leading to the high-volume
production of DLA. Hence, the published literature records substantiate that limited exploration
on the metabolic engineering of L. delbrueckii species [2] and this knowledge gap is further
exacerbated by the absence of well-established molecular cloning tools and the challenges
associated with electro-transformation techniques for this species which has been optimized in
previous chapter [117]. Surmounting these obstacles could pave the way for novel industrial
applications of L. bulgaricus, particularly in the sustainable production of value-added

products including optically pure DLA.

DLA being an essential commodity in the chemical industry, serving as a monomer for the
synthesis of PLA, a biodegradable polymer [1][5]. The demand for PLA is witnessing a rapid
surge due to its applications in packaging, textiles, and biomedical devices [149]. Various LAB
have been employed for DLA production using different substrates and fermentation methods.
For instance, Lactobacillus lactis ATCC 4797 and L. bulgaricus LB-12 have been used in shake
flask and bioreactor studies with casein WP and hydrolysate, yielding DLA titres ranging from
0.04 to 24.3 g L' with high optical purity (> 98%)[150]. Other LAB species like
Sporolactobacillus inulinus and Lactobacillus bulgaricus CGMCC 1.6970 have also been used
in bioreactor settings with whey protein hydrolysate and cheese whey powder, respectively,
yielding high DLA titres and productivities, demonstrating the diversity and effectiveness of
LAB for large-scale DLA production [151][152]. L. bulgaricus achieves up to 99.05% optical
purity in batch fermentations, effectively converting agro-industrial residues like sugarcane
molasses and orange peel waste into high-quality DLA [153][154]. Interestingly most strains
employed for DLA production are wild type, with very few Lactobacillus strains having been
genetically engineered to enhance the kinetics of DLA production. Due to the challenges in
engineering Lactobacillus strains, several mutagenesis techniques have been employed to

improve DLA biosynthesis [155][2].

Manufacturing of PLA with enhanced properties require high volume optically pure lactic acid

isomers. However, the current production methodologies for DLA are inadequate to cater to
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the escalating demand. L. bulgaricus is recognized for its proficient lactose and fructose
metabolism, leading to the production of high optically pure DLA, other metabolites and
biomass. Among the array of carbon sources that L. bulgaricus can effectively metabolize,
galactose and sucrose remain unutilized by this microorganism [150] [2]. The published
literature is bereft of comprehensive reports elucidating the reasons behind the inefficient
uptake of sucrose by this organism. The non-utilization of galactose can be attributed to the
absence of the complete galactose utilization pathway. Therefore, this thesis aims to overcome
limitations in Lactobacillus bulgaricus by engineering the Leloir pathway for enhanced
galactose utilization, enabling complete lactose uptake. L. bulgaricus VI104 was
systematically engineered to optimize lactose metabolism, refine metabolic pathways, maintain
optimal ATP levels, and increase DLA production. Advanced molecular cloning, pathway
reconstruction, and fermentation optimization led to significant improvements in DLA titre,
yield, and specific productivity. This present chapter not only demonstrates the potential of L.
bulgaricus as a cell factory for sustainable DLA production but also provides a framework for
futuristic genetic modifications and scale-up strategies, making it a robust candidate for

industrial applications in bioplastics, probiotics, and therapeutic product development.

3.3 Materials and methods

3.3.1 Microbial strains, plasmids, media and growth conditions

The bacterial strains employed in this chapter and the plasmids details are listed in Table 3.1. All
restriction and other genetic manipulation enzymes, including Q5 High-Fidelity DNA
Polymerase and Phusion High-Fidelity DNA Polymerase, were procured from New England
Biolabs (NEB). Oligonucleotide primers, as listed in Table 3.2, were synthesized by BioServe,
India. The ribosome binding site (RBS) was uniformly employed across all constructs along with
the spacer region in multiple gene constructs. E. coli TOP10F’ and BL21 (DE3) cells were
cultivated and maintained in Luria-Bertani (LB) broth and LB agar (LB broth containing 1.5%
(w/v) agar). All LAB strains including Lactobacillus delbrueckii subsp. bulgaricus V1104 was
cultivated in MRS media. For preculture preparation, the strain was propagated in 10 mL MRS
broth at 37°C shaking conditions prior to the culture entered its phase of exponential growth
(~10° CFU mL ). MRS medium composition: lactose 20 g L'!, beef extract 10 g L !, peptone
10 g L', yeast extract 5 g L!, CH3COONa.3H,0 5 g L', K;HPO4 2 g L', tri-ammonium citrate
2gL!, MgS04.7H,0 0.2 g L', MnS04.4H20 0.5 g L ™! and Tween 80 1 g L"'. APVDF membrane

filter with a 0.22-um diameter was used to sterilise the fermentation medium. All wild and
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recombinant strains used in this study were grown in 37°C shaking conditions. 100 pg mL™! of

ampicillin for E. coli and 25 pg mL! of erythromycin for L. bulgaricus were supplemented in

the medium for the stable replication of recombinant plasmids. All reagents and chemicals

including antibiotics employed in this present study were purchased from M/s HiMedia

Laboratory Chemicals (Bengaluru, India).

Table 3.1: List of bacterial strains and plasmids used in this study

Strain

Description

Source

E. coli TOP10F’

Host for gene cloning, F’ [lacl g,
Tn10(TetR)] mecrA A(mrr-hsdRMS-mcrBC)
e80lacZAM15 AlacX74 recAl araD139
A(ara-leu)7697 galU galK rpsL(StrR)
endAl nupG

Invitrogen

E. coli BL21(DE3)

F~ ompT gal dcm lon hsdSg(rs"mg™) A(DE3)

Novagen

Lactobacillus delbrueckii subsp.
bulgaricus V1104

Selected LAB expression host in this study

A kind gift from
Prof. Emmanuelle
Maguin, French
National Institute
for Agriculture,
Food, and
Environment
INRAE, France

LdbV1104 01 Lactobacillus delbrueckii subsp. bulgaricus  This study
(LdbV1104-galK-galT) V1104 harbouring plasmid pLEM415 01
(pLEM415-galK-galT)
LdbV1104_02 Lactobacillus delbrueckii subsp. bulgaricus  This study
(LdbV1104-galK-galT-pyrk) V1104 harbouring plasmid pLEM415_02
(pPLEMA415- galK-galT-pyrk)
LdbVI1104_03 Lactobacillus delbrueckii subsp. bulgaricus  This study
(LdbV1104-didh) V1104 harbouring pLEM415_03 (plasmid
pLEM415-dldh)
LdbVI1104 04 Lactobacillus delbrueckii subsp. bulgaricus  This study

(LdbV1104-1db1010)

V1104 harbouring plasmid pLEM415_04

TH-3603_196106017
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(PLEM415-1db1010)

LdbVI1104_05 Lactobacillus delbrueckii subsp. bulgaricus  This study
(LdbV1104-dldh+1db1010) V1104 harbouring plasmid pLEM415 05
(PLEM415- dldh+Idb1010)
LdbVI1104_06 Lactobacillus delbrueckii subsp.bulgaricus This study
(LdbV1104-dldh+pfk ) V1104 harbouring plasmid pLEM415 07
(PLEM415- dldh+pfk)
LdbVI1104 07 Lactobacillus delbrueckii subsp. bulgaricus  This study
(LdbV1104-dldh+pfk+pgk) V1104 harbouring plasmid pLEM415_07
(pLEM415-dIdh+pfk+pgk)
Plasmids Description Source

pLEMA415-ldhL-mRFP1

Emr, Ampr; E. coli-Lactobacillus shuttle

vector

Deposited by
Dr.Sujin Bao
(Addgene plasmid

n0.99842)

pLEM415 01 Em', Amp"; galK and galT genes from This study
pLEM415-galK-galT L.helveticus cloned downstream of Pign.

promoter in pLEMA415
pLEM415 02 Em'", Amp"; galK, galT genes from This study
pLEM415- galK-galT-pyrK L.helveticus and pyk gene from L. bulgaricus

cloned downstream of Pign. promoter in

pLEM415
pLEM415 03 Em'", Amp"; didh gene from L. bulgaricus This study
pLEM415-dldh cloned downstream of Pygn. promoter in

pLEMA415
pLEM415 04 Em'", Amp"; didh homolog (Idb1010) gene This study
pLEM415-1db1010 from L.bulgaricus cloned downstream of

Piah. promoter in pLEM415
pLEMA415_05 Em', Amp"; both dldh homolog This study

pLEMA415- didh+Idb1010

(1db0101+1db1010) gene from
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L.bulgaricus cloned downstream of Pign.
promoter in pLEM415

pLEM415 06 Em'", Amp"; key dldh gene and pfk gene This study
pLEM415- dldh+pfk from L. bulgaricus cloned downstream of

Pian. promoter in pLEM415
pLEM415 07 Em'", Amp"; key dldh, pfk and pgk gene This study

pLEM415-dldh+pfk+pgk

from L. bulgaricus cloned downstream of
Piah. promoter in pLEM415

Em’, Erythromycin resistance; Amp", Ampicillin resistance

Table 3.2: List of primers used in this study

Name of the | Sequence of the primer 5’ to 3’

primer

galK FP cgtcggegaaagcettgcatgecgaaaggagetgtacaatgaataaagaagaactact

galK RP cggccggcetcctttettaaattctettagtaccgtcaacgatttetge

gallT FP gagaatttaagaaaggagctgtacaatgaaaattattgaaaaatttge

gallT RP agctcctttcttacttaatctctttagtcaaagetgceaataaacttatcee

pvk FP gattaagtaagaaaggagctgtacaatgaaaaaaacgaaga

pyvk RP acttctcagtttacaggtttgaaacttcaccttggtaaat

Ldb0101 FP | agaggatccccgggtaccggtgaaaggagetgtacaaatgactaaaatttttgettacgcaatte
Ldb0101 RP | ttcgcatgccctaggttagccaaccttaactggag

Ldb1010 FP | cctagggcatgcgaaaggagctgtacaatgactaaaattgccatgtat

Ldb1010 _RP | ttcgatatcaagcttatcgatttacaggttaacgatgctt

didh FP gaggatcceccgggtaccggtgaaaggagetgtacaaatgactaaaatttttgettacgcaatte
dldh_RP tectttcgeatgettagccaaccttaactggagttte

pfk FP ttggctaagcatgcgaaaggagggatccaatgaaacggattggtattttgactag

pfk RP ctcggaggaggccatcctaggttattactatcttgataaatctgegttgaget

pgk FP caagatagtaataacctagggaaaggagggtaccgatggct

pgk RP tcggaggaggccatcctaggttattactacttgtctgaaacgcaagcegatace
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3.3.2 Construction of recombinant Lactobacillus delbrueckii subsp.

bulgaricus V1104 strains

The recombinant plasmids were constructed using a Gibson assembly technique to facilitate the
seamless integration of multiple target genes. For the construction of pLEM415 01, the galK
and galT genes were PCR-amplified from the genomic DNA of Lactobacillus helveticus
CNRZ32 (extracted using the Sigma Aldrich genomic DNA isolation kit) using gene-specific
primers (galK FP, galK RP, galT FP,and galT RP). To construct pLEM415 02, the pyk gene
was additionally amplified from the genomic DNA of L. bulgaricus V1104 using primers pyk FP
and pyk RP. Similarly, the didh (Idb0101), ldb1010, pgk, and pfk genes were PCR-amplified
from L. bulgaricus genomic DNA, with primers didh _FP, dldh_RP, ldb1010 FP, ldb1010 RP,
pgk FP, pgk RP, pfk FP, and pfk RP. The PCR-amplified fragments were assembled using
Gibson Assembly Master Mix (New England Biolabs), enabling efficient and accurate ligation
of multiple DNA fragments. The ligation mix was transformed into cloning host E. coli TOP10
cells through the heat-shock method, and positive clones were screened via colony PCR to
confirm the successful assembly of recombinant plasmids. The verified plasmids were
subsequently transformed into L. bulgaricus V1104 via electroporation. L. bulgaricus competent
cells were prepared, and the transformation protocol was optimized based on previously
published protocols, incorporating modifications to enhance efficiency [117]. After incubating
overnight, the culture was harvested at the early stationary phase, indicated by an optical density
at 600 nm (ODeoo) of 1.7, and collected through centrifugation. The cell pellet was rinsed once
with 100 ml of cold electroporation buffer (EB) (comprising 0.4 M sucrose, | mM MgCl,, 5 mM
KH2POg4; pH 6 as per reports by [117]) and then twice with 30 ml of cold EB. The cells were
resuspended in EB to reach an ODgoo of approximately 50. The cell suspension was incubated at
45°C for 20 minutes and subsequently placed on ice for 10 minutes. For electroporation, 80 pl
of the cell suspension was combined with 0.3 to 2 pg of recombinant plasmid DNA. The mixture
was then subjected to a 1.5-kV, 800-Q, 25-uF electric pulse in electroporation cuvette using a
Gene Pulser (0.2cm gap MicroPulser Electroporation cuvette, BioRAD). Immediately following
electroporation, 2 ml of MRS medium (with 2% w/v glucose) was added, and the cells were
incubated for 3 hours at 37°C before being plated on MRS-glucose (2% w/v) agar plates with
erythromycin. The plates were incubated at 37°C for 3 days under anaerobic conditions using

Gaspak (M/s Himedia, Bengaluru, India).
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3.3.3 Cell-free extract preparation, protein expression analysis and shake

flask analysis

In order to assess the intracellular fraction for protein production, cell pellet was resuspended in
50 ml lysis buffer (Tris-50mM pH 6.5, Imidazole-10mM, NaCI-500mM, PMSF-1mM) and
incubated at 37 °C for 15 minutes along with lysozyme (Sigma Aldrich, USA) followed by
sonication at 33% amplitude (pulse 10 sec ON and 30 sec OFF) for 20 minutes. The lysed cells
were centrifuged at 10,000 rpm at 4°C for 10 minutes, and the supernatant collected was loaded
on 12% SDS PAGE.

The seed culture for both shake flask and bioreactor experiments was cultivated in MRS-Lactose
(3% w/v) broth at 37°C for 16 hours, 150 rpm. For shake flask experiments, the preculture was
transferred into 250 mL baftled flasks containing 100 mL of fermentation medium, adjusted to
an initial optical density (ODsoo) of approximately 0.05, and incubated at 37°C with agitation at
150 rpm. Cells were collected regularly at 1 hour time intervals, and cell pellet were harvested
by centrifugation for biomass analysis while the supernatant was stored at —20°C for subsequent

product analysis.

3.3.4 Transcriptional abundance and enzyme activity assay

The extraction of RNA from L. bulgaricus cells was conducted using the reported procedure
[156]. cDNA was acquired by reverse transcription of 4 to 5 ug of DNA-free RNA with iScript™
cDNA Synthesis kit (Bio-RAD). g-RT PCR was conducted with iTag™ Universal SYBR Green
Supermix (Bio-RAD). Primers corresponding to specific genes, as indicated in Table 3.3, were
formulated in accordance with the publicly available genome sequences of L. bulgaricus ATCC
11842 (GenBank accession number: NC 008054.1). The quantification of these genes was
executed using 16s ribosomal RNA (16S rRNA) as the internal standard. The real-time PCR was
conducted in a LightCycler instrument (ABI PRISM® 7500 Real-Time PCR System, Applied
Biosystems, USA) following the manufacturer’s guidelines. The samples underwent a 30 s
denaturation at 95 °C, followed by 40 cycles of 5 s at 95°C and 34 s at 60 °C. The data were
analysed using the ABI PRISM 7500 System Sequence Detection software. Three independent
experiments were performed to compute relative gene expression, which was calculated using
the 2724CT method [157].

To measure d-lactate dehydrogenase (d/dh) activity, the reaction mixture (1 mL) contained 100
mM potassium phosphate buffer (pH 7.5), 1.34 mM D-lactate, 2 mM NAD", and an appropriate

amount of cell lysate. The increase in absorbance at 340 nm, corresponding to NADH formation,
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was monitored continuously for 5 minutes at 37°C wusing a Shimadzu UV-1800
spectrophotometer. Enzyme activity was calculated using the molar extinction coefficient of
NADH (£340 = 6.22 mM™! cm™). One unit (U) of d-ldh activity was defined as the amount of
enzyme catalyzing the formation of 1 pumol of NADH per minute under the assay
conditions[ 158]. Protein concentration in the cell lysates was determined using the Bradford
method with bovine serum albumin as the standard. Specific enzyme activity was expressed as
units per milligram of protein (U mg™! protein). All measurements were performed in duplicates,
and the results are presented as mean + standard deviation. Enzymatic activity for each of the
key glycolytic enzymes were measured at 340 nm by monitoring the decline or rise of NAD

(phosphate) [NAD(P)H or NAD(P)"] using methods as described in published literature [81].

Table 3.3: Oligonucleotide pairs used for determining gene expression of LdbVI104_07

Primers Protein/gene Amplicon size (bp) Tm (°C)

16s rRNA 157 bp 52
Sense: ATCGGAAACTGTCATTCTTG
Antisense: CTAATCCTGTTCGCTACCC

Ldb0101 174 bp 53
Sense:CATCCTGCGTCAAGACAAG
Antisense: TAAGCGATAACCTTAGCGC

Ldb1010 165 bp 50
Sense: TTCCGCTACCGTATGGAC
Antisense: CACGTCATAGGCGATGAC

Ldb0839 179 bp 55
Sense: TAACTTCATCTTTGCTTC
Antisense: CACCACGGGCAACCATCA

Ldb0838 160 bp 52
Sense: TGTTGTCGTTATTGGTG
Antisense:CGCGTCCATTGCCGTCATG

Ldbl1772 184 bp 48
Sense:GAAGCTCAACCTGGACG
Antisense: ATCCAGGTATCTGGTGGCA

Ldb0119 179 bp 50
Sense:GCTGACTGGCCTGGAC
Antisense:CGGAAGCCCCAAAGGC

Ldb0230 149 bp 45
Sense: TTACACTTCAGTTTTG
Antisense: TCAGCAGTTTCAGC

Ldbl1734 150 bp 50
Sense:GATTCACACTTCCCTTTTG
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Antisense:CTGGACACGTCCTTGTCC

Ldb1294 170 bp 51
Sense: ACTTCATTCCGTGACGG
Antisense:CACGTTCAATAGCTTCG

Ldb0636 152 bp 55
Sense:ACGGCCATGAAGGCTG
Antisense: GTGATAACGCCGATC

Sense:AGTCGTTTTGGCCGGGACTGT | Ldb1593 180 bp 62
Antisense: TCAAAGGCCGGAATCC

3.3.5 Acid tolerance assay

Acid tolerance assay was done as per protocol described in previous reports [159]. All
recombinant strains were cultured at an initial pH of 6.5 and harvested during the mid-
exponential growth phase (ODgoo ~2.0). To assess acid tolerance, the cells were centrifuged,
washed, and resuspended in modified MRS medium adjusted to pH 3.3 using 25 % (w/v) lactic
acid. At various time intervals, 1 mL samples were taken, centrifuged at 10,000 x g for 2
minutes, and washed with saline to remove residual acidic medium. The cells were then serially
diluted, plated on MRS agar, and incubated at 37°C for 48 h. Cell viability was expressed as

the log of colony forming units (CFU mL™") with increase in fermentation time.

3.3.6 Evaluation of the optimal carbon source and media optimization for

enhanced DLA biosynthesis

All constructed recombinant strains were cultured in shake flask experiments using MRS media
supplemented with 3 % (w/v) lactose, galactose, mannose, and fructose to evaluate their growth
performance, substrate utilization, and DLA production. The strain exhibiting the highest DLA
titre and substrate conversion efficiency was identified and selected for further optimization
using the One-Factor-at-a-Time (OFAT) approach. The optimization process involved
evaluating the effects of varying incubation temperatures (37°C, 40°C, and 45°C) on DLA
production and substrate metabolic efficiency. Additionally, the impact of amino acid
supplementation on DLA titre and substrate utilization rate was assessed by supplementing the
media with different concentrations (0.3, 0.5, 1, and 1.5 g L") of glutamine, arginine, cysteine,
leucine, valine, lysine, and phenylalanine (selected based on literature reports). The buffering

effect of calcium carbonate (CaCO3) was also investigated by incorporating it into the media
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at different ratios to lactose (w/w). All experiments were conducted in duplicates, and the
averaged data were analysed to determine the optimal medium ingredients facilitating

maximum DLA production and substrate utilization.

3.3.7 Bioreactor experiment

Bioreactor experiments were conducted using optimized medium obtained from shake flask
experimental results reported in section 3.3.6. Inoculum was cultured for 6 hour in 100 mL
MRS media supplemented with 10 g L™! lactose. DLA fermentation was performed ina 1.5 L
autoclavable bench-scale bioreactor (Minifors 2, Infors AG) containing 30 % (w/v) lactose
supplemented with required amino acids at optimal amounts. The bioreactor operating
conditions viz., pH, temperature, stirring speed were maintained at 6.5, 40°C and 150 rpm
respectively. Dissolved oxygen tension and air flow rate value was maintained at 20 % and 0.2
vvm respectively [150] . pH was maintained by automatic feeding of 4 N KOH. All experiments

were conducted in duplicates, and the mean outcomes of the experimental data were provided.

3.3.8 Metabolite analysis and DLA optical purity

Supernatant collected at regular intervals for all shake-flask and bioreactor studies were further
evaluated for metabolite quantification. Glucose, lactate, and other metabolites in the collected
supernatant were assessed using Phemomenex Aminex HPX-87H column and Phenomenex
guard column attached to HPLC-RID detector system (M/s. Shimadzu, Corp., Kyoto, Japan).
The isocratic elution procedure was adopted with a flow rate of 0.6 mL min! and a mobile
phase of 5 mM H>SO4. Total lactic acid were evaluated using UV detector at 210nm. Cell
growth was measured using a UV-Vis spectrophotometer (Spectronics 200, ThermoFisher, UK.
All the analysis was performed in duplicates, and the metabolite concentrations were
represented as mean value of duplicates. To specifically verify the presence of DLA, a dldh
based enzyme kit (K-DATE, M/s Megazyme, Ireland) was used and LLA was analysed using
an L-lactate oxidase kit (K-LATE, M/s Megazyme, Ireland) based on manufacturers protocol
in a multimode plate reader (VarioskanTM Lux, M/s ThermoFisher Scientific). Optical purity

was measured using the formula given in eql.

3.3.9 Statistical analysis

All the shake flask study and bioreactor experiments in this present study were carried out in
duplicates and the results were expressed as mean values. Experiments including transcriptional

abundance and enzymatic activity were carried out in triplicates and the results expressed as
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mean values =+standard deviations. Graphs were plotted using Origin2021 (OriginLab
Corporation, USA) software for statistical analysis and evaluated using analysis of variance
(ANOVA) and Tukey Post-hoc test. Student’s t-test was performed using Microsoft Excel
(Microsoft, Redmond, WA, USA). Statistical analysis was conducted with a p-value of <0.05

considered indicative of statistical significance.

3.4 Results and discussion

3.4.1 Construction of Leloir pathway and ATP balance optimization for

complete lactose utilization in recombinant L. bulgaricus V1104

Lactobacillus delbrueckii subsp. bulgaricus is known for its inability to utilize galactose, which
is evident from the presence of galactose in fermentation media expelled during fermentation
[79]. Galactose utilization in bacteria typically occurs through one of two pathways: the Leloir
pathway or the Tagatose-6-phosphate pathway. The major genes involved in the Leloir pathway
include Galatokinase (galK), Galactose-1-phosphase uridyltransferase (gal7), and Galactose
mutarotase (ga/M) [160]. It has been observed that galM gene is already present in the L.
bulgaricus genome, although its role was previously unknown[161]. The presence of these
genes raises questions about their functionality and potential for galactose metabolism.
Previous reports also states that partial galactose utilization in L. bulgaricus can occur at higher
lactose concentrations, suggesting a possible conditional activation of these pathways [79]. L.
bulgaricus lacks a complete Leloir pathway for galactose metabolism[162]. While it possesses
some of the genes for Leloir pathway, they are often not expressed or functional under normal
conditions. This metabolic characteristic contributes to the accumulation of galactose in

fermented dairy products like yogurt [163].

Highest DLA titre was observed for initial lactose concentration of 30 g L' from shake flask
level media optimization experiments and was used as optimal concentration for all subsequent
shake flask fermentations, since higher lactose concentration led to substrate inhibition [79].
In order to enhance DLA yield from lactose, the incomplete galactose utilization pathway in
Lactobacillus delbrueckii subsp. bulgaricus V1104 was addressed by reconstructing the
complete Leloir pathway through heterologous expression of ga/K and galT from Lactobacillus
helveticus (Fig 3.1). SDS-PAGE analysis confirmed the successful expression of ga/K and galT
in the engineered recombinant strain (Fig. 3.2b). Enzymatic assays further demonstrated

significantly elevated activity levels in the recombinant strain, with ga/K and galT activities
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reaching 58 U mg! and 38 U mg™!, respectively, in the whole-cell lysate. In contrast, no

detectable activity was observed in the wild-type strain.

Complete consumption of lactose was observed within 27 hours for the wild-type Lactobacillus
delbrueckii subsp. bulgaricus V1104 strain, resulting in a maximum DLA titre of 1.98 g L',
alongside a peak biomass concentration of 1.0 g L' (Fig 3.2d). Lactose was completely
hydrolysed into glucose and galactose, and the glucose moiety was completely consumed
within 35 hours of fermentation and galactose remained completely unutilized for wild VI104
(Fig 3.2d). Notably, DLA was not produced from galactose metabolism, indicating a metabolic
limitation in galactose assimilation and its subsequent conversion into DLA within the native
metabolic framework of this strain [164]. The lactose consumption rate was measured at 1.3 g
g'! h!, while the specific DLA productivity reached 0.0707 g g! h! of biomass. The specific
growth rate (u) for wild VI104 was estimated as 0.076 h'. For recombinant strain
LdbVI104 01 (galK-galT heterologous gene overexpression), the amount of galactose
expelled out into media was 5.23 g L' which was utilized back by the recombinant strain after
27 hours (Fig 3.2e). Overall galactose in media remaining by 40 hour was 1.89 g L' with
maximum DLA titre achieved was 1.89 g L!, slightly less compared to wild VI104. Notably,
the lactose utilization rate decreased by 2.18-fold compared to the wild strain, while galactose
metabolism was markedly enhanced. Although earlier studies have suggested that L. bulgaricus
stores some galactose as a macromolecule [165], it is hypothesized that a significant portion of
galactose in recombinant strain LdbVI104 02 is actively utilized through the engineered Leloir
pathway. The observation that the recombinant strain LdbVI104 01 exhibits enhanced
galactose metabolism while experiencing a reduced lactose utilization rate aligns with findings
from previous studies on metabolic engineering in LAB. For instance, research on Lactococcus
lactis demonstrated that the introduction of the Leloir pathway genes significantly improved
galactose utilization, although it sometimes resulted in decreased lactose fermentation
efficiency due to resource allocation shifts within the metabolic network [166]. Similarly, a
study involving L. plantarum highlighted the potential of engineered strains to effectively
metabolize both lactose and galactose yet also noted a tendency for residual lactose when
competing pathways were activated, which suggests that optimizing one metabolic pathway

can inadvertently hinder another [167].
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Figure 3.1 Agarose gel images for construction of recombinant VI104 clones
LdbVI104 01,02, 03, 04, 05, 06 and 07; (a): Ladder (1% well), Lane 1: genomic DNA of L.
bulgaricus, Lane 2: genomic DNA of L. bulgaricus, Lane 3 genomic DNA of L. helveticus,
Lane 4: genomic DNA of L. helveticus; (b) Ladder (1% well), Lane 1: native plasmid
pLEM415, Lane 2: single digested pLEM415 with Sphl (7362 bp), Lane 3: double
digested pLEM415 with Sphl and Clal (6868 bp (visible) and 891 bp (not visible in gel));
(¢) Colony PCR of pyruvate kinase gene (band at 1770 bp); (d) Colony PCR of
galactokinase gene (band at 1167 bp); (e) Colony PCR of galactose S-phosphate
uridyltransferase gene (band at 1464 bp); (f) Colony PCR of d-lactate dehydrogenase
(1072 bp), phosphoglycerate kinase (999 bp) and phosphofructokinase gene (1257 bp); (g)
Colony PCR of Ldb1010 homolog gene (band at 1049 bp); (h) Overlapping PCR of didh
homologs (Ldb0101+Ldb1010) (band at 2121 bp); (i) Overlapping PCR of dldh +pfk
(band at 2329 bp).
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Figure 3.2 Engineering and analysis of recombinant LdbVI104 strains, including gene
constructs, protein expression, and dynamic profiles for DLA production and biomass
comparison, (a) Designing multiple gene constructs for the Leloir pathway, conferring
ATP balance and acid tolerance; (b) SDS-PAGE analysis of whole-cell lysates from
recombinant LdbVI104_01 strains, illustrating protein expression profiles. Lane 1:
Molecular weight marker; Lane 2: Control (wild VI104); Lane 3: whole cell lysate
collected at 8" h; Lane 4: whole cell lysate collected at 12" h; Lane 5: whole cell lysate
collected at 24™ h, Lane 6: whole cell lysate collected at 36" h, Lane 7: whole cell lysate
collected at 42" h, galK and galT protein expression is visible in all lanes at 40.3 kDa and
55 kDa respectively; (c)Comparison of the maximum DLA and biomass obtained of
recombinant LdbVI104_01 and 02 with wild VI104; (d) Dynamic profile of wild VI104 in
presence of MRS-Lactose (3% w/v); (e¢) Dynamic profile of recombinant LdbVI1104_01;
(f) Dynamic profile of recombinant LdbV1104_02
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It was hypothesized that LdbVI104 01 revealed a significant reduction in intracellular ATP
levels relative to the wild-type, potentially attributable to the cloned ga/T gene, which utilizes
ATP to produce ADP, thus shifting metabolic flux towards ATP-generating pathways and other
by-products. Moreover, the metabolic byproduct profile demonstrated a substantial increase in
acetic acid production, further distinguishing the recombinant strain LdbVI104 01 from the
wild type by having different metabolite profiles. In order to address the intracellular ATP
imbalance, the pyruvate kinase (pyk) gene was cloned downstream of ga/K and ga/T, under the
control of the constitutive P promoter, generating the LdbVI104 02 strain (Fig 3.1). Pyk,
catalysing the transfer of a phosphate group from phosphoenolpyruvate (PEP) to ADP,
facilitates the formation of ATP and pyruvate in the final step of glycolysis. The pyk gene
derived from L. bulgaricus has been shown to confer acid tolerance, in addition to its role in
ATP generation, potentially alleviating ATP scarcity in recombinant cells while enhancing acid
tolerance—an essential trait given that product inhibition from accumulated DLA is a major

bottleneck in DL A biosynthesis [168].

The recombinant LdbVI104 02 strain demonstrated improved biomass production; however,
the maximum DLA titre achieved was 2.19 g L' (1.1-fold improvement than wild) (Fig 3.2¢).
The lactose hydrolysis rate further decreased, with residual galactose concentrations in the
medium reaching 7.09 g L' at 26 h, which were subsequently metabolized to 0.67 g L™ in the
later stages of fermentation (Fig 3.2f). The major by-product acetic acid was also enhanced
when compared to LdbVI104 01 and wild VI104 (data not shown). This shift is attributed to
the role of pyruvate kinase in glycolysis, where the increased conversion of PEP to pyruvate
may enhance the flux towards acetate production pathways. The yield of DLA from lactose
was overall enhanced by 1.36 folds and 2.34 folds for recombinant strains LdbVI104 01 and
LdbVI104 02 respectively. Similarly, the yield of biomass from lactose obtained for
recombinant strains were also enhanced compared to wild. Although the glucose utilization
rate remained unchanged, the galactose utilization rate improved for both recombinant strains,
reaching a maximum of 0.255 h!, demonstrating the successful integration of the Leloir
pathway. The specific growth rate for recombinant strains decreased to 0.029 and 0.056 h! for
LdbVI104 01 and LdbVI104 02 respectively symbolizing metabolic burden due to external
plasmid expression system. These findings align with prior studies, demonstrating that pyk
gene expression in Lactobacillus bulgaricus enhances glycolytic flux and redirects pyruvate
metabolism toward fatty acid biosynthesis due to which there wasn’t a significant enhancement

in DLA. This metabolic shift reduces lactic acid production, strengthens acid tolerance, and
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optimizes sugar utilization and biomass yield [168]. It has also been reported that
overexpressing the pyk gene enhances growth and biomass yield by increasing glycolytic
activity, which supplies additional energy and essential metabolic intermediates for cell growth
and division. Consequently, the pyk gene has been shown to not only enhance sugar
metabolism but also significantly boost overall biomass production in Lactobacillus casei,

similar to the findings in this study [169].

However, the use of a single constitutive promoter to drive multiple gene expressions resulted
in suboptimal expression of genes located downstream in the construct, such as galT and pyk,
in the LdbVI104 01 and LdbVI104 02 strains respectively (Fig 3.2a). This reduced gene
expression efficiency underscores the importance of promoter engineering or operon
optimization for achieving balanced expression and improving metabolic outputs. The presence
of these Gal genes and their potential conditional activity highlights the complex nature of
sugar metabolism in L. bulgaricus and suggests that the organism may have retained some
vestigial capacity for galactose utilization, even though it is not typically observed under

standard fermentation conditions [170][171].

Table 3.4: Kinetic parameters of the recombinant L. bulgaricus VI104 strains with
constructed Leloir pathway

Strain Yield Yield Specific  Specific  Specific Specific Yield  Specific
(DLA/ (Biom substrate substrate product growth (DLA/ substrate
lactos  ass/ utilizatio  utilizatio  ivity rate Galact utilizatio
e) Lactos nrateqgs nrate Op o ose) (g nrate

e) (Glucose) gs (ggth (h? g (gs)(Lact
(ggth?) (Galactos %) 0ose)
e)(ggth (9g*h?)
Y

wild V1104 0.041 0.042 1.89 0 0.070 0.076 0 1.3

LdbVI104 01 0.086 0.05 1.98 0.255 0.028 0.029 0.082 1.14

LdbVI1104 02 0.076 0.123 181 0.212 0.032 0.056 0.155  0.607

3.4.2 Effect of overexpression of key d-lactate dehydrogenase homologs
systematically for enhanced DLA biosynthesis

Previous literature has elucidated the major d/dh gene and its homologs to delineate their roles

in DLA biosynthesis [172]. Ldb0101 is the principal didh gene, extensively characterized for
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its structural and functional attributes, and has been employed in metabolic engineering across
various other organisms [173]. Conversely, Ldb1010 is another pivotal gene implicated in DLA
biosynthesis under specific aerobic conditions, unlike Ldb0101 which functions efficiently
under anaerobic conditions [172]. The objective of this secion was to overexpress both genes
in L. bulgaricus and assess their functionality and efficacy in DLA production under optimized
fermentation parameters, both individually and synergistically (Fig 3.3b). DLA titres and
biomass achieved for all recombinant strains under anaerobic (static) conditions were reduced
compared to aerobic (shaking) conditions, therefore aerobic conditions were applied for all

investigations in this study.

It was observed that recombinant LdbV1104 03 (Ldb0101) exhibited higher efficiency in DLA
biosynthesis compared to LdbVI104 04 (Ldb1010), achieving a maximum DLA titre of 2.81
g L'!, whereas the maximum DLA titre for LAbVI104 04 obtained was 0.98 g L' under aerobic
conditions in flask level with 3% initial lactose (Table 3.5). The maximum biomass
concentration attained for LdbVI104 03 was enhanced compared to wild which signifies the
efficient expression of dldh (Ldb0101) gene in recombinant L. bulgaricus with high metabolic
burden assimilation. The recombinant LdbVI104 04 strain showed less expression of Ldb1010
with lessened overall biomass formation reaching 1.13 g L'!, which corroborates with literature
[172] that has characterized Ldb0101 as the principal dldh gene, suggesting that its structural
and functional attributes are well-suited for DLA biosynthesis compared to the homologs.
When both genes were co-expressed, the maximum DLA titre achieved for LdbVI104 05
(Ldb0101+Ldb1010) was 2.20 g L' with superior kinetic parameters when compared to wild
VI104. The yield, productivity and substrate utilization rate were much more efficient when
Ldb0101 was expressed solely with high optical purity of DLA (> 99%).
However, LdbVI104 05 cultured under static conditions did not produce a high DLA titre, with
metabolic flux diverted towards other by-products, primarily acetic acid. In
contrast, Ldb1010 was reported to produce DLA in an E. coli expression host under both

aerobic and anaerobic conditions [172].

The obtained data from this study highlights that while Ldb0101(dldh) significantly contributes
to enhanced DLA biosynthesis, Ldbl010 has a more nuanced role, perhaps involved in
condition-specific metabolic functions that may extend beyond direct DLA production as
reported in previous literature[172]. The significantly lower DLA yield and biomass achieved
by Ldb1010 under similar conditions supports the hypothesis that Ldbl010 may fulfil
alternative metabolic roles or regulatory functions that do not directly prioritize DLA
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production. Additionally, the increase in substrate utilization rate observed in the co-expressed
strain LdbVI104 05 may be linked to an increased cellular demand for metabolic intermediates
to accommodate both catalytic pathways, thus leading to less efficient DLA production per unit

of lactose.

3.4.3 Overexpression of major glycolytic genes for shifting carbon flux

towards enhanced DLA biosynthesis

Glycolysis is key pathway to DLA production, converting glucose to pyruvate, which d-ldh
reduces to DLA using NADH as a cofactor. This enzyme-driven step is crucial in shaping
fermentation outcomes [1]. The enhancement of lactic acid production, particularly DLA, has
been linked to the regulation and expression of several key genes involved in glycolysis,
including phosphofructokinase (pfk), pyruvate kinase (pyk), phosphoglycerate kinase (pgk),
triosephosphate isomerase (#pi) and glucokinase (glk)[174]. Pfk regulates glycolysis by
converting fructose-6-phosphate to fructose-1,6-bisphosphate, boosting glycolytic flux and
pyruvate levels to enhance lactic acid production. Overexpressing pfk in strains like
Corynebacterium sp. increases lactic acid yields by channelling glucose through glycolysis and
sustaining DLA production during fermentation. Similarly, elevated pgk activity improves ATP
generation, enhancing pyruvate conversion to lactic acid. In homofermentative lactic acid
bacteria, ATP primarily derives from sugar metabolism via the Embden—Meyerhof pathway

[175][176].

To enhance DLA biosynthesis, L. bulgaricus strains were engineered to coexpress Ldb0101
(the major didh gene), pfk, and pgk in a sequential manner, resulting in the construction of
recombinant strains LdbVI104 06 and LdbVI104 07 (Fig 3.3b). These strains exhibited
significant improvements in DLA titre, yield, and metabolic efficiency compared to the wild-
type strain VI104, thereby validating the effectiveness of multiple gene overexpression
strategies. The recombinant strain LdbVI104 06, harbouring pLEM415 06 (dldh+pfk),
displayed a slight enhancement in DLA titre to 2 g L' (1-fold enhancement from wild-type),
coupled with a maximum biomass to 1.83 g L'!. However, despite the established role of pfk in
enhancing DLA production in other microbial systems, its overexpression in L. bulgaricus did
not result in a pronounced improvement in DLA titre but lead to enhanced biomass formation.
Contrastingly, strain LdbVI104 07, expressing all three genes (dldh, pfk, and pgk),
demonstrated the most pronounced metabolic enhancement, achieving the highest DLA titre of

2.65 g L1 (99.09% optical purity) alongside a biomass of 1.57 g L™!. Specific lactose utilization
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rates decreased across all recombinant strains due to metabolic reprogramming; however, the
overall DLA yield from lactose was increased by an average of 7-folds compared to wild-type
(Table 3.5). Notably, LdbVI104 03 (dldh) and LdbV1104 07 (dldh+pfk+pgk) achieved the
highest productivity rates of 0.094 ¢ L' h'! and 0.089 g L' h'!, respectively (Table 3.5). This
improvement is attributed to the coexpression of the pgk gene, which enhances ATP
regeneration by catalyzing the conversion of ADP to ATP, thereby compensating for the
increased energy demand and also enhancing overall DLA biosynthesis. Similarly, the glucose
utilization rates for LdbVI104 03 and LdbVI104 07 enhanced by 33% and 58% respectively.
These findings align with previous reports showing that overexpression of glycolytic genes
such as glucokinase (gck), glyceraldehyde-3-phosphate dehydrogenase (gapdh), pfk,
triosephosphate isomerase (#pi), and enolase (eno) led to a 146% increase in LLA and a 56%

increase in DLA concentrations along with sugar utilization capabilities [177].

Further analysis of enzymatic performance revealed robust overexpression of d/dh gene for all
the recombinant strains when expressed under the Pz, promoter [107]. SDS-PAGE profiling
confirmed elevated dldh expression levels along with other genes (Fig 3.3¢), and enzymatic
activity assays measured from whole-cell lysates during the exponential growth phase indicated
a 76% increase in dldh activity relative to the wild-type. Strain LdbVI104 07, expressing all
three genes, achieved the highest DLA titre using lower cell biomass, indicating a synergistic
effect of multiple gene overexpression on metabolic efficiency similar to previous reports
[178][177]. This concludes that overexpressing pfk boosts glycolytic flux, while
increased pgk activity enhances ATP generation, both critical for DLA biosynthesis in

L. bulgaricus.
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Figure 3.3 Metabolic pathway schematics, gene constructs, and SDS-PAGE analysis
demonstrating overexpression of glycolytic genes and successful dldh protein expression
in recombinant L. bulgaricus strains; (a)Schematic representation of the metabolic
pathways for glucose, lactose and galactose utilization in lactic acid bacteria. Enzymes
mentioned in blue box are the target genes expressed in this study with an hypothesis to
enhance DLA production. B-Gal-1-P refers to B-galactose-1-phosphate, a-Gal-1-P refers
to a-galactose-1-phosphate, Glu-1-P refers to glucose-1-phosphate, Glu-6-P refers to
glucose-6-phosphate, Fru-6-P refers to fructose-6-phosphate, FDP refers to fructose-1,6-
bisphosphate, DHAP to dihydroxyacetone phosphate, GAP refers to glyceraldehyde-3-
phosphate dehydrogenase, 1,3-PG refers to 1,3-bisphosphoglycerate, 3-PG to 3-
phosphoglycerate, 2-PG refers to 2-phosphoglycerate, 2-PG refers to 2-phosphoglycerate,
PEP refers to phosphoenolpyruvate and D-LA refers to D-lactic acid. The alphabets
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denoted the enzymes involved for the respective reactions. (A) Galactose mutarotase, (B)
a-phosphoglucomutase, (C)p-galactosidase, (D)Phosphoglucose isomerase, (E)Aldolase,
(F) triose phosphate isomerase, (G) Glyceraldehyde- 3-phosphate dehydrogenase, (H)
Phosphoglycerate mutase, (I) Enolase; (b) Multiple gene construct designs for
overexpression of major glycolytic genes in systematic order ; (¢) SDS-PAGE analysis of
whole-cell lysates from recombinant L.bulgaricus strains, illustrating protein expression
profiles. Lane 1: Molecular weight marker; Lane 2: Control (wild VI104); Lane 3:
LdbVI104_03; Lane 4: LdbVI104_05; Lane 5: LdbVI104_06; Lane 6: LdbVI104_07. A
prominent protein band corresponding to ~36 kDa, representing the d/dh gene product,
is observed in Lanes 3—-6. This indicates successful expression of the proteins driven by
the Pun promoter.

Table 3.5: Kinetic parameters of the recombinant L.bulgaricus VI104 strains with
systematic overexpression of key homologous glycolytic genes for enhanced DLA
biosynthesis in MRS-lactose (3% w/v)

Strain Specific  Max DLA  Specific Yield Yield Yield Productiv. Max
growth titre Substrate  (Yoras)  (Yxis) (YoLax) ity (gp) Biomass
rate gLt Utilization gg* gg! gg? ggtht conc.
(W) Rate (qs) gL?!
ht g g-l ht

Wild V1104 0.076 1.98 1.3 0.042 0.041 0.93 0.070 1.00

LdbVI1104 03 0.0469 2.81 1.259 0.293 0.175 151 0.094 1.65

(dldh)

LdbV1104 04 0.0489 0.98 1.047 0.036 0.132 0.76 0.012 1.13

(Ldb1010)

LdbVI1104 05 0.0528 2.20 1.064 0.148 0.125 1.16 0.081 1.78

(Ldb0101+Ld

b1010)

LdbVI1104 06 0.0469 2.00 1.069 0.255 0.225 1.26 0.044 1.83

(dldh+pfk)

LdbVI1104 07 0.0772 2.65 1.089 0.264 0.095 1.24 0.089 1.57

(didh+pfk+pg

k)
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3.4.4 Optimization for enhanced DLA production in engineered L. bulgaricus

VI104

DLA biosynthesis, as a strictly carbon source-dependent metabolic pathway, relies entirely on
the substrate glucose [2]. Consequently, both the type and molar concentration of carbon source
exert a pivotal influence on DLA production efficiency [150]. Lactose has been recognized as
the optimal carbon substrate for Lactobacillus delbrueckii subsp. bulgaricus, although fructose
has also been shown to support substantial growth and metabolic activity in this bacterium
[179]. Sucrose was identified as a non-metabolizable carbon source for L. bulgaricus (as
confirmed in assays with the wild-type strain, where sucrose utilization was absent), while
lactose facilitated maximal DLA titres and it corroborated with reported literature [2]. To
potentiate DLA biosynthetic output in the recombinant strains, a comprehensive carbon source
screening was executed to elucidate kinetic parameters associated with substrate-specific
metabolite flux and carbon partitioning. Doubling time of L bulgaricus also significantly varies

under different carbon sources[179].

It was observed that all recombinant L. bulgaricus produced relatively high DLA titres in
presence of lactose and fructose compared to glucose and mannose. Highest DLA titres
achieved in flask level was 2.81 g L' for recombinant LdbVI104 03 and 2.65 g L' for
recombinant strain LdbVI104 07 in presence of lactose (Fig 3.4a). The wild-type strain V1104
exhibited a baseline DLA production of 1.98 g L™! from lactose, 1.67 g L' from fructose, and
0.23 g L! from mannose, with no production observed from galactose. Among the mutant
strains, LdbV1104 03 (didh) produced the highest DLA titre from lactose (2.81 g L),
representing a 42 % increase over the wild-type. This strain also achieved improved titres from
fructose (1.34 g L'') and mannose (0.34 g L!). Notably, galactose was effectively utilized only
by strain LdbVI1104 01 (galK+galT), which produced 0.38 g L' DLA. Strain LdbV1104_07
(dldh+pfk+pgk) exhibited a marked improvement in fructose utilization, achieving the highest
titre of 2.45 g L1, corresponding to a 46% increase relative to VI104. Similarly, LdbVI104 06
(dldh+pfk) achieved 2.1 g L' DLA from fructose, underscoring the synergistic effect of
metabolic engineering for improved hexose catabolism. A strong correlation was observed
between DLA productivity and titre across substrates, with lactose as the preferred carbon
source for most strains. For instance, LdbVI104 03 exhibited the highest lactose productivity
0f 0.094 g L' h'!, consistent with its superior titre (2.81 g L") (Fig 3.4d). Similarly, VI104 07
achieved a fructose productivity of 0.045 g L' h'!, aligning with its high titre (2.45 g L.
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Interestingly, LdbVI104 06, which showed balanced improvements across substrates,
demonstrated comparable productivities from lactose (0.0444 g L' h'!') and fructose (0.045 g
L' h'!), further supporting the link between substrate assimilation optimization and DLA
production efficiency. Biomass concentrations were also affected by carbon source and genetic
modifications (Fig 3.4b). Strain LdbVI104 02 (galK+galT+pyk) achieved the highest biomass
concentration from lactose (2.01 g L"), which likely contributed to its relatively high titre (2.19
g L") and productivity (0.032 g L' h'!) since lactic acid is a growth associated product. In
contrast, strain LdbVI104 03 showed a trade-off between biomass concentration and DLA titre
and despite achieving moderate biomass (1.65 g L™!) on lactose, it outperformed all other strains
in DLA titre (2.81 g L) and productivity (0.094 g L' h'!), suggesting a metabolic shift
favouring DLA production overgrowth. Although DLA titres from galactose remained lower
than from hexoses, these findings substantiate the scope for application of metabolic
engineering to expand substrate range. Strain LdbVI104 07 displayed the most consistent
performance across substrates, achieving high titres and productivity from lactose (2.65 g L,
0.081 g L''hY), fructose (2.45 g L, 0.078 g L' h!), and mannose (0.65 gL', 0.023 g L''h),
with comparatively lower biomass production underscoring the effectiveness of combining
dldh, pfk, and pgk. The results of this study underscore the importance of optimal substrate
selection and metabolic engineering in enhancing DLA production in Lactobacillus bulgaricus.
The observed preference for lactose and fructose over glucose and mannose aligns with
previous findings that demonstrate how specific carbon sources can significantly influence
metabolite yields [2] [180]. This results also corroborates with previous reports where
engineered strains exhibited improved production of lactic acid when utilizing alternative

sugars, emphasizing the role of substrate choice in metabolic efficiency [177].

The recombinant strain LdbVI104 07 exhibited elevated DLA titre utilizing low cell biomass
concentration (high specific DLA productivity) and favourable kinetic profiles using 3% (w/v)
lactose-MRS, was further selected for optimization studies. The influence of amino acid
supplementation on DLA production and specific lactose utilization rate (gs) in strain
LdbVI104 07 was assessed across varying concentrations (0.3, 0.5, 1, and 1.5 g L) (Fig 3.4e).
The study revealed that DLA production and lactose utilization (gs) were significantly
influenced by amino acid type and concentration similar to previous literature reports [181]. At
0.3 g L', lysine and phenylalanine achieved the highest DLA titres (2.9 g L' and 2.89 g L',
respectively), with glutamine and phenylalanine showing superior gs values (1.099 and 1.098

g ¢! h!). At 0.5 g L' concentration, phenylalanine and lysine maintained the highest titres,
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while glutamine and phenylalanine optimized gs (1.077-1.098 g g' h'!). At 1 g L-!, glutamine
and phenylalanine yielded high DLA production (2.98 g L'); high ¢s (1.098 and 1.123 g g
h™!) was observed for glutamine and arginine. At 1.5 g L', lysine had the highest titre (2.98 g
L"), followed by glutamine and phenylalanine (2.89 g L-!), which also showed optimal gs.
Glutamine and phenylalanine consistently enhanced DLA production and gs, supporting their
role in optimizing amino acid supplementation for improved industrial DLA yields in

recombinant L. bulgaricus LdbVI1104 07.

Similar to previous reports [182]., the addition of CaCOs3 to the culture was evaluated to
determine its effect on DLA production. It is well-established that CaCO3 sequesters lactic acid
as calcium lactate, thereby buffering the culture pH (Fig 3.4f). To investigate its effect, CaCOs
was supplemented at varying ratios to lactose as the carbon source: 1:4 (low), 1:2 (medium),
and 3:4 (high) (w/w) [182]. However, these conditions did not significantly improve the DLA
titre or the specific lactose utilization rate in shake flask cultures (Fig 3.4f). The limited impact
of CaCO: in this setup can likely be attributed to the small culture volumes, where lactic acid
production may not sufficiently lower the pH, while other metabolites, such as acetic acid,
might contribute to greater pH reductions. Nevertheless, the buffering capacity of CaCOs holds
potential for large-scale bioreactor applications, where higher lactic acid accumulation could
result in more significant pH fluctuations [183]. In addition to buffering, the impact of
temperature on DLA production was assessed. Among the tested conditions, 40°C yielded the
highest DLA titre for strain VI104 07 (Fig 3.4f), highlighting the importance of optimizing
temperature for enhanced metabolic performance of L.bulgaricus [184]. These findings
provide insights into the optimal growth conditions for DLA biosynthesis in L.bulgaricus and
underscore the need for scaling-up experiments to fully evaluate the utility of CaCOs3

supplementation [185] [2].
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Figure 3.4 DLA production, biomass, yields, and productivity of recombinant L.
bulgaricus strains across carbon sources, with optimization studies on LdbVI104_07 for
lactose utilization, temperature, and CaCQOs concentration; (a) DLA titres achieved by all
L. bulgaricus recombinant strains in presence of 3% lactose, galactose, mannose and
fructose; (b) Maximum biomass achieved by all L. bulgaricus recombinant strains in
presence of 3% lactose, galactose, mannose and fructose; (¢) DLA yield from respective
carbon source calculated for all recombinant L.bulgaricus strains; (d) DLA productivity
calculated for all recombinant L.bulgaricus strains in presence of 3% lactose, galactose,
mannose and fructose; (e) DLA titres and specific lactose utilization rates (¢s) calculated
for recombinant strain LdbVI104 07 cultures in 100 ml MRS-Lactose(3% w/v)
supplemented with amino acids; (f) Optimization of DLA biosynthesis by recombinant
strain LdbVI104 07 at varying temperatures and CaCO:s concentrations



3.4.5 Transcript-level analysis, enzymatic activity, and acid tolerance

analysis of recombinant LdbVI104_07

The acid tolerance of the constructed Lactobacillus delbrueckii subsp. bulgaricus recombinant
strains were assessed by measuring the log of CFU mL™! over time in extremely low pH media
[159]. The results demonstrated significant variability in acid tolerance among the different
recombinant strains. At initial time point (0 hours), the log of CFU mL"! values ranged from
3.6 to 5.03 (Fig 3.5b). Over the course of 10 hours, the recombinant strains exhibited different
growth patterns. LdbV1104 02 showed the highest acid tolerance, with CFU mL™! increasing
from 4.9 at 0 hours to 8.0 at 10 h. The acid tolerance of LdbVI1104 02, was enhanced compared
to LdbVI104 01, corroborating the hypothesis that pyk improves stress resistance [168].
Recombinant strains LdbVI104 06 and LdbVI104 07 exhibited significantly high acid
tolerance, evidenced by a significant increase in CFU mL™' during fermentation, underscoring
the critical roles of pgk and pfk genes in acid stress response [168]. In contrast, strains
LdbVI104 01, LdbVI104 03, LdbVII04 04, and LdbVI104 05 displayed moderate
tolerance, with CFU mL"! values ranging from 4.0 to 5.3 at 10 hours (Fig 3.5b). High superior
performance of by LdbVI104 06 and LdbVI104 07 enumerates their potential future use for
industrial applications requiring robust growth under acidic conditions. This observation aligns
with the fact that enhanced glycolysis can lead to increased production of specific intermediate
metabolites, which may redirect the metabolic flux towards fatty acid biosynthesis. This shift
can contribute to improved acid tolerance in the recombinant strains. Previous studies suggest
that sucrose supplementation enhances stress tolerance in L. bulgaricus, supporting the current
findings that genetic modifications boosting specific pathways may similarly improve stress
responses [186]. Similarly, a link between strong growth and acid tolerance in L. delbrueckii
subsp. bulgaricus strains was reported. This aligns with the acquired findings in recombinant
strains LdbVI104 06 and LdbVI104 07, highlighting improved growth under acidic

conditions as a trait of robust strains [187].

73
TH-3603_196106017



(a) [C148th hour [] 24th hour[—] 12th hour (b)
Ldb1593 (ccpA) «E—‘
Ldb0636 (pgk) -
Ldb1294 (eno) ety
Ldb1734 (gpma2)

|= ]
—
Ldb0230 (gpmat) -
N

Ldb0119 (glck) -§
Ldb1772 (pfk2) -:'EEH
Ldb0838 (pfk1) %
Ldb0839 (pyk) 00—+

Ldb1010 (didh1) -f"—a

Ldb0101 (didh) e~

00 05 10 15 20 25 30 35 40 45 50 R A R e W A
: : : : : < 2 z 2 i c 2.0 25 3.0 35 4.0 45 5.0 55 6.0 65 7.0 75 80 85
Relative expression of key DLA biosynthesis genes log(CFU/mL)

|

="

LdbV104_07
L4 e o ° = ) LdbVI104_06
LdbV104_05
LdbVI104_04
LdbVI104_03
LdbVI104_02
LdbVI104_01
wild

Time (hours)
o - N w » L3 ] ~ o« ©w

o000

[ witd vi1o4 [l LdbVi104_07

Enzymatic activity (U/mg)

0.5+

d-idh  pyk pfk glk pgm eno pgk ccpA

Figure 3.5. Transcript analysis of key DLA biosynthesis enzymes, acid tolerance assay,
and enzymatic activity of glycolytic genes in recombinant LdbVI104_07; (a) Transcript
level analysis indicating relative expression of key enzymes responsible for DLA
biosynthesis. Results are mean +standard deviation: *p <0.05 indicate significant
difference between wild V1104 and recombinant LdbVI104_07, analysed by Student’s t-
test. Each experiment included three biological replicates. (Ldb0101: didh, Ldb1010:
didhl, Ldb 0838: pfkl, Ldb0839: pyk, Ldb1772: pfk2, Ldb0119: gick, Ldb0230: gpmal,
Ldb1734: gpma2, Ldb1294: eno, Ldb0636: pgk, Ldb1593: ccpA); (b) Acid tolerance assay
showing the acid resistance levels of recombinant strains over the fermentation time; (c)
Enzymatic activity of the key glycolytic genes responsible for enhanced DLA production
in LdbVI104_07. The same letter on the bars denotes insignificant variations among the
levels of the factors (p > 0.05)

The transcript level analysis and enzymatic activity data demonstrate a coordinated regulation
of genes and enzymes involved in glycolysis and DLA biosynthesis in recombinant strain
LdbVI104 07. The robust expression of d/dh in the engineered strain (Ldb0101) at 24 hour
(2.87 £ 0.64) aligns with its 3.4-fold increase in enzymatic activity (2.68 +0.12 U mg™!), driving
enhanced DLA production compared to wild-type (Fig 3.5a and c). In contrast, dldh homolog
(Ldb1010) showed minimal expression and negligible activity, corroborating with low DLA

titres (in previous section) highlighting its limited role in DLA biosynthesis in L.bulgaricus.
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The high expression of pyk (Ldb0839) at 12 hour (2.79 £+ 0.003) corresponds to its 1.2-fold rise
in activity (1.23 = 0.009 U mg™), ensuring sufficient pyruvate supply for DLA biosynthesis.
Similarly, pfkl (Ldb0838) exhibited a 2.7-fold transcript increase by 48 hour, while pfk2
(isoform of pfk) peaked at 24 hour (1.20 + 0.12), reflecting moderate enzymatic activity
increases (0.98 £ 0.003 U mg™), supporting efficient glycolytic flux. Increased expression of
glk (Ldb0119) from 12 to 48 hours (52% rise) aligns with its 1.5-fold activity increase (0.35 +
0.003 U mg™), facilitating glucose utilization for enhanced DLA production. Enhanced
expression of gpmal and gpma?2 at 24 hours (2.75 = 0.003 and 2.65 + 0.003, respectively)
contrasts with decreased pgm activity, suggesting a flux shift favoring DLA production. The
striking 35-fold rise in eno expression from 12 to 24 hours (2.57 + 0.003) contrasts with its
reduced activity, indicating a regulatory bottleneck. Meanwhile, pgk transcript levels showed
a 2.6-fold increase by 48 hours (3.88 + (0.78), supporting sustained enzymatic activity (0.98 +
0.03 U mg™), crucial for glycolysis and ATP production. Although the ccp4 gene has been
reported to regulate stress responses, in this study, its moderate expression peaking at 48 hours
(0.98 £ 0.87) and reduced enzymatic activity in LdbVI104 07 suggest a shift in metabolic
priorities, indication of reprogramming to favor DLA biosynthesis with minimal stress
formation [116]. Similar findings were previously reported in a mutant strain of L. bulgaricus,
where significant upregulation of key glycolytic genes (dldh, pgk, glk, pfk, and pyk), coupled
with decreased expression of ccpA, resulted in enhanced DLA production [2]. The integration
of transcript-level analysis and enzymatic activity profiling demonstrates successful metabolic
reprogramming in LdbVI104 07, providing valuable insights into glycolytic regulation and its

optimization for future upscaling biosynthesis of optically pure DLA in L.bulgaricus.

3.4.6 Batch fermentation in bioreactor using efficient recombinant L.

bulgaricus strain

The recombinant LdbVI104 07 strain was selected for scale-up experiments due to its superior
performance, characterized by consistent high DLA titres achieved with minimal biomass,
coupled with enhanced acid tolerance. Pure lactose (99.09% purity) in MRS-lactose 3% (w/v)
medium supplemented with amino acids glutamine and phenylalanine (0.15% w/v) was used
for batch fermentation using the efficient recombinant strain LdbVI104 07. It was observed
that lactose was consumed efficiently over the course of fermentation, decreasing from 30 g L~
"at the start to negligible levels (<0.001 g L") by 58 hours. Concurrently, DLA production
peaked at 9.39 g L1(99.09% optical purity), achieving a high yield of 0.1888 g g! based on
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lactose conversion. The specific productivity of DLA was calculated to be 0.035 g g h,
demonstrating the metabolic efficiency of the LdbVI104 07 strain over the wild. The
volumetric productivity was 0.152 g L' h'!, and the specific substrate uptake rate (gs) was
determined to be 1.108 g g! h'!. Cellular biomass levels increased steadily during the initial
phase of fermentation, reaching a maximum of 2.9 g L'at 62 hours, which indicates efficient
conversion of lactose into cellular biomass and metabolites (including DLA). Interestingly, the
yield of DLA per unit biomass (Yprax) was observed to be 4.64 g g”!, demonstrating the
strain’s capability for high metabolic flux toward DLA biosynthesis rather than excessive
growth. Glucose and galactose, the hydrolysis products of lactose, were also monitored and
their accumulation reached peak values of 8 g L' and 11.89 g L™!, respectively. But glucose
and galactose were subsequently depleted by the end of fermentation, reflecting the dual-
substrate utilization capability of the strain (Fig 3.6). Notably, residual glucose was nearly
exhausted by 55 h, while galactose persisted longer, suggesting differential substrate preference

and lack of galactose utilization pathway in LdbV1104 07.

—a— Lactose —— Biomass —&— DLA —s— Glucose —v— Galactose
-12 18

30
-10

Lactose(g/L)
(-]
Galactose(g/L)

10

.....

DLA, Glucose, Biomass (g/L)
T T

-0 -0
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Time (hours)

Figure 3.6 Dynamic batch fermentation profile of recombinant LdbVI104_07 in MRS-
Lactose (3% w/v) supplemented with a 1 g L' amino acid mixture

This chapter represents a pioneering investigation into the biosynthesis of DLA
in Lactobacillus bulgaricus V1104, marking the first exploration of this metabolic pathway in
the strain. Various strains of L. bulgaricus demonstrate the ability to produce DLA at varying
levels [188][150]. For instance, L. bulgaricus T15 exhibited remarkable DLA production
through continuous fermentation using immobilized cells, significantly surpassing yields
achieved with free cells, as noted in previous reports [189]. Additionally, previous reports
indicate that immobilized L. bulgaricus strains achieved a DLA yield of 2.68 g L'h™! over
extended fermentation periods, outperforming free-cell systems [190]. This highlights the
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potential of immobilization techniques to enhance both productivity and stability, akin to the
metabolic efficiency observed in the recombinant strain LdbVI104 07. In this chapter, the
recombinant strain LdbVI104 07 further demonstrated efficient lactose conversion into DLA,
through the successful overexpression of major glycolytic genes. The high specific productivity
and yield of DLA from cellular biomass observed in this study suggest that the recombinant
strain LdbVI104 07 excels in channelling metabolic flux towards DLA biosynthesis rather
than biomass accumulation. These characteristics can be further leveraged in industrial
applications through advanced bioprocessing strategies like continuous fermentation and cell
recycling [191] [192]. Such approaches, as demonstrated in previous reports, have proven to
enhance titre and productivity, reinforcing the efficiency and scalability of DLA fermentation

systems in L.bulgaricus V1104 could be explored in future investigations.
3.5 Conclusion

Overall, chapter 3 represents the first-of-its-kind to demonstrate enhanced DLA biosynthesis
in engineered Lactobacillus bulgaricus V1104 through innovative metabolic engineering
approaches combined with fermentation optimization. Not all Lactobacillus bulgaricus strains
exhibit high transformation efficiency, but L. bulgaricus V1104 stands out as one of the strains
with notably high transformation efficiency and is also relatively underexplored. By
reconstructing the galactose utilization pathway, balancing ATP flux, and overexpressing key
glycolytic genes alongside dldh homologs, DLA titre were markedly improved by 240%. The
engineered strain LdbVI104 07, with co-expression of major glycolytic genes, achieved
superior DLA production of 9.39 g L'! in bioreactor batch fermentation with exceptional optical
purity of 99.09%. Further optimization of fermentation parameters, including amino acid
supplementation, enhanced metabolic efficiency and DLA production ability. More
importantly, the core research work of this present thesis establishes molecular cloning tools
and transformation protocols tailored to engineering L. bulgaricus, offering a foundation for
advanced genetic manipulations. These tools not only enable fine regulation of DLA
biosynthesis but also pave the way for genetic manipulation of L. bulgaricus for future

applications in probiotic and therapeutic industries.
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4.1 Summary

Dynamic metabolic engineering integrates synthetic logic circuits into cellular systems,
optimizing metabolic fluxes and augmenting biosynthesis of target metabolites. This study
evaluated a DLA-responsive promoter-repressor system from Pseudomonas fluorescens A506,
re-engineered for heightened sensitivity and functional efficacy in Lactobacillus delbrueckii
subsp. bulgaricus VI104. The codon-optimized regulatory architecture exhibited peak
performance at DLA inducer concentration range of 60—100 mM, validated by fluorometry and
microscopy. As an application, overexpression of D-lactate dehydrogenase (d/dh) downstream
of the engineered promoter repressor system enabled finely tuned modulation of DLA
biosynthesis, autonomously regulating the transition between growth and production phases,
thereby attenuating overall metabolic load. Cross-species compatibility was confirmed by
excising regulatory elements from the promoter-repressor system and functionally assessing
them in recombinant L. bulgaricus. Molecular docking elucidated critical noncovalent
interactions between D-L/dR repressor and operator nucleotide sequence in absence of inducer
DLA. The engineered promoter construct with high efficiency effectively elevated DLA
biosynthesis by 1.63-folds and expanded the overall fermentation time relative to constitutive
systems, attaining maximum DLA titre of 9.02 g L! in bioreactor setup. These results
substantially broaden the molecular cloning toolkit available for L. bulgaricus, fostering

potential future applications in biotherapeutics and probiotics.

4.2 Introduction

The main aim of metabolic engineering is to facilitate the biosynthesis of pharmaceuticals,
biofuels, chemicals, and other valuable compounds in an efficient and sustainable manner where
we optimize the productivity, concentration, and yield of desired compounds in microbial hosts,
thereby ensuring economic viability. However, this goal is challenging due to the complex
regulatory networks that maintain cellular homeostasis, which span transcriptional, translational,
post-translational, metabolic, signalling, and epigenetic levels [193]. In genetic modifications
within metabolic engineering, careful balance in achieving the desired results while avoiding
unintended consequences due to cellular burden remains challenging [194][193]. Especially, in
cases where manipulations are overly aggressive or excessive, deleterious effects can occur due
to unexpected disturbances in the host's inherent regulatory mechanisms, leading to suboptimal
production outputs [195]. An emerging strategy to enhance microbial synthesis efficiency is

controlling biosynthetic pathways within tightly regulated cellular environments. Approaches
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like gene overexpression, knockouts, promoter/RBS engineering, protein engineering, and
enzyme co-localization have proven effective in optimizing enzyme expression and function
[196][197][198]. However, continuous transcription throughout the fermentation process
imposes constraints on the expression of foreign proteins, which can be potentially toxic to the
host cell or create an excessive metabolic burden [199]. In contrast, dynamic control mimics
natural biological processes, enabling organisms to adapt their metabolic states to real-time
fluctuations in intracellular and environmental circumstances [200]. Dynamic metabolic
engineering has emerged as a preeminent approach to potentiate the production of desired
metabolites in microbial cell factories [201]. This paradigm dynamically regulates metabolic
pathways based on environmental or intracellular cues, enhancing host robustness, reducing

metabolic burden, and improving yields [193].

Bacterial promoters are key regulatory sequences that initiate transcription, critically shaping
gene expression and enabling diverse applications in biotechnology and synthetic biology [202]
[203] [193]. Promoters also play a crucial role in facilitating interspecies bacterial interactions
through various mechanisms, including synthetic biosensors and quorum sensing systems [204].
Characterization of a heat-shock protein promoter (Pryp) from Enterococcus faecium and its
cloning into a lactococcal vector to create a stress-inducible shuttle vector for Lactobacillus and
Lactococcus species was reported [205]. Researchers recently engineered 'LactoSpanks,' a
collection of IPTG-inducible promoters derived from the Bacillus subtilis Ppyper-spank promoter,
for Lactobacillus gasseri, achieving varied expression levels with reduced basal leakiness [97].
Similarly, improvements to the classic lac and tet inducible promoter systems to enhance their
strength, control, and portability across Gram-negative bacteria was reported [206]. The authors
modified the promoter architecture to include consensus sequences for strong RNA polymerase
binding and an optimized ribosome binding site. Two inducible promoters, the xylose-inducible
promoter Py4 from Lactobacillus brevis and the nisin-inducible promoter Pyiss from
Lactococcus lactis were used as valuable tools for regulating gene expression in the probiotic
bacterium L. plantarum [199]. Similarly, the Py promoter derived from Bacillus subtilis was
employed to develop a versatile inducible expression system in various LAB hosts, including
Lactobacillus plantarum, Lactococcus lactis, and Pediococcus acidilactici is described [207].
Hence, the broad-host-range promoter enabled high-level recombinant protein production across
multiple LAB species, providing a flexible biotechnology tool.

Recently, research studies are focussed on developing target metabolite-dependent promoter-

repressor systems. Autonomous dynamic regulation (ADR) enables microorganisms to internally
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adjust metabolic flux for biomass or metabolite accumulation, using the product itself as an
inducer to regulate gene expression at specific fermentation stages [208]. The previously
reported muconic acid-inducible promoter, an advanced tool in dynamic metabolic engineering,
adjusts gene expression based on muconic acid levels to balance metabolic flux, enhancing yield
and efficiency through precise, real-time pathway regulation [193]. Lactate-inducible promoters
are a relatively underexplored area in molecular biology, with very few literatures reports
available to date. Identification and characterization of lactate-inducible systems from various
bacterial species, including Escherichia coli and Cupriavidus necator was reported recently
[209]. In this present study, a novel DLA-inducible promoter-repressor system from
Pseudomonas species was meticulously evaluated in Lactobacillus delbrueckii subsp.
bulgaricus V1104 to achieve dynamic metabolic control for enhanced and regulated DLA
biosynthesis. The DLA-inducible promoter modulated by the GntR-family repressor protein D-
lldR from Pseudomonas fluorescens was previously reported to exhibit high specificity for DLA
and robust inducibility [210]. L. bulgaricus is a LAB extensively employed as a starter culture
in the production of yogurt and cheese [211]. Research on L. bulgaricus have focused on the
genetic manipulation to enhance its applications as probiotics and understand its metabolic
processes for health benefits [212] [213] [214]. Despite its industrial relevance, research on the
metabolic engineering of L. bulgaricus for producing value-added compounds remains limited
due to the scarcity of molecular cloning tools and challenges with electroporation which we have
addressed in previous chapters. DNA uptake and integration in L. bulgaricus are hindered by
native plasmids and restriction-modification systems [117]. DLA, a stereoisomer of lactic acid,
is valued for its role in synthesizing PLA, a biodegradable thermoplastic from renewable
resources, with high-purity DLA biosynthesis by Lactobacillus delbrueckii subsp. bulgaricus
enhancing the sustainability and efficiency of PLA production[2]. In the current study, the D-
lldR-Pap promoter-repressor system was codon-optimized, engineered, and validated in L.
bulgaricus through a prototype dynamic control network regulating fluorescent protein
expression thereby facilitating controlled and enhanced DLA biosynthesis followed by an
application where the efficient promoter screened was further evaluated for dynamic control by

substituting fluorescent protein with a key DLA biosynthetic gene.
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4.3 Material and methods

4.3.1 Enzymes, primers and gene synthesis

All restriction and other genetic manipulation enzymes, including Q5 High-Fidelity DNA
Polymerase and Phusion High-Fidelity DNA Polymerase, were procured from New England
Biolabs (NEB). Oligonucleotide primers, as listed in Table 4.1, were synthesized by BioServe,
India. The ribosome binding site (RBS) was uniformly employed across all constructs along with
the spacer region. The D-//dR gene region was codon-optimized for enhanced protein expression
in L. bulgaricus and subsequently synthesized by GenScript, USA, in tandem with the Pyp
promoter. The sequence for this optimized D-/ldR’ gene is provided in the Fig 4.1.

Table 4.1: List of primers used in this study

Name of | Sequence of the primer 5’ to 3’

the

primer

GSP FP | ctagaggatccccgggtaccggtgaaaggagetgtacaaatggggtttgatcaggtgcgte
GSP RP | ctcggaggaggccatcctaggtatggggtggcccctgattg
F1 FP tagaggatcccegggtaccggtgaaaggagetgtacaaatggggtttgatcaggtgegtcag
F1 RP caacttctcagtggatcctttgccgectgegaaactttggtcg

F2 FP caggcggcaaaggatccactgagaagttgctcteeee

F2 RP ggggtatotcaagaattccatgcaagetttcgecg

F3 FP aaagcttgcatggaattcttgacacacccctgeccagg

F3 RP ctcggaggaggccatcctaggeatatggggtggccectgattg
F4 FP cctegtcggegaaagcettgeatggaattcgeccacag

F4 RP acgtaccttaagcgggtgtcgctgacatttaaccataatggt
F5 FP aaccaaccaagctcaccaaacaacaa

F5 RP tacagtcgctgtgggctagattaagagttggticgagtgg

F6 FP tggactaataaaactcactctccacc

F6 RP accggtacccggggatcctctagagtcgacctgattattttg

F7 FP cccgatcttgtacagctcctttcaccg

F7 RP gtttggtgagcttggttacagtcgctgtgggctagat

F8 FP gtgagaggtaccggtacccggggatectetag

F8 RP aaccaagctcaccaaacaa

F9 FP tacagtcgctgtgggctagatgtcagegaca

F9 RP acagtcgctgtgggctagaacatgtcg

F10 FP | tgaaaggagctgtacaaatgactaaaatttttgcttacgcaattcgt
F10 RP | atcaagcttatcgatttagccaaccttaactggagtttcage
dldh_FP | cctaggatgactaaaatttttgcttacgcaattcgt

dldh RP | atcgatttagccaaccttaactggagtttcage
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4.3.2 Bacterial strains, plasmids and cultivating conditions

The bacterial strains employed in this study and the plasmids details are listed in Table 4.2. E.
coli TOP10F’ and BL21 (DE3) cells were cultivated and maintained in Luria-Bertani (LB) broth
and LB agar (LB broth containing 1.5% (w/v) agar). Lactobacillus delbrueckii subsp. bulgaricus
VI104 and ATCC 11842 was cultivated in deMan Rogosa Sharpe (MRS) media. For preculture
preparation, the strain was propagated in 10 mL MRS broth at 37°C shaking conditions prior to
the culture entered its phase of exponential growth (~10° CFU mL '). MRS medium
composition: glucose 20 g L', beef extract 10 g L -, peptone 10 g L', yeast extract 5 g L',
CH3COONa.3H,0 5 g L', KoHPO4 2 g L™, tri-ammonium citrate 2 g L', MgS04.7H,0 0.2 g L°
!, MnS04.4H,0 0.5 g L'! and Tween 80 1 g L'. A PVDF membrane filter with a 0.22-um
diameter was used to sterilise the fermentation medium. All wild and recombinant strains used
in this study were grown in 37°C shaking conditions. 100 ug mL™! of ampicillin for E. coli and
25 pug mL! of erythromycin for L. bulgaricus were supplemented in the medium for the stable
replication of recombinant plasmids. All reagents and chemicals including antibiotics employed
in this present study were purchased from M/s HiMedia Laboratory Chemicals (Bengaluru,
India).

Table 4.2: List of bacterial strains and plasmids used in this study

Strain Description Source

E. coli TOP10F’ Host for gene cloning, F' [lac! q, | Invitrogen
Tnl0(TetR)] mcrd A(mrr-hsdRMS-
mcrBC)  ¢80lacZAM15  AlacX74
recAl araD139 A(ara-leu)7697 galU
galK rpsL(StrR) endA1 nupG

E. coli BL21(DE3) F~ ompT gal dem lon hsdSs(rs ms ") (] Novagen
Lactobacillus delbrueckii | LAB expression host A kind gift from
subsp.bulgaricus V1104 Prof.

Emmanuelle
Maguin, French
National Institute
for Agriculture,
Food, and
Environment
INRAE, France
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LdbVI104-Pgsp

Lactobacillus delbrueckii
subsp.bulgaricus VI104 harbouring

This study

plasmid pLEMA415-D-lldR ’-P jap-
mRFPI1 (PGSP)
LdbVI104-Pgys Lactobacillus delbrueckii | This study
subsp.bulgaricus VI104 harbouring
plasmid pLEM415-D-/ldR ’-Pyini-
PlldP-mRFPI (Ppy)
LdbVI104-Pys. Lactobacillus delbrueckii | This study
subsp.bulgaricus VI104 harbouring
plasmid pLEM415-D-lldR ’-P 14n1-
mRFPI (Pyu)
LdbVI104-Pgsp-aian Lactobacillus delbrueckii | This study
subsp.bulgaricus VI104 harbouring
plasmid pLEM415-D//dR -PIldP-dldh
(PGsp-aian)
LdbVI104-Pgspaop Lactobacillus delbrueckii | This study
subsp.bulgaricus VI104 harbouring
plasmid pLEM415-D//dR’-P.p-Aop-
mRFPI1 (PGSP_AOp)
LdbVI104-Pgsparep Lactobacillus delbrueckii | This study
subsp.bulgaricus V1104 harbouring
plasmid pLEM415-D/ldR ’-Pu.p-Aop-
mRFP1 (PGSP_AOp)
LdbVI1104-Pgspioparep Lactobacillus delbrueckii | This study
subsp.bulgaricus V1104 harbouring
plasmid  pLEM415-DIldR’-PlldP-
AopArep (Pgsp-Aop Arep )
Plasmids Description Source
pLEM415-Idhl-mRFP1 Em", Amp"; E. coli-Lactobacillus | Deposited by
shuttle vector Dr.Sujin Bao
(Addgene
plasmid
n0.99842)
pLEM415-D-lldR -Pyap-mRFPI (Pgsp) | Em', Amp"; The codon optimized | This study

repressor protein expressed under
Pian. of pLEM415 along with Pjap
native promoter sequence from
Pseudomonas fluorescense present

downstream.
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pLEM4 15-D-lldR ’-P[dhL—P[[dp—mRFP]
(Prys)

Em', Amp"; The Pgsp construct
harbouring the Py constitutive
promoter  sequence, strategically
positioned between the codon-

optimized repressor gene and the
native Py promoter sequence from
Pseudomonas sp.

This study

pLEM415-D-lldR ’-Pian-mRFP1 (Puwy) | Em', Amp"; Pgsp promoter harbouring | This study
the Puu  constitutive  promoter
sequence, and devoid of native Pygp
promoter sequence.
pLEM415-D-lldR ’-Pup-didh (Pgsp-aian) | Em', Amp"; Pgsp promoter harbouring | This study
dldh gene from L. bulgaricus replacing
mRFPI.
pLEM415-D-/ldR ’-Pup-Aop-mRFP1 Em’, Amp"; Pgsp promoter devoid of | This study
(Pgsp-Aop) operator sequence.
pLEM415-D-/ldR ’-Pp-Arep- Em', Amp"; Pgsp promoter devoid of | This study
mRFPI Arep (Pgsp.Arep) repressor sequence.
pLEM415-D-/ldR ’-Pup-AopArep Em', Amp"; Pgsp promoter devoid of | This study

(P GSP.AOp AI’Cp )

operator and repressor sequence.

Em’, Erythromycin resistance; Amp", Ampicillin resistance
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Optimized 264 ATGGGCTTCGACCAGGTCCGGCAGCGGCGGCTGAGCGACGACATCGTTGAACAGCTGGAA

Original 264 ATGGGGTTTGATCAGGTGCGTCAGCGCCGTTTGTCTGACGATATTGTCGAGCAGCTTGAG
Optimized 324 GGCATGATCCTGGAAGGCACCCTGAAGAGCGGCGAACGGCTGCCAGCTGAACGGGCCCTG
Original 324 GGGATGATTCTCGAGGGCACGCTGAAGTCGGGCGAACGCTTGCCGGCCGAGCGCGCGTTA
Optimized 384 GCCGAACGGTTTGGCGTCAGCCGGCCAAGCCTGCGGGAAGCTATCCAGAAGCTGGCCGCC
Original 384 GCCGAGCGCTTTGGTGTGTCGCGCCCGTCGTTGCGTGAGGCGATTCAGAAACTGGCGGCC

Optimized 444 AAGGGCCTGCTGGTTAGCCGGCAGGGCGGCGGCAACTACGTCGTTGACAGCCTGGGC

Original 444 AAGGGGTTGTTGGTCAGTCGTCAGGGCGGTGGCAACTATGTGGTGGACTCCCTGGGTTCG
Optimized 504 ACCTTCAGCGACCCGCTGCTGCACCTGCTGGAAAGCAACCCAGAAGCCCAGCGGGACCTG
Original 504 ACCTTCAGCGATCCGCTGTTGCACTTGTTGGAAAGCAATCCCGAAGCGCAGCGCGATCTG

Optimized 564 CTGGAATTTCGGCAGACCCTGGAAGCCAGCTGCGCTTACTACGCTGCTCTGCGGGCTACC

Original 564 CTGGAGTTTCGCCAGACCCTTGAGGCTTCGTGTGCTTATTACGCGGCGTTACGCGCCACG
Optimized 624 GAAGTTGACCGGGAACGGCTGACCGCTGCTTTCGAAGCCCTGCAGGACTGCTACGCTCGG
Original 624 GAGGTTGACCGTGAACGGCTGACCGCAGCGTTTGAAGCGTTGCAGGATTGCTATGCGCGC
Optimized 684 GCCGACGAAGTCAGCCGGGTTGAAGAAGGCGCTGCTGACGCTCGGTTCCACCTGGCTATC
Original 684 GCCGACGAAGTGAGCCGAGTGGAGGAGGGTGCTGCGGATGCAAGGTTTCACTTGGCGATT
Optimized 744 GCTGAAGCCAGCCACAACGCCGTTCTGCTGCACACCATCCGGGGCCTGTTTGACCTGCTG
Original 744 GCCGAAGCCAGTCATAACGCCGTGTTGCTGCACACCATTCGCGGGCTGTTCGACCTGCTC
Optimized 804 AAGCGGAACGTCGTTACCAACATCGGCGGCATGTACCAGCAGCGGACCGAAACTCGGGAC
Original 804 AAGCGTAACGTGGTGACGAATATTGGTGGCATGTACCAGCAGCGTACCGAGACCCGCGAC

Optimized 864 ATGCTGATCAACCAGCACCGGGACCTGTACCTGGCCATCATCGAAGGCCGGGCTGAACAG

Original 864 ATGCTGATCAATCAGCATCGGGACTTGTACCTGGCCATCATCGAGGGGCGGGCCGAGCAG
Optimized 924 GCCCGCGAAGTCAGCACCCGGCACCTGCTGTACGTCCAGGAAGTTCTGGAAGAAGTTCGG
Original 924 GCGCGCGAAGTCTCGACACGGCATCTGCTGTATGTGCAGGAGGTGTTGGAGGAGGTGCGT
Optimized 984 CAGGAAGTCCAGCGGGTTGCTCGGGCCGA AACGGCGGAAGGGCATG
Original 984 CAGGAGGTTCAACGCGTGGCTCGGGCGGAGCGACGCAAAGGGATG

Figure 4.1 Comparison of the native and codon-optimized DIIdR’ gene sequences for
Lactobacillus delbrueckii subsp. bulgaricus

4.3.3 Recombinant plasmids construction

The plasmid pLEM415 containing ori site for both E .coli and Lactobacillus sp. was used to
develop the DLA responsive promoter-repressor system in this study [107]. DLA-inducible
promoter from Pseudomonas fluorescens A506, regulating the D-/IdR and IldP_dld-11 operons
was used in this study [210]. This promoter region comprises -10 and -35 elements along with a
palindromic operator site. To construct the recombinant Pgsp plasmid, the codon-optimized

(denoted as D-/IdR’) repressor protein along with P;sp promoter sequence (synthesized from
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GenScript, USA) was cloned upstream of the mRFPI gene in the pLEM415 plasmid. Pgsp
construction was achieved using a conventional cloning method, employing Agel and Avril
restriction sites along with primers GSP_FP and GSP_RP. To construct the hybrid promoter
system (Py»), the Pinz promoter from pLEM415 was PCR-amplified using primers F2_FP and
F2 RP. The amplified fragment was then ligated between the D-//dR’ repressor gene and the -35
region of the native Pusp promoter via Gibson assembly, employing primers F1 FP, F1_RP,
F3 FP, and F3 RP, where all fragments were amplified separately with 15 bp overlapping
sequences between each fragment. Similarly, the P construct was generated by PCR
amplification of the entire Py, promoter, excluding the native -35 and -11 regions (Puap), using
primers F4 FP and F4 RP through Gibson assembly. For autonomous dynamic regulation
(ADR) application, the pivotal gene responsible for DLA production, dldh was amplified from
the genomic DNA of L. bulgaricus ATCC 11842, utilizing the Sigma Aldrich genomic DNA
isolation kit. The dldh gene was subsequently ligated downstream of the Pgsp construct,
replacing the mRFPI reporter gene using primers (d/dh_FP and dldh_RP) carrying restriction
enzymes Clal and Avrll (conventional cloning method). Following ligation, all constructs were
transformed into E. coli TOP10F’ cells via heat shock method, with successful constructs
verified via colony PCR. Verified constructs underwent sequence validation through Sanger
sequencing (Bioserve, India) and were transformed into E. coli BL21 cells and also
electroporated into L. bulgaricus V1104 for functional characterization analysis. To assess the
functional roles of the operator and repressor regions, specific plasmid constructs were
engineered using Gibson assembly. The recombinant plasmid Pgsp was used as the template for
these modifications. For excision of the operator region, primers F5 FP and F5 RP were
employed to amplify the entire plasmid, excluding the operator sequence. Similarly, the repressor
region was excised using primers F6_FP and F6_RP. To generate a construct devoid of both the
operator and repressor regions, the Pgsp plasmid served as the template, and the respective
fragments were amplified independently using primer pairs F7 FP, F7 RP, F§ FP, F8 RP,
F9 FP and F9 RP, followed by their assembly via Gibson assembly. For construction of the
(Control) constitutive promoter system, a similar strategy was employed and dldh gene was

cloned downstream of Py promoter in pLEM415 vector using primers F10_FP and F10_RP.
4.3.4 Electroporation of Lactobacillus delbrueckii subsp. bulgaricus V1104
The L. bulgaricus competent cells were prepared as described by [117] . A freshly cultivated L.

bulgaricus V1104 sample was serially diluted and inoculated into 100 ml of MRS medium, which

was subsequently grown at 42°C. After incubating overnight, the culture was harvested at the
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early stationary phase, indicated by an optical density at 600 nm (ODeoo) of 1.7, and collected
through centrifugation. The bacteria were rinsed once with 100 ml of cold electroporation buffer
(EB) (comprising 0.4 M sucrose, 1 mM MgCl,, 5 mM KH>POs; pH 6 as per reports by [117])
and then twice with 30 ml of cold EB. The cells were resuspended in EB to reach an ODgoo of
approximately 50. The cell suspension was incubated at 45°C for 20 minutes and subsequently
placed on ice for 10 minutes. For electroporation, 80 ul of the cell suspension was combined
with 0.3 to 2 pg of recombinant plasmid DNA. The mixture was then subjected to a 1.5-kV, 800-
Q, 25-uF electric pulse in a 0.2-cm cuvette using a Gene Pulser (0.2cm gap MicroPulser
Electroporation cuvette, BioRAD). Immediately following electroporation, 2 ml of MRS
medium (with 2% glucose) was added, and the cells were incubated for 3 hours at 37°C before
being plated on MRS agar plates with erythromycin. The plates were incubated at 37°C for 3

days under anaerobic conditions using Gaspak (Himedia, India).

4.3.5 Fluorescence assay and microscopy

To conduct the fluorescence assay/dynamic responses of the constructed biosensors, the
recombinant VI104 strains were cultured in 5 ml preculture overnight, followed by transfer into
50 ml main culture in presence of erythromycin (25ug mL '), 37 °C, shaking condition 200 rpm.
Recombinant VI104 cultures (containing Pgsp, Puys, Puu) were allowed to grow for 3 hours
followed by induction with pure DLA (99.09% purity) at varying concentrations (10mM to 100
mM). Samples were collected after 3 hours interval to check the normalized fluorescence
intensity in plate reader. For the fluorescence assays, cell optical density was determined by
measuring absorbance at 600 nm. A volume of 100 puL from the main culture was transferred to
a black-wall, clear bottom 96-well plate (Corning, USA) and fluorescence was measured with a
microplate reader (Varioskan™LUX, ThermoScientific) at excitation and emission maxima at
587 nm/625nm. Fluorescence values were normalized to the optical density at 600 nm (ODsoo)
to calculate the Relative Fluorescence Units (RFU) wusing the formula RFU =
Fluorescence/ODgoo. The same procedure was applied to E. coli BL21(DE3) engineered strains,
which were grown in LB medium supplemented with 100 pg mL™! ampicillin at 37 °C with
shaking at 250 rpm. All experiments were performed in triplicate on three separate days. On 1.5
mm thick glass slides (Paul Marienfeld GmbH, Germany), a 10-puL aliquot of the 1000-uL
resuspended mixture (PBS with modified bacteria) was deposited on glass slides (Paul
Marienfeld GmbH, Germany), and 1.5 H glass coverslips (Carl Roth GmbH, Germany) were
placed on top. The samples were then observed using inverted fluorescence microscope

(CKXS53SF-OLYMPUS, Tokyo, Japan). The mRFP signal was captured using a 561 nm laser
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and a 575nm long-pass emission filter. Images were adjusted to identical brightness and contrast

settings and processed using ImagelJ software.

4.3.6 Optimization of fluorescence intensity via One-Factor-at-a-Time

(OFAT) approach

To optimize the promoter activity for the constructed promoter library (Pgsp, Puys, Puus), a series
of experiments were conducted in shake flask cultures. Variables such as induction time,
agitation speed (rpm), temperature, inducer molecule, and initial pH were systematically
optimized using One-Factor-at-a-Time (OFAT) strategy. Recombinant strains were cultivated in
a similar way as detailed in Section 2.5, followed by induction at different time intervals (3, 6,
9, 12, 15, and 18 hours). The normalized fluorescence intensity was measured, and the highest
values were recorded and plotted to identify optimal induction timing. Inducer specificity was
assessed by testing various molecules, including pyruvate, 3-hydroxypropionate, glyoxylate,
lactic acid, and 99% pure DLA (selected based on previous reports) of their ability to activate
maximum promoter activity. The recombinant V1104 strains were grown under varying agitation
speeds (static, 100 rpm, 200 rpm, and 300 rpm), and normalized fluorescence were denoted as
in previous section. Temperature optimization experiments were performed by incubating
cultures at 30°C, 35°C, 37°C, 40°C, and 42°C to determine the temperature that maximized
promoter activity. The pH of the culture medium was systematically adjusted across a range from
2.5 to 9.5 prior inoculation to evaluate its effect on promoter activity and identify the optimal

pH conditions.

4.3.7 Cell free extract preparation, protein expression analysis and
enzymatic activity assay

In order to assess the intracellular fraction for protein production, cell pellet was resuspended in
50 mL lysis buffer (Tris-50mM pH 6.5, Imidazole-10mM, NaCI-500mM, PMSF-1mM) and
incubated at 37 °C for 15 minutes along with lysozyme (Sigma Aldrich, USA) followed by
sonication at 33% amplitude (pulse 10 sec ON and 30 sec OFF) for 20 minutes. The lysed cells
were centrifuged at 10,000 rpm at 4°C for 10 minutes, and the supernatant collected was loaded
on 12% SDS PAGE.

The reaction mixture (1 mL) contained 100 mM potassium phosphate bufter (pH 7.5), 1.34 mM
D-lactate, 2 mM NAD", and an appropriate amount of cell lysate. The increase in absorbance at
340 nm, corresponding to NADH formation, was monitored continuously for 5 minutes at 37°C

using a Shimadzu UV-1800 spectrophotometer. Enzyme activity was calculated using the molar
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extinction coefficient of NADH (€340 = 6.22 mM™! cm™). One unit (U) of d-Idh activity was
defined as the amount of enzyme catalyzing the formation of 1 umol of NADH per minute under
the assay conditions[158]. Protein concentration in the cell lysates was determined using the
Bradford method with bovine serum albumin as the standard. Specific enzyme activity was
expressed as units per milligram of protein (U mg™! protein). All measurements were performed

in triplicate, and the results are presented as mean =+ standard deviation.

4.3.8 Bioreactor fermentation and cellular burden assay

Inoculum was cultured for 6 hour in 100 mL MRS media supplemented with 20 g L™! lactose
instead of glucose as Lactobacillus delbrueckii subsp. bulgaricus exhibits enhanced metabolic
activity in the presence of lactose compared to glucose [215][216]. DLA production was
performed in a 1.5 L bench-scale bioreactor (Minifors 2, Infors AG) containing 20% (W/v)
lactose supplemented MRS media. The bioreactor operating conditions, including pH (4.5),
temperature (37°C), and stirring speed (200 rpm), were determined based on previously
optimized experimental parameters. Dissolved oxygen and air flow rate was maintained at 20%
and 0.2 vvm [150]. pH was maintained by automatic feeding of 4 N KOH. All experiments were
conducted in in triplicate, and the results are presented as mean + standard deviation. The
intracellular levels of NADH and NAD" were quantified following the method previously
described [217] [218].

4.3.9 Analytical methods

Glucose, lactate, and other metabolites in the collected supernatant were assessed using
Phemomenex Aminex HPX-87H column and Phenomenex guard column attached to HPLC-RID
detector system (M/s. Shimadzu, Corp., Kyoto, Japan). The isocratic elution procedure was
adopted with a flow rate of 0.6 mL minute™! and a mobile phase of 5 mM H,SOs. Lactic acid
were evaluated using UV detector at 210nm. Cell growth (ODeoo) was measured using a UV-Vis
spectrophotometer (Spectronics 200, ThermoFisher, UK. Cell pellets collected after
centrifugation were washed twice with deionized water to remove any salts present and dried at
80°C for dry cell weight (DCW) determination. Absorbance can be converted to DCW (in g L)
values by the OD vs DCW correlation (where 1 OD = 0.38*DCW for wild VI104; 1 OD =
0.69*DCW for Control and 1 OD = 0.47*DCW for dynamic system). All the analysis were
performed in duplicates, and the metabolite concentrations were represented as mean of
duplicates. To specifically verify the presence of DLA, a dldh based enzyme kit (K-DATE, M/s
Megazyme, Ireland) was used and L-lactic acid (LLA) was analysed using an L-lactate oxidase
kit (K-LATE, M/s Megazyme, Ireland) based on manufacturers protocol in a multimode plate

90
TH-3603_196106017



reader (VarioskanTM Lux, M/s ThermoFisher Scientific). Optical purity was measured using the

formula given in Eq 1.

4.3.10 Bioinformatics and statistical analysis

Protein (D-/[dR) model was generated using AlphaFold Server powered by AlphaFold 3. The
ligand (DLA) was downloaded in sdf format from PubChem (CID: 61503).
D-IldR (protein)-DLA (ligand) docking was done using JAMDA docking tool in ProteinsPlus
[219]. The binding pocket was selected according to the binding residues identified by [210].
The model 1 with JAMDA Score (-1.47561) was selected for (D-//dR)-Nucleotide binding
analysis. For nucleotide-protein docking, the operator sequence (AATTGGTATTACCAATT)
was created in pdb format using Biovia Discovery Studio 2019. DLA bound D-//dR in pdb format
was docked with operator sequence DNA using HDock server (http://hdock.phys.hust.edu.cn/)

and further analyzed in detail using PLIP online tool[220].

All the experiments in this present study were carried out in triplicates and the results expressed
as mean values + standard deviations. Graphs were plotted using Origin2021 (OriginLab
Corporation, USA) software for statistical analysis and evaluated using analysis of variance
(ANOVA) and Tukey Post-hoc test for promoter functionality confirmation. Statistical analysis

was conducted with a p-value of <0.05 considered indicative of statistical significance.

4.4 Results and discussion

4.4.1 Engineering of recombinant Lactobacillus strains harboring Pgsp, Puys,

and Py.: promoter-repressor systems

The novel DLA-inducible promoter regulated by the GntR-family protein D-/ldR, specifically
responds to DLA, where D-IldR acts as a repressor that is deactivated upon DLA addition,
activating the /ldP-dld-II operon. Notably, the DLA-inducible d/dh gene within this operon in
Pseudomonas species coordinates DLA metabolism, enhancing the bacterium's efficiency in
utilizing DLA for growth and adaptation in DLA-rich environments [210]. In the current
chapter, the same DLA-inducible promoter-repressor system has been harnessed as a
sophisticated dynamic metabolic engineering tool in L. bulgaricus, facilitating the precise
regulation of DLA biosynthesis. To optimize compatibility and performance, the repressor
protein was codon-optimized and successfully cloned alongside the Pyqp promoter along with
LAB compatible RBS sequences (Fig 4.2a). The mRFP gene, encoded within the pLEM415
plasmid, has been previously demonstrated to exhibit robust expression in Lactobacillus

delbrueckii subsp. bulgaricus, underscoring its genetic compatibility and functionality within
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this host system [107]. To further potentiate the efficacy of the promoter, a hybrid promoter
strategy was implemented, seamlessly integrating a Lactobacillus sp. compatible promoter
Pune from Lactobacillus sakei (pre-existing within the pLEM415 plasmid acquired from
Addgene) along with the innate Pjsp promoter (gene synthesized from Genscript) from
Pseudomonas sp., thereby synergistically augmenting the transcriptional output similar to
previous published literature reports [221]. This innovative approach combines elements from
disparate sources to forge a more efficient and controllable gene expression system in target
expression host (Fig 4.2b) (agarose gel images for construction of promoter libraries Pgsp, Py
and Py provided in Fig 4.3). A Lactobacillus delbrueckii subsp. bulgaricus-compatible
ribosome binding site (denoted as RBS’) sequence, GAAAGGAG, accompanied by an 8 bp
randomized spacer region, was strategically cloned upstream of the mRFP fluorescent protein,
in conjunction with the native RBS sequence of the P;p promoter across all constructs [222].
For construction of Pz, variant, the native Pyqp promoter sequence was excised from the Py
construct through a combination of overlapping PCR and Gibson assembly approach (Fig
4.2c). This modification aimed to assess the functional significance and compatibility of the
native promoter within Lactobacillus strains.

In Pseudomonas species, particularly Pseudomonas putida and Pseudomonas aeruginosa, have
been extensively characterized regarding their promoter systems [223][224]. The 670 family
of sigma factors, which are responsible for recognizing promoter sequences, plays a pivotal
role in the transcriptional regulation of genes in these organisms [225]. Promoters bearing the
consensus —10 and —35 sequences have demonstrated broad activity across multiple hosts,
including E. coli and other Pseudomonas strains, indicating a level of compatibility that can be
exploited for heterologous gene expression [226]. The findings from this chapter is the first of
its kind to demonstrate the functionality of a Pseudomonas sp. promoter when tested in a
Lactobacillus sp. context. The comparative analysis of promoter sequences between
Lactobacillus and Pseudomonas highlights both the conservation and divergence of
transcriptional regulatory mechanisms. While both genera utilize similar core promoter motifs,
the context and efficiency of these sequences can vary significantly due to differences in their

genomic architecture and environmental adaptations [227][228].

92
TH-3603_196106017



P -\ q, s )

(a) Pose Uninduced | oy 55~

Operator
N R poiymene 1 TAATAAMACT CACTCTCCAC CATCCCGACC ACTCGCCGGG GCCCCTATIC
Pk | BRIy R - 352 Odeotie sed 51 TGGCCTATCG ACGTGCCOGE AGCACCTATC AGAMCGCCTT CAATTICGCC
{ =
PGsp Induced H o Reproraos proten 101 GATCAGAACG CCCCGCCTAC CGACCTACGA CCAMGTTTC GCAGGCGGCA
' e 151 AAGGATCC: TG CTCTCCCCAG TCAC ATTGCTGT
........................
Regrersor protein 201 70
Bound D Lactic sced = -
@ U potymensse 1TAATAAMACT CACTCTCCAC CATCCCGACC ACTCGCCGGG GCCCCTATTC 251 CT
G2 Dactiescd 51 TGGCCTATCG ACGTGCCGGC AGCACCTATC AGAACGCCTT CAATTICGCC 301
Repressor protein 101 GATCAGAACG CCCCGCCTAC CGACCTACGA CCAAGTTTC GCAGGCGGCA 351 AAN s A AT CCTCGTCOGC GAAN
Kt -10
151 AATIGAGACA CCCCTGCCCA GGCIGTTAAT GTAGCCCACA GCGACTGTAA 401 ATGGAATICK rugwuc CIGCCCAGGC IGITAAICTA ucux,ct‘(k
- RBS
bound D-lactic .:,., 201 ATIGGIATIA CCAATTAACC AAGCTCACCA AACAACAACA AICAGGGGCC 451 ACTGTAMATT GGIATTACCAA ”;{\ccur;crc ACCAAMCAAC AMCAAICAGG
RBS" " 1 ctoss CAACCAL
251 ACCCCATacc tagGAAMGGAG CTGTACAA 501 GGCCACCCCA TATGectags GARMAGGAG
emmmmmmm———————— 1
fe i
(&'&
PldhL i PunL 1SS o
i
(c) Puwinduced
Operator H

1 TAATAAAACT CACTCTCCAC CATCCCGACC ACTCGCCGGG GCCCCTATTC
51 TGGCCTATCG ACGTGCCGGC AGCACCTATC AGAACGCCTT CAATTICGCC
Represscr protein
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Figure 4.2. Structure, sequence, and mechanism of the engineered promoter library
under induced and uninduced conditions with DLA inducer; (a) Pgsp promoter:
Comprising a codon-optimized D-/ldR repressor protein driven by the constitutive P
promoter, alongside an operator region and the native P;sp sequence, including the -10
and -35 regions, transcription start site (TSS), and both native and Lactobacillus-
optimized ribosome binding sites (RBS and RBS', respectively), (b) Puy» promoter:
Modified by inserting the constitutive Pz promoter between the D-I//dR repressor
protein and the native Pyip sequence from Pgsp, (¢) Py promoter: Created by fully
excising the native Pyqsr sequence from the Ppy» promoter. (Fig b and ¢ depict promoter
activity under induced conditions only).
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Figure 4.3 Construction of promoter libraries Pgsp, Puys and Paur; (a) Gradient PCR of
GSP gene (promoter repressor system codon optimized and synthesized), Lanes from left
to right: Ladder, 1083 bp gene GSP PCR amplified for rest of the lanes; (b) Clone
confirmation for Pcsp, Lanes from left to right: Ladderl, Ladder 2, Single digested with
BamHI (5172 bp, and 3171 bp) for next two lanes; (¢) PCR amplification of Py, excising
out Pyqp, Ladder, 8583 bp; (d) Gradient PCR for Fragment F1 (973 bp) and F2 (280 bp)
for constructing Ppy» promoter, (e) Gradient PCR for fragment F3 (147 bp); (f) Pry» clone
confirmation Ladder Lanes from left to right: Recombinant plasmid Pgys, Pnys single
digested with AvrIl (8602 bp)

4.4.2 Functional characterization of engineered promoter-repressor systems
in Escherichia coli and Lactobacillus delbrueckii subsp. bulgaricus expression

host

To characterize the functionality of the engineered DLA inducible promoter-regulator system,
the promoter libraries were evaluated in both E. coli BL21 and L. bulgaricus V1104 expression
host strain using pLEM415 shuttle vector. The performance of the constructed inducible
promoters, Pgsp, Puus, and Prys, was evaluated in comparison to a control strain expressing
mRFP under constitutive promoter (Punz). In L. bulgaricus V1104, the engineered Pgsp
promoter exhibited the highest mRFP fluorescent protein expression levels (6388 normalized
mRFP) when induced with 100 mM DLA (Fig 4.5d). Maximum normalized mRFP detected
for Py, was 4987 (induced with 70mM DLA) and for Paz, was 2899 (induced by 100mM DLA)
(Fig 4.5e and Fig 4.5f). Under high DLA induction, the Pgsp promoter-repressor system
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achieved a 1.49-fold increase in mRFP expression over the Py, promoter and a 2.37-fold
increase over the Pun, promoter. Stable mRFP expression was maintained with DLA inducer
concentrations between 60 to 100 mM, while lower concentrations led to a decline in
expression after 15-20 hours of fermentation (after induction), suggesting a threshold DLA
concentration is necessary for repressor release and subsequent mRFP expression. A similar
observation was reported in previous studies [210], where an increase in fluorescent protein
expression was correlated with enhanced DLA production, with the concentration of DLA
carefully maintained below 100 mM to prevent potential product inhibition that could
negatively impact the system’s overall efficiency [210]. The recombinant strain VI104-Pgsp
reached stationary phase in 12" to 17" hours, faster than the wild-type and control strains. Cell
growth plateaued, and fluorescence expression stabilized, balancing with the dilution effect of
halted cell division. Between the 10™ and 35 hours, the Pgsp system (induced at 60-100 mM
DLA) showed stable fluorescence intensity, indicating that the inducer concentration was
sufficient to maintain gene expression and that cells had reached a metabolic limit, where
additional inducer did not further increase fluorescence. At lower concentrations (below 60
mM), the inducer might not reach the threshold required to fully alleviate repression or
sufficiently activate transcription. However, as the concentration of DLA increases, the
repressor protein becomes progressively inactivated, allowing for greater sequestration of the
repressor protein from operator region. This results in a more robust transcriptional response
and consequently higher mRFP expression, correlating with the increasing DLA inducer
concentration. Under uninduced conditions (no exogenously supplied DLA), the Pgsp promoter
showed a fluorescence profile where it gradually increased to a maximum normalized intensity
of around 4000. This rise in mRFP expression was due to natural DLA biosynthesis by the
wild-type L. bulgaricus VI104 strain, which activated the Pgsp promoter as endogenous DLA
levels increased. Negligible or no fluorescence activity was detected for the Pgy» and P
promoters under uninduced conditions. The control system utilizing the Pz constitutive
promoter, recognized as a robust promoter in Lactobacillus species, exhibited the highest

fluorescence intensity in comparison to engineered inducible promoters.

The Pgsp system exhibited minimal basal expression under uninduced conditions, suggesting
slight promoter leakiness, but this had a negligible impact on system dynamics. In contrast, the
control displayed a continuous increase in fluorescence with externally induced DLA. Notably,
fluorescence intensity rose significantly with higher DLA concentrations across all promoter

systems, despite similar growth pattern (growth curve profiles for recombinant VI104 strains
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provided in Fig 4.4). These results underscore the enhanced sensitivity and precise inducible
control of the codon-optimized Pgsp promoter-repressor system in Lactobacillus to DLA
further validated by fluorescence microscopy (Fig.4.6). The hybrid promoter system showed
significantly reduced activity compared to Pgsp in Lactobacillus, with mRFP expression
remaining constant across DLA concentrations from 10 mM to 60 mM. However,
responsiveness increased when DLA concentrations exceeded 70 mM. Similarly, the mutant
promoter exhibited low activity in both E. coli and L. bulgaricus, emphasizing the importance
of the native promoter’s -10 and -35 sequences for effective regulation. The fluorescence
intensity of P was very low, barely detectable under fluorescence microscopy (Fig 4.6¢).
When expressed in E. coli BL21(DE3), all the constructs showed reduced fluorescence
intensity, likely due to incompatibility between the pLEM415 plasmid and its genetic
regulatory elements, including the repressor gene. Fluorescence intensity increased with DLA
concentration, peaking at 70 mM, while the constitutively expressed control system maintained
high fluorescence. This trend was consistent across both Pgsp and Pgy» promoter systems,

highlighting their functional compatibility across species (Fig 4.5a and Fig 4.5D).
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Figure 4.4 Growth curve profiles of recombinant Pgsp-mRFP, Ppyy-mRFP and Pyu~-mRFP
when induced with varying concentration of DLA.
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Figure 4.5 Functional characterization of the engineered promoter library (Pesp, Puys,
and Pyu); (a) Maximum normalized fluorescence (AU/ODeoo) observed for Pgsp in E. coli
BL21(DE3) following external induction with varying concentrations of DLA (10 mM to
100 mM) after 3 hours of growth; (b) Maximum normalized fluorescence (AU/ODs¢0o) for
Puys in E. coli BL21(DE3) under the same DLA induction range and time frame; (c)
Maximum normalized fluorescence (AU/ODsoo) for Py in E. coli BL21(DE3) with DLA
induction across the same concentration range after 3 hours of growth; (d) Dynamic
fluorescence profile (AU/ODe0o) for Pgsp in Lactobacillus delbrueckii subsp. bulgaricus
VI104, induced with varying DLA concentrations; (e) Dynamic fluorescence profile
(AU/ODe6o0) for Pmyy in L. delbrueckii VI104 under DLA induction at different
concentrations; (f) Dynamic fluorescence profile (AU/ODeoo) for Pun: in L. delbrueckii
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VI104, induced by DLA at varying concentrations (W-I refers to without induction);
Error bars represent standard deviations from triplicate measurements of a single
sample.

(b)

Figure 4.6 (a-c) Fluorescence microscopy images of recombinant L. delbrueckii V1104
expressing mRFP under the control of (a) Pgsp, (b) Pays , and (¢) Py promoters, showing
promoter-driven mRFP expression.

This study demonstrates that the native Pseudomonas sp. promoter is optimally expressed in
Lactobacillus; however, the unoptimized promoter-repressor system was not included. Codon
optimization of the repressor is essential for proper formation and binding of the repressor
protein in Lactobacillus bulgaricus. The requirement for DLA concentrations above 60 mM to
sustain mRFP expression suggests the repressor has a high binding affinity for DLA,
necessitating elevated concentrations to displace the repressor and initiate transcription,
consistent with previous observations [210]. Alterations to -10 and -35 regions in hybrid and
mutant promoter constructs likely disrupted these processes, leading to lower mRFP
expression. It is also stated that repressors are expected to attenuate mRFP expression by at
least 70% without exerting any inhibitory effects on bacterial growth [229]. All inducible
systems showed accelerated growth, with a later and prolonged stationary phase. Low to
moderate inducer concentrations effectively dissociate repressors, enhancing transcription.

However, at higher concentrations, saturation occurs, leading to a plateau in expression.
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Excessive inducer concentrations may cause leaky expression, reducing system responsiveness
and gene expression efficiency. High inducer levels can also exert cytotoxic effects, imposing
a metabolic burden that compromises cellular health, highlighting the balance needed for
optimal gene regulation [230][231]. In contrast to previous reports, this study found that higher
DLA inducer concentrations were more effective than lower concentrations for the DIIdR’-Pjiap

system, although the cells reached stationary phase much more rapidly than the control.

While promoter sequences in E. coli are well-studied, the functionality of promoters in gram-
positive bacteria, like Lactobacillus, is less understood, with conserved —35 and —10 regions
and the TG motif upstream of —10 found in about 26% of Lactobacillus promoters, though its
frequency varies across species [232]. These findings highlight the role of the —35, —10, and
TG motifs in promoter efficacy in Lactobacillus. Modifying these can enhance gene
expression, with low GC content promoting broad host activity and high GC content enabling
selective activation aligned with host GC content [233]. The Pjqp promoter from Pseudomonas
sp. in this study, with a GC content of 28.6%, demonstrates broad-spectrum functionality,
enabling effective expression across diverse hosts such as E. coli and Lactobacillus. These
insights enhance our understanding of Lactobacillus promoter architecture and provide a

framework for optimizing gene expression in gram-positive bacteria.

4.4.3 Elucidating the role and mechanism of promoter regulatory sequences

in Lactobacillus delbrueckii subsp. bulgaricus

The codon-optimized D-IldR’ protein depends on the operator sequence for the DNA-binding
domain (DBD) to induce repression in Lactobacillus, with native repressor and operator
sequences previously identified for biosensor applications [210]. To evaluate this system in
Lactobacillus delbrueckii, we excised the operator, repressor, and both regions from the
recombinant plasmid and tested their effectiveness. This methodology facilitated an in-depth
exploration of the influence of specific genetic elements on the performance of the engineered
system within Lactobacillus species similar to literature reports [234]. It was observed that the
developed constructs, devoid of operator and repressor regions, exhibited a significant
enhancement in mRFP expression (Fig 4.7a). Interestingly, the native Pgsp promoter, even
without induction (W-I), demonstrated a certain degree of mRFP expression, hinting at a
potential leakiness in the system as mentioned in previous section. However, upon induction,
the mRFP expression amplified by a factor of 4.2. Intriguingly, the mutant libraries constructed
exhibited an equal amount of mRFP expression in both induced and uninduced states.

Compared to control, the Pgsp inducible promoter system exhibited a 1.45-fold reduction in
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activity, highlighting the importance of synergistic alignment of regulatory domains in
Lactobacillus delbrueckii, which could be applied in future metabolic engineering and
synthetic biology applications. Sigma factor compatibility is crucial for promoter expression
across bacterial species, as sigma factors from one species can activate transcription from
another's promoters, influencing gene expression [235][236]. For example, sigma factors from
Bacillus subtilis have been shown to initiate transcription from E. coli promoters, indicating
cross-species promoter recognition [237][238][239]. Literature suggests similarities between
Lactobacillus and Pseudomonas sigma factors, especially within the 670 family, which
regulates growth and stress response genes [240] [241]. Phylogenetic tree analysis shows that
despite the genetic distance between Pseudomonas and Lactobacillus, conserved regulatory
elements enable successful mRFP expression in Lactobacillus, highlighting the potential for
cross-species metabolic engineering and the use of regulatory sequences from distant
organisms to enhance production in target species (Fig 4.7d).

Studies indicate that gene repression depends not only on repressor-operator binding affinity,
as operators with weaker affinities can still achieve higher repression, suggesting operator
sequences modulate both repressor occupancy and interaction with transcriptional machinery
[242] [243]. Previous molecular docking studies analyzed the DBD and interactions between
the modelled D-//dR protein and D(+)-lactate, offering insights into their interaction dynamics
[210]. In this study, the D-/ldR repressor protein model was computationally docked with
operator sequence (DNA), both in the absence and presence of DLA, utilizing the HDock tool
to analyze the interaction mechanism [244][245]. The analysis revealed key interactions,
including hydrophobic, hydrogen bonds, salt bridges, pi-stacking, and pi-cation, essential for
protein-DNA complex stability and specificity. Presence of DLA reduced protein-DNA
interactions, while docking without DLA showed numerous interactions. Multiple hydrogen
bonds interactions and complex network of interactions were identified between operator
region (Operator region denoted as: dT-dT-dA-dA-dC-dC-dA-dT-dA-dA-dT-dG-dG-dT-dT-
dA-dA where d refers to deoxyribose) and D-IIdR protein (Fig 4.7b). ALA133 formed a
hydrophobic interaction with DA7 at 3.53 A. ARG33 in the DBD established two hydrogen
bonds with DT1 at 2.88 A and 3.21 A, while ASP136 formed two bonds with DA7 at 3.60 A
and 3.24 A. ARG155 interacted with DC5 and DC6 at 3.35 A and 2.82 A, respectively. Salt
bridges were observed between ARG140 and DA7 at 4.75 A, LYS29 with DG13 and DT14 at
3.52 A and 2.79 A, ARG67 with DA17 at 4.02 A, ARG126 with DG13 at 4.98 A, and ARG174
with DT14 at 4.91 A. Pi-stacking interactions occurred between TYR73 and DA17 at 4.81 A
and 4.70 A, and a pi-cation interaction between ARG155 and DT14 at 5.92 A. The hydrophobic
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interaction between ALA133 and DA7 suggests that hydrophobic forces play a significant role
in the initial docking and stabilization of the protein on the DNA (not shown in fig). Hydrogen
bonds, particularly those involving ARG33, ASP136, and ARG155, are critical for the precise
positioning of the protein relative to the DNA, facilitating specific recognition and binding (Fig
4.7 b). Salt bridges, particularly involving ARG43 and ARG 140, play a key role in electrostatic
stabilization, enhancing binding affinity and specificity. Pi-stacking with TYR73 and pi-cation
interactions with ARG155 emphasize the importance of aromatic and electrostatic interactions
in DNA recognition, stabilizing the complex and facilitating specific nucleotide sequence
recognition (Fig 4.7 b).

Conversely, the results for D-//dR docked with operator region in presence of DLA revealed
few interactions (Fig 4.7c). Specifically, hydrophobic interactions were observed between
ARG67 and DC12 at a distance of 3.86 A. Multiple salt bridges were detected, notably between
ARG155 and DG5S with a distance of 4.29 A. Hydrogen bonds were prominent, with ARG33
of chain A forming bonds with DA8, DG6, and DT7, and additional interactions were observed
involving ASP76, ASP84, HIS88, and ARG182. Overall, in the presence of inducer molecule
DLA, additional hydrophobic interactions and disruptions to existing hydrogen bonds and salt
bridges were observed, particularly affecting arginine residues, thus destabilizing the protein-
DNA complex. Disruption of hydrogen bonds is evidenced by the absence of pi-stacking and
pi-cation interactions in the ligand-bound state. DLA-induced perturbations likely trigger a
conformational change in the repressor protein, reducing its DNA affinity and causing
dissociation from the operator, enabling gene transcription. Comparative analysis highlights
the balance of noncovalent interactions in D-//dR repressor function and DLA's role in

modulating them, providing insights into gene regulation and potential therapeutic strategies.
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Figure 4.7 Analysis of the operator and repressor regions in the Pgsp promoter and
molecular docking studies; (a)Functional evaluation of the operator and repressor regions
in the Pgsp promoter, highlighting their regulatory roles in Lactobacillus delbrueckii
subsp. bulgaricus. The same letter on bars represent insignificant variations among the
levels of the factors (p>0.05); (b) Molecular docking analysis between the operator DNA
sequence and the D-lldR repressor protein reveals key interactions responsible for
promoter regulation; (c) Molecular docking analysis between the operator DNA sequence
and the D-lldR repressor protein (docked with the DLA ligand) reveals a lack of
significant interactions, indicating a potential sequestration mechanism. A magnified
view highlights the specific interactions between D-//dR and the DLA ligand; (d)
Phylogenetic tree analysis shows the evolutionary relationships of species from which the
promoter regulatory sequences were derived, providing insights into the conservation of
regulatory elements across different organisms.

4.4.4 Optimization of DLA-inducible promoter-repressor systems in LAB

for enhancing functional efficacy

The systematic evaluation of the DLA inducible promoter-repressor system in recombinant L.
bulgaricus V1104 revealed significant insights into optimizing gene expression under
controlled fermentation conditions. The Pgsp promoter consistently outperformed other

constructs, exhibiting high fluorescence intensity across most conditions tested (Fig 4.8). Peak
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activity for Pgsp was observed at induction times between 6 to 8 hours, 200 rpm aeration
conditions, temperatures between 37°C and 40°C, and when induced with pure DLA at acidic
pH levels around 4.5. The P promoter showed moderate activity overall, with increased
fluorescence under similar conditions to Pgsp, while Pau: demonstrated variable performance
depending on specific environmental factors. Notably, Piu: showed maximum fluorescence
intensity at extended induction times of 12 hours and beyond, higher aeration rates, and better
effectiveness in the presence of 3-hydroxypropionate compared to pure DLA. The Pgsp
promoter's robust performance across conditions suggests its suitability for stable gene
expression applications, owing to the native promoter sequence and codon-optimized repressor.
The Py promoter's increased activity under specific conditions makes it ideal for precise
control in response to environmental cues, while Pz sensitivity to short induction periods and
extreme pH suggests its potential for short-term gene expression or applications involving rapid
pH changes.

The distinct regulatory responses of each promoter to environmental changes provide a
versatile toolkit for fine-tuning gene expression in L. bulgaricus. The promoters' differential
responses to oxygen and pH highlight the organism's facultative anaerobic and acidophilic
nature [246][247]. Based on OFAT experimental results, the Pgsp promoter-repressor system
could be emerged as a promising candidate for further dynamic metabolic engineering

applications using the optimized parameters identified in this chapter.
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Figure 4.8 Heat map illustrating the optimization of promoter activities for Pgsp, Pays,
and Py across diverse culture conditions.

103
TH-3603_196106017



4.4.5 Application of engineered promoter repressor system for enhanced

DLA biosynthesis

The proposed dynamic control network for the DLA biosynthetic pathway is designed to
autonomously regulate carbon flux between growth and production phases in response to DLA
levels. The key features of this control logic are: (i) DLA, the metabolite of interest acts as the
inducing molecule that activates the sensor-regulator system; (ii) During the lag phase, the didh
gene overexpression remains inactive, allowing the host cells to adapt to the fermentation
environment without interference from DLA overproduction and cellular overburden; (iii) As
cells enter exponential growth, the sensor-regulator system gradually activates the DLA
production module by overexpressing the dldh gene; (iv) With increasing DLA accumulation,
the carbon flux is redirected towards dldh overexpression, shifting cellular metabolism from
growth to DLA production state (Fig 4.8a). This dynamic control network is expected to
autonomously allocate carbon sources for growth and DLA production based on metabolic

state, as sensed by DLA levels similar to literature reported by [193].

The dynamic Pgsp-aian system and the static Pjan. control exhibited distinct patterns of DLA and
biomass production in both induced and uninduced conditions in recombinant Lactobacillus
bulgaricus VI1104. However, for uninduced conditions the final DLA titres achieved by both
systems were nearly similar by the end of the fermentation process. Maximum biomass
accumulation was 0.96 g L™! in the static control and 0.74 g L™! in the dynamic system in shake-
flask level (Fig 4.9¢). The dynamic system peaked DLA production at 38" hour, stabilizing in
the stationary phase and decreasing later in death phase (46™ hour), while the DLA production
for static control showed a gradual increase reaching a plateau in the death phase. Maximum
DLA titres achieved by static and dynamic systems were 1.87 g L™ and 1.82 g L™! respectively.
The main achievement of this study conducted in this chapter is the development of a refined
dynamic regulatory network for DLA fermentation, resulting in significantly enhanced
performance metrics and distinguished growth and production phases using the engineered
Pgsp promoter repressor system. The dynamic control system also achieved a peak DLA titre
with comparatively less biomass concentration than static system (Fig. 4.9c). In comparison,
the static control reached a maximum DLA concentration (1.87 g L!) within the same
timeframe, but the increase was gradual and occurred without external DLA induction. The
static control entered the death phase early (28™ hour), limiting overall DLA yield, while the
dynamic system sustained cellular proliferation. This novel ADR system, engineered and tested

for the first time, achieved a 2.27-fold increase in DLA titre compared to the wild-type, while
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maintaining cellular viability and metabolic stability. The specific glucose utilization rate (gs)
was comparable across recombinant strains, ranging from 0.98 to 1.1 g g”! h™!. Productivity
(gp) ranged from 0.076 to 0.078 g L' h™!, and the optical purity of DLA remained consistently
high across all conditions, exceeding 99% in recombinant VI104 strains (Table 4.3). Overall,
productivity was enhanced by 2.23-fold in shake flask experiments for both recombinant V1104
strains, demonstrating its potential to optimize fermentation further and boost metabolic output.
Similarly, the DLA yield from glucose (YpLa/Glucose) Varied across the strains, with the highest
yield of 0.198 g g~! observed in the control strain, which had constitutive expression of dldh,
followed by 0.194 g g~!in the wild-type strain. The ADR exhibited a slightly lower yield of
0.175 g ¢!, which could be due to delayed and controlled overexpression of dldh gene which
shifts carbon flux from glucose towards more DL A biosynthesis. Overall, the dynamic system
produced more DLA from less biomass concentration, where the yield (Y pra/Biomass) was 1.36-
folds enhanced than static system is a significant achievement (Table 4.3). The dynamic
regulatory system's ability to modulate cellular proliferation and extend fermentation
timeframe aligns with previous studies on two-stage metabolic control, decoupling biomass
accumulation and metabolite overproduction. This approach preserves cellular viability, delays

the death phase, and optimizes process efficiency and product yields [248].

In experiments with external 60 mM DLA induction (after 3 hours), DLA production remained
consistent, but cellular biomass was reduced than uninduced controls (Fig 4.9d). The dynamic
control system reached a peak DLA concentration of 1.78 g L~!, while the static control showed
a 1.56-fold reduction to 1.14 g L~!. SDS-PAGE analysis of whole cell protein lysate from
dynamic system (induced conditions) showed dldh expression post-induction (Fig 4.9b). The
reduction in DLA titres could be due to inhibition from high DLA concentrations, which
triggered the promoter-repressor system but negatively impacted the static control. Cellular
biomass also declined, with cells entering the death phase within 30 hours reducing overall
DLA titre. Overall, the ADR (1.82 g L") outperformed the induced dynamic control (1.67 g L
1, optimizing DLA production and sustaining cell growth. This highlights the efficiency of the
engineered Pgsp promoter-repressor system in driving transcription without external induction,

being regulated by the native DLA produced by the wild-type VI104.
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Figure 4.9 Dynamic metabolic engineering application of Pgsp.aun for enhanced DLA
biosynthesis in Lactobacillus bulgaricus VI104; (a) Schematic of the mechanism of action
for Pgsp-aiun under both induced and uninduced conditions; (b) Protein expression analysis
of whole cell lysates showing dldh protein levels after induction with DLA at various time
points: Lane M (marker), Lane 1 (6 hours), Lane 2 (9 hours), Lane 3 (12 hours), Lane 4
(15 hours), Lane 5 (18 hours), Lane 6 (21 hours), and Lane 7 (24 hours); (c) The Pgsp-aian
construct is referred to as 'dynamic,' while the P;s:. promoter is considered 'static' under
uninduced conditions, reflecting their distinct regulatory behaviors in DLA biosynthesis.
The dynamic profiles of DLA production and biomass accumulation for both Pgsp.zan and
Puani constructs have been plotted; (d) Both constructs were externally induced with DLA
to examine their distinct regulatory behaviors in DLA biosynthesis. The dynamic profiles
of DLA production and biomass accumulation for Pgsp.ain and Puns constructs were
plotted, highlighting their differential responses to induction; (e) the didh enzymatic
activity is compared between wild, Pgsp-aan (dynamic) and P (static) under uninduced
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conditions; (f) the dldh enzymatic activity is compared between wild, Pgsp-zian (dynamic)
and P (static) under externally induced conditions. Error bars represent standard
deviations from triplicate measurements of a single sample.

To further validate the promoter-repressor system, dldh enzymatic activity was quantified
under induced and uninduced conditions (Fig 4.9e&f). Results showed higher didh activity (53
U mg™) in the static control, likely due to the strong Pz promoter. Under induced conditions,
dldh activity decreased (48 U mg™), likely due to feedback inhibition from accumulated DLA
in the fermentation media and less cellular biomass due to cell death, corroborating with the
decrease in DLA titres. In contrast, the Pgsp-aian construct showed similar activity in both
conditions (42 U mg™'), but with differing trajectories: a gradual increase under uninduced
conditions and a surge followed by a decline under induction, likely due to DLA accumulation
and feedback inhibition. The dynamic control system sustained a DLA concentration of 1.78 g
L', outperforming the static control, which exhibited a marked decline in DLA production.
Overall, the ADR system, using the Pgsp-aian promoter-repressor, demonstrates strong potential
for controlled DL A biosynthesis in L. bulgaricus V1104, with 99.09% optical purity, and offers
a platform for further optimization through targeted promoter engineering to enhance gene
expression, metabolic flux, and overall production efficiency. Overall, although the DLA titres
achieved with the ADR system were comparable to those of the static system, the ADR system
was further evaluated in a large-scale fermenter to assess its potential as a dynamic metabolic

control tool.

4.4.6 Scaling up fermentation and evaluating Pgsp-aarn as a dynamic tool for

metabolic burden alleviation

The production kinetics of DLA were comprehensively characterized using the VI104-Pgsp-dian
recombinant strain in a controlled bioreactor batch fermentation scale-up over a 48-hour period
under optimized parameters obtained from OFAT studies and previous reports [ 150]. Compared
to flask-level studies, the Pgsp.aan strain exhibited significantly enhanced performance in the
bioreactor set-up, achieving higher DLA titres and superior specific growth rate relative to the
control strain (Fig.4.10a). The pH of the fermentation medium showed a sharp decline for all
recombinant strains, including the wild-type VI104, due to the biosynthesis of organic acids,
and was maintained at 4.5 to support optimized production. Lactic acid bacteria, including L.
delbrueckii subsp. bulgaricus, L. casei, and L. rhamnosus, are known to shift pyruvate
metabolism towards acetyl-CoA and fatty acid production under medium acidification, altering

membrane fluidity despite protective mechanisms against pH drop [249][250]. This likely
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explains the significant accumulation of acetic acid as a major by-product by the recombinant
strain in this study (data not shown). The Pisz-aian strain (control) showed enhanced biomass
accumulation compared to both wild-type VI104 and dynamic system (Pgsp-aian) (Fig 4.10b).
The control strain with constitutive promoter attained a maximum biomass of 1.77 g L™ and a
DLA titre of 8.16 g L' by 36" hours. In comparison, the dynamic system (Pgsp-qian Strain)
exhibited a slightly lower maximum biomass of 1.03 g L but achieved a higher DLA
concentration of 9.02 g L-! at the same time point. The extended exponential phase in the Pgsp.
aian strain, lasting until the 29™ hour, highlights its enhanced DLA biosynthesis and metabolic
capacity, providing a significant advantage for industrial DLA production [250]. The dynamic
PGsp-aian promoter system enabled a sustained increase in DLA biosynthesis (99.09% optical
purity), shifting metabolic flux towards DLA production after 10 hour, similar to flask studies
signifying a segregation between growth phase and production phase. Beyond 38™ hour, the
DLA yield began to decline, likely due to the accumulation of excess product or the
reconversion of DLA to pyruvate, as d/dh catalyses a reversible reaction [251]. These results
underscore the potential of the system for further exploration in larger-scale fermenters

integrated with continuous product removal mechanisms to improve efficiency and scalability.

Constitutive expression of genes often increases metabolic burden, reducing growth rates and
elevating biomass accumulation [252]. This trend was also evident in this study, where Pan.
strain showed a 1.78-fold decrease in specific growth rate due to metabolic burden
accumulation, while Pgsp-aian had a 1.52-fold reduction compared to wild VI104. Overall, Pgsp.
aian exhibited improved DLA production efficiency, achieving higher DLA yield per unit
biomass compared to the constitutive system, as evidenced by a 1.28-fold increase in yield
(Y pra/Biomass). Both recombinant strains demonstrated substantial improvements in DLA
specific productivity, with the constitutive expression system yielding a 1.93-fold increase,
while the dynamic control system achieved an impressive 2.41-fold enhancement compared to
the wild-type strain. Similarly, the volumetric productivity of the dynamic system was 1.06-
folds enhanced than control with constitutive expression of key didh gene. These findings
highlight the metabolic advantages of implementing inducible promoter over constitutive

promoters for optimized metabolite (DLA) biosynthesis. (Fig 4.10c).

Growth curve analysis showed that the Pgsp-aian strain exhibited gradual biomass production,
reaching a robust stationary phase, indicative of a finely tuned metabolic network. This
dynamic regulation promoted prolonged DLA biosynthesis, a growth-associated product.
Differences in DLA titres and production rates between strains underscore the impact of genetic
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modifications and promoter systems on metabolic flux [253]. Overall, the specific lactose
utilization rate (gs) was highest in the control system (1.42 g g ! h™!), followed by the wild
strain (1.3 g ¢! h™!) and the autonomous DLA- inducible dynamic system (1.29 g g' h™!).
Although the DLA yield from lactose was 0.188 g g for control, 1.13-folds higher than
dynamic system, the overall volumetric and specific productivity for DLA was efficient in the
ADR, maintaining excellent optical purity, exceeding 99%. Gradual activation of the dldh gene
effectively alleviated cellular stress, leading to a significant enhancement in DLA production.
These characteristics highlight the dynamic system’s ability to optimize resource use, maintain
cellular viability, and boost overall productivity. The superior DLA production of L. bulgaricus
strains in bioreactor conditions, compared to flask studies, also significantly highlights the
importance of optimized fermentation strategies, including pH control, temperature regulation,

and media composition [254].

To further assess the efficiency of dynamic control system, the NAD" /NADH ratio was
determined during fermentation because this redox couple serves as a critical indicator of the
cell's metabolic state and dldh activity profile [255]. A higher NAD"/NADH ratio indicates an
oxidative environment favouring catabolism, while a lower ratio suggests a reductive
environment linked to anabolism or stress. A skewed ratio, often due to impaired glycolysis or
oxidative phosphorylation, reflects increased metabolic burden. The dldh enzyme in L.
bulgaricus also regulates this ratio by catalysing the reversible conversion of D-lactate to
pyruvate, influencing NAD"/NADH balance [256]. The NAD"/NADH ratios in the wild-type
V1104, constitutive control, and inducible Pgsp-aian systems highlight the impact of genetic

expression on metabolic regulation (Fig. 4.10b).

The wild type showed an initial peak in NAD"/NADH in exponential phase, followed by a
decline as cells adapted to byproducts and nutrient scarcity in death phase. The constitutive
control maintained a lower ratio, peaking at 3.0 and declining to 1.5, indicating a higher
metabolic burden due to persistent NADH production. The inducible Pgsp-aian system exhibited
a low NAD"/NADH ratio initially, which increased steadily over time, reaching a peak of
approximately 4.0 at 35 hours. Subsequently, the ratio gradually declined, stabilizing around
3.0 by 45 hours. This trend can also be correlated with DLA titres, as dldh catalyses the
conversion of pyruvate to DLA in the presence of NADH. In the ADR system, an increase in
NAD" levels during the later stages likely led to the reverse conversion of DLA back to
pyruvate, resulting in a decline in DLA titres at later stages. This trend indicates a dynamic

modulation of the redox balance during the fermentation process, likely reflecting the
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metabolic shifts associated with the system's activity. Total protein concentrations were higher
in the control (79 = 8.98 pg mL!) than in the dynamic system (48 + 5.58 pg mL™"), confirming
the dynamic system’s efficiency in balancing metabolite production (including DLA) and

minimizing cellular burden.

Apart from dldh enzyme, NADH oxidase enzyme activity is crucial for maintaining this
balance by converting NADH to NAD", thereby reducing oxidative stress through the
production of hydrogen peroxide, which can act as both a signalling molecule and a stressor
[257][258]. Excessive hydrogen peroxide can increase metabolic burden and trigger early
stationary phase onset. In L. bulgaricus modulating the NAD"/NADH ratio is crucial for
survival and efficient yogurt fermentation, where oxidative and reductive stresses shape
fermentation dynamics. These findings underscore the potential of dynamic promoter
regulation in L. bulgaricus for optimizing DLA biosynthesis, setting a foundation for future
promoter engineering efforts to enhance promoter activity, improve metabolic flux, and
maximize product yield in scalable bioprocesses [245]. Most importantly, this chapter makes a

significant contribution toward expanding the molecular cloning toolbox of L. bulgaricus.
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Figure 4.10 Scaling up dynamic metabolic control for DLA biosynthesis and cellular
metabolic assessment; (a) Dynamic profiles of DLA production and (b) Dynamic profiles
of biomass accumulation in wild-type, Puni-aan (constitutively expressed), and Pgsp-aian
(inducible) strains during batch fermentation, (c) Comparative analysis of specific growth
rates and specific productivity among wild-type, Punr-aian, and Pgsp-aan strains in batch
fermentation. Error bars represent standard deviations from triplicate measurements of
a single sample

Table 4.3: Comparison of the

Kkinetic parameters for shake-flask and bioreactor

experiments

Strain- Specific | DLA DLA DLA Maximum | Productivity | Optical
Shake flask glucose titre yield yield biomass qp purity

experiments | utilization | (g L~ | (DLA/S) | (DLA/X) (gL™h (gL'h? (%)

rate gs D) (gegh | (ggh
(gg'h?)

Wild 1.0 0.80 0.194 2.78 0.80 0.034 99.09

Control 1.1 1.87 0.198 4.47 0.966 0.078 99.05

Autonomous 0.98 1.82 0.175 6.1 0.744 0.076 99.07

Dynamic
system

Strain- Specific | DLA DLA DLA Maximum | Productivity | Optical
Bioreactor lactose titre yield yield biomass qp purity

experiments | utilization | (g L~ | (DLA/S) | (DLA/X) (gL™h (gL'h?) (%)

rate gs D | @gH | (g
(gg’ b

Wild 1.3 4.2 0.158 3.78 1.7 0.090 99.09

Control 1.42 8.16 0.188 5.87 1.77 0.171 99.06

Autonomous 1.29 9.02 0.165 7.54 1.033 0.182 99.09

Dynamic
system

DLA Yield (YpLa/s, gg™!) was calculated as a ratio of DLA produced (g) to substrate consumed (g)

DLA Yield (YpLa/X, gg ') was calculated as a ratio of DLA produced (g) from biomass (g)

4.5 Conclusion

This

chapter introduces

a novel DLA-responsive promoter-repressor system from

Pseudomonas sp. for controlled DLA biosynthesis in Lactobacillus delbrueckii subsp.
bulgaricus. The engineered Pgsp promoter drove a 3.2-fold increase in DLA production,

achieving 9.02 g L' in bioreactor cultivation compared to the wild-type strain. This
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enhancement was accomplished by alleviating metabolic burden and prolonging fermentation
duration. Through dynamic regulation of the key DLA-producing gene, dIldh, this system
optimized carbon flux while preserving cellular viability and sustaining extended fermentation
times. These results advance dynamic metabolic engineering in LAB, offering a new tool for
industrial applications and enhancing the potential for probiotic and biotherapeutic

development.
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CHAPTER 5:

Random mutagenesis and
optimization studies for improved
DILA biosynthesis from diverse carbon
sources in mutant Lactobacillus
delbrueckiisubsp. bulgaricus ATCC
11842
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5.1 Summary

This chapter aims to augment the DLA biosynthetic capacity of Lactobacillus delbrueckii
subsp. bulgaricus ATCC 11842 through random mutagenesis. The mutant strain, Mut N23,
developed through synergistic application of ultraviolet (UV) irradiation and chemical
mutagenesis using N-methyl-N'-nitro-N-nitrosoguanidine (NTG), exhibited 97% increase in
DLA production and 37% enhancement in glucose uptake rate at flask level. Mut N23
consistently produced optically pure DLA across seven generations, efficiently metabolizing
lactose and sucrose to yield 4.47 g L' and 3.38 g L'! of DLA, respectively. Optimal conditions
identified through One-Factor-At-a-Time (OFAT), and Response Surface Methodology (RSM)
facilitated maximum DLA concentration of 7.88 g L™ (300% increase) from lactose-MRS
(deMan Rogosa Sharpe) with specific productivity of 0.110 g g! h'!. When lactose was
replaced with whey permeate as an application, 4.89 g L' (140% increase) of DLA was
obtained, with specific productivity of 0.066 g g h! in lab-scale bioreactor setups, achieving
99.09% optical purity. Transcriptomics and enzymatic activity analyses substantiated enhanced
performance of Mut N23 signifying beneficial random mutations. Furthermore,
characterization of purified DLA derived from whey permeate using Fourier Transform
Infrared (FTIR) spectroscopy and proton Nuclear Magnetic Resonance (NMR) spectroscopy
demonstrated parity with commercially available standards. This study highlights Mut N23's
potential for efficient DLA production exploiting a spectrum of carbon sources, providing a

foundation for future metabolic engineering to enhance biosynthetic productivity.

5.2 Introduction

Lactobacillus delbrueckii subsp. bulgaricus, is an obligately homofermentative LAB renowned
for its role in dairy industries as starter culture for yoghurt production. It is also majorly valued
in the health industry as a probiotic, offering potential benefits for various health conditions.
Despite its significant role in these sectors, its potential in the polymer industry remains
scarcely explored. It could be used to produce lactic acid, a raw material for biodegradable and
environmentally friendly polymers, offering a sustainable alternative to petrochemical-derived
plastics [211] [80]. Bioconversion processes for lactic acid production present numerous
benefits over traditional chemical synthesis for instance, they yield a high-quality optically
pure isomer in substantial volumes and offers environmental sustainability and cost-
effectiveness by harnessing waste by-product feedstocks as a carbon source [211]. DLA is a
versatile organic acid with a broad range of applications across various industries, making it a
product of significant industrial importance [211] [79]. DLA’s significant role in producing
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biodegradable polymer PLA lies in its use of optically pure lactic acid monomers, which
enhance PLA’s thermal stability and versatility for sustainable applications. There are many
DLA producing microorganisms amongst which American Type cell culture ATCC 11842,
one of the publicly available cultures for L. bulgaricus, produces optically pure DLA and also
has capability to efficiently utilize lactose as carbon source as observed in Chapter 2 [211].
The metabolic engineering of Lactobacillus delbrueckii subsp. bulgaricus faces several
challenges, which have been systematically addressed in our previous chapters by developing
robust molecular cloning and protein expression tools, as well as optimizing electroporation
protocols specifically for strain V1104 [117]. L. bulgaricus ATCC 11842, being an elite strain
screened for the production of optically pure DLA in Chapter 2, suffers from extremely low
transformation efficiency. To overcome this limitation, an alternative strain improvement
strategy will be employed to enhance its genetic tractability and metabolic performance.

Random mutagenesis, a technique utilizing diverse mutagenic agents to induce genomic
alterations, has been efficaciously employed in LAB to enhance strain performance and
metabolic efficiency [259][260][261]. Chemical mutagens like NTG and Ethyl
Methanesulfonate (EMS) induce point mutations by alkylating DNA bases while Ethidium
Bromide (EtBr) intercalates into DNA, causing frameshift mutations that enhance the
phenotype [262] [263]. Physical mutagens such as UV light induce pyrimidine dimers,
particularly thymine dimers, and ionizing radiations like X-rays and Gamma rays causes a
range of DNA damage including strand breaks and crosslinking [264] [265]. Biological
mutagens include transposons, known as mobile genetic elements causing insertional
mutagenesis, and site-specific mutases that introduce mutations at specific DNA sequences for
various applications [266]. Each mutagen exhibits distinct mechanisms, eliciting diverse
mutational spectra such as point mutations, insertions, deletions, or chromosomal
rearrangements, tailored to specific experimental requisites. Random mutagenesis is
advantageous over genetic engineering because it does not necessitate prior knowledge of the
genome or specific targets, and it can generate a large diversity of mutants with unexpected
beneficial traits. It has been systematically employed on a variety of organisms with the
objective of augmenting the yield of diverse biochemical products. Mutants of Rhizopus oryzae
with high LLA production were generated using combined UV and NTG mutagenesis[267]
[268]. A high-efficiency heavy-ion mutagenesis technique was used on Lactobacillus
thermophilus SRZ50 to enhance LLA production [269]. Microwave radiation was used to
induce random mutagenesis in Lactobacillus rhamnosus, yielding high LLA in the mutant

strain, W4-3-9 where mutations in lactate dehydrogenase gene and pyruvate kinase gene were
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found to enhance lactic acid production [270]. Despite several studies focused on enhancing
LLA production via random mutagenesis, no significant literature reports exist for improving
DLA production through similar methods. Lactobacillus delbreuckii was employed to generate
optically pure DLA from inedible, organosolv-treated biomass of hardwood and softwood,
enabling the production of bio-based plastics, and from inulin, a plant-derived carbohydrate,
using the simultaneous saccharification and fermentation (SSF) technique [271][188].
Feasibility of utilizing WP as a renewable feedstock for DLA biosynthesis by co-culture of L.
delbreuckii and recombinant L. lactis to achieve complete lactose utilization was reported [79].
Since genetic manipulation ATCC 11842 is challenging, random mutation could be considered
as promising alternative for developing a potential mutant strain with enhanced DLA
biosynthesis capability. Despite L. bulgaricus being a significant probiotic strain, the
application of detailed random mutagenesis studies in this strain is rarely documented in the
current literature and this study aims to bridge this research gap. This chapter seeks to address
this research gap by delivering in-depth insights into the impact of mutagenesis on L.
bulgaricus. By exploring the mutagenic potential and optimizing fermentation conditions, this
research not only enhances our understanding of L. bulgaricus but also paves the way for its
industrial applications in bioprocessing and biotechnology. The synergy between chemical and
physical mutagenesis has the potential to yield successful mutations was proclaimed [272].

In this present chapter, mutagenesis was implemented, integrating both physical and chemical
mutagenesis treatments, to augment DLA production of the L. bulgaricus strain ATCC 11842.
The chosen mutant, characterized by superior glucose and sucrose utilization Kinetics,
augmented biomass accumulation, and heightened DLA biosynthetic prowess, underwent
extensive optimization of carbon and nitrogen sourcing as well as fermentation parameters to
amplify DLA titre, rate, and yield (TRY). Furthermore, the stability of the selected mutant was
rigorously assessed over successive generations, while its capacity to harness a spectrum of
carbon sources was showcased as a sustainable bioproduction paradigm. The dairy industry’s
quest for sustainability necessitates innovative approaches to by-product utilization. WP,
traditionally viewed as waste, harbors potential as a fermentation substrate. Herein, we also
report the application of DLA production using WP by L. bulgaricus mutant, leveraging its

innate metabolic pathways and mutagenesis-induced capabilities.
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5.3 Materials and methods

5.3.1 Strain, media and culture conditions

All chemicals including enzymes employed in this present study were acquired from M/s
Sigma-Aldrich Chemicals, St. Louis, USA. NTG was acquired from M/s Sigma Aldrich,
dissolved in acetone, and then diluted with sterile sodium acetate buffer (50 mM, pH 6.0).
Powdered WP was procured from M/s Nutrimed Healthcare Limited, New Delhi, India.

L. bulgaricus ATCC 11842 was procured from the American Type Culture Collection located
in Manassas, Virginia. It was maintained in a frozen state with a glycerol solution comprising
50% (v/v) at a temperature of -80°C. For preculture preparation, the strain was propagated in
10 mL MRS broth at 37°C shaking conditions prior to the culture entered its phase of
exponential growth (~10° CFU ml '). MRS medium composition: glucose 20 g L!, beef
extract 10 g L !, peptone 10 g L}, yeast extract 5 g L', CH3COONa.3H.O 5 g L', KxHPO4 2
g L', tri-ammonium citrate 2 g L', MgS04.7H,0 0.2 g L', MnS04.4H,0 0.5 g L' and Tween
80 1 g L. For carbon source optimization experiments, glucose in MRS medium was
substituted with lactose, sucrose, mannose, or fructose. For shake-flask experiments, starting
pH of the fermentation medium was set to 6.5 by adding either 1 M HCI or 1 M NaOH,
followed by sterilization by heating at 121°C for 20 minutes.

5.3.2 Random mutagenesis and screening

5.3.2.1 UV Mutagenesis

To conduct an UV sensitivity assay, L. bulgaricus ATCC11842 were cultured at a 37°C in 20
ml of MRS medium until they reached an optical density (ODsoo) of 0.4 at 600 nm. The cells
underwent separation via centrifugation at 5,000 x g for 15 minutes, followed by double rinsing
with 20 ml of chilled phosphate buffer solution (PBS). Subsequently, 2 ml aliquots of cell
suspensions were meticulously transferred to sterile Petri dishes with a diameter of 5 cm and
subjected to UV irradiation at wavelengths of 254 nm and 365 nm for varied durations spanning
10, 20, 30, 40, and 50 minutes. Post-exposure, serial dilutions were performed, and 0.1 ml
aliquots of cell suspensions from each treatment were aseptically spread onto MRS agar plates,
shielded with aluminium foil to prevent unwanted photoreactivation effects. Following
incubation to facilitate cellular proliferation, viable cell counts were meticulously enumerated
and further assessed through shake flask studies. To prevent photo-reactivation, cultures in
flasks were always shielded with aluminium foil, and the plates were stored in complete

darkness.
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5.3.2.2 NTG Mutagenesis

L. bulgaricus ATCC 11842 was propagated in 10 mL of MRS broth until the ODgoo reached 1.2
at 600 nm. Following that, the fermentation broth was centrifuged for 10 minutes at 4°C at
10,000 rpm. The obtained cell pellet was harvested and washed twice with sterile sodium
acetate buffer [273]. The cell suspension was reconstituted in 5 mL of the same buffer solution,
supplemented with NTG to reach final concentrations ranging from 100 to 500 pg mL'. The
resulting suspension was subjected to incubation at 37°C, wherein 0.5 mL aliquots were
periodically withdrawn at designated intervals and subsequently centrifuged at 8,000 rpm for
5 minutes. Post-centrifugation, supernatants were carefully decanted, while cells were
resuspended in a sterile 0.9% (w/v) saline solution. Following this, the cell suspension was
uniformly spread onto MRS agar plates and incubated at 37°C overnight to facilitate growth.
After allowing time for growth, the number of live cells was ascertained through enumeration

of colony forming units and further evaluated for enhanced DLA synthesis.
5.3.2.3 Combined UV and NTG mutagenesis

L. bulgaricus ATCC 11842 underwent initial exposure to UV irradiation at 365 nm for 30
minutes, following the outlined protocol in section 5.3.2.1. Subsequently, UV-treated cells were
harvested and resuspended in sodium acetate buffer supplemented with NTG at 500 pg mL!,
undergoing incubation at 37°C for 60 minutes as detailed in section 5.3.2.2. The resultant NTG-
treated cells underwent dilution and plating on MRS agar plates to quantify viable cells and
assess phenotypic changes induced by mutagenesis. The combined UV and NTG mutagenic
regimen aimed to augment genetic diversity, enhancing the likelihood of obtaining mutants
with heightened DLA production. The cell viability count was conducted using the spread plate

method and % cell mortality was calculated using Eq 2:
M = (Ni—Nd)/Ni * 100................. (Eq2)

where M is the % cell mortality, N; represents the initial viable cell count and Ny represents the

viable cell count after mutation [274].

5.3.3 Screening of mutants in shake flask level

The prominent and fast-growing colonies obtained after mutagenesis were selected and
cultured for further screening. An overnight preculture was inoculated to 100 ml of MRS
medium in 250 ml screw-cap conical flasks, where it was subjected to agitation (150 rpm) at

37°C for 48 hours. Culture samples collected at intervals subjected to centrifugation at 1000xg
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for 10 minutes and supernatant was subsequently analysed for sugar, DLA, and biomass.
Individual colony was grown in separate shake flasks, and the mean values of the analysed
metabolites were reported. The efficient mutant strains were screened based on their DLA
production and efficient sugar consumption capabilities. Genetic stability test of the mutants

was performed as reported by [269] [275].

5.3.4 Carbon and Nitrogen source optimization using One-Factor-At-a-Time
(OFAT)

The wild-type strain ATCC 11842 and the selected mutant strain exhibiting enhanced DLA
biosynthesis were propagated in MRS media. Subsequent shake-flask experiments for
evaluating metabolite profiles were conducted using five distinct 250-ml baffled Erlenmeyer
flasks, each containing 100 mL of MRS broth supplemented with either of the following sugars:
glucose, lactose, sucrose, mannose, or fructose (at a concentration of 20 g L™"). Each flask was
inoculated with 5% (v/v) of the preculture and incubated at temperature 37°C with shaking at
150 rpm. Carbon source yielding superior results were further optimized by varying its initial
concentrations (10, 20, 30, 40, 50 g L") in subsequent experiments, which allowed the
comparative analysis of DLA production across different carbon substrates and concentrations.
At different time intervals, 1 mL samples were collected and centrifuged to separate the cells
from the medium. The resultant optimized medium for carbon substrate was further
investigated for DLA, sugar and biomass production Similarly, the effect of additional nitrogen
source (casein hydrolysate, urea, ammonium chloride, ammonium acetate, and yeast nitrogen
base) in the MRS medium was studied. All reported experimental data in this study represent

the mean values derived from experiments conducted in duplicates.

5.3.5 Fermentation parameter optimization using Response Surface
Methodology

The optimization of fermentation parameter (temperature, pH, rpm and fermentation time) on
medium constituted with screened elite carbon and nitrogen source (discussed in section 5.3.4)
was performed using Response Surface Methodology (RSM). The Central Composite Design
(CCD) of RSM was employed to construct a statistical model that would elucidate the
individual and interactive effects of variables on fermentation process using the obtained
mutated strain. Considering that mutated strain may require altered growth conditions for its
metabolism, the major fermentation parameters were optimized. Based on the findings of OFAT
evaluates and analytical results, each factor was investigated at five levels. The CCD was
configured implementing Design-Expert software (version 8.0.6, Stat-Ease, Inc., Minneapolis,
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MN, USA). The specific levels for each factor are given in Table 5.1. The primary objective of
optimizing the fermentation conditions was to maximize DLA production. CCD design
facilitated the efficient estimation of first-order, second-order, and interaction terms of the

individual factors.

Table 5.1: Independent variables and their corresponding levels for DLA production

Independent
variables Symbol Coded levels

-a, -1 0 +1 +a
Temperature X1 30 35 40 45 50
pH X2 4.5 5.5 6.5 7.5 8.5
Rpm X3 25 100 175 250 325
Fermentation time X4 4.5 28 51.5 75 98.5

5.3.6 Batch fermentation in shake flask

Batch fermentation involving the selected mutant strain was conducted in a 250 mL flask,
which comprised 200 mL of the optimized fermentation medium. The fermentation was
performed under optimal media components and fermentation parameters, determined from
both OFAT and RSM studies previously, with supplementation of 5% (v/v) inoculum as
outlined in previous sections. Samples were periodically collected and centrifuged at a speed
of 6000 rpm for 10 minutes. The supernatants were subsequently analysed for DLA, other by-
products and biomass. All fermentation experiments were executed in duplicates, with the

results represented as mean values.
5.3.7 Valorization of whey permeate in bioreactor

Bioreactor experiments were conducted using pure lactose (99.09% purity) and whey permeate
(composition mentioned in literature reported by [276] ) in MRS medium simultaneously. WP
containing lactose were supplemented with yeast nitrogen base 5 g L!, CH3COONa.3H.0 5 g
L', KtHPOs 2 g L', tri-ammonium citrate 2 g L', MgS04.7H,0 0.2 ¢ L', MnSO4.4H,0O
0.05 g L'! and Tween 80 1 g L' was used as production media[277]. Inoculum was cultured
for 6 hour in 100 mL MRS media supplemented with 10 g L™! lactose. DLA production was
performed in a 1.5 L bench-scale bioreactor (Minifors 2, Infors AG) containing 30% lactose
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(WP). The bioreactor operating specifications (pH, temperature, stirring speed) were adopted
from the values optimized using RSM-CCD. Dissolved oxygen and air flow rate was
maintained at 20% and 0.2 vvm [150] . pH was maintained by automatic feeding of 4 N KOH.
All experiments were conducted in duplicates, and the mean outcomes of the experimental data

were provided.

5.3.8 Transcript level analysis and enzymatic activity

The extraction of RNA from L. bulgaricus cells was conducted using the procedure outlined
by [156]. cDNA was acquired by reverse transcription of 4 to 5 pg of DNA-free RNA with
iScript™ ¢DNA Synthesis kit (Bio-RAD). g-RT PCR was conducted with iTaq™ Universal
SYBR Green Supermix (Bio-RAD). Primers corresponding to specific genes, as indicated in
Table 5.2, were formulated in accordance with the publicly available genome sequences of L.
bulgaricus ATCC 11842 (GenBank accession number: NC 008054.1). The quantification of
these genes was executed using 16s ribosomal RNA (16S rRNA) as the internal standard. The
real-time PCR was conducted in a LightCycler instrument (ABI PRISM® 7500 Real-Time
PCR System, Applied Biosystems, USA) following the manufacturer’s guidelines. The samples
underwent a 30-second denaturation at 95 °C, followed by 40 cycles of 5 seconds at 95 °C and
34 seconds at 60 °C. The data were analysed using the ABI PRISM 7500 System Sequence
Detection software. Three independent experiments were performed to compute relative gene

2 2ACT method [157]. Enzymatic activity for each

expression, which was calculated using the
of the key enzymes were measured at 340 nm by monitoring the decline or rise of NAD

(phosphate) [NAD(P)H or NAD(P)*] using methods as described in published literature [81].

Table 5.2: Oligonucleotide pairs used for determining gene expression of Mut_N23

Primers Protein/gene Amplicon size (bp) Tm (°C)
16s TRNA 157 bp 52

Sense: ATCGGAAACTGTCATTCTTG
Antisense: CTAATCCTGTTCGCTACCC

Ldb0101 174 bp 53
Sense:CATCCTGCGTCAAGACAAG
Antisense: TAAGCGATAACCTTAGCGC
Ldb1010 165 bp 50
Sense: TTCCGCTACCGTATGGAC
Antisense: CACGTCATAGGCGATGAC
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Ldb0839 179 bp 55
Sense: TAACTTCATCTTTGCTTC
Antisense: CACCACGGGCAACCATCA

Ldb0838 160 bp 52
Sense: TGTTGTCGTTATTGGTG
Antisense:CGCGTCCATTGCCGTCATG

Ldb1772 184 bp 48
Sense:GAAGCTCAACCTGGACG
Antisense: ATCCAGGTATCTGGTGGCA

Ldb0119 179 bp 50
Sense:GCTGACTGGCCTGGAC
Antisense:CGGAAGCCCCAAAGGC

Ldb0230 149 bp 45
Sense: TTACACTTCAGTTTTG
Antisense: TCAGCAGTTTCAGC

Ldbl1734 150 bp 50
Sense:GATTCACACTTCCCTTTTG
Antisense:CTGGACACGTCCTTGTCC

Ldb1294 170 bp 51
Sense: ACTTCATTCCGTGACGG
Antisense:CACGTTCAATAGCTTCG

Ldb0636 152 bp 55
Sense:ACGGCCATGAAGGCTG
Antisense: GTGATAACGCCGATC
Sense: AGTCGTTTTGGCCGGGACTGT | Ldb1593 180 bp 62
Antisense: TCAAAGGCCGGAATCC

5.3.9 Purification and characterization of DLA

Subsequent to bioreactor fermentation, the residual media containing DLA was centrifuged at
14,000 rpm for 30 minutes to remove bacterial biomass and particulates. Acidification was
performed in a 2-litre glass vessel with a working volume of 1 litre using H>SO4, with
continuous pH monitoring until pH 1.0 was reached. Subsequently, 100 g L' activated carbon
was added for decolourization over 5 hours. The activated carbon was separated by
centrifugation at 14,000 rpm for 30 minutes, and the supernatant was filtered through a

Whatman® grade 1 filter to remove residual carbon particles [278] .
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The purification of the obtained DLA was further achieved through phase partitioning
technique as reported by [279]. Ammonium sulfate (3 g) was dissolved in the flask, followed
by the addition of 300 mL n-butanol. The mixture was vortexed and shaken for 2 hours at 30
°C. Subsequently, the mixture was moved to a separation funnel, left undisturbed until aqueous
and organic phases were clearly distinguishable. The upper organic phase was then separated
post phase separation. The isolated organic phase was evaporated at a temperature of 50 °C
using a rotavapor. The resulting DLA in the dried organic phase was solvated in 5 mL of Milli
Q water [279]. The pure DLA obtained was characterized using Fourier Transform Infrared
(FTIR) analysis in the attenuated total reflectance (ATR) mode, (IR Affinity-1, M/s Shimadzu,
Kyoto, Japan). The analysis involved an average of five scans at a resolution of 2 cm™,
spanning a wavelength range of 400 to 4000 cm![278] . The obtained pure DLA was then
compared with commercially available pure DLA for reference. In a similar manner, the
purified DLA was analysed using a 600 MHz proton-NMR analysis (‘"H NMR) conducted on
Bruker Ascend 600 MHz NMR spectrometer (Bruker, MA, USA) with TOPSPIN data
acquisition software (Bruker) where purified DLA was dissolved in 0.6 mL of D>0, analysed
in 5 mm standard NMR tubes. 'H chemical shifts were expressed in & and data compared with

previous reports.

5.3.10 Analytical methods

Glucose, lactate, and other metabolites including all types of reducing sugars in the collected
supernatant were assessed using Phemomenex Aminex HPX-87H column and Phenomenex
guard column attached to HPLC-RID detector system (M/s. Shimadzu, Corp., Kyoto, Japan).
The isocratic elution procedure was adopted with a flow rate of 0.6 mL minute™' and a mobile
phase of 5 mM H>SO4. Glucose, sucrose, mannose, fructose, and lactose concentration was
determined by using the Refractive Index Detection (RID) detector system. Lactate and other
metabolites concentrations were evaluated using UV detector at 210nm. Cell growth was
measured using a UV-Vis spectrophotometer (Spectronics 200, ThermoFisher, UK. The
presence of DLA was analyzed by a D-lactate dehydrogenase enzyme kit (K-DATE, M/s
Megazyme, Ireland) and LLA was analysed using an L-lactate oxidase kit (K-LATE, M/s
Megazyme, Ireland) based on manufacturers protocol in a multimode plate reader (Varioskan™
Lux, M/s ThermoFisher Scientific). Optical purity was measured using the formula given in
Eq 1.

All the analysis were performed in duplicates, and the metabolite concentrations were

represented as mean of duplicates. Experiments on enzymatic activity, nitrogen source
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optimization, and generation stability were conducted in triplicates, and the results are reported

as mean =+ standard deviation.

5.3.11 Statistical analysis

The experiments in this study were carried out in duplicates or in triplicates. Graphs were
plotted using Origin2021 (OriginLab Corporation, USA) software for statistical analysis and
evaluated using analysis of variance (ANOVA) and Tukey Post-hoc test. Student’s t-test was
performed using Microsoft Excel (Microsoft, Redmond, WA, USA). Statistical significances

were determined at a 95% confidence level (p < 0.05).

5.4 Results and discussion

5.4.1 Effect of UV and NTG on survivability rate

The number of colony forming units (cfu mL™") obtained were plotted for wild ATCC11842
based on their exposure to UV radiation at wavelengths of 245 nm and 365 nm. It was observed
that UV radiation at 365 nm exhibited a greater effectiveness on strain ATCC 11842 compared
to radiation at 254 nm, leading to a substantial reduction in the number of cfu mL™"! after 30
minutes of exposure (Fig. 5.2a). The untreated wild strain, which served as the control group,
exhibited no reduction in cfu mL!, highlighting the effectiveness of mutagenesis treatments
(data not shown). These findings highlight the inherent resistance of LAB to UV irradiation in
contrast to E. coli where UV radiations is highly impactful when exposed for few seconds
[280][281]. The mechanism behind the observed sensitivity can be attributed to UV light-
induced DNA damage, primarily the formation of covalent bonds (dimers) between
neighbouring pyrimidines, with a particular emphasis on thymine, where more than 85% of
these bonds are formed. In this investigation, two specific wavelengths were meticulously
selected based on their categorical classifications: the 365 nm wavelength is situated within the
UV-C spectrum, representing a longer wavelength, whereas the 245 nm wavelength is
categorized under the UV-A spectrum, indicative of a shorter wavelength. These radiations can
be equally effective on Gram positive bacteria depending on the varied degree of effectiveness.
As per previous published reports [282], UV-C radiation showed more effectiveness in this

present study.

Additionally, we report primarily that ATCC 11842 possess a significantly higher intrinsic
resistance to chemical mutagen, NTG. To determine the ideal conditions for NTG mutagenesis,
two factors were evaluated: NTG concentration (ranged from 100 to 500 pg ml™"), and exposure
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time (varied between 20 and 120 minutes). The survivability rate exhibited a substantial
decrease when the concentration of NTG exceeded 200 ug ml!' and exposure time extended
beyond 60 minutes (Fig. 5.2b). Moreover, as the survivability rate declined, a corresponding
increase in the rate of mutagenesis was observed during mutagen screening probably due to
occurrence of random point mutations [283]. The degree of potency in NTG mutagenesis can
vary from species to species, encompassing diverse organisms inclusive of bacteria, fungi, and
algae [76] [284] [285]. The cell mortality rate for ATCC 11842 ranged from 5.45% to 14.9%
under a UV wavelength of 265 nm, however, a significant increase in cell mortality rate was
noted at a UV wavelength of 365 nm, with rates escalating substantially from 28% to 87.09%.
The highest cell death was recorded at NTG concentrations of 400 and 500 pg ml"! and this
observation was consistent across different time frames of exposure, namely 60, 90, and 120
minutes. The surviving cells exhibit a substantial accumulation of both genotypic and
phenotypic mutations. This random mutagenesis study on ATCC 11842 reveals insights for
future research shedding light on strain’s unique adaptability, possibly due to distinct DNA

repair mechanisms, highlights its resilience.

Lactobacillus bulgaricus is an important probiotic organism and have exhibited various
responses to mutagenesis treatments, demonstrating both phenotypic and genotypic changes.
Mutant strains have shown enhanced acid production capabilities and improved fructose
utilization, which could be beneficial for yogurt production [286] [287]. Notably, some mutants
obtained through ultraviolet light and chemical mutagenesis methods have displayed an
increased capacity to decompose uremic toxins, with significant improvements in the
breakdown of substances like creatinine, urea nitrogen, and uric acid [288]. These mutant
strains often exhibit genetic stability, maintaining their newly acquired traits over multiple
generations [288]. While these mutations can lead to beneficial changes, it's crucial to note that
careful screening and extensive testing are necessary to ensure that the enhanced traits do not
compromise other essential probiotic features or safety aspects of the bacteria. The findings of
this present study provide valuable insights into the mutagenic responses of L. delbrueckii
subsp. bulgaricus ATCC 11842 to both UV radiation and chemical mutagen NTG. The
differential response to UV wavelengths is particularly noteworthy, with 365 nm proving more
effective in reducing cell viability compared to 254 nm. This heightened sensitivity to 365 nm
UV light could be attributed to several factors. While DNA typically absorbs more strongly at
254 nm, the greater effectiveness of 365 nm suggests that other cellular components or

photosensitizers may be involved in the mutagenic process at this wavelength [289]. This could
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lead to indirect DNA damage through the generation of reactive oxygen species or other
intermediates. The longer wavelength of 365 nm UV light may penetrate cellular structures
more effectively, potentially causing more widespread damage throughout the bacterial cell.
The DNA repair systems in L. delbrueckii subsp. bulgaricus ATCC 11842 may be more adept
at addressing damage caused by 254 nm UV, which is closer to the wavelengths encountered
in natural sunlight. The observed resistance to NTG at lower concentrations and shorter
exposure times is intriguing. This resilience could be attributed to efficient DNA repair
mechanisms system present in ATCC 11842. However, the sharp decline in survivability at
higher NTG concentrations and longer exposure times indicates a threshold beyond which
these protective mechanisms are overwhelmed. The increase in mutagenesis rate with
prolonged NTG exposure suggests a cumulative effect of DNA damage [290]. This could be
due to the saturation of repair enzymes or the induction of error-prone repair mechanisms under
severe stress conditions. Such a response is consistent with the SOS response observed in many
bacteria when faced with extensive DNA damage [281]. Future research could focus on
elucidating the specific molecular mechanisms underlying the observed responses, such as
identifying the DNA repair pathways activated by different mutagenic treatments. Additionally,
investigating the phenotypic changes in the surviving mutants, particularly in terms of
technological properties relevant to dairy fermentations, could provide valuable insights for
strain improvement strategies. In conclusion, this study enhances our understanding of the
mutagenic responses of L. delbrueckii subsp. bulgaricus ATCC 11842 and provides a
foundation for developing more targeted and effective mutagenesis strategies for this

industrially important LAB.

5.4.2 Screening of mutants with enhanced DLA biosynthesis and genetic

stability

115 mutant strains were screened from combined UV and NTG mutagenesis treatments and
best three strains, Mut N5, Mut N23, and Mut_ N28, that exhibited notable enhancements in
biomass, DLA production and yield, were selected for further experiments (Fig. 5.2¢). Selected
from combined UV and NTG treatment, these strains demonstrated superior effectiveness
compared to individual treatments. The selected mutants exhibited maximal DLA production
ranging from 3.1 to 3.5 g L! within 35 hours of fermentation, representing a 1.94-fold increase
over wild-type strain in flask level. Moreover, these selected strains exhibited improved growth
performance and DLA yield contrast to wild strain which means more amount of glucose was

utilized for DLA and energy production through the Embden Meyerhof pathway [271].
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Although both the wild-type and mutant strains produced acetic acid as the major by-product
in comparable amounts (by-product profile data not shown), no discernible correlation was
observed in this study between biomass concentration and DLA production. This observation
is intriguing as it contradicts the conventional understanding that lactic acid production is
inherently linked to microbial growth [150]. When lactose concentrations exceed 20 g L™,
non-growth-associated lactic acid production occurs in L. bulgaricus has been prevalent was
reported previously [291]. This also signifies that in mutant strains, DLA production is not
solely dependent on the existence of rapidly dividing cells but also primarily relies on increased
enzyme activity in mutated strain, which subsequently amplifies DLA production [292].
Growth variability in Lactobacillus delbreuckii subsp. bulgaricus ATCC 11842 is influenced
by environmental and nutritional factors. In this study, mutant strains Mut N23 and Mut N5
showed higher net specific growth rates than the wild-type ATCC 11842, indicating enhanced
metabolic efficiency or altered regulatory mechanisms, which likely facilitated faster growth
through improved nutrient utilization. Table 5.3 provides a comparative analysis of all major
kinetic parameters between the wild ATCC 11842, and the efficient mutants selected after
screening. Among the three shortlisted mutants, Mut N23 was selected as the most efficient
strain, showing improved performance with a maximal DLA biosynthesis of 3.5 g L! and a

yield of 0.175 g g! of DLA from glucose.

Genetic stability test serves as a critical factor to verify the persistence of mutations over time.
Previous reports indicate that L. thermophilus mutants, after random mutagenesis, showed
good stability and enhanced LLA production [269]. In concordance with the experimental
findings, the mutant strains Mut N5, Mut N23, and Mut N28 consistently manifested
elevated DLA titres relative to the wild-type counterpart (Fig. 5.2c). Mut N23 consistently
produced DLA over seven generations, ranging from 3.50+0.20g L' to 3.59+0.23g L,
demonstrating its robustness and suitability for further research (Fig 5.7). This research
highlights the potential of combined UV and NTG mutagenesis to generate unique mutants

with enhanced metabolite production in gram-positive lactic acid bacteria.
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Figure. 5.1 DLA production across seven generations for the selected mutated strains. The
error bars indicate standard deviations of three parallel replicates.

Table 5.3: Comparative analysis of Kinetic parameters in MRS-glucose medium for wild-
type and three selected mutants.

Strain Ferment Max. Max. Yoras?® YxsP? DLA rp¢ Specific
a.tlon biomass DLA (g g (g g Opt.lcal (@ L growth
time concent concentr purity hr) rate (u)
(hours) ration ation (%)

eLh) (L

Wild 48 1.89 1.8 0.048 0.069 99.06 0.033 0.038
Mut N5 38 1.99 3.13 0.169 0.092 99.08 0.052 0.060
Mut_N23 36 2.01 3.55 0.175 0.100 99.12 0.076 0.056
Mut_N28 35 2.03 3.11 0.116 0.093 99.07 0.046 0.037

a DLA Yield (Ypras, gg™') was calculated as a ratio of DLA produced (g) to glucose consumed (g)
b DLA Yield (Yxs, gg™') was calculated as a ratio of biomass produced (g) to glucose consumed (g)

¢ Volumetric productivity (rp, g L' h'') was calculated as a ratio of concentration of DLA produced (g L) to
fermentation time (h).
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Figure.5.2 Survivability of ATCC 11842 following mutagenic treatments and screening of
enhanced DLA biosynthesis in mutant strains (a) The number of colony-forming units
(cfu mL") as a function of exposure time at UV wavelengths of 254 nm and 365 nm,
illustrating the differential impact of UV light on microbial viability. (b) Colony-forming
units (cfu mL) plotted against various concentrations of NTG over time, providing
insight into the dose-dependent effects of NTG on cell survival, (¢) DLA production
comparison among wild-type, UV-treated, NTG-treated, and combined UV-NTG-treated
mutant strains, (d) Assessment of specific growth rates and optical density (ODsoo) at the
36™ hour across wild-type, UV-treated, NTG-treated, and combined UV-NTG-treated
mutants. This comprehensive analysis highlights the differential impacts of mutagenic
treatments on DLA biosynthesis and growth characteristics where the bars represent
specific growth rate, and the connected dots represent ODsoo.

5.4.3 One-Factor-at-a-time optimization of carbon and nitrogen source for

Mut_N23

The sugar catabolism efficiency of the mutated strain Mut N23 was investigated, comparing
its growth and DLA production with the wild-type ATCC 11842 strain using different reducing
sugars. Wild Lactobacillus bulgaricus strains can ferment lactose, glucose, fructose, and
mannose, but not galactose, also exhibiting a preference for lactose over glucose which
contradicts the common bacterial preference for glucose [293] [294]. It is reported that the
accumulation of galactose in the medium led to feedback inhibition during the conversion of
lactose into cells and lactic acid [291]. It has also been reported that L. bulgaricus doubles

faster in presence of lactose than in glucose, with similar final biomass after 24 to 48 hours
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[295]. In this study, both wild and mutant strains efficiently utilized glucose, lactose, mannose,
and fructose but not galactose due to the absence of galactose pathways. Mut N23 consistently
produced more DLA in shorter times across all carbon sources than the wild strain. For
example, Mut N23 produced 3.558 g L' DLA from glucose in 36 hours, while the wild strain
produced 1.806 g L' in 48 hours with similar final biomass. Similarly, Mut N23 produced
3.819 g L' of DLA from lactose in 38 hours, whereas the wild strain produced 3.06 g L™ in 63
hours. Mut N23 exhibited faster growth on lactose (0.092 h™') than on glucose (0.056 h''),
unlike the wild strain, which had similar growth rates on both sugars. Residual galactose in the
medium during lactose fermentation did not affect cell growth using lactose's glucose moiety
but reduced overall growth by 25% at high concentrations for both wild and mutant (30 g L"!
and above). Lactobacillus bulgaricus demonstrates concentration-dependent growth on
lactose, with no glucose-induced repression, indicating simultaneous glucose and lactose
consumption without diauxic growth, highlighting a unique aspect of lactose metabolism in
both strains [295]. The Mut N23 strain demonstrated a superior DLA titre of 3.819 g L! and
exhibited favorable kinetic parameters when utilizing lactose, highlighting lactose as a more
efficient carbon source for DLA biosynthesis compared to other substrates (Table 5.4). Notably,
the residual glucose in the Mut N23 strain was lower (2.32 g L) than in the wild-type strain
(7.09 g LY, indicating a higher efficiency of glucose utilization in the mutant strain despite the
presence of galactose moieties. The Mut N23 strain exhibited a higher glucose utilization rate
(0.845 gg''h!) inspite of leftover galactose moiety compared to the wild-type strain (0.616 gg°
'h'!), and the DLA production from lactose and fructose was higher compared to that from
glucose alone (Table 5.4). This differential response in the mutant strain could be attributed to
variations in the regulation of the lactose operon or the glucose transport system caused due to

beneficial mutations.

A notable observation from results obtained from this chapter was that the Mut N23 strain's
ability to grow and produce DLA using sucrose, reaching a maximal DLA production of 3.31
g L1, a capability not observed in the ATCC 11842 wild strain. This novel discovery challenges
current knowledge, as sucrose utilization by Lactobacillus delbrueckii subsp. bulgaricus has
not been previously documented. The inability of ATCC 11842 to utilize sucrose is likely due
to genetic factors that result in either a deficiency or inadequate expression of sucrase, as well
as insufficient transport mechanisms for sucrose and its breakdown products. Despite the
presence of key enzymes such as sucrose phosphorylase, sucrose-6-phosphate hydrolase, and

the PTS system in the genomic DNA of ATCC 11842, sucrose remains unutilized. In contrast,
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the ability of the Mut N23 strain to utilize sucrose potentially involves novel or upregulated
functional enzymes capable of sucrose hydrolysis and metabolism similar reports recently
published by [265] where a halophilic bacterium also showed enhanced sucrose utilization rate
after random mutagenesis. This adaptation could also confer an advantage under certain
environmental circumstances, such as varied sugar availability or stress responses when using

different waste feedstocks.

Fermentation experiments were executed out at different initial lactose and sucrose
concentrations (10 to 50 g L) to investigate on growth and DLA production kinetics (Table
5.5 and 5.6). The choice of the initial sugar concentration range in this study was informed by
existing literature, while exceeding this range leads to substrate inhibition. It was observed that
30 g L! of lactose is the ideal concentration using wild L. delbreuckii strain for achieving
highest DLA production and maximum DLA yield, which corroborates with values reported in
the literature [79]. It was also noted that while the glucose moiety of lactose was completely
metabolized at lower lactose concentrations, its accumulation was evident at higher
concentrations (30 g L' and above). In contrast to the wild-type strain, which lacks sucrose
utilization capability, the mutant strain Mut N23 demonstrates the ability to produce a
maximum of 3.36 g L' DLA from an initial sucrose concentration of 30 g L''. Moreover,
Mutant N23 achieves a maximal productivity rate of 0.100 g L™! h'! when utilizing both 30 g

L! lactose and sucrose as substrates.

Nitrogen substrate serves as a vital component for DLA synthesis and yeast extract (10 g L)
was stated to be the optimal nitrogen source for lactic acid production in wild Lactobacillus
delbreuckii [296][297]. This study found that adding yeast nitrogen base (YNB) with yeast
extract boosted DLA production in Mut N23 more than other nitrogen sources (Fig. 5.3).
YNB's composition, including ammonium sulfate, vitamins, and trace elements, likely
contributed to this improvement. Overall, Mut N23's ability to use a wider range of carbon
sources, including sucrose, and its high DLA production efficiency (99.06% optical purity)
have significant industrial bioprocessing benefits. Utilizing Mut N23 as a potential strain can
increase DLA yields and productivity from various substrates through fed-batch and
continuous operations, enhancing cost-effectiveness and flexibility in biotechnological
applications in future research. The genetic stability of the obtained mutants over seven
generations, particularly Mut_N23, underscores the potential for future industrial applications

in this study. The consistent DLA production across generations indicates that the beneficial
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mutations are stable and do not revert easily, which is crucial for maintaining production

efficiency in large-scale fermentations [298].
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Figure. 5.3 Variations in DLA production using additional nitrogen sources. The same
letter indicates a non-significant difference in data (p > 0.05) and different letters indicate
a significant difference (p <0.05)
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Table 5.4: Kinetic parameter comparison for wild-type ATCC 11842 and mutant Mut_N23 across various carbon sources

Strain Carbon Fermentation  Max. DLA q,* Yoras® Yxs © Yorax? rp¢ Max.
source time (h) production (gg'h') (ggh) (ggh (ggh (gL'h") biomass
(gL™h concentra
tion(g L)
WILD Glucose 48 1.80 0.61 0.03 0.09 1.02 0.03 1.89
Lactose 63 3.06 0.39 0.05 0.10 1.69 0.04 2.01
Sucrose 41 0.54 0.02 0.01 0.02 0.01 0.01 0.56
Mannose 53 0.57 0.06 0.01 0.04 0.53 0.01 0.89
Fructose 63 3.08 1.76 0.04 0.09 1.33 0.05 1.89
Mut_N23 Glucose 36 3.55 0.84 0.09 0.10 1.75 0.07 2.01
Lactose 38 3.81 0.57 0.10 0.11 1.50 0.10 2.32
Sucrose 41 3.31 0.17 0.07 0.09 0.67 0.08 1.86
Mannose 53 0.60 0.08 0.01 0.03 0.68 0.02 0.95
Fructose 63 3.24 1.84 0.05 0.10 1.70 0.05 1.85

a Specific substrate utilization rate is the ratio of substrate consumed to fermentation time
b DLA Yield (Yprass, gg ') was calculated as a ratio of DLA produced (g) to substrate consumed (g)
¢ DLA Yield (Yxs, gg ') was calculated as a ratio of biomass produced (g) to substrate consumed (g)

d DLA Yield (YprLa/x, gg ') was calculated as a ratio of biomass produced (g) to glucose consumed (g)
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Table 5.5: Kinetic parameters of Mut_N23 grown on varied initial lactose concentrations

Initial Maximum  Maximum  Yprasa  Yxsb  Yprax rp d Optical
Lactose DLA biomass (ggh (gg? c (L 1 purity
conc. production  produced (ggh (%)
(gL (gL (gL
10 3.71 2.01 0.37 0.19 1.75 0.07 99.01
20 3.82 2.34 0.18 0.11 1.60 0.07 99.08
30 4.16 2.65 0.13 0.09 1.54 0.10 99.11
40 4.08 2.89 0.10 0.07 1.42 0.09 99.01
50 4.05 2.88 0.08 0.05 1.40 0.07 99.00

a DLA Yield (YDLAS, gg ') was calculated as a ratio of DLA produced (g) to lactose consumed (g)

b DLA Yield (YX/S, gg") was calculated as a ratio of biomass produced (g) to lactose consumed (g)

¢ DLA Yield (YDLA/X, gg") was calculated as a ratio of DLA produced (g) to biomass produced (g)

d Volumetric productivity (rp, g L' h'') was calculated as a ratio of concentration of DLA produced (g

L) to fermentation time (h).

Table 5.6: Kinetic parameters of Mut_N23 grown on varied initial sucrose concentrations

Initial Maximum  Maximum 2 vy b Yorax© rPd Optical
Sucrose DLA biomass I""h! urit
conc (gL production produced ®®) (® €g) \ ) p(%)y

D (gL (gL

10 3.06 1.01 0.03 0.01 0.45 0.05 99.00
20 3.31 1.84 0.07 0.09 0.67 0.08 99.17
30 3.36 1.98 0.08 0.09 0.78 0.10 99.09
40 3.08 1.39 0.03 0.04 0.48 0.07 99.17
50 3.00 1.88 0.02 0.02 0.67 0.06 99.00

a DLA Yield (Ypras, gg ') was calculated as a ratio of DLA produced (g) to sucrose consumed (g)

b DLA Yield (Yxs, gg ') was calculated as a ratio of biomass produced (g) to sucrose consumed (g)

TH-3603_196106017

134



¢ DLA Yield (Yprax, gg ') was calculated as a ratio of DLA produced (g) to biomass produced (g)

d Volumetric productivity (rp, g L' h'') was calculated as a ratio of concentration of DLA produced
(g L) to fermentation time (h).

5.4.4 Fermentation parameter optimization using Response Surface

Methodology

The effects of varying fermentation conditions on DLA production were investigated, using a
Central Composite Design in Response Surface Methodology (RSM CCD) approach. The
factors considered were temperature, pH, rpm, and fermentation time, which are crucial for
enhancing DLA yield and efficiency in industrial processes [299]. Based on published literature
[300], the ranges for these factors were set as follows: temperature 35 to 45°C, pH 5.5 to 7.5,
rpm 100 to 250, and fermentation time 28 to 75 hours, with central values of 45°C, 7.5, 250,
and 75, respectively. The mutated strain of L. bulgaricus, being a facultative anaerobe, also
performs well under aerated conditions. This enhanced adaptability allows it to optimize its
metabolic processes in both oxygen-rich and oxygen-poor environments, making it highly

efficient for various applications.

A range of experiments were performed (Table 5.8), and a quadratic model equation for DLA
production was obtained (Eq3). To verify the reliability of these models, validation experiments
were conducted within the specified ranges. The outcomes of these 30 runs are presented in the
Table 5.6 where the predicted values aligned well with the experimental results. The quality of
fit using statistical parameters such as the coefficient of determination (R?), lack of fit, and p-
values were evaluated. The assigned codes to the variables were: temperature (A), pH (B), rpm
(C), and fermentation time (D). Terms such as AB, AC, and BD were significant, indicating
important interactions between the variables. The coefficients in the coded quadratic model
equation reflected the individual and interactive effects of these factors on DLA production.
The p-value for the quadratic regression equation was less than 0.0001, indicating its high
significance. The lack of fit’s p-value was 0.0512, implying its insignificance. The R-squared
(R?) and adjusted R-squared (Adjusted R?) values were 0.9788 and 0.9591, respectively,
demonstrating the equation’s ability to accurately capture the relationship between each factor
and the response value. ANOVA tables generated (Table 5.7) examined the significance of the
model terms and their interactions. The experiments resulted in DLA production varying from
9.8 mg L! to 4.89¢ L' under different experimental conditions. The contour plots were
analysed to determine the significance of interactions between variables (Fig.5.4). Elliptical or
circular contours obtained suggested significant interactions, while rounder contours implied
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less significance[272]. Our findings in a coded equation for DLA production were summarized

as given in Eq3:

DLA production = 479 — 0.27*A + 021 * B + 0.12 xC + 030 * D — 0.63 *
AB + 048 AC — 0.20 *AD — 0.39* BC + 047 = BD + 0.11 = CD — 0.94 *
A% - 1.07 x B> — 1.05 = C*> — 0.57 * D* ... (Eq 3)

Using Design-Expert software, these models were applied to optimize fermentation parameters
and predicted that DLA production can reach a maximum of 4.928 g L' under the following
conditions: temperature at 38.4°C, pH adjusted to 6.79, rpm set to 171, and a fermentation time
of 61.6 hours. This was validated by performing a shake flask experiment at all the optimized
conditions and DLA titre of 4.698 g L' with optical purity of 99.09% could be obtained after
65 hours of fermentation.

Table 5.7: ANOVA Table for RSM-CCD analysis

Sum of df Mean F- p-value
Squares Square value
Model 91.46 14 6.53 49.55 <0.0001 significant
A-Temperature 178 1 1.78 13.48 0.0023
B-pH 1.09 1 1.09 8.27 0.0116
C-rpm 0.3602 1 0.3602 2.73 0.1191
D-fermentation 217 1 2.17 16.45 0.0010
time
AB 650 1 6.50 49.29 <0.0001
AC e W 3.81 28.92 <0.0001
AD 0.6496 1 0.6496 493 0.0423
BC 246 1 2.46 18.66  0.0006
BD 363 1 3.63 27.53 <0.0001
CD 0.2242 1 0.2242 1.70 0.2119
A? 2425 1 24.25 183.95 <0.0001
B2 3153 1 31.53 239.21 <0.0001
C? 3055 1 30.55 231.71 <0.0001
D2 896 1 8.96 67.96 <0.0001
Residual 198 15 0.1318
Lack of Fit 1.79 10 0.1787 468 0.0512 not
significant
Pure Error 0.1909 5 0.0382
Cor Total 93.44 29
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Fig.5.4 Surface plot for the RSM showing interactions between (a) pH and temperature,
(b) rpm and temperature, (c) fermentation time and temperature, (d) rpm and pH, (e)
fermentation time and pH, (f) fermentation time and rpm. The contour lines on each plot
represent the response levels, with the highest point indicating the optimal conditions for
each factor combination. These plots provide insights into the complex interactions
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between fermentation parameters and highlight the critical factors influencing the
production of D-lactic acid. (4, Temperature; B, pH; C, rpm; D, Fermentation time)

Table 5.8: Experimental design with predicted and actual values for DLA production

Independent variables Response value

Run Temperature pH rpm Fermentation time DLA

production

Experimental Predicted Residual

1 40 7.5 250 51.5 1.98 1.94 0.0408
2 35 6.5 175 28 2.35 2.27 0.0763
3 35 6.5 25 75 3.28 3.16 0.1246
4 45 6.5 175 28 1.24 1.18 0.0596
5 40 6.5 175 51.5 3.26 3.26 -0.0017
6 40 7.5 100 51.5 3.45 3.50 -0.0542
7 40 6.5 175 98.5 2.55 2.49 0.0592
8 40 5.5 250 51.5 3.10 3.26 -0.1617
9 45 5.5 250 75 3.35 3.29 0.0646
10 40 8.5 175 4.5 0.89 0.89 -0.0042
11 45 6.5 175 28 0.98 1.13 -0.1471
12 35 7.5 100 75 2.19 2.30 -0.1054
13 40 6.5 175 51.5 2.09 2.08 0.0142
14 40 6.5 325 51.5 3.23 3.26 -0.0317
15 45 7.5 250 28 2.01 1.93 0.0829
16 40 5.5 100 51.5 3.21 3.26 -0.0517
17 40 7.5 250 51.5 2.09 1.98 0.1092
18 45 5.5 100 75 1.88 1.98 -0.0988
19 45 7.5 100 28 1.89 1.76 0.1312
20 35 6.5 175 75 2.10 2.26 -0.1637
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21 45 6.5 175 75 3.89 3.99 -0.1021

22 35 6.5 175 28 3.00 3.23 -0.2321
23 40 5.5 100 51.5 3.32 3.26 0.0583
24 30 5.5 250 51.5 3.96 3.78 0.1775
25 40 5.5 250 51.5 3.45 3.26 0.1883
26 35 6.5 175 75 2.98 3.07 -0.0921
27 35 7.5 250 28 1.96 2.06 -0.0971
28 45 745 250 75 3.00 2.80 0.1996
29 50 6.5 175 51.5 2.86 2.98 -0.1225
30 35 6.5 250 28 2.98 2.90 0.0796

5.4.5 Optimized batch fermentation of Mut N23 for enhanced DLA

biosynthesis

Verification experiments on strains ATCC 11842 and Mut N23 focus on DLA production from
lactose and sucrose under optimized OFAT and RSM conditions. Lactose uptake in Lactobacilli
involves PTS** and lactose permease, while a lactose-galactose antiport mechanism exports
galactose in lactic acid bacteria [79]. It was observed that Mut N23 exhibited complete lactose
utilization within 55 hours, with residual glucose at 1.22 g L' and galactose at 11.40 g L' (Fig
5.5b). In contrast, ATCC 11842 showed slower lactose utilization, with residual glucose and
galactose at 5.0 g L' and 9.23 g L', respectively. Mut_N23 continued to consume glucose even
after DLA concentration reached 3.08 g L'[301] [150] (Fig 5.5a). The glucose concentration
remained constant and was not consumed between the 45th and 65th hours of fermentation for
wild strain. However, for the Mut N23 strain, the glucose remained constant for a shorter
duration and was subsequently consumed, resulting in increased DLA and other by-product
synthesis (including acetic acid). Overall, comparative analysis revealed the superior
performance of the mutant strain, with enhanced glucose utilization capability, a 45% increase
in DLA yield from lactose (Yprass), a 115% increase in DLA yield from biomass (Ypra/x), and

a 13% increase in productivity in presence of MRS-Lactose media.
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Figure 5.5 Batch fermentation dynamic profile of wild ATCC 11842 and Mut_N23. (a)
Wild ATCC 11842 in presence of MRS-lactose in shake flask, (b) Mut_N23 in presence of
MRS-lactose in shake flask, (¢) Wild ATCC 11842 in presence of MRS-sucrose in shake
flask and (d) Mut_N23 in presence of MRS-sucrose in shake flask.

It was observed that wild ATCC 11842 had a minimal sucrose utilization while the Mut N23
demonstrated a notable enhancement in the dissociation rate of sucrose into its constituent
monosaccharides, fructose, and glucose (Fig.5.5¢). This observation contradicts to what was
reported, [302] that L. bulgaricus lacks the property for sucrose utilization, which also indicates
that the mechanism underlying sucrose utilization by L. delbreuckii subsp. bulgaricus warrants
further investigation. Mut N23 strain utilized released glucose for DLA biosynthesis, with a
notable reduction in glucose concentration after 35 hours, stabilizing at 0.99 g L™! (Fig. 5.5d).
As DLA accumulated, the glucose utilization rate remained same, but the acidity of the
environment increased, leading to a decline in microbial growth and a subsequent drop in
productivity due to lack of pH maintenance in shake flask experiments [303]. The Mut N23
strain produced a maximum of 4.47 g L' and 3.38 g L' DLA titre using lactose and sucrose as
carbon sources, respectively, under optimized conditions, maintaining 99.09% optical purity.

The proficient utilization of these carbon substrates by mutant strain Mut N23 for DLA

140
TH-3603_196106017



biosynthesis underscores its capacity to serve as a platform for enhancing metabolic pathway
in Lactobacillus delbreuckii subsp. bulgaricus. This contradicts previous suppositions about
sucrose metabolism in L. bulgaricus and opens new research avenues. Future studies can aim
to elucidate the molecular mechanisms behind these metabolic capabilities through
transcriptomic analysis, optimizing L. bulgaricus strains for sustainable and efficient industrial

use.

5.4.6 Valorization of whey permeate in lab-scale bioreactor

Bioreactor experiments were performed by cultivating Mut N23 strain in both lactose (30 g L-
1) and WP (30 g L! lactose) — based MRS medium under regulated pH, temperature, agitation
and dissolved oxygen (Fig. 5.6a and b). An initial increase in pH to 7.1 was observed during
initial phase (0 to 4 hours) and subsequently, there was a marked decrease in pH, indicative of
metabolic activity and organic acid production. This was further substantiated by an extended
lag phase observed when WP was utilized, implying an adjustment period for Mut N23 to
acclimatize to the more complex medium. Lactose metabolism in the MRS-Lactose was
significantly expedited, where 98% of the lactose was entirely depleted within 44 hours
culminating in a DLA titre of 7.9 g L'!. It is also important to note, despite the exhaustion of
lactose, only the glucose moiety was metabolized, leaving the galactose component unutilized.
In contrast, fermentation with WP yielded a maximum DLA titre of 4.89 g L™ with 92% lactose
consumption in 80 hours where a partial assimilation of galactose was observed. The lactose
consumption rate in bioreactor was accelerated in regulated parameters compared to shake
flask studies devoid of pH control [303]. Despite DLA titre differences, biomass concentrations
were consistent in both media types, indicating cell growth wasn’t restricted by lactose source.
This confirms enhanced DLA production in Mut N23 isn’t solely dependent on cell growth
but also on efficient enzymatic activity. Specific productivity for lactose-MRS and WP-MRS
media were 0.110 and 0.066 g g™ h'l respectively.

The WP constituted the bulk of the fermentation media volume, overshadowing other nutrients.
This could potentially elucidate the diminished DLA production and lactose consumption, as
suggested by literature reports [304]. Lactose dissociation in MRS-pure lactose milieu
demonstrated superior efficacy. Residual monosaccharides in lactose-MRS medium were 3.89
g L' glucose and 14.75 g L' galactose, whereas WP-MRS media exhibited residuals of 1 g L
! glucose and 2.77 g L™! galactose, signifying decelerated lactose dissociation. Contrasting [79]
findings of Lactobacillus delbreuckii’s high galactose consumption, our study observed

negligible uptake at elevated lactose concentration (30 g L) in MRS medium. Galactose
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uptake was observed in WP-MRS medium, likely due to WP’s intricate nature affecting
Mut N23’s fermentation and metabolic pathways. Along with DLA, huge amounts of acetic
acid production were noted for both Lactose-MRS and WP-MRS based fermentation. The
maximum productivity of batch bioreactor using lactose was 93% higher (0.208 g L"'h!) than
flask level experiments, which corroborates with published literature [305]. Both bioreactor

experiments exhibited DLA optical purity of 99.09%.

Various Lactobacillus strains have demonstrated significant potential for DLA production
using different substrates. L. bulgaricus CGMCC 1.6970 achieved the highest reported titre of
123.6 g L' with a yield of 97.9% and productivity of 1.72 g L' h'! using chicory-derived
inulin[188]. An evolutionarily engineered L. bulgaricus strain reached a titre of approximately
108 g L'! using pretreated rice straw, highlighting the benefits of strain improvement through
evolutionary engineering[80]. Additionally, L. bulgaricus CGMCC 1.6970 has been reported
to utilize dairy waste as a low-cost substrate for DLA production, although specific metrics
were not provided [152]. These results underscore the versatility of Lactobacillus strains in
producing DLA from various feedstocks, including inulin, lignocellulosic biomass, and dairy
waste. L. delbrueckii subsp. bulgaricus ATCC 11842 produced 62 g L' of DLA from
organosolv pretreated beechwood, showcasing the viability of lignocellulosic biomass as a
substrate [271]. This is the first kind of research where we report a mutated ATCC11842 strain
with enhanced sugar utilization capability to produce optically pure DLA using WP. In another
reported literature, the investigation focused on the inhibitory effects of DLA and LLA
on Lactobacillus delbrueckii subsp. bulgaricus, revealing that DLA notably extended the lag
phase and reduced both growth rate and cell yield more than LLA. This differential inhibition
underscores the complexities inherent in lactic acid fermentation processes, where specific
lactic acid isomers can significantly influence microbial performance [306]. The mutant strain
Mut N23 of Lactobacillus delbrueckii subsp. bulgaricus ATCC 11842 exhibits significant
improvements over traditional strains in several key areas. Mut N23 can metabolize a wider
variety of sugars, including sucrose and galactose from WP, making it highly suitable for
converting dairy by-products into valuable products. The strain’s genetic stability across
multiple generations ensures the retention of these advantageous traits, which is crucial for
reliable industrial applications. Moreover, its metabolic versatility allows for the simultaneous
production of acetic acid and DLA, offering potential for multi-product bioprocesses that

enhance overall economic feasibility.
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Figure 5.6 Batch fermentation dynamic profile of Mut_N23 (a) Fermentation dynamic
profiles of mutant strain Mut N23 in MRS-Lactose media scaled up in lab-scale
bioreactor and (b) Fermentation dynamic profiles of mutant strain Mut _N23 in WP based
MRS media in lab-scale bioreactor. These profiles illustrate the strain's performance and
metabolic activity in optimized and regulated nutritional environments, providing
insights into its scale-up properties and efficiency in utilizing waste feedstocks.

The comparative analysis of DLA production using pure lactose and WP in bioreactor
highlights the metabolic efficiency of Mut N23 in different substrate environments at higher
scale. The findings underscore the potential of employing pure lactose as a more favourable
and readily available substrate for DLA production in terms of fermentation kinetics and end-
product concentration by L. bulgaricus [307]. The decrease in DLA titre and specific
productivity when using WP as a carbon source, compared to lactose, may be attributed to high
levels of dissolved minerals that inhibit microbial growth and disrupt metabolic processes,
along with the presence of inhibitory compounds that negatively impact cell metabolism.
Moreover, the capability of L. bulgaricus Mut N23 to transform dairy waste into DLA was
addressed, particularly through the utilization of lactose and galactose from WP. While the
initial yields of DLA were modest and accompanied by altered metabolic behaviour, these
challenges serve as a framework for further investigation and optimization. Through
appropriate pretreatment of WP, such as ultrafiltration and deproteinization, the Mut N23
strain demonstrates significant potential for DLA production. Further refining the fermentation
media composition and adding industrial enzymes could enhance the efficiency of lactose
hydrolysis has potential to significantly improve the utilization rates of complex substrates like
WP, as evidenced by previous studies [308] [309, 310] [310]. This chapter underscores the
value of re-purposing dairy waste by-product, WP and positions L. bulgaricus Mut N23 as a
key contributor to sustainable bio-based commodities manufacturing, including optically pure
DLA and other crucial metabolites like acetic acid, fostering more efficient and cost-effective

bioprocessing methods.
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5.4.7 Transcript level and enzymatic activity analysis of Mut_N23

Glycolytic pathway is the major pathway for DLA biosynthesis in lactic acid bacteria and the
major genes involved for DLA biosynthesis have been reported (Mukherjee et al.,
2023).Enzymatic activity and gene expression in major glycolytic genes for DLA biosynthesis
were compared between mutant strain Mut N23 and wild type ATCC 11842 (Fig.5.7a and 5.7
b). RT-gPCR analysis showed Mut_N23’s glycolytic genes upregulated by 20.23% to 84.89%
at 12", 24" and 48" hours. In Mut N23, a comparative enzymatic assay delineated an
augmented enzymatic activity for d-Idh, pgm, glk, and pfk. Conversely, a diminished enzyme
function was noted for pyk, eno, pgk, and CcpA, in relation to the wild-type counterpart.
Contrast to reduced enzymatic activity, a pronounced transcriptional upsurge was observed for
pivotal glycolytic genes, including CcpA. Reports have elucidated the pivotal role of the CcpA
gene in channelling metabolic flux towards the production of DLA [311]. The pronounced
transcriptional presence of the CcpA gene underscores its pivotal role in metabolic rerouting,
while the dldh homologs Ldb1010 and Ldb0101 exhibit increased activity and transcription by
89.87% and 68.87%, respectively, likely due to enhanced energy production and pyruvate
conversion to DLA. [294]. Research indicates that mutations can affect enzyme behavior, gene
control, and metabolic processes in bacteria in both beneficial and ineffectual way [312] [313].
In Mut N23, elevated pyk activity and transcripts suggest increased Phosphoenolpyruvate
(PEP) to pyruvate conversion, potentially from advantageous mutations at the catalytic site
[314]. Pyk also generates ATP, which is required for d-I/dh activation by fructose-1,6-
bisphosphate (F1,6BP) and has been demonstrated to have acid tolerance property in L.
bulgaricus [315]. Thus, pyk plays a dual role in enhancing DLA production by providing both
substrate and cofactor. Additionally, reports state that more than 90% of the pyruvate is
converted to DLA in wild L. bulgaricus [294]. Pfk increase the pool of F1,6BP, which is also a
key regulator of glycolysis and DLA production, further activates d-Idh and pfk genes favoring
metabolic flux towards DLA biosynthesis [316]. Literature also indicates that PEP, the
substrate for pyk, functions as an allosteric inhibitor of pfk. Concurrently, fructose-6-
bisphosphate (F6BP) acts as an allosteric activator of pyk, thereby facilitating the biosynthetic
pathway towards DLA production [317]. Most glycolytic genes in Mut N23 exhibited a
gradual increase in transcriptional abundance from 12 to 48™ hours signifying the beneficial
mutations, with asterisks indicating statistical significance (Fig. 5.7b). These findings suggest
that Mut_N23 leverages these transcriptional shifts to effectively streamline carbon allocation,

improving metabolic efficiency and stability under production conditions. The observed
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temporal transcriptional trends further support that the mutations may have conferred adaptive
advantages, enhancing both metabolic flexibility and overall strain performance in continuous
DLA production systems. An increases transcriptional abundance coupled with decreased
enzymatic activity can be associated with glucose conversion yield falling below 50%. This
suggests a complex interplay between gene expression and enzyme function that influences the
efficiency of glucose utilization in mutant strain. Further exploration of Mut N23's enhanced
DLA production could utilize omics methods (genomics and transcriptomics) to identify key
genes and mutations responsible for increased DLA biosynthesis. These insights could be

leveraged for future metabolic engineering efforts.

Mut N23, the mutant strain, exhibited upregulated expression of glycolytic genes (major genes
including CepA and d-Idh homologs) which suggests that the mutagenesis process triggered
metabolic rerouting, favouring DLA and other organic acid production including acetic acid.
Sucrose utilization, absent in the wild-type strain, emerged in Mut N23. This adaptation could
involve upregulated activity of transporters or enzymes that allow sucrose uptake and
conversion. Exact mutations can be revealed after whole genome sequencing or omics analysis,
which we will conduct in our future work. In summary, the combination of mutagenesis-
induced genetic alterations and metabolic adaptations led to the relatively enhanced

performance of Mut N23 for production of optically pure DLA.

5.4.8 Characterization of purified DLA from WP

DLA purification from WP-based MRS media was done using a phase partitioning method
[279] [318]. This involved shifting DLA into an organic phase regulated by ammonium
sulphate [(NH4)2SO4] and n-butanol. A modified procedure was used to enhance DLA purity
and efficiency [278]. After the bioreactor run, 1.2 litres of fermentation media underwent
purification, yielding 78% lactic acid with 90% chemical purity. The remaining 10% impurities
primarily consisted of organic acids, including acetic acid and residual butanol. HPLC analysis

confirmed lactic acid presence.

FTIR analysis of purified DLA revealed peaks indicative of its molecular structure (Fig 5.7c¢).
The peak at 3400 cm™! corresponds to O-H stretching, while those around 2900 and 1500 ¢m™!
are attributed to sp3 C-H stretching and CH2 bending of residual n-butanol, respectively. The
range of 1725-1705 cm™! signifies C=0 stretching of DLA's carboxylic acid group. Peaks
around 1450 cm ™! and 1127 cm™! are attributed to O-H bond deformation and C-O-C stretching,
respectively, in DLA. The 3300-2500 cm ! range may also indicate O-H stretching of DLA's
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carboxylic acid group. The presence of carboxylic acid, O-H, and C-O-C functional groups in
both commercial and sample DLAs is confirmed by these peaks, aligning with published
spectral data [319]. The prominent peak at 4.70 ppm in the NMR spectra is attributed to the
solvent (D20) (Fig.5.6d). The methyl (CH3) and methine (CH) protons appeared as a doublet
at approximately 1.26 ppm and a quartet around 4.24 ppm, respectively. The NMR spectra of
DLA purified from WP closely resembled those of commercial lactic acid, indicating a high
purity of the DLA obtained from fermentation. These findings are consistent with previous

literature [320] [319] and [279] further validating our results.

The result of this chapter also underscores the significant potential of process optimization in
enhancing DLA production by Lactobacillus delbrueckii subsp. bulgaricus mutant strain [321]
[322]. The ability of Mut N23 to utilize galactose from whey permeate, demonstrates its
potential for valorizing dairy industry by-products, aligning with sustainable bioprocessing
principles. The achievement of 99.09% optical purity and high sugar uptake potential, despite
relatively low titres, is particularly noteworthy as it meets stringent requirements for high-value
pharmaceutical and chemical applications. The scale-up to bioreactors, resulting in 93%
increase in productivity, highlights the importance of controlled fermentation conditions and
the strain's potential for industrial application apart from probiotic use. The co-production of
acetic acid alongside DLA presents both a challenge and an opportunity for developing multi-
product bioprocesses [323]. Future research directions should focus on elucidating the genetic
basis of the observed phenotypes, optimizing fermentation conditions for complex substrates,
and exploring the simultaneous production of multiple high-value compounds to enhance the
overall economics of the bioprocess. Overall, this study enhanced DLA production in L.
bulgaricus ATCC 11842 by developing mutant strain Mut N23, which showed superior
biosynthesis and carbon assimilation efficiency. Under optimized conditions, Mut N23
produced 7.8 g L' DLA, a 300% increase over ATCC 11842 with 99.09% optical purity.
Mut_N23 also exhibited superior wide spectrum sugar metabolism, suggesting its potential for
valorizing various waste feedstocks. Optically pure DLA, with a purity of 99.09%, was
successfully purified from whey permeate, achieving a yield of 78% and a chemical purity of

90%, thus meeting commercial standards.
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Figure 5.7. Comparative enzymatic activity and transcriptional abundance between
ATCC 11842 and Mut_N23 (a) Enzymatic activity of the key glycolytic genes responsible
for DLA production. The same letter on the bars denotes insignificant variations among
the levels of the factors (p>0.05); (b) Transcript level analysis indicating relative
expression of key enzymes responsible for DLA biosynthesis. Results are mean + standard
deviation: *p <0.05, **p <0.01 and ***p< 0.001 indicate significant difference between
ATCC11842 and Mut_N23, analysed by Student’s t-test. Each experiment included three
biological replicates. (Ldb0101: didh, Ldb1010: dldhl, Ldb 0838: pfkl, Ldb0839: pyk,
Ldb1772: pfk2, Ldb0119: gick, Ldb0230: gpmal, Ldb1734: gpma2, Ldb1294: eno, Ldb0636:
pgk, Ldb1593: ccpA) (c) Characterization of DLA purified from whey permeate by mutant
strain Mut_N23 using Fourier-transform infrared spectroscopy (FTIR) profiles, with
commercially available DLA depicted in black and DLA purified in this study from whey
permeate shown in red, demonstrating spectral similarity and purity, (d) Proton nuclear
magnetic resonance (' NMR) analysis, confirming that the spectral peaks align with
those of commerecial lactic acid profiles reported previously (data not shown in this study),
underscoring the high fidelity of the purification process.

5.5 Conclusion

In conclusion, the mutagenesis experiments with the mutant strain Mut N23 have elucidated

significant insights into the metabolic dynamics of Lactobacillus delbrueckii subsp. bulgaricus.
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The strain demonstrated a 97% augmentation in DLA biosynthesis, concomitant with enhanced
glucose assimilation. Optimization protocols delineated ideal fermentation parameters,
culminating in a peak DLA concentration of 7.88 g L' with 99.09% enantiomeric purity.
Mut N23’s proficiency in metabolizing a spectrum of carbon substrates, including sucrose and
whey permeate, underscores its potential for sustainable technological applications. These
findings not only advance our comprehension of the strain’s metabolic capabilities but also
pave the way for its deployment in therapeutic and probiotic formulations. The genetic stability
across successive generations further corroborates its industrial viability. Future research
should focus on comprehensive genomic analyses to pinpoint specific mutations and engineer
pivotal enzymes, thereby optimizing the strain for enhanced DLA production and broader

biotechnological applications.
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CHAPTER 6:

Conclusions and Future perspectives
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6.1 Conclusion

This thesis work marks a pivotal advancement in the exploration and utilization
of Lactobacillus  delbrueckii subsp. bulgaricus as a biotechnological platform for the
biosynthesis of industrially important biochemicals. The comprehensive approach employed,
which integrates mutagenesis, metabolic engineering, and fermentation optimization, has led
to significant enhancements in DLA production compared to wild strain. The results obtained
from this research represent the first reported studies exploring Lactobacillus bulgaricus as a
microbial cellular host and engineering this organism for the synthesis of value-added products.
This work highlights the development of genetic engineering approaches and the establishment
of compatible cloning tools, paving the way for its utilization in advanced biotechnological

applications.

The mutant strain Mut N23 emerged as a standout performer, exhibiting a remarkable 97%
increase (7.88 g L") in DLA synthesis compared to its parental strain. This enhancement is
attributed to its superior glucose utilization capabilities and its ability to metabolize a diverse
array of carbon substrates. Such versatility is particularly advantageous for industrial
applications where the availability of various feedstocks can vary significantly. The capacity
of Mut N23 to thrive on different carbon sources positions it as a promising candidate for
large-scale production processes that require flexibility and efficiency. In parallel, the
engineered strain L. bulgaricus V1104 demonstrated an exceptional 240% improvement in
DLA production through targeted pathway reconstruction. This involved meticulous
adjustments to enhance ATP flux balance and the co-expression of glycolytic and DLA-specific
genes. As a result, this engineered strain LdbVI104 07 achieved an impressive DLA titre of up
to 9.39 g L', with an optical purity of 99.09% in bioreactor levels. Although previously
reported studies demonstrate DLA titres significantly higher than those achieved here, this
thesis stands out as the first documented work on metabolic engineering of Lactobacillus
bulgaricus, exploring its potential as a versatile microbial host for value-added product
synthesis and biotechnological applications. This thesis work establishes a foundational
framework for future research aimed at developing advanced engineering tools and strategies
for L. bulgaricus, paving the way for its further optimization and industrial application apart

from dairy industries.

The development of a novel DLA-responsive promoter system was pivotal in achieving
enhanced dynamic metabolic regulation in Lactobacillus bulgaricus. This thesis work also

marks the first successful establishment of an inducible promoter system in this strain,
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providing a significant advancement in genetic engineering tools for its metabolic optimization.
This innovative system facilitated prolonged fermentation durations and improved carbon flux
efficiency, which are essential for maximizing product yields. The ability to fine-tune metabolic
pathways dynamically not only enhances productivity but also underscores the versatility and
industrial viability of L. bulgaricus as a chassis organism for sustainable chemical production
and probiotic innovations. It is also concluded that interspecies promoter compatibility is
achievable and influenced by various factors, with the specific sequences of the -10 and -35
regions playing a pivotal role. The findings suggest that Lactobacillus bulgaricus and
Pseudomonas may share certain similarities in their promoter regulatory sequences, which

could facilitate cross-species compatibility for gene expression.

Overall, the establishment of molecular cloning tools, transformation protocols, and promoter
systems specifically tailored for L. bulgaricus addresses long-standing challenges associated
with its genetic engineering. Historically, the genetic manipulation of this organism has been
fraught with difficulties due to its genetic intractability. However, the advancements made in
this study provide a robust framework for future research endeavours aimed at optimizing L.
bulgaricus strains for various biotechnological applications. The implications of these findings
extend beyond mere academic interest; they present real opportunities for industrial
applications that can contribute to sustainable practices in chemical production. The ability to
produce high-purity DLA positions L. bulgaricus favourably within the context of global
efforts aimed at reducing reliance on fossil fuels and minimizing environmental impact through

biotechnological innovations.

6.2 Future Perspectives

Looking ahead, there are several promising avenues for further research that could significantly
enhance the application of Lactobacillus delbrueckii subsp. bulgaricus in biotechnology.
Comprehensive genomic studies aimed at identifying key mutations and regulatory elements
will be instrumental in providing deeper insights into strain performance and metabolic
pathways. Understanding these genetic underpinnings will enable researchers to make
informed decisions regarding future modifications and optimizations. Advanced metabolic
engineering strategies hold great promise for further optimizing DLA biosynthesis in L.
bulgaricus. Techniques such as CRISPR-based gene editing offer precise control over genetic
modifications, allowing researchers to target specific genes or regulatory elements with high

accuracy. This precision can lead to more effective strain improvements that enhance DLA
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production while maintaining or improving other desirable traits such as growth rate and
substrate utilization efficiency. In addition to CRISPR technology, adaptive laboratory
evolution (ALE) presents another powerful strategy for optimizing microbial strains like L.
bulgaricus. By subjecting populations of L. bulgaricus to selective pressures that favor higher
DLA production or improved substrate utilization, researchers can drive evolutionary changes
that result in enhanced performance over time. This approach not only complements traditional
metabolic engineering techniques but also provides an avenue for discovering novel mutations

that may confer advantageous traits.

Lactobacillus bulgaricus has long been utilized in various therapeutic and probiotic
applications due to its unique metabolic properties and health benefits. However, the research
outcomes from this thesis establish a foundational framework for advancing the potential of L.
bulgaricus through metabolic engineering. By building on these findings, future efforts can
focus on further optimizing this organism for enhanced therapeutic and probiotic
functionalities. Additionally, this thesis work opens avenues to explore innovative applications,
such as engineering L. bulgaricus for the efficient production of bioplastics, biofuels, or
valuable organic acids. The adaptability of this strain to diverse substrates positions it as a
promising candidate for developing sustainable biotechnological solutions in both healthcare

and industrial contexts.

In future studies, further exploration of interspecies promoter compatibility can be conducted
to identify additional regulatory elements and factors influencing cross-species gene
expression. Detailed comparative analyses of promoter architectures across diverse bacterial
species could provide insights into conserved sequences and mechanisms that enable
compatibility. Additionally, engineering synthetic promoters tailored to optimize expression in
L. bulgaricus could enhance its potential as a microbial host. Future research could also focus
on expanding the repertoire of compatible genetic tools and regulatory systems, enabling more
precise control of gene expression. These advancements would not only improve L. bulgaricus
as a chassis for biotechnological applications but also facilitate its use in co-culture systems or

synthetic microbial consortia for complex metabolic engineering projects.

Consumer acceptance of genetically modified products derived from mutant strains depends
on regulatory compliance, transparency, and public perception. Since random mutagenesis
mimics natural evolution and does not involve foreign gene insertion, it is generally more

acceptable than recombinant GMOs. To address concerns, regulatory approvals must confirm
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the genetic stability and safety of these strains, ensuring compliance with agencies like the FDA
or EFSA. Additionally, obtaining non-GMO certifications and using naturally evolved high-
yield strains through adaptive laboratory evolution can further mitigate concerns and improve
acceptance in the market. In conclusion, this work not only advances the current state-of-the-
art in metabolic engineering of Lactobacillus delbrueckii subsp. bulgaricus but also lays a
transformative foundation for its deployment in sustainable and innovative biotechnological
applications across various industries. The integration of advanced genetic tools with
innovative fermentation strategies paves the way for future research that could harness this
organism's full potential in addressing some of today's pressing environmental challenges while
simultaneously contributing to economic growth through sustainable practices in chemical

production and biotechnology.
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A. Molecular biology protocols

The molecular biology protocols employed in this research were based on the methods outlined
in the 2001 edition of Molecular Cloning by Sambrook and Russell. Any modifications to these

standard procedures are detailed below.
1. Genomic DNA isolation from Gram positive bacteria

Genomic DNA was extracted from L.bulgaricus and L.helveticus using the GenElute™

Bacterial Genomic DNA Kit (Sigma-Aldrich) according to the manufacturer's instructions.

2. Amplification of DNA by Polymerase Chain Reaction (PCR)

Q5 high-fidelity polymerase (NEB), Phusion high-fidelity polymerase (NEB) was used to
amplify all the DNA fragments. All the amplifications were performed in PCR (M/s Applied
Biosystems, Massachusetts, USA) with a reaction volume of 50 pL. The conditions used for

performing PCR were as per the manufacturer's instructions.
3. Agarose gel electrophoresis

For analytical separation of DNA fragments, agarose gels consisting of 0.8% (w/v) agarose in
1X TAE buffer were prepared and EtBr was added to at a final concentration, 0.25 pg/ml.. The
DNA samples were mixed with 6 x DNA loading dye to assist loading and to indicate the
progress of the samples in the gel. MassRuler™ DNA Ladder Mix (Thermo Scientfic; USA)
were used as size standards according to the manufacturer's instructions. A voltage of 90 V was
applied. The DNA fragments migrate was examined using Gel doc (Bio-Rad; Munich,
Germany). Composition of the solutions used for agarose gel electrophoresis are given in Table

S1

Table S1: Composition of the solutions used for agarose gel electrophoresis

50 X TAE Buffer Tris base 24.2¢g
Glacial acetic acid 5.71 mL
0.5M EDTA (pH 8) 10 mL
MilliQ water make up to 100ml
6X gel loading dye Glycerol 1.5 mL (100% glycerol)
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EDTA 1.32 mL of 0.5M EDTA
Tris 0.198 ml of 1M Tris (pH 8.0)
SDS 0.102 mL OF 10% SDS
Bromophenol Blue 0.009 g
MilliQ water make up to 10 mL

EtBr Solution (10 mL) Ethidium bromide 10mg
MilliQ water make up to 1 mL

4. Purification of PCR products and plasmid fragments

After PCR or plasmid digestion, The DNA fragment of interest was excised from the gel and
purified using the PCR cleanup and gel extraction Kit (Macherey Nagel, Diiren, Germany) as

per the manufacturer's instructions.
5. Protocol for isothermal assembly

The amplified genes and linearized plasmids were cloned using isothermal assembly. The DNA
fragments need to be assembled were designed in such way that they have 15 bp terminal
sequence overlaps. This assembly technique uses TS5 exonuclease to generate complementary
sticky ends, which then annealed and repaired by Taq DNA ligase and DNA polymerase
respectively. An assembly master mixture was prepared by combining 32 ul of 5x ISO reaction
buffer (1.5 mL. 2 M Tris-HCI pH 7.5, 150 pl 2 M MgCl>, 60 ul of each 100 mM dNTPs, 300
ul IM DTT, 1.5 g PEG-8000, 300 pl 100 mM NAD and sterile water upto 6 mL), 0.64 ul of
10,000 U/mL. T5 exonuclease (NEB), 1.2 ul of 2,000 U/mL. Q5 high-fidelity polymerase
(NEB), 0.16 ul of 40,000 U/mL Taq DNA ligase (NEB), and water up to a final volume of 120
pl. 15 pl of this mastermix was aliquoted and stored in -20 °C. Equimolar amounts of each
DNA fragments (90 and 45 ng of linearized DNA were used in assembly reactions. 5 ul of
DNA need to be assembled was added to 15 pl of assembly master mixture. The reaction
mixture was incubated at 50 °C for 60 minutes. Later, 20 ul of reaction mixture was

transformed into E. coli.

6. Plasmid DNA isolation
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High quality plasmid DNA for the transformation of L.bulgaricus was prepared from E. coli
TOP 10 carrying the corresponding plasmid using the mini Prep Kit from QIAgen (QIAgen:
Hilden; Germany) according to the manufacturer's instructions. MilliQ water was used for

elution of the DNA from the columns.
7. E. coli transformation using CaCl; method

Transformation of E. coli was performed by heat shock method according to the Sambrook and

Russell's Molecular cloning manual.

Overnight E.coli TOP10 culture was used to inoculate 100 mL of low salt LB medium and
incubated at 37 °C. When ODsgo reaches to 0.4, culture was transferred into sterile 50 ml.
centrifuge tubes. Culture was kept on ice for 10 min and centrifuged at 4100 rpm for 10 min at
4 °C. Supernatant was decanted completely, and the pellet was resuspended by swirling in 30
ml. ice cold MgCl-CaCl, solution (80 mM MgCl, and 20 mM CaCl.). Cells were recovered by
centrifuging at 4100 rpm for 10 min at 4 °C. Supernatant was decanted, and pellet was
resuspended by swirling in 2 ml. of ice cold 0.1 M CacCl; solution for each 50 mL initial culture.
Glycerol was added at a final concentration of 15 % (v/v) and mixed smoothly. 150 pl of the
the competent cells were transferred into sterile 1.5 mL Eppendorf tubes and preserved at -80

°C freezer for future use.

For transformation, TOP 10 competence cells were taken from -80 °C freezer and placed on
ice; allowed to thaw for 15 minutes. Recombinant plasmid DNA was added to cells and
incubated in ice for 15 min with intermittent shaking for every 5 minutes. Mixture of competent
cells and plasmid DNA 1is placed at 42 °C for 1 min; immediately cells were then placed back
in ice and incubated for 1 minute. 1 mL of sterile LB media was added and incubated at 37 °C
for 60 min at 180 rpm. After incubation, cells were centrifuged at 5000 rpm for 10 min at room
temperature, resulting pellet was cultured in LB agar media containing 100 pg/mL of

Ampicillin.
8. Preparation of cell free extract from recombinant L. bulgaricus

The recombinant strains obtained were streaked on LB agar plates containing the appropriate
antibiotic. The cultures were centrifuged at 6000 rpm for 5 minutes in Falcon tubes, and the
supernatant was discarded. The resulting cell pellet was suspended in 25 mL of lysis buffer
containing 500 mM NaCl, 10 mM Imidazole, 5% Glycerol, and 50 mM Tris-HCI (pH 8).
Subsequently, 25 pL of lysozyme (100 mg/mL stock) was added, and the mixture was kept on
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ice for 20 minutes. Before sonication, the contents were mixed gently, and the resuspended
cells were sonicated at 50% amplitude with 10-second on and 30-second off pulses, repeated
four times. The sonicated sample was centrifuged at 10,000 rpm for 1 hour at 4°C, and the
supernatant was stored at -60°C for further use. Protein expression was analyzed by running

the samples on a 12% SDS-PAGE gel.
9. Protein expression analysis using SDS-PAGE

Samples were prepared by mixing 30 pL of protein sample with 10 pL. of 4X SDS-sample
loading buffer and heating the mixture at 95°C for 5 minutes. The plates were assembled

according to the manufacturer’s instructions, and the resolving gel (12%) was cast using the

following composition:

Table S2: Resolving gel composition

Component Volume (mL)
Water 1.6

30% Acrylamide 2.0

1.5 M Tris (pH 8) 1.3

10% SDS 0.05

10% APS 0.05

TEMED 0.002

Total 5

The acrylamide solution was poured between the glass plates, leaving enough space for the

stacking gel. Once the resolving gel had polymerized, the stacking gel mixture was prepared

using the following composition:

Table S3: Stacking gel composition

TH-3603_196106017

Component Volume (mL)
Water 1.4
30% Acrylamide 0.34
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1.5 M Tris (pH 8) 0.25
10% SDS 0.02
10% APS 0.02
TEMED 0.002
Total 2

The stacking gel was poured over the polymerized resolving gel, and a comb was inserted.
After the stacking gel had solidified, the gel was mounted into the electrophoresis apparatus,
and 10X Tris-Glycine electrophoresis buffer was added to the upper and lower reservoirs.
Protein samples were prepared by mixing 10 pL of the sample with 7 pL of gel loading dye,
followed by heating at 95°C for 5 minutes. After electrophoresis, the gel was carefully removed
and stained using Coomassie Brilliant Blue R-250. The staining solution was prepared by
dissolving 0.3 g of Coomassie Brilliant Blue R-250 in 200 mL of a 5:4:1 solution of water,
methanol, and glacial acetic acid. The gel was immersed in the staining solution and incubated
at room temperature for 4 hours. For destaining, the gel was soaked in the same 5:4:1 water,

methanol, and glacial acetic acid solution for approximately 6 hours.
B. Sequences used in this study:

Galactokinase (GalK)

>CP002081.1:c1643646-1642480 Lactobacillus helveticus CNRZ32, complete
genome
ATGAATAAAGAAGAACTACTTAAGAAATATGAAGCAACTTCTAACGAAAAGGCAAAGGATGTATTTTTCT
CACCAGGTCGAATTAATGTAATTGGTGAACATACTGACTACAACGGTGGAAACGTCTTTCCAGCCGCAAT
CAGTTTAGGTGTTTATGGAGTCTATGGTCCAAGAGACGACAAAAAGGTACGCCTTTACTCAGGCAACGTT
GACGGCGATATCGTTGAATTTGACATTGATGACACAAATGTTGAAAAAGATGAAGACCGTTTCTGGGCTA
ACTACTTTAAGGGCATGATCACTTATTTGCGTGAAAAGTATGATGGTATTGATCATGGCTTTAACTTGTA
CATCGAAGCTAACTTGCCATCAGGTTCAGGTCTTTCATCCAGTGCAGCCATTGAAATGCTAATGGGAATC
ATTTTAAAAGATGAATTTAACTTAGATGTTGACCGTGTGAGTTTAGCCAAGATGGGCCAAAGAACTGAAA
ATGAATTTATTGGCTTGAATTCAGGAATTATGGATCAATTTGCCTGCATTATGGGTAAAAAAAATAGTGC
TATTTTCCTAGATTGCAACACCTTAAAGTATGAATACTTACCACTTGCATTAGGTGATTACGAAATCATC
ATCATGGCTACTAATAATCCACATACTTTAGCTGATTCTGCTTACAACAATAGAGTTGCTGAATGTGGTC
GTGCACTTAAGAAGTTGCAACAAAAGCTTGATATTAAGGCATTAGGTGAGCTTGATAACGATACTTTTGA
TGAATATTCTTACCTCATTAATGATGAAACAGAAATCAAGCGTGCTCGTCATGCAGTTAGCGAAAACCAA
AGAACTTTGCGTGCAACTCAAGCTATGAAGGATGGCGATCTTGAAAAGCTTGGTCGTTTGATTAATGCTT
CTCATGAATCTCTTCACTACGATTATGAAGTAACTGGTAAGGAACTTGATACTTTGGCAGAGGCTTCATG
GAAACAACCTGGCGTGCTCGGTGCCAGAATGATCGGCGGCGGTTTCGGTGGTAGTGCTATTGCGATCGTT
AAGAAATCTGAAGCTGAAAACTTTAAGAAGAACGTCGGCAAGATTTATCGTGATGCAGTTGGTTATGATG
CAAGCTTCTATGATGCAGAAATCGTTGACGGTACTAAGAGAATTTAA
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galactose-1-phosphate uridylyltransferase (GalT)

>CP002081.1:c682636-681833 Lactobacillus helveticus CNRZ32, complete genome
ATGGACAAAAATCCTTTAGTATATAAATATTCAATCGGTAAACGTAAGCCTTATGATTATGATTACGGCA
ATCGCCAGGGTAACCAAAATGCTGGTTGTCCCTTTTGCGATGTCGCACATTTAACTAATATCTATGAAAA
AGATGGGGACAAGATTTGGCTAAAGAACAAATATCCAACTTTGCAGGATACTGACCAAACTATTTTGATT
GAATCAAGCGATCATCAAGGCGATATTTCAACTTATACCCGTGAAGACAATCAAGAATTAATGAAGTTTG
GATTGAAATGTTTTCAAAAAATGAATAATTCAGGACGCTACGAAAGCGTGCTCTGGTATAAAAACTTTGG
TCCTAAATCCGATGGTTCTTTGACGCATCCCCACATGCAGATTGTTGGTCTCTACCATAAAGATGGCTAT
CGCGATATTGGCCTCGACAATTTCAAAGGCTTTGAAGTTGGACGATCAGGATCAGTAGAAATGAATCTTT
CAGCTTATCCAGTTCAAGGCTATCAAGAGGTAAATATTTTAACTCAAGATAATACCAATTTAGAAACGTG
GGCAGATTTAATCCAAAAAGGTGCGCAATATATGCGTTCCGTTTTGTCACACGGTGTGGATTCATACAAC
TTATTCTTTTATCCGATTAATGATTGCAAAGGCACTTGCTGCAAGATTATTCCTCGTTTTTATGCTTCAC
CATATTTTGTTGGCTATAAGATCTCACAAGTCGATGATTCCGATACTCTTAAATGGGAAGCAGAGCGACT
TAAAGGCTTTGTCAATGGCGGTATTTTACATTAA

pyruvate kinase (pyk)

>CR954253.1:728462-730231 Lactobacillus delbrueckii subsp. bulgaricus ATCC
11842 complete genome
ATGAAAAAAACGAAGATTGTTAGTACTTTAGGGCCAGCTTCAGACGATATTGAAACTATTACCAAGTTAG
CCGAAGCAGGCGCAAACGTATTCCGTTTCAACTTCTCACACGGTAACCACGAAGAACACTTGGCAAGAAT
GAACATGGTTCGTGAAGTTGAAAAGAAGACTGGCAAGCTTTTGGGCATCGCTTTGGACACCAAGGGTGCT
GAAATCAGAACCACTGACCAAGAAGGCGGCAAGTTCACTATCAACACTGGTGACGAAATCCGCGTGTCAA
TGGACGCAACCAAGGCCGGCAACAAGGACATGATCCACGTTACCTACCCAGGTCTGTTCGACGACACTCA
CGTAGGCGGCACTGTATTGATCGACGACGGTGCTGTTGGTTTGACTATCAAGGCCAAGGACGAAGAAAAG
CGCGAATTGGTTTGTGAAGCTCAAAACACTGGTGTCATCGGCTCAAAGAAGGGTGTTAACGCTCCAGGTG
TTGAAATCCGCCTCCCAGGGATTACTGAAAAGGACACTGACGACATCCGCTTTGGTTTGAAGCACGGTAT
TAACTTCATCTTTGCTTCATTTGTACGTAAGGCTCAAGACGTTCTTGACATTCGCGCACTTTGCGAAGAA
GCTAACGCATCATACGTTAAGATCTTCCCAAAGATTGAATCACAAGAAGGTATTGACAACATCGACGAAA
TCTTGCAAGTTTCAGATGGTTTGATGGTTGCCCGTGGTGACATGGGTGTTGAAATCCCATTCATCAACGT
GCCATTTGTTCAAAAGACTTTGATCAAGAAGTGCAACGCTTTGGGCAAGCCAGTTATCACTGCTACTCAA
ATGCTGGACTCAATGCAAGAAAACCCACGTCCAACCCGTGCCGAAGTAACTGACGTTGCTAACGCCGTTC
TTGACGGTACTGACGCAACTATGCTGTCAGGTGAATCAGCAAACGGTTTGTACCCAGTACAATCAGTTCA
AGCTATGCACGACATCGATGTTCGGACTGAAAAGGAATTGGACACCCGGAACACTCTGGCTCTGCAACGC
TTTGAAGAATACAAGGGCTCAAACGTTACTGAAGCTATCGGTGAATCAGTTGTCCGCACTGCTCAAGAAC
TGGGCGTTAAGACTATCATCGCTGCTACTAGCTCCGGCTACACAGCTCGTATGATCTCCAAGTACCGTCC
AGACGCAACCATCGTTGCCTTGACTTTCGACGAAAAGATCCAACACTCATTGGGTATCGTTTGGGGCGTT
GAACCAGTTTTGGCAAAGAAACCTTCAAACACTGACGAAATGTTCGAAGAAGCTGCCCGCGTAGCTAAGG
AACACGGTTTCGTTAAGGATGGCGACCTGGTAATCATCGTTGCCGGCGTACCATTCGGCCAATCAGGTAC
TACTAACTTGATGAAGCTGCAAATCATCGGCAACCAACTTGCTCAAGGTTTGGGCGTAGGCACTGGCTCA
GTTATCGGCAAGGCTGTTGTTGCGAACAGCGCTGAAGAAGCCAACGCTAAGGTTCACGAAGGCGACATCC
TGGTAGCTAAGACTACTGACAAGGACTACATGCCAGCTATCAAGAAGGCCAGCGGTATGATCGTTGAAGC
TTCCGGCTTGACCAGCCACGCAGCTGTTGTCGGCGTATCACTCGGCATTCCAGTTGTTGTCGGTGTTGCT
GACGCAACTTCAAAGATCGCTGACGGCTCAACTTTGACTGTTGACGCACGTCGCGGCGCAATTTACCAAG
GTGAAGTTTCAAACCTGTAA

d-lactate dehydrogenase (Ldb0101)

>CR954253.1:¢c82171-81170 Lactobacillus delbrueckii subsp. bulgaricus ATCC
11842 complete genome
ATGACTAAAATTTTTGCTTACGCAATTCGTGAAGATGAAAAGCCATTCTTGAAGGAATGGGAAGACGCTC
ACAAGGACGTCGAAGTTGAATACACTGACAAGCTTTTGACCCCAGAAACTGTTGCTTTGGCAAAGGGTGC
TGACGGTGTTGTTGTTTACCAACAACTTGACTACACCGCTGAAACTCTGCAAGCTTTGGCAGACAACGGC
ATCACTAAGATGAGCCTGCGTAACGTTGGTGTTGACAACATCGACATGGCTAAGGCTAAGGAACTTGGCT
TCCAAATCACCAACGTTCCAGTTTACTCACCAAACGCCATCGCAGAACACGCTGCTATCCAAGCTGCCCG

193
TH-3603_196106017



CATCCTGCGTCAAGACAAGGCTATGGACGAAAAGGTTGCCCGTCACGACTTGCGTTGGGCACCAACTATC
GGCCGTGAAGTTCGCGACCAAGTTGTTGGTGTTATAGGTACTGGCCACATCGGTCAAGTCTTCATGCAAA
TCATGGAAGGCTTCGGCGCTAAGGTTATCGCTTACGACATCTTCCGCAACCCAGAATTGGAAAAGAAGGG
CTACTACGTAGACTCACTTGACGACCTGTACAAGCAAGCTGACGTTATTTCCCTGCACGTTCCTGACGTT
CCAGCTAACGTTCACATGATCAACGACGAGTCAATCGCTAAAATGAAGCAAGACGTAGTTATCGTTAACG
TATCACGTGGTCCATTGGTTGACACTGACGCGGTTATCCGTGGTTTGGACTCAGGCAAGATCTTCGGTTA
CGCAATGGACGTTTACGAAGGTGAAGTTGGCATCTTCAACGAAGACTGGGAAGGCAAGGAATTCCCAGAC
GCACGTTTAGCTGACTTAATCGCTCGTCCAAACGTTCTGGTAACTCCACACACTGCTTTCTACACTACTC
ACGCTGTTCGCAACATGGTAGTTAAGGCCTTCGACAACAACCTTGAATTGGTTGAAGGCAAGGAAGCTGA
AACTCCAGTTAAGGTTGGCTAA

Ldb1010 (dldh homolog)

>CR954253.1:¢c869798-868797 Lactobacillus delbrueckii subsp. bulgaricus ATCC
11842 complete genome
ATGACTAAAATTGCCATGTATAATGTCAGCCCGATCGAAGTGCCTTACATTGAAGACTGGGCTAAGAAAA
ACGATGTCGAAATTAAGACGACCGACCAGGCCTTGACCAGCGCGACTGTAGATTTAGCTGAAGGCTGCAG
CAGCGTTTCCCTTAAGCCACTTGGCCCGGTTGACGAAGAAGTTGTTTACCAAAAATTGAGCGAATACGGG
GTCAAGTGCATCGGCCTCAGAATCGTTGGCTTCAACACCATCAACTTCGACTGGACCAAGAAGTACAACT
TGCTGGTCACCAACGTTCCGGTCTACTCCCCGCGGGCGATCGCTGAAATGACGGTTACCCAGGCCATGTA
CCTCCTGCGCAAGATCGGGGAATTCCGCTACCGTATGGACCATGACCATGACTTTACTTGGCCAAGTAAC
TTGATCAGCAATGAAATCTACAACCTGACTGTCGGCTTGATCGGGGTCGGCCACATCGGCAGCGCCGTGG
CAGAAATCTTCTCAGCCATGGGGGCCAAGGTCATCGCCTATGACGTGGCTTACAACCCGGAATTTGAACC
ATTTTTGACCTACACCGACTTTGACACGGTCTTGAAAGAAGCTGACATCGTCTCCCTCCACACTCCCCTC
TTCCCATCAACGGAAAACATGATCGGGGAAAAGCAGCTGAAGGAAATGAAGAAGTCTGCCTACTTGATCA
ACTGTGCCCGGGGCGAATTAGTCGACACTGGAGCCTTGATCAAGGCCTTGCAAGATGGCGAAATCGCCGG
TGCCGGCCTGGACACTTTGGCTGGGGAATCCAGCTACTTTGGCCACACTGGCCTGACGGACAGCGAAATC
CCAGAAGACTACAAGACCCTGGCCAAGATGCCAAACGTTGTCATTACTCCGCACTCAGCCTTCTACACGG
AAACTTCCATCCGCAACATGGTGCAGATCTGCTTGACTGACCAATTGACCATCGCCAAGGGCGGCCGGCC
AAGAAGCATCGTTAACCTGTAA

6-phosphofructokinase (pfk)

>CR954253.1:727463-728422 Lactobacillus delbrueckii subsp. bulgaricus ATCC
11842 complete genome
ATGAAACGGATTGGTATTTTGACTAGCGGCGGTGACGCCCCTGGTATGAATGCAGCCGTAAGAGCCGTAA
CCAGAGTCGCGATCGCGAACGGTTTGGAAGTTTTCGGTATCAGATACGGTTTTGCAGGTTTGGTTGCGGG
CGACATTTTCCCATTGGAAAGTGAAGACGTAGCCCACTTGATCAATGTTTCCGGTACCTTCCTCTACTCT
GCGCGTTATCCTGAATTTGCAGAAGAAGAAGGACAGCTGGCTGGTATTGAGCAATTGAAGAAGCACGGCA
TCGATGCTGTTGTCGTTATTGGTGGGGATGGTTCCTACCATGGCGCCCTGCAGCTGACCCGCCACGGCTT
CAACTCAATTGGCCTGCCAGGCACGATCGACAACGATATCCCTTACACGGATGCCACGATCGGCTATGAC
ACGGCCTGCATGACGGCAATGGACGCGATCGACAAGATCCGTGACACTGCTTCTAGCCACCACCGCGTCT
TCATTGTCAACGTAATGGGCCGCAACTGTGGTGACATCGCTATGCGCGTCGGCGTAGCCTGCGGGGCGGA
CGCGATCGTCATTCCTGAAAGACCATATGATGTCGAAGAAATCGCCAACCGGCTCAAGCAAGCCCAGGAA
AGCGGCAAGGACCACGGTTTGGTAGTTGTTGCTGAAGGCGTAATGACCGCTGACCAATTCATGGCTGAAC
TGAAGAAGTATGGTGACTTCGACGTCCGGGCCAATGTTTTGGGTCACATGCAGCGGGGCGGCACGCCAAC
TGTTTCTGACCGGGTGCTGGCTTCCAAGCTGGGCAGCGAAGCCGTTCACCTTCTTTTGGAAGGCAAGGGC
GGCCTGGCTGTCGGCATTGAAAACGGCAAGGTTACTTCACACGACATCCTTGATTTATTTGATGAGTCTC
ACAGGGGTGACTATGACTTGTTAAAGCTCAACGCAGATTTATCAAGATAG

Phosphoglycerate kinase (pgk)

>CR954253.1:541728-542939 Lactobacillus delbrueckii subsp. bulgaricus ATCC
11842 complete genome
ATGGCTAAATTGATTGTTTCTGACGTAGACGTTAAGGACAAGAAGGTTTTGGTTCGCGTTGACTTCAACG
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TGCCGATTAAGGACGGCGTTATCGGCGACGACAACCGTATCGTGGCTGCTTTGCCAACTATCAAGTACAT
CATCGAAAACGGCGGCAAGGCTATCTTGCTTTCCCACCTTGGCCGGATCAAGAGCGATGAAGACAAGAAG
AGCTTGAGCTTGGCTCCAGTTGCCAAACGTTTGGGCGAATTGCTTGAAAAGCCTGTAACTTTCGTACCTT
CAAACGAAGGCAAGGAAGTTGAAGACGCCATCAACAACATGAAGGACGGCGACGTAGTTGTTTTGGAAAA
CACCCGTTTCCAAGACATCGACAACGACTTCGGCAAGCGTGAATCAAAGAACGACCCTAAGCTGGGCGAA
TACTGGGCATCATTGGGTGACGTTTTCGTAAACGACGCCTTCGGTACTGCTCACAGAAGCCACGCTTCAA
ACGTTGGTATCGCTACGGCCATGAAGGCTGCCGGCAAGCCAGCAGCTGCTGGTTTCCTGCTTGAAAAGGA
AATCAAGTTCCTGGGCAACGCTGTTGCTAACCCAGTTCACCCATTCGTAACTATTCTTGGCGGGGCTAAG
GTTTCTGACAAGATCGGCGTTATCACCAACTTGATTCCAAAGGCTGACCACATCATCATCGGTGGTGGTA
TGGCTTACACCTTCCTTAAGGCTCAAGGCCACAATATCGGCAAGTCCCTGGTTGAAGACGACAAGGTTGA
ATTTGCCAAGGAATTGTTGGAAAAGGCTGGCGACAAGCTGGTTCTGCCAATCGACAACGTAGCCGCAACT
GAATTCAACAACGATGCTGCTTCAGAAGTTGTTGGCCAAGACATCCCAGACAACGAAATGGGCTTGGACA
TCGGTCCTAAGACTATTGAACTCTTCAAGAAGACTCTTGAAGGTGCCAAGACTGTTGTTTGGAACGGGCC
AATGGGCGTCTTCGAAATGCCAAACTTCGCCAAGGGTACTTTGGAAGTTGGCCGTGCTTTGGCTGACTTG
CCAGACGCTACTACTATTGTCGGCGGTGGTGACTCAACTGCTGCTGCTAAGCAATTGGGGATCGCTCCTA
AGTTGACTCACATCTCAACTGGTGGTGGTGCATCTCTTGAATACCTTGAAGGTAAGGAATTGCCAGGTAT
CGCTTGCGTTTCAGACAAGTAG

C. HPLC Standards:

HPLC standards for sugars detected in RID-detector.
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HPLC standards for organic acids detected in UV-detector (210nm)
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