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Abstract

Water pollution is a critical global issue aggravated by the release of agricultural runoff,
industrial effluents, and domestic sewage into the water bodies. Rice cultivation is a major
agricultural activity in Bangladesh that generates substantial amounts of wastewater through
the parboiling of rice. This thesis explores the innovative use of rice waste stream as a
substrate for conventional yeast, Saccharomyces cerevisiae, simultaneously addressing water
pollution along with fostering biodegradable polymer, Polyhydroxyalkanoates, and biomass
production. Experimental methodologies are outlined encircling the expression of PHA
synthase, PhaCl, and PhaC2 from Pseudomonas mendocina, an efficient cell factory for
biopolymer production in cytosols and peroxisomes of S. cerevisiae. The outcome of this
research showcases the successful production of polyhydroxybutyrate (PHB) in engineered S.
cerevisiae cultured in oleate and YPO media. The study encompasses a multifaceted approach
with an in-depth analysis of rice waste effluents, investigating their compositions and nutrient
content. Analysis of the composition of rice wastewater manifests its potential as a nutrient-
rich substrate, laden with organic and inorganic components and makes it an ideal resource
for the growth of conventional yeast. Growth of S. cerevisiae in rice waste stream including
various nutrient supplements displays the potential of rice waste effluent as a rich source of
carbon and nutrients, supporting the growth and metabolic activities of yeast. Additionally,
the production of biopolymers such as PHB is quantified, offering insights into the feasibility
of utilising rice waste effluents as a sustainable biopolymer stock.
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Chapter 1: Introduction

1.1 Sustainable resource utilization: the potential of rice
waste effluent for biotechnology

Rice is the principal food for half of the world’s population and production of rice is a rapidly
growing area that produced 510 million metric tons of rice in 2022 (Shahbandeh, 2023).
Bangladesh is the fourth biggest rice-producing country in the world and the estimated yield
of rice amounted to 52.5 million metric tons in 2021 (Okoroafor, 2023). After the paddy is
harvested from the crop fields, it must undergo a series of steps to prepare it for
consumption. In Bangladesh, 90% of the paddy undergoes a wet milling process, known as
parboiling, which includes soaking, partial boiling, and drying of paddy before the final milling
process (Miah et al., 2002).

The prime aim of parboiling rice is to improve the quality of rice by gelatinization of the starch
during boiling and to generate chemical and physical alterations in granules in terms of
nutritional, economic, and practical perspectives (Miah et al., 2002). Nutrients are
transferred from the bran to the endosperm of the granules during the parboiling process.
These nutrients include particularly thiamine, as well as vitamins, fibres, proteins, and fats
which are abundantly present in rice bran (Paiva et al., 2016). The melting temperature of
amylose crystallites is above 100°C, and amylose molecules re-bind with each other to form
ordered structures during the cooling process which relates to the texture of cooked
parboiled rice (Lamberts et al., 2009). Starch changes from the crystalline to the amorphous
form during parboiling, where continuous fusion and irreversible swelling of starch granules
occur and ultimately bring benefits to the grain including retention of nutrients, improving
yield by reducing the number of broken grains, sterilization, and improved shelf life (Kumar et
al., 2022; Heinemann et al., 2005).
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Figure 1.1: Structure of a rice grain, consisting of husk, bran, germ, and endosperm layer. The
bran and germ are the most nutritious parts. The germ, often referred to as the seed, is
responsible for sprouting into a new plant. It contains a wealth of nutrients, such as vitamin
B, beneficial fats, and even protein. The bran, located in the outer layer of the grain, is rich in
fibre and antioxidants. On the other hand, the husk (non-edible part) is the hard protecting
covering of grain formed from silica and lignin. Modified from Yiu (2021).

Parboiling uses enormous amounts of water (1.5-2.0 L/kg of paddy) and the effluent produced
in Bangladesh from 17,000 rice mills constituted 35 billion litres of starch-rich water in 2015
(Afrad et al., 2020). Rice waste effluent produced during the processing of parboiled rice is
rich in organic matter and inorganic nutrients that are mostly discharged into the river bodies
or on nearby land which ultimately results in the degradation of water quality and nutrient
overload in the soil, respectively (Rahman et al., 2017). As the rice mills are operated by
people with limited knowledge of effluent treatment and environmental impact, disposal of
rice wastewater into the river and on land has become a widespread practice in Bangladesh
(Arefin and Mallik, 2018). Consequently, there is an urgent need to develop sustainable
solutions that mitigate these environmental challenges while simultaneously addressing the
growing demand for energy and biodegradable materials.

In order to mitigate the environmental impact, researchers have employed the yeast strain
Pichia pastoris X-33 to enhance the quality of rice wastewater. As a result, significant
reductions of 55% in COD (chemical oxygen demand), 52% in phosphorus, and 45% in nitrogen
have been achieved. Biomass generated during this process can be further utilized as a
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probiotic resource, providing additional benefits for poultry (Santos et al., 2018). Another
study explored rice parboiling water as an alternative substrate for the yeast Phaffia
rhodozyma to produce carotenoids. The findings of this study were promising, indicating that
rice parboiling water could serve as an excellent source of nutrients and had the potential for
biomass production by the yeast (Rios et al., 2015).

The utilization of yeast for rice wastewater treatment has been successfully implemented,
resulting in significant reductions in nitrogen, phosphorus, and COD. This application has
demonstrated the potential to convert starch, the primary component of rice wastewater,
into a carbon source that is favourable for yeast growth. This approach has proven to be
beneficial in reducing environmental impact, promoting clean water production, and
contributing to improved health and quality of life for human populations (Santos et al.,
2018).

1.2 Starch: the major nutritional component of rice grain

In human diets, the most common and popular carbohydrate is starch, which is present in
enormous amounts in principal foods such as potatoes, rice, corn, wheat, and cassava (Helen,
2021). Starch is composed of two different polymers of glucose that each have a characteristic
structure and property, namely amylose (linear) and amylopectin (branched). Generally, 20-
25% amylose and 75-80% amylopectin are present in starch (Svihus et al., 2005). Amylose
contains approximately 6,000 glucose units in a linear polymer attached by a-1, 4- glycosidic
bonds, while amylopectin consists of 10-60 glucose units linked by a-1, 4- glycosidic bonds,
along with side chains made of 15-45 glucose units with a-1, 6 chains (Smith and Martin,
1997).

“This image has been removed by the author of this thesis for
copyright reasons”.

Figure 1.2: The structure of the amylose molecule.
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Figure 1.3: The complex structure of the amylopectin molecule. Reproduced from Robyt
(2008).

Starch is stored in most green plants as an energy source, collected in semi-crystalline
granules (Smith and Martin, 1997). Light energy is used by plants during photosynthesis to
convert carbon dioxide to glucose, which delivers chemical energy for metabolism and
produces organic compounds such as proteins, lipids, nucleic acid, and cellulose. Plants
convert extra glucose into starch (Smith and Martin, 1997). When glucose is stored as starch
it becomes water insoluble and therefore osmotically inactive. This allows plants to store
glucose compactly but prevents its rapid metabolism (Smith and Martin, 1997; Svihus et al.,
2005). The enzymes known as amylases are required to hydrolyse starch into constituent
sugars. Amylases hydrolyse a-1, 4-glycosidic linkages in the starch thereby converting it into
low molecular weight products for instance maltose, glucose, and maltotriose units (Gupta et
al., 2003).

1.3 Amylase: catalyses the hydrolysis of starch

Amylases are one of the most significant industrial enzymes in the world enzyme market
which occupy about 25% of total production (Gupta et al., 2003). Anselme Payen discovered
and isolated amylase as diastase in 1833 that acts on a-1, 4-glycosidic bonds, therefore,
amylase is also known as glycoside hydrolase (Payen and Persoz, 1833). Amylases are widely
categorised into three subtypes alpha (a), beta (B), and gamma (y), in which the first two
types are broadly studied, and a-amylase is faster than B-amylase in action (Gupta et al.,
2003). A few bacteria, fungi such as yeasts, and animals including humans can produce this
enzyme. However, enzymes derived from fungi and bacteria are commonly utilized in industry
and research (Gupta et al., 2003). Fungal a-amylases are superior to other sources for
commercial use. Several species of Aspergillus, Penicillium, as well as Streptomyces rimosus,
and Thermomyces lanuginosus, make amylases. Aspergillus niger and Aspergillus oryzae are
the most widely used species for amylase production (Gupta et al., 2003). The United States
Food and Drug Administration declared A. niger as “Generally recognized as Safe” due to its
high tolerance of acid and capability to avoid bacterial contamination easily (Shafique et al.,
2010).
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Figure 1.4: Diagrammatic representation of starch hydrolysis by amylase. Starch is a
polysaccharide and by the action of amylase, it releases either monosaccharide (glucose) or
disaccharide (maltose) (adapted from Gopinath et al., 2017).

Yeast cells are naturally capable of making amylases, but the amount produced is too low to
break down significant quantities of starch. However, after pretreatment of starch with alpha
and beta amylase enzymes, yeasts grow and feed on those simple sugars (Sherri, 2023).
Therefore, one possible approach is to add amylases to the waste stream for breaking down
complex carbohydrates into simpler sugars that yeast can readily utilise and grow.
Alternatively, yeast strains can be engineered with an amylase gene, to produce their own
amylases. This can allow for in-situ saccharification of complex substrates to improve
substrate utilisation in wastewater, reducing the need for external enzymes for yeasts
(Cripwell et al., 2019).

1.4 Yeasts in Biotechnology


https://healthjade.com/wp-content/uploads/2018/08/amylase-enzyme-function.jpg

Yeasts are eukaryotic, unicellular, microfungi that are found extensively in nature and can be
isolated from aquatic, terrestrial as well as atmospheric environments (SGDWiki, 2019).
Yeasts have been used by humans for millennia to produce alcoholic beverages and later also
for processing food (Nocon et al., 2014). There are three major application areas in
biotechnology for yeasts such as, in vivo biotransformation, generation of recombinant
proteins, and metabolites production (Nocon et al., 2014).

“This image has been removed by the author of this thesis for
copyright reasons”.

Figure 1.5: Diagram represents a unicellular yeast cell surrounded by cell wall followed by
periplasm, plasma membrane and cytoplasm or inside of the yeast containing intracellular
nucleus, mitochondria, peroxisome, vacuole, golgi, endoplasmic reticulum including secretory
vesicles.

Biotechnologists marked S. cerevisiae and its close relatives as conventional yeasts which are
characterized by extreme growth in high concentration of sugar and final disposal of ethanol
as a by-product (Rozpedowska et al.,, 2011). In 1996, the DNA sequence of theS.
cerevisiae twelve million base pair genome was determined, which is regarded as a landmark
in biotechnology (Goffeau et al., 1996). Scientists since then have published the genome
sequences of many vyeast species including, Schizosaccharomyces pombe, Candida
albicans, and Cryptococcus neoformans (Wood et al., 2002). Glucose or sucrose are the typical
carbon substrates for yeast bioprocessing, which are derived from starch containing foods. As
industrial biotechnology is expanding, researchers are searching for alternative carbon
sources and are engineering strains to utilise these carbon sources to produce chemicals.



Figure 1.6: Diagram that demonstrates principal carbon derivatives in bioprocesses of yeast
originated from corn starch (A), sugar cane or beet (B), lignocellulose (C), crude glycerol (D).
A few wild and engineered yeast strains make products from the substrate like primary (E) or
secondary (F) metabolites or recombinant (G) proteins. Furthermore, a complex substrate (H)
in terms of whole cell biocatalysis is converted biochemically into a product (I) through the
metabolic transformation of yeast cells. Chemical structures are for illustrative purposes only
(Adapted from Mattanovich et al., 2014).

The production of metabolites from yeast is a biotechnological process in which yeast
microorganisms are employed to synthesize and accumulate various organic compounds,
often of industrial or pharmaceutical importance. Yeasts, particularly Saccharomyces
cerevisiae, are widely used for metabolite production due to their well-understood genetics,
ease of genetic manipulation, and robust growth characteristics (Breuer et al., 2002). These
microorganisms can be engineered to synthesize target metabolites by harnessing their
natural metabolic pathways or introducing heterologous pathways. For instance, ethanol
production is a well-known application, where S. cerevisiae is engineered to ferment sugars
into ethanol efficiently (Azhar et al., 2017). However, several challenges are associated with
metabolite production from yeasts.



One of the primary challenges is optimizing metabolic pathways to enhance metabolite yields
and productivity. Metabolic engineering techniques involve modifying yeast strains to
redirect metabolic fluxes toward the desired metabolite (Yang et al., 1998). Achieving a
balance between biomass growth and metabolite production is crucial, as excessive
production of one may hinder the other. Another challenge is the efficient extraction and
purification of metabolites from yeast cultures. Some metabolites may be intracellular, while
others are secreted into the culture medium (Sasidharan et al., 2012). Developing cost-
effective and environmentally sustainable methods for metabolite recovery is essential.
Additionally, downstream processing can be challenging, especially for high-value or sensitive
metabolites. The ability to fine-tune and control these conditions allows for the efficient
conversion of raw materials, such as sugars or waste substrates, into valuable metabolites
(Sasidharan et al., 2012).

1.5 Peroxisomes: versatile and highly adaptive organelles

The import of proteins into peroxisomes in yeast is a highly orchestrated and precisely
regulated process critical for the organelle's proper function. Peroxisomes are membrane-
bound organelles involved in various metabolic processes, including fatty acid degradation,
hydrogen peroxide detoxification, and the synthesis of specific lipids and metabolites
(Lazarow and Fujiki, 1985; Van den Bosch et al., 1992; Fidaleo, 2010). In mammals,
peroxisomes primarily play a role in the B-oxidation of very long-chain and branched fatty
acids, while the processing of short, medium, and long-chain fatty acids occurs mainly in the
mitochondria. The sequence of reactions involved in B-oxidation is similar for both
peroxisomes and mitochondria, but they differ in terms of substrate specificity. Yeast and
plants depend exclusively on peroxisomes for the process of B-oxidation (Fidaleo, 2010). In
yeast, peroxisomes are involved in various processes such as B-oxidation, the breakdown of
methanol and amino acids, as well as the synthesis of lysine (Al-Saryi et al., 2017; Brown and
Baker, 2003). To ensure functionality, peroxisomes must import specific enzymes and
proteins. The process of protein import into peroxisomes primarily relies on two well-
characterized peroxisomal targeting signals (PTS) and a set of dedicated peroxins (Pex
proteins). For the successful importation of specific proteins and enzymes to peroxisome, PTS
signals and peroxins are required to work together (Walter and Erdmann, 2019).

Peroxisomal matrix proteins are produced by ribosomes in the cytoplasm and subsequently
transported into peroxisomes after the process of translation (Lazarow and Fujiki, 1985). The
majority of peroxisomal matrix proteins possess one of two peroxisomal targeting signal (PTS)
sequences embedded within their polypeptide structures. The most prevalent peroxisomal
targeting signal (PTS) is known as PTS1, which consists of a conserved tripeptide consensus
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sequence of (S/A/C)-(K/R/H)-L. This PTS1 sequence is typically located at the very end of the
C-terminus of peroxisomal matrix proteins (Gould et al., 1989). The PTS2, in contrast, is less
frequently observed. It is situated close to the N-terminus of the protein and is characterized
by the consensus sequence (R/K) -(L/V/1/Q)-X-X-(L/V/I/H/Q) -(L/S/G/A/K)-X-(H/Q) -(L/A/F)
(Swinkels et al., 1992). These PTS signals serve as specific recognition tags for the peroxisomal
import machinery. Upon synthesis in the cytosol, proteins containing PTS1 or PTS2 signals are
recognized by the cytosolic receptors, Pex5 and Pex7, respectively, and form complexes with
their respective cargo proteins, constituting the receptor-cargo complexes. Pex5 is
responsible for binding PTS1-containing cargo, while Pex7 recognizes PTS2-containing cargo.
These receptor-cargo complexes then shuttle to the peroxisomal membrane, where docking
occurs through interactions with proteins such as Pex14 (Walter and Erdmann, 2019).

Upon docking, the cargo-loaded receptor complex facilitates the formation of transient
import pores on the peroxisomal membrane. These pores allow the translocation of the cargo
protein from the cytosol into the peroxisomal matrix. The exact mechanism of pore formation
is not fully elucidated but involves the coordination of various peroxins (Meinecke et al.,
2016). Following translocation, cargo protein is released into the peroxisomal matrix, and the
receptor needs to be recycled for further rounds of import. Pex5 undergoes a process called
mono-ubiquitination, a modification that is crucial for its recycling. The Pex4-Pex22 complex
catalyses the ubiquitination. The ubiquitinated Pex5 is recognized by the AAA ATPase complex
consisting of Pex1 and Pex6 (Miyata and Fujiki, 2005). This complex extracts ubiquitinated
Pex5 from the peroxisomal membrane and recycles it back to the cytosol. In the cytosol, the
ubiquitin is removed from Pex5 by the action of a deubiquitinating enzyme, Pex4. In the case
of PTS2-containing proteins, the PTS2 signal is cleaved off after import, and the mature
protein remains in the peroxisomal matrix. Once inside the peroxisome, the imported protein
can undergo processing and folding as required for its function within the organelle.
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Figure 1.7: The schematic diagram depicts the process by which peroxisomal matrix proteins
are imported (Hettema et al., 2014). (1) Proteins containing a peroxisomal targeting signal of
type 1 (PTS1) are recognized and bound by the import receptor Pex5 in the cytosol. (ll) The
receptor, loaded with cargo, is then directed to the peroxisomal membrane where it binds to
the docking complex. (lll) The receptor forms a transient pore with Pex14. (IV) The cargo
proteins are imported into the peroxisome through an unknown mechanism before being
released from the receptor. (V) The import receptor is then mono-ubiquitinated. (VI) Finally,
the import receptor is released from the peroxisomal membrane in an ATP-dependent
manner.

1.6 Peroxisome biogenesis and role of Pex3

The process of peroxisome biogenesis is a complex and highly regulated pathway that ensures
the formation and maintenance of functional peroxisomes within the cell (Okumoto et al,,
2020). Understanding this process is crucial for unravelling the roles of peroxisomes in cellular
physiology. The disruption of specific genes in yeast, such as the PEX3 gene, allows scientists
to create mutants with defective peroxisome biogenesis. PEX3 is a key player in peroxisome
biogenesis, particularly in the early stages of peroxisomal membrane assembly. The absence
of PEX3, as seen in the pex3A mutant, results in a significant impairment in peroxisome
formation. The PEX3 gene encodes a protein essential for the import of peroxisomal
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membrane proteins (PMPs) and is crucial for the growth and division of peroxisomes
(Okumoto et al., 2020).

The process of peroxisome biogenesis involves several steps. First, peroxisomal matrix
proteins are synthesized in the cytoplasm and imported into the peroxisome. PEX3 is involved
in the targeting and insertion of PMPs into the peroxisomal membrane. The peroxisomal
membrane then elongates, and small vesicles bud off from the endoplasmic reticulum (ER),
contributing to peroxisome growth. Finally, the mature peroxisomes are formed through a
series of fission events (Lazarow and Fujiki, 1985). In the context of studying peroxisome
biogenesis, the use of mutants like pex3A provides valuable insights into the specific roles of
genes and proteins in this intricate process. The defective peroxisome biogenesis observed in
these mutants directly impacts cellular functions, especially those reliant on peroxisomal
activities. Consequently, the study of these mutants aids in uncovering the molecular
mechanisms governing peroxisome formation, and it sheds light on the broader implications
for cellular metabolism, lipid homeostasis, and redox regulation (Fang et al., 2004).

1.7 Polyhydroxyalkanoates

Petrochemical-derived plastics are commonly non-biodegradable because of their complex
structure and high molecular mass, and they can remain in soil, landfill, and water bodies for
along period (Akaraonye et al., 2010). The awareness of harmful consequences of petroleum-
based plastics by the environmental bodies have been raised all over the world (Raza et al.,
2018). This concern has led a global scientific movement to produce eco-friendly,
biodegradable, and biocompatible polyesters and plastics. Polyhydroxyalkanoates (PHAs) are
produced by several microorganisms and act as diverse polyesters that have already attracted
attention as an alternative to petroleum-based polymers (Muneer et al., 2020).

PHAs are a diverse group of storage polymers made up of hydroxy fatty acids. They are
synthesized by different types of bacteria and archaea. PHAs are produced when there is an
excess of carbon sources but limited availability of nutrients, leading to inhibited growth.
These polymers are stored as insoluble granules within the cell cytoplasm, typically 0.2-0.5
pum in diameter, and a phase contrast light microscope is required for visualisation because
of their high refractivity. Alternatively staining dyes such as the oxazine dyes Nile Blue, Sudan
Black B, or Nile Red could be utilised for visualisation (Muneer et al., 2020). However, when
the carbon supply becomes scarce, enzymes associated with the granules, called PHA
depolymerases break down the PHA releasing carbon and providing energy (Rehm,2021).
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Figure 1.8: Transmission electron microscopic view of bacteria (Pseudomonad) filled with
PHAs, arrow is indicating PHA granule. The scale bar is 1um.

In 1926, PHA was first discovered by the French scientist Lemoigne in the form of PHB (Poly
3-hydroxybutyrate) in Bacillus megaterium (Lemoigne, 1926). The natural polyester PHAs
consist of 3-, 4-, 5-, 6- hydroxyalkanoic acids that are thermoplastic in nature, and the
polyester core is made of either protein or phospholipid. The general structure of PHAs is
illustrated in Figure 1.8, where R is the side chain that includes alkyl groups that vary from
methyl (C1) to tridecyl (C13) and n refers to the number of monomer units in the polymer
chain, which varies from 100 to 30,000 (Muneer et al., 2020).

an S

o CH (CH2)m C

- J

Figure 1.9: Chemical Structure of PHA. Here, R refers to the side chain that can contain 1-13
carbons, m-1, 2or 3 while n refers to the number of repeating units and can be 100 to many
thousands. Modified from (Muneer et al., 2020).
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In terms of the number of carbons in their side chains, PHAs are classified into short chain
length (SCL), medium chain length (MCL), and long chain length (LCL) types (Kunasundari and
Sudesh, 2011). There are 3-5 carbon atoms present in SCL-PHAs such as poly 3-
hydroxybutyrate (P3HB), poly 4 hydroxybutyrate (P4HB), and poly3-hydroxyvalerate (P3HV)
or the copolymer P(3HB-co-3HV). Medium-chain lengths PHAs have 6—14 carbon atoms as for
example homopolymer poly 3-hydroxyhexanoate (P3HHx), poly3-hydroxyoctanoate (P3HO)
and copolymers such as P(3HHx-co-3HO) (Kim and Lenz, 2001) and more than 14 carbon
atoms are present in LCL-PHAs, but these are less studied.

“This image has been removed by the author of this thesis for
copyright reasons”.

Figure 1.10: This diagram represents structure of PHAs depending on the classification,
showing commonly synthesized scl-PHAs, such as, 3-hydroxybutyrate (3HB), 3-
hydroxyvalerate (3HV) and mcl-PHAs, for instance, 3-hydroxyhexanoate (3HHx), 3-
hydroxyoctanoate (3HO), 3-hydroxydecanoate (3HD), 3-hydroxydodecanoate (3HDD).

PHAs composed of mostly medium-chain-length (MCL) monomers are elastomeric in nature,
whereas PHAs composed of mostly short-chain-length (SCL) monomers are often stiff and
brittle. However, SCL-MCL PHA copolymers can have properties between the two states and
this copolymer reduces the crystallinity as well as melting point of the polymer, which leads
to improvement in the processing, flexibility and strength of the polymer (Kim and Lenz,
2001). The mechanical properties of PHA can be changed by blending, modifying the surface
or combining PHA with other polymers.

PHA biosynthetic pathways are linked directly or indirectly with several metabolic pathways
including Krebs cycle, glycolytic and pentose phosphate pathways, amino acids and fatty acids
biosynthesis and degradation pathways (Lu, J et al., 2009). Acetyl-CoA is the key precursor for
biosynthesis of many short chain length (SCL) and medium chain length (MCL) PHAs (Meng,
D.Cetal., 2014).

There are three well-known PHA bio-synthetic pathways, based on biosynthesis using acetyl-
CoA derived from basic metabolism such as glycolysis, using intermediates produced by fatty
acid degradation (B-oxidation) and intermediates produced during fatty acid biosynthesis as
described in figures 1.11, 1.12 and 1.13 respectively (Anjum et al., 2016). In bacteria, PHA
synthetic genes are reside within an operon that includes a phaA (B-ketothiolase), a phaB
(NADPH-dependent acetoacetyl coenzyme A reductase), and a phaC (synthase) (Pohlmann et
al., 2006). The glucose molecule is converted into acetyl-CoA by glycolysis, two acetyl-CoA
molecules undergo condensation by the enzyme B-ketothiolase, encoded by PhaA, and
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produce acetoacetyl-CoA. The next step is the reduction of Acetoacetyl-CoA by Acetoacetyl-
CoA reductase encoded by PhaB to produce (R)-3-hydroxybutyryl-CoA. Finally, Pha synthase
encoded by PhaC polymerizes this monomer to form PHAs (Anjum et al., 2016; Verlinden et
al., 2007).
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Figure 1.11: PHA synthesis metabolic pathway I. Modified from (Verlinden et al., 2007).

The beta-oxidation pathway is a well-known metabolic pathway involved in the synthesis of
PHA (Anjum et al., 2016; Verlinden et al., 2007). It begins with the breakdown of fatty acids
into acetyl-CoA unit. The acetyl-CoA is then further metabolized to produce a molecule called
(R)-3-hydroxyacyl-CoA. This intermediate is subsequently converted to (R)-3-hydroxyacyl-CoA
monomers, which act as building blocks for PHA synthesis. Once the monomeric unit, as for
example, 3-hydroxyacyl-CoA, is produced through the B-oxidation pathway, they undergo
polymerization to form PHA chains (Anjum et al., 2016; Verlinden et al., 2007). The
polymerization procedure involves the action of an enzyme called PHA synthase. This enzyme
catalyses the condensation of the monomeric units, linking them together to form PHA
chains. The resulting polymer can have varying properties depending on the types of
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monomeric units incorporated and the polymerization strategy employed (Anjum et al., 2016;
Verlinden et al., 2007).
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Figure 1.12: PHA synthesis Pathway Il. Modified from (Verlinden et al., 2007).

Pathway lll is of significant interest because it involves fatty acid biosynthesis and ultimately
generates monomers for PHA synthesis from structurally unrelated, inexpensive, simple
carbon sources such as glucose, sucrose and fructose (Anjum et al., 2016; Verlinden et al.,
2007). In the fatty acid biosynthetic pathway, the process starts with the conversion of
glucose or other carbon sources to acetyl-CoA. The acetyl-CoA is then converted to malonyl-
CoA through a series of enzymatic reactions. The malonyl-CoA is subsequently converted to
(R)-3-hydroxyacyl-CoA which are converted from their Acyl Carrier Protein (ACP) form to the
CoA form by the enzyme Acyl-ACP-CoA transacylase which is encoded by PhaG. These (R)-3-
hydroxyacyl-CoA molecules are then polymerized to form PHA (Anjum et al., 2016; Verlinden
etal., 2007).
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Figure 1.13: PHA synthesis pathway lll. Modified from (Verlinden et al., 2007).

Both eukaryotic and prokaryotic microorganisms are enabled to produce various types of
PHAs (Rehm, 2009). Even though S. cerevisiae does not naturally produce PHA, it serves as a
valuable model organism for investigating PHA production. Since S. cerevisiae naturally
synthesizes the PHA monomers known as 3-HA-CoAs, it is enabled to compartmentalize PHA
biosynthesis within peroxisomes. Therefore, S. cerevisiae is a suitable platform for studying
PHA production due to its native production of PHA monomers and its capability to localize
PHA biosynthesis to peroxisomes (Haddouche et al., 2011; Poirier et al., 2001; Zhang et al.,
2006). Previous study established that S. cerevisiae can express PHAs by utilizing 3-
hydroxyacyl coenzyme A intermediates through fatty acid metabolism (Zhang et al., 2006).
Feeding of appropriate substrates are also essential to produce polymers by yeast whether it
is even, odd or combined numbered monomers (Zhang et al., 2006). Researchers are focusing
on finding new ways of cost effective PHA production, by utilizing several waste materials for
microorganisms as carbon source to accomplish long term environmental and economic
benefit (Alvi et al., 2014). One source of carbon could be the rice waste stream for further
exploration and development.

Rice wastewater provides a rich source of nutrients, including carbohydrates, proteins, and
minerals, which can support the growth and metabolic activities of yeast. By utilizing this
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waste effluent as a growth medium for yeast, we can effectively transform an environmental
burden into a sustainable resource for biomass production.

1.8 Sustainable solutions: Role of PHAs in green plastics

Polyhydroxyalkanoates (PHAs) have emerged as a promising candidate in the realm of green
plastics, often referred to as bioplastics, which are derived from renewable resources. Green
plastics refer to environmentally friendly polymers and PHAs fit this definition perfectly as
they are derived from natural sources and produced from various microorganisms through
the fermentation process (Kovalcik et al., 2019). Additionally, PHAs are designed to be
biodegradable or have a lower environmental impact compared to conventional plastics. The
biodegradability of PHAs means that they can be broken down by microorganisms into natural
byproducts such as H,0 and CO,. This characteristic addresses the persistent pollution issues
associated with conventional plastics that can take centuries to decompose (Muthuraj et al.,
2021).

PHAs possess several qualities that make them attractive for environmentally friendly
applications. The potential use of PHAs in green plastics spans various applications. They can
be utilized in packaging materials, disposable cutlery, cups, plates, bottles, and other single-
use items (Kovalcik et al., 2019). PHAs are versatile and can be engineered to exhibit
properties similar to conventional plastics while still being biodegradable (Muthuraj et al.,
2021). This makes them suitable for a range of everyday products without compromising
performance. In addition to their biodegradability, PHAs are biocompatible, a characteristic
that makes them particularly attractive for various biomedical applications (Pulingam et al.,
2022; Zhang et al., 2022). Biocompatibility refers to the ability of a material to interact
harmoniously with living organisms without causing adverse effects. Their ability to
seamlessly interact with biological systems, coupled with their biodegradability and tunable
properties, positions PHAs as promising candidates for medical implants, drug delivery
systems, tissue engineering, and other applications where compatibility with living organisms
is of utmost importance. The ongoing research and development in this field continue to
unveil new possibilities for harnessing PHAs in innovative and biocompatible solutions
(Pulingam et al., 2022; Zhang et al., 2022). As awareness of environmental issues grows and
regulations on single-use plastics tighten, the adoption of PHAs is likely to increase, paving
the way for a more sustainable future in the realm of materials and packaging.

1.9 Aims and objectives
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To achieve the aims and objectives of this project, an industrial biotechnology route has been
applied by employing a conventional yeast, S. cerevisiae to produce green bioplastics, PHAs.
Chapter 3 aims to express PHA synthase into peroxisomes and cytosols of S. cerevisiae to
produce PHAs in engineered yeast.

Chapter 4 aims to comprehend and identify the chemical components present in rice
wastewater. Rice wastewater is a byproduct generated during the processing of rice, and its
composition can vary based on the specific processing methods employed. To achieve this
objective, a comprehensive analysis of the wastewater was conducted, involving techniques
such as Inductively Coupled Plasma spectroscopy, and Nuclear Magnetic resonance
spectroscopy. This analysis established organic and inorganic compounds, nutrients, and
potential pollutants present in the rice wastewater. Understanding the chemical constituents
is crucial for developing effective strategies and exploring its suitability as a feedstock for
conventional yeast.

The waste effluents from rice mills predominantly contain starch, an excellent source of
carbon for the yeast. The main benefit of using yeasts is, that the molecular machinery of
yeasts has been well studied and this eukaryotic organism is the most widely used for
industrial production of fuels and chemicals (Rocha et al., 2010). Rice wastewater made here
for this project, employing yeast strains capable of utilizing this waste effluent, optimizing the
fermentation process for maximum biomass and PHAs production (Chapter 5).

Chapter 2: Materials and Methods
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2.1 Chemicals and enzymes

The chemicals, primers and other materials utilised in this study were mostly supplied by
MERCK formerly known as Sigma-Aldrich. Growth media components were supplied by Difco
Laboratories, ForMedium and Fisher Scientific UK. PCR buffers, dNTPs and DNA polymerases
were purchased from Bioline UK. Gel extraction kits and Miniprep kits were supplied by
Qiagen. Restriction enzymes and buffers were provided by New England Biolabs (NEB).
Equipment used for DNA and protein work was supplied by BioRad. Buffers for protein work
were provided by Geneflow.

2.2 Strains and plasmids

2.2.1 Strains

Table 2.1: The yeast strains used in this study.

BY4741 WT MATa his3A1 leu2A0 met15A0 ura3A0 Euroscarf
BY4742 WT MATa his3A1 leu2A0 lys2A0 ura3A0 Euroscarf
pex34A BY4742 pex11A::kanMX4 Euroscarf
atg36A MATA his3-1 leu2-0 metl15-0 ura3-0 Euroscarf

atg36A::KanMX4

mdh3/gpd1A MATA his3-1 leu2-0 metl15-0 ura3-0 (Al-Saryietal.,2017)
gpd1A::KanMX4 mdh3A::SpHis5

Table 2.2: The Escherichia coli strain used in this study.
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DH5a SupE44 AlacU169 (®80 Amplification (Hanahan, 1983)
lacZ AM15) hsdR17 recA1 plasmids and recovery
endAl1gyrA96 thi-1 relAl of plasmid DNA from
S. cerevisiae following
in vivo homologous
recombination

2.2.2 Plasmids

Plasmids used in this study are tabulated in Table 2.3. Plasmids were made by either a
homologous recombination-based approach in S. cerevisiae or by conventional restriction
digestion and ligation followed by transformation into E. coli. Promoters, recombinant tags,
open reading frames and terminators were introduced into the restriction sites of the
multiple cloning sites.

Table 2.3: The list of plasmids used in this study.

Plasmid Vector Promoter/

Name backbone | Terminator

pEW322 Ycplac33 TPI/PGK1 MCS Ura3 Lab stock
pEW351 Ycplac33 TPI/PGK1 GRD19 Ura3 Lab stock
pEW355 Ycplac33 TPI/PGK1 GFP-GRD19 Ura3 Lab stock
Ycplac33 _ _ Empty Ura3 Lab stock
pABO1 pEW355 TPI/PGK1 GFP-PhaC1-PTS1 Ura3 This study
pABO2 pEW355 TPI/PGK1 GFP-PhaC1 Ura3 This study
pABO3 pEW355 TPI/PGK1 GFP-PhaC2-PTS1 Ura3 This study
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pABO4 pEW355 TPI/PGK1 GFP-PhaC2 Ura3 This study
pABO5 pEW355 TPI/PGK1 PhaC1-PTS1 Ura3 This study
pABO6 pEW355 TPI/PGK1 PhaC1 Ura3 This study
pABO7 pEW355 TPI/PGK1 PhaC2-PTS1 Ura3 This study
pABO8 pEW355 TPI/PGK1 PhaC2 Ura3 This study
pABO9 pEW351 TPI/PGK1 PhaC1-PTS1 Ura3 This study

2.3 Growth media

Components for cell growth media were dissolved in Millipore water and mixed with a
magnetic stirrer, then autoclaved to sterilisation at 121°C. Antibiotics or amino acid stocks
were added to their final concentration when the autoclaved media had cooled to about 50°C.

The reagents required to make growth media are listed in Table 2.4.

Table 2.4: Growth media and their constituents.

Culture media Constituents with concentration

YPD 1% Yeast extract, 2% Peptone, 2% D-glucose

2TY 1% yeast extract, 1.6% Bacto-tryptone, 0.5% NaCl. Kanamycin
or Ampicillin was added to autoclaved media whenever
required to final concentrations of 50 pg/ml and 75 pg/ml
respectively.

Yeast Minimal Medium 1 0.5% Ammonium Sulphate, 0.17% Yeast nitrogen Base

YM1 (For selection of all without Amino acids and Ammonium sulphate, 2% Galactose,

auxotrophic markers) D-Glucose or Raffinose. Adjusted to pH 6.5 with NaOH and
after autoclaving relevant amino acid stocks were added.
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Yeast Minimal Medium 2 0.17% Yeast Nitrogen Base without Amino acids and
YM2 (For selection of Ammonium sulphate, 0.5% Ammonium Sulphate, either 2%

Uracil auxotrophic  D-Glucose or Raffinose or Galactose, 1% Casamino acids.
marker) Adjusted to pH 6.5 with NaOH.
0.3% Leucine and 0.2% Tryptophan were added after
autoclaving.
Amino Acid stocks Amino acid stocks were added to YM1 and YM2 as per

requirement from 100x stocks to final concentrations of 20
ng/ml (Tryptophan, Methionine, Histidine-HCI) or 30 ng/ml
(Leucine, Lysine-HCl).

Solid Media 2% (w/v) Agar was added to liquid growth media followed by
autoclaving. Media was poured into sterile petri dishes
(Sterilin) while it was cooled and left to set at room
temperature. Once prepared, plates were stored at 4°C.

2.4 Bacterial genomic DNA isolation

DNA purification from the Gram-negative bacterium, Pseudomonas mendocina CH50 was
performed by following the steps described in Cold Spring Harbor protocol (Green and
Sambrook, 2017). 5 ml of an overnight bacterial culture which was grown in 2TY media, was
transferred to a 1.5 ml microcentrifuge tube followed by centrifugation for 30 sec at room
temperature. After removal of the supernatant, 400 pl of TE (pH 8.0) was added. The bacterial
pellet was dispersed by vortexing twice for 20 sec each time. 50 pl of 10% SDS, and 50 ul of
proteinase K (20 mg/mL in TE, pH 7.5) were added afterwards to lyse the cells. The bacterial
lysate was then incubated for 1 hour at 37°C.

At this stage, the digested lysate was too viscous to handle. The DNA was sheared by three to
five passages through a 26-gauge needle to reduce its viscosity. 500 ul of a 1:1 mixture of
phenol: chloroform was added for extraction and the top of the microcentrifuge tube was
closed and the two phases were mixed by gentle vortexing. The upper layer was transferred
to a fresh microcentrifuge tube and the aqueous phase was extracted twice with 500 pl of
chloroform. The supernatant was transferred to a fresh Eppendorf tube, added 25 ul of 5M
NaCl and 1ml of 95% ethanol, then vortexed and centrifuged for 10 min at 4°C and carefully
removed t