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Abstract Polyhydroxyalkanoates (PHAS) are biodegradable polymers produced by various microorganisms as
intracellular storage compounds. Among other PHA-producing microorganisms, halophiles are considered a
promising PHA producer due to their unique metabolic capabilities and adaptability to extreme conditions. Halophiles
are also a promising approach to sustainable and cost-effective PHA production, which uses low-cost substrates and
simplified bioprocessing conditions. This review explores the phylogenetic diversity of halophiles, the
biotechnological advancement in their cultivation, the factors that influence PHA production, and the methods used
to detect, extract, and characterize PHAs from halophiles, highlighting opportunities in optimizing PHA production.

By studying these aspects, this review focuses on providing a comprehensive understanding of the potential of

halophiles in bio-plastic production and their role in reducing plastic waste pollution.
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Introduction

The global accumulation of synthetic plastics and
the carbon emissions during production have posed
an environmental crisis. Replacement of petroleum-
based plastic with biodegradable polymers is a
potential solution for this crisis.
Polyhydroxyalkanoates (PHAS) are a promising
substitute for synthetic plastics (Meereboer et al.,
2020). PHAs are synthesized by various
microorganisms under limited nutrient conditions
and serve as intracellular carbon and energy
reserves (Anderson & Dawes, 1990).

Halophiles can survive in high-salinity
environments and are a promising source for PHA
production. Due to the ability of halophiles to
withstand harsh conditions, halophiles can produce
PHA by utilizing low-cost substrates (Mandragutti
et al., 2024). Halophiles produce different types of
PHAs with varying properties due to their diverse
metabolic capabilities (Quillaguaman et al., 2010).
Due to the development of biotechnology,
halophiles have new opportunities for sustainable
PHA production. Furthermore, halophiles have
lower energy requirements than non-halophiles
during PHA production (Mitra et al., 2020).

This review provides a comprehensive overview of
the phylogenetic diversity, biosynthesis pathways,
and production strategies of PHA-producing
halophiles, highlighting their potential for use in
industrial-scale PHA production.

Halophiles

The Greek word from which the word "halophile”
is derived means "salt-loving." Halophiles are
extremophiles that live in high salt concentrations.
Halophiles grow in each of the three life domains:
Archaea, Bacteria, and Eukarya (Rathakrishnan &
Gopalan, 2022). Halophiles are found in extreme
environments such as saline and hypersaline
habitats, including ponds, lakes, seas, and saltpans
(Vigneshwari et al., 2021). In addition to high
salinity conditions, halophilic microorganisms are
also exposed to low oxygen concentrations, high or
low temperatures, alkaline conditions, low nutrient
availability, solar radiation, and pH changes
(Manikandan & Senthilkumar, 2017). Halophiles
require at least 0.2M NaCl for growth. Depending
on their requirement for NaCl, halophiles are
classified as slight halophiles, moderate halophiles,
and extreme halophiles. Slight halophiles can grow
at 0.2-0.85M NaCl (1-5%) concentrations,
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moderate halophiles can grow at 0.85-3.4M NaCl
(5-20%) concentrations, and extreme halophiles can
grow at 3.4-5.1M NaCl (20-30%) concentrations.
Halotolerant microorganisms can grow in either a
wide range of salinity or in the absence of high
concentrations of salt (Purdy et al., 2004; DasSarma
& DasSarma, 2015; Mukhtar et al., 2020).

Physiological Adaptation of Halophiles

Halophiles, living in saline environments, face ionic
stress and must maintain osmotic balance with their
surroundings. Due to membrane permeability to
water, they keep their cytoplasm isosmotic with
external conditions (Zahran, 1997; Oren, 2002).
One strategy for osmoadaptation is the salt-in
strategy, where K/CI* ions accumulate in the
cytoplasm to balance osmotic pressure. This is
common in Halobacteriales (Archaea),
Halanaerobiales, and Salinibacteria ruber (Pastor et
al., 2013; Vaidya et al., 2018). However, the salt-
out strategy, more prevalent in halophiles, involves
excluding salts and accumulating compatible
solutes like sugars, polyols, amino acids, quaternary
amines, and ectoine (Pastor et al., 2013; Weinisch
et al., 2018). Halophilic enzymes, adapted to
function in high salt concentrations, often have a
higher proportion of acidic amino acid residues
(Madern et al., 2000.).

Biotechnological ~Applications of Halophilic
Microorganisms
Halophilic  microorganisms have  numerous

biotechnological applications. They produce a wide
range of compounds such as pigments, hydrolytic
enzymes, bioplastics (PHAS), biofuels,
bacteriorhodopsin, biocompatible osmolytes, and
bioemulsifiers (Martinez et al., 2022; Al-Daghistani
etal., 2024).

Polyhydroxyalkanoates (PHAS)

Polyhydroxyalkanoates (PHAS) are bioplastics
synthesized by microorganisms in granular form
within the cytoplasm for energy storage (Poli et al.,
2011). In 1926, Lemogine, a French scientist
discovered poly(3-hydroxybutyrate) (PHB) in
Bacillus megaterium (Zinn et al., 2001). To date,
over 150 distinct PHA monomers have been
identified, with ongoing advancements in
genetically modified microorganisms and chemical
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alterations to produce PHAs with specific
functional groups (Tan et al., 2014). PHAs are
insoluble in water, encased in a protein layer, and
accumulate as carbon storage when organic carbon
is abundant or when growth is limited by nutrients
like nitrogen, phosphorus, magnesium, or sulfur
(Cristea et al., 2018). In addition to their storage
role, PHAs provide bacterial cells with secondary
benefits, such as increased robustness and survival
under environmental stresses like freezing, osmotic
shocks, oxidative pressure, desiccation, HOp,
heavy metals, and UV exposure. During starvation,
PHAs protect cellular components like RNA and
proteins. PHAs also play roles in anoxic
photosynthesis, the sulfur cycle in microbial mats,
Bacilli sporulation, and nitrogen fixation by
diazotrophs under dark conditions, supporting
energy production and NADH oxidation (Obruca et
al., 2020; Sehgal & Gupta, 2020).

Structure and Classification of PHA

3-hydroxy fatty acid monomers are included in
PHA. The carboxyl group of one monomer unit and
the hydroxyl group of another form an ester bond.
Alkyl groups are represented by the R group in the
structure. Poly(3-hydroxybutyrate) is the name
given to the polymer when the R group is methyl
(CHs) since the monomer unit contains four
carbons. Poly (3-hydroxyhexanoate) is the name
given to the polymer when the R group is CsHy.
(Fig. 1.) The diverse size and makeup of the side
chain substituents in PHA determine the chemical
alteration(Sehgal & Gupta, 2020).
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Figure 1. The general structure of PHA, where R
can be different groups

PHAs are categorized into three groups based on the
length of the carbon chain of the monomeric units.
The groups are short chain length (scl) PHAS,
medium chain length (mcl) PHAs, and long chain
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length (Icl) PHAs. Short-chain-length PHAs
include 3 to 5 carbon atoms. P3HB, P3HV, P4HB,
and co—polymer of P (3HB-co-3HV) are some
short chain length PHAs. Azohydromonas lata and
Cupriavidus necator are some bacteria that
synthesize short-chain-length PHAs. Medium chain
length PHASs include 6 to 14 carbon atoms. P3HH,,
P3HO, and co-polymer of P (3HHx—c0-3HO) are
some medium chain length PHAs. Pseudomonas
mendocina and Pseudomonas putida are bacteria
that produce medium-chain-length PHAs. Long-
chain PHAs contain more than 15 carbon atoms.
Poly (3-hydroxypentadecanoate) is an example of
long-chain length PHASs. Aureispira marina and
Shewanella oneidensis are bacteria that produce
long-chain PHAs (Rai et al., 2011; Sehgal & Gupta,
2020; Saratale et al., 2021).

Properties of PHAs

Based on the PHA type, PHAs have different
chemical and physical properties. PHAs are
insoluble in water but soluble in chloroform and
chlorinated solvents. PHAs have resistance to
hydrolytic degradation and Ultraviolet radiation.
Also, PHAs are biodegradable, biocompatible, and
non-toxic. PHAs are sensitive to acids and bases.
PHA facilitates anaerobic degradation due to its
sinking ability in water (Bugnicourt et al., 2014).
PHAs have chiral molecules, and the degradation of
PHA depends on the composition and type of PHA,
environmental conditions, and the kind of
microorganisms (Boyandin et al., 2013; Masood et
al., 2014). PHAs with various monomers have
distinct melting  points, glass transition
temperatures, degrees of crystallinity, and
hydrophobicity. Usually melting points vary from
40 °C to 180 °C and glass transition temperatures
range from -50 °C to 4 °C (Padermshoke et al.,
2005; Sehgal & Gupta, 2020).

Biosynthesis of PHA

PHA biosynthetic pathways are linked to bacterial
core metabolism, including glycolysis, the Krebs
cycle, amino acid catabolism, de novo fatty acid
synthesis, 3-oxidation, and the serine pathway (Tan
et al., 2014). PHA synthase, encoded by phaC, is
the key enzyme in PHA production (Sharma et al.,
2017). The structural genes for PHA synthesis,
phaC (PHA synthase), phaA (B-ketothiolase), and
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phaB (NADPH-acetoacetyl-CoA reductase) are
organized in a single operon (Lee., 1995). The first
step in scl-PHA biosynthesis is the condensation of
two acetyl-CoA molecules by p-ketothiolase to
form acetoacetyl-CoA. NADPH-dependent
acetoacetyl-CoA  reductase  then  reduces
acetoacetyl-CoA to 3-hydroxybutyryl-CoA, which
is polymerized into PHB by PHA synthase (Urtuvia
et al., 2018). In mcl-PHA production, B-oxidation
pathway intermediates convert into
hydroxyalkanoate monomers with enzymes such as
enoyl-CoA (phaJ), acyl-CoA oxidase, and 3-
ketoacyl-CoA reductase. PHA synthase catalyzes
monomer polymerization (Fukui et al.,, 1998;
Sharma et al., 2021). If B-oxidation is inactive,
acetyl-CoA from carbon source oxidation is
redirected to PHA biosynthesis, with transacylase
(phaG) facilitating intermediate transfer from fatty
acid de novo synthesis (Hoffmann et al., 2002).

PHA Production by Halophilic Bacteria

Most PHA-producing halophilic and halotolerant
bacteria belong to the family Halomonadaceae,
with PHA accumulation serving as a phenotypic
marker for species differentiation (Mata et al.,
2002; Mitra et al., 2020). The genus Halomonas has
the highest reported PHA accumulation (Table 1).
H. nitroreducens, an extreme halophile,
accumulated 33% PHB using glucose with seawater
(25% v/v) under nitrogen limitation (Cervantes-Uc
et al., 2014). H. venusta KT832796 achieved 88%
PHA content using a high-concentration single
pulse method (Stanley et al., 2018). H. dagingensis
produced 68.96% PHA in 3% algal biodiesel waste
residue with 5% NaCl (Dubey & Mishra, 2021). H.
halophila yielded 4.75 g/L PHA using softwood
hydrolysate at 66 g/L. NaCl, preferring hexose-rich
media over pentose-rich media (Kourilova et al.,
2021).

H. organivoras produced 90.55% PHB with
galactose and 83.41% with fructose (Pernicova et
al., 2019). The moderately halophilic H. alkalicola
produced 45.57% PHBYV using galactose and 3%
NaCl at pH 10 (Muigano et al., 2024). Under
controlled pH and oxygen, H. boliviensis produced
88% PHB with sodium acetate and butyric acid and
55% with glucose or sucrose at 4.5% (w/v) NaCl
(Quillaguaman et al., 2006). H. pacifica produced
71.9% PHB-co-HV using sucrose (El-malek et al.,
2020).
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Table 1. PHA production by halophilic bacteria using different substrates

Organism Name Carbon Source Type of PHA  PHA % References
Halomonas nitroreducens  Glucose PHB 33 (Cervantes-Uc et
al., 2014)
Halomonas venusta Glucose PHB co HV 88.12 (Stanley et al.,
KT832796 2018)
Halomonas dagingensis 3% Algal biodiesel PHB 68.96 (Dubey & Mishra,
waste residue 2021)
Halomonas halophila Soft Wood PHB 73.48 (Kourilova et al.,
2021)
Halomonas organivoras  Galactose PHB 90.55 (Pernicova,
Kucera,
Novackova, et al.,
2019)
Halomonas alkalicola Galactose PHBV 45.57 (Muigano et al.,
2024)
Halomonas alkalicola Galactose PHBV 45.57 (Muigano et al.,
2024)
Halomonas boliviensis Sodium acetate and PHB 88 (Quillaguaman et
butyric acid al., 2006)
Halomonas pacifica Sucrose PHB co HV 71.9 (El-malek et al.,
2020)
Halomonas sp. (TD01) Glucose PHBV 69 (Tan et al., 2011)
Halomonas campisalis Maltose PHB co PHV  45-81 (Kulkarni et al.,
2010a)
Halomonas Jatropha biodiesel PHB 75 (Shrivastav et al.,
hydrothermalis byproduct 2010)
Halomonas elongata Glucose PHB 40 (Cristea et al.,
2018b)
Rhodobacter sphaeroides  Glutamate acetate and PHBV 65.15 (Kemavongse et
(um valeric acid al., 2008)
Bacillus sonerensis Jatropha biodiesel PHB 71.8 (Shrivastav et al.,
byproduct 2010)
Bacillus megaterium Glucose PHB 40 (Salgaonkar, Mani,
(H16) & Braganca,
2013a)
Yangia sp. (ND199) Fructose PHB co HV 85 (Romero Soto et
al., 2021)
Vibrio proteolyticus Fructose PHB co HV 547 (J. W. Hong et al.,
2019)
Salinivibrio sp. (TGB10)  Glucose and PHB & PHBV 80
propionate
Paracoccus sp. (LL1) Corn stover PHB 72.4 (Sawant et al.,
hydrolysate sugar 2015)

According to Tan et al. (2011), tested Halomonas
sp. produced 65-70% PHBV via a two-stage,
unsterile, continuous fermentation process using

glucose. Moderately halophilic H. campisalis
accumulated 45%-81% PHB-co-PHV in maltose-
based media (Kulkarni et al, 2010). H.
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hydrothermalis and B. sonorensis accumulated 75%
and 71.8% PHB, respectively, using Jatropha
biodiesel byproduct (Shrivastav et al., 2010). The
extreme halophile H. elongata accumulated 40%
PHB using glucose and 10% (w/v) NaCl (Cristea et
al., 2018). In a study carried out by Kemavongse et
al. (2008), Rhodobacter sphaeroides produced
65.15% PHBYV in a glutamate—acetate medium with
valeric acid.

The moderately halophilic B. megaterium H16
accumulated 40% PHB with glucose in the absence
of NaCl and 39% with 5% NaCl, showing extended
growth in saline conditions (Salgaonkar et al.,

PHA Production by Archaea

PHA accumulation in archaea was first observed in
Halobacterium marismortui isolated from the Dead
Sea (Kirk & Ginzburg.,, 1972). Since then,
numerous haloarchaea species have shown the
ability to synthesize PHAs using a wide range of
low-cost substrates under high-salinity conditions.
Table 02 provides a comprehensive summary of

2013). The moderate halophile Yangia sp. produced
85% PHB-co-HV using fructose (Romero Soto et
al., 2021). The marine halophile Vibrio
proteolyticus reported 54.7% PHA production with
fructose and 5% (w/v) NaCl, with the addition of
propionic acid leading to PHBV with 15.8 mol%
3HV (Hong et al., 2019). The moderately halophilic
Salinivibrio sp. TGB10 accumulated 80% PHA
(PHB and PHBV) using glucose and propionic acid
as a secondary substrate (Tao et al.,, 2021).
Paracoccus sp. LL1 produced 72.4% PHB using
corn stover hydrolysate sugar (Sawant et al., 2015).

PHA production across various haloarchaea,
including the substrates used, types, and yields of
PHAs accumulated. Notably, species such as
Natrinema pallidum, Haloferax mediterranei, and
Halopiger aswanensis have shown high PHA
accumulation, particularly when utilizing substrates
like glucose, corn starch, or food waste,
highlighting their biotechnological potential for
cost-effective PHA production.

Table 02. PHA production by halophilic archaea using different substrates

Organism Name Used substrate Type of PHA % References
PHA
Halogeometricum Glucose PHB 14 (Salgaonkar et al.,
boringuense 2013)
Natrinema pallidum Corn Starch PHBV 53.14 (Danis et al., 2015)
Haloferax mediterranei Municipal food waste PHBV 62-64  (Wang, Chen, etal.,
2022)
Natrinema altunense Glucose PHB & 25-35 (Abdallah et al.,
PHV 2020)
Haloterrigena jeotgali Glucose PHB & 25-35  (Abdallah et al.,
PHV 2020)
Haloarcula hispanica Silkworm excrement PHB 14.63 (Cai et al., 2021)
Natrinema altunense Silkworm excrement PHB 11.29 (Caietal., 2021)
Halopiger aswanensis Sodium acetate and PHB 53 (Hezayen et al., n.d.,
n-butyric acid 2010)
Halogranum Glucose PHBV 20.1 (Zhao et al., 2015)
amylolyticum mol
Halorubrum chaoviator Starch PHB 9.25 (Karray et al., 2021)
Natrinema pallidum Starch PHB 7.11 (Karray et al., 2021)
Haloarcula tradensis Starch PHB 1.42 (Karray et al., 2021)
Halolamina sediminis Starch PHB 334 (Hagagy et al., 2022)
Natrialba swarupiae Glucose PHB 54.4 (Rodge et al., 2023)
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PHA production of halophiles using low-cost
substrates

PHA production using halophiles offers cost-
effective, contamination-free fermentation
compared to non-halophiles. Substrate,
fermentation process, and PHA recovery are key
cost factors (Mitra et al., 2020). Haloferax
mediterranei produced PHBV using cheese by-
products, with enzymatic hydrolysis aiding lactose
conversion. With 87% efficiency and a 0.2 g
PHBV/g lactose yield, a simulated system projected
9700 MT annual PHBV production, highlighting
the potential of dairy-derived feedstocks (Wang, et
al., 2022). Another study showed H. mediterranei
accumulated PHBV using food waste-derived
carboxylates, yielding 55% more than glucose,
reducing production costs and aiding waste
management (Wang & Zhang, 2021). Vinasse, an
alcoholic  fermentation by-product, supported
PHBYV accumulation up to 70% in H. mediterranei
(Bhattacharyya et al., 2012), while rice-based
ethanol stillage led to 71% (wt) PHBV production
(Bhattacharyya et al.,, 2014). Halomonas
hydrothermalis produced up to 62% PHB in 40 g/L
NaCl using waste frying oil and inexpensive lipids
(Pernicova et al., 2019). Halomonas halophila
accumulated PHB from carbohydrates, including
lignocelluloses, with yields of 38.32%, 64.06%,
61.95%, and 46.85% using cheese whey
hydrolysate, molasses, spent coffee grounds, and
sawdust hydrolysates, respectively (Kucera et al.,
2018). Halomonas campaniensis strain LS21, a
recombinant halophile, produced ~70% PHB over
65 days in artificial seawater containing kitchen
waste and 27 g/L NaCl (Yue et al., 2014).
Microalgae biomass serves as an inexpensive
substrate  for large-scale PHA production.
Haloferax mediterranei and Bacillus megaterium
accumulated 55.5% and 29.7% PHA, respectively,
using acid-treated defatted Chlorella biomass, with
B. megaterium producing PHB and H. mediterranei
producing PHBV with a 10.5% 3-hydroxyvalerate
fraction (Khomlaem et al., 2021). Haloarcula
marismortui accumulated up to 30% PHB using
pre-treated vinasse (Pramanik et al., 2012). The
halophilic archaeon Halogeometricum borinquense
strain E3 utilized sugarcane bagasse, an agro-
industrial waste, to accumulate 45.7% (wt) PHBV
(Salgaonkar & Braganca, 2017).
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Factors affecting PHA yield

Several factors influence PHA production,
including the carbon-nitrogen (C/N) ratio, nutrients,
salinity, pH, temperature, fermentation mode,
microorganism type, and fermenter characteristics
(Yadav et al., 2020). Halophiles utilize various
carbon sources, including sugars, fatty acids, and
organic acids, for PHA accumulation.

The C/N ratio significantly affects PHA
accumulation. Early studies on Haloferax
mediterranei found that nitrogen limitation with
excess carbon led to high PHA accumulation
(Fernandez-Castillo et al., 1986). Recent research
confirms higher PHA accumulation under nitrogen-
deficient conditions, while nitrogen availability
favors extracellular polymeric substance (EPS)
production. At C/N ratios of 5 and 35, total EPS and
PHA vyield coefficients were 51.32% and 92.8%,
respectively, indicating that nitrogen limitation
promotes PHA production (Cui, Shi, et al., 2017).
Additionally, phosphorus limitation under excess
carbon enhances PHA accumulation (Oliveira-

Filho et al., 2020). Haloferax mediterranei
accumulates  poly  (3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) without specific

precursors, but its composition varies with nitrogen
sources. PHBV from ammonium salts contained
16.9 mol% 3-hydroxyvalerate (HV), while nitrate-
derived PHBV had 12.5 mol% HV, showing that
PHBYV composition can be tailored by adjusting the
C/N ratio and nitrogen supply (Ferre-Guell &
Winterburn, 2019).

Salt concentration impacts PHB accumulation.
Haloferax mediterranei showed the highest PHB
accumulation at 15% salt  concentration
(Fernandez-Castillo et al., 1986). Bacillus
megaterium accumulated 40% PHB in the early
stationary phase without NaCl, but with 5% NacCl,
peak PHB accumulation (39% CDW) occurred at
60 hours (Salgaonkar et al.,2013). Lignocellulose
hydrolysis generates high salt content, making
halophilic strains like Halomonas halophila
suitable for PHA production using lignocellulose
substrates (Kourilova et al., 2021). Salinity also
influences PHA and EPS accumulation in
Haloferax mediterranei. Increasing NaCl from
7.5% to 25% raised PHA content from 46.7% to
71.1% CDW while reducing EPS from 371.36 to
319.74 mg/lg CDW, suggesting high salinity
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enhances PHA production but suppresses EPS (Cui,
etal., 2017).

Most halophiles optimize PHA production at

neutral pH. Halomonas venusta (KT832796)
exhibited maximum PHA accumulation at pH 7.0,
with reduced growth and PHA accumulation at
higher pH (Stanley et al., 2018). Similarly,
Halomonas dagingensis showed 0.191 + 0.002 ¢
PHA productivity at pH 7.0, which declined at
higher pH (Dubey & Mishra, 2021). However,
some halophiles accumulate PHA at alkaline pH.
Halomonas alkalicola accumulated 0.963 g/L
PHAs at pH 9.0 (Muigano et al., 2024), and H.
campisalis and H. profundus also produce PHA at
pH 9.0 (Simon-Colin et al., 2008; Kulkarni et al.,
2010).
Most halophiles are mesophiles, accumulating PHA
between 30 °C and 37 °C. Agitation influences
PHA production, with low agitation causing cell
aggregation and over-agitation reducing biomass
and PHA due to imbalanced oxygen and substrate
levels (Chavan et al., 2021)

Batch fermentation limits PHA production due
to substrate depletion, while fed-batch fermentation
improves vyield and productivity by controlled
substrate addition (Mutturi et al., 2017). H. venusta
(KT832796) showed 8.65-fold higher PHA
productivity under fed-batch fermentation, reaching
88% PHA content (Stanley et al., 2018). Haloferax
mediterranei accumulated 50.8% PHB (w/w) using
a feeding medium with extruded cornstarch and
yeast extract at a 1:1.7 ratio (Chen et al., 2006). A
novel strategy for PHBV production from volatile
fatty acids (VFA) using Haloferax mediterranei
included Tween 80 as a surfactant, resulting in 59%
dry weight PHBV with a productivity of 10.2 mg
L' h' (Ferre-Guell & Winterburn, 2019).
Halomonas boliviensis LC1 accumulated 54% PHB
in shake flasks with butyric acid and sodium acetate
but increased to 88% under controlled pH and
oxygen in a fermenter (Quillaguaman et al., 2006).

Methods and techniques for detection of PHA-
producing halophiles

Sudan Black staining

Sudan Black B is a lipophilic dye with a strong
affinity for lipid-rich inclusions, making it a widely
used stain for detecting polyhydroxyalkanoate
(PHA) granules in bacterial cells. Since PHA is a
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class of intracellular storage polymers composed of
hydroxyalkanoic acid monomers, its hydrophobic
nature allows selective binding of Sudan Black B.
Upon staining, PHA granules appear as dark
inclusions within the bacterial cytoplasm, while the
rest of the cell remains largely unstained,
facilitating microscopic identification of PHA-
producing bacteria (Wei et al., 2011; Porras et al.,
2018).

The staining procedure involves preparing
bacterial cell smears on a glass slide, followed by
heat fixation. A 3% (w/v) Sudan Black B solution
in 70% ethanol is applied to the smear for ten
minutes, allowing the dye to permeate the cell and
bind to PHA granules. To remove excess dye, the
slide is submerged in xylene until complete
decolorization is achieved. A counterstain, safranin
(5% wi/v), is applied for 10 seconds to enhance
contrast by staining the cytoplasm, providing a clear
distinction between PHA granules and non-lipid
cellular components. After air-drying and adding
immersion oil, the slide is examined under phase
contrast microscopy, where PHA granules appear
as distinct dark inclusions within the bacterial cells
(Burdon, 1946).

Sudan Black B plate assay

The Sudan Black B plate assay is a qualitative
method wused for the rapid screening of
polyhydroxyalkanoate (PHA)-producing bacteria.
This assay exploits the lipophilic nature of Sudan
Black B, which has a high affinity for lipid-
associated biopolymers, including PHA granules.
When applied to bacterial colonies, the dye
selectively binds to intracellular PHA, allowing
visual differentiation between PHA producers and
non-producers. In this method, the colonies on the
media plate are covered with an ethanolic solution
of (0.05% wi/v) Sudan Black B, and the plates are
left alone for 30 minutes. To remove excess stain
colonies are washed by ethanol (96%). The colonies
with the dark blue color are taken as positive for
PHA production (Aruna, 2017).

Nile Red staining

Nile Red is a lipophilic fluorescent dye widely used
for the detection and quantification of intracellular
polyhydroxyalkanoate (PHA) granules in bacteria.
Its strong affinity for lipid-based compounds allows
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selective staining of PHA within bacterial cells.
Upon excitation under ultraviolet (UV) light, Nile
Red-bound PHA granules emit a bright fluorescent
signal, making this technique highly effective for
distinguishing PHA-producing bacteria from non-
producers. This staining approach can be utilized
both qualitatively, by visualizing fluorescent
granules under a fluorescence microscope, and
guantitatively, by measuring fluorescence intensity
to estimate intracellular PHA accumulation
(Spiekermann, 1999; Céanovas et al., 2021)

For qualitative analysis, bacterial cultures are
grown in PHA-inducing media supplemented with
a 0.25 mg/mL Nile Red solution in DMSO and
incubated for 48 hours. Cells are then examined
under UV light at 312 nm to observe PHA
accumulation (Yoo et al., 2024). Additionally, cell
smears are prepared from incubated cultures,
washed multiple times with sterile distilled water,
and air-dried before staining with a 0.01% Nile Red
solution in DMSO for 15-20 minutes. After
removing excess stain and washing the smears,
fluorescence microscopy using a propidium iodide
(PI) filter at 10x magnification is used for
visualization. To maintain staining efficiency and
prevent photobleaching, all procedures should be
conducted in the dark (Salgaonkar et al., 2013a,b).

Nile Blue A staining

Nile Blue A is a lipophilic oxazine dye with a strong
affinity for hydrophobic compounds such as
polyhydroxyalkanoates (PHAs), making it a
valuable tool for detecting intracellular PHA
granules in bacteria. When bound to PHA, Nile
Blue A fluoresces bright orange under ultraviolet
(UV) light, allowing for rapid and efficient
visualization of PHA-producing bacteria using
fluorescence microscopy (Doi, 1994; Céanovas et
al., 2021).

The staining procedure involves preparing
bacterial smears on glass slides, heat-fixing them,
and staining with a 1% (w/v) Nile Blue A solution
at 55 °C for 10 minutes. After staining, the slides
are rinsed with tap water and then treated with 8%
acetic acid for one minute to remove excess dye and
enhance specificity. The slides are subsequently
washed, air-dried, and examined under a
fluorescence  microscope at an excitation
wavelength of approximately 460 nm. The bright
orange fluorescence emitted by Nile Blue A-PHA
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complexes facilitates the identification of PHA-
containing cells, distinguishing them from non-
producers (Ostle & Holt, 1982).

Transmission electron microscopy (TEM)

TEM is used as a simple method to visualize PHA
granules. Transmission Electron Microscopy
(TEM) is a powerful tool for examining the
ultrastructure of bacterial cells, including the
intracellular accumulation of
polyhydroxyalkanoate (PHA) granules. The
technique relies on the interaction of a high-voltage
electron beam with an ultra-thin biological
specimen, where different cellular components
absorb or scatter electrons to varying degrees. PHA
granules, being lipid-rich, exhibit lower electron
density than other cellular structures, appearing as
bright, round, or irregular inclusions within the
cytoplasm. Contrast in TEM imaging is enhanced
using heavy metal-based stains, such as osmium
tetroxide, which selectively binds to lipophilic
regions, improving the visualization of PHA
granules against the cellular background. The
transmitted electrons generate an image that is
magnified by electromagnetic lenses and captured
on a fluorescent screen or a digital detector (Beeby
etal., 2012; Jendrossek & Pfeiffer, 2014).

In a typical TEM preparation, PHA-producing
bacterial cells are harvested by centrifugation at
10,000 rpm at room temperature. The resulting
pellets are washed with phosphate-buffered saline
(PBS, pH 7.0) and fixed using glutaraldehyde to
preserve cellular morphology. Samples are
subsequently stained with osmium tetroxide and
uranyl acetate to enhance contrast (Berlanga et al.,
2006). Alternatively, cells may be fixed in 4% (v/v)
glutaraldehyde in 0.1 mol/L sodium cacodylate (pH
7.1) with 0.1% (w/v) Brij 35 (Polyoxyethylene
lauryl ether) followed by post-fixation in 2%
osmium tetroxide and staining with 2% uranyl
acetate in 10% ethanol. The dehydration process is
performed using a graded ethanol series, followed
by embedding in epoxy or araldite resin. Ultra-thin
sections (~50 nm) are cut using a diamond knife,
placed on Formvar-coated copper grids, and
contrasted with an aqueous uranyl acetate solution
before TEM analysis (Van-Thuoc et al., 2012).
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Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a powerful
imaging technique that utilizes a focused electron
beam to scan the surface of a specimen, resulting in
the emission of secondary electrons which are
detected to form high-resolution images.

In typical SEM preparation, PHA-producing
bacterial cells are harvested and washed with
phosphate-buffered saline. Then harvested cells are
fixed in a 3% glutaraldehyde solution overnight.
Excess glutaraldehyde in fixed cells is removed by
washing with PBS and dehydrated in a series of
ethanol (30%, 50%, 70%, 80%, and 100%). The cell
suspension is coated with gold and then observed
using a Scanning Microscope (Pillai et al., 2017).

However, SEM may not capture internal
structures such as PHA granules effectively. To
overcome this, methods like freeze-fracturing are
employed, where cells are rapidly frozen and
fractured, exposing internal components like PHA
granules. This allows for their visualization of the
fractured surface under cryo-SEM (Hrubanova et
al., 2023).

Polymerase Chain Reaction (PCR)

PCR is a molecular biological technique used to
amplify specific DNA sequences, enabling the
detection and identification of microorganisms. In
the context of PHA-producing bacteria, PCR can be
employed to detect the presence of genes involved
in PHA biosynthesis. PHA biosynthesis in bacteria
is primarily controlled by genes encoding PHA
synthase enzymes, such as phaC, which is
responsible for polymerizing hydroxyalkanoates
into PHA granules. Specific primers are designed to
target the phaC gene or other PHA-related genes in
the bacterial genome, allowing the detection of
PHA-producing bacteria through amplification
(Dalal et al., 2010).

PHA Extraction methods

PHA extraction is considered the major cost-
determining factor of PHA production. Chemical,
mechanical, enzymatic, and solvent-based methods
are developed to extract PHA from cells. PHA
recovery methods should be feasible for the
industry. Also, these methods must be sustainable
by avoiding the use of excessive hazardous
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chemicals. Recently, new techniques have been
used to release PHA granules under pressure using
"green solvents," such as ionic liquids, supercritical
solvents, hypotonic cell disintegration, and
switchable anionic surfactants (Koller, 2020). Some
methods are discussed here.

Sodium hypochlorite extraction

Sodium hypochlorite extraction is widely used for
PHA extraction with different modifications. Cells
are harvested by centrifugation, and the pellet is
washed by cold water and cold hexane. After the
drying step to get a constant weight dried pellet is
treated with 30% sodium hypochlorite and
incubated at 30 “C for 1 hour. The pellet obtained
after centrifugation is washed with water, cold
acetone, and ethanol. Extracted PHA was dissolved
in chloroform and boiled at 100 °C for 20 minutes
(Darshan & Nishith, 2014). In one of the modified
methods, the cell pellet is suspended ina 0.01M Tri-
HCI at 7.0 pH, and then samples are freeze-dried.
Freeze-dried samples are digested with a solution of
hypochlorite and chloroform (1:1) at 200 rpm for
1 hour. The organic phase is taken after the
centrifugation, and PHA was precipitated with cold
methanol and dried at 20°C (Blandon et al., 2020).

Acetone extraction of PHA

Medium-chain-length  poly-3-hydroxyalkanoates
(mcl-PHA) were extracted from Pseudomonas
putida using acetone extraction. The biomass was
pre-treated using methanol, and then acetone was
added. The mixture was incubated for 24 hours at
170 rpm at 22+1 °C. Solubilized PHA in acetone
was filtered and residual biomass was washed with
fresh acetone. Both acetone volumes were
combined and rotary evaporated at 50 ‘C. The
combined samples were added to cold methanol
dropwise with vigorous stirring, and the precipitate
was air-dried after filtration ( Jiang et al., 2006).

Extraction using DMSO

Dimethyl sulfoxide (DMSO) is a non-toxic and
aprotic solvent that can dissolve lipophilic
molecules such as PHA. DMSO is used to extract
PHA from Cupriavidus necator. This method does
not require halogenated solvents. Cells are
resuspended in PBS. Aliquots of this cell
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suspension are added to 50 mL of DMSO and
incubated at 70 “C with agitation. Aliquots of cell
suspension are added regularly until maximal
production is achieved. Solubilized PHB can be
precipitated by adding cold ethanol for 160 minutes
at 4 °C (Vizcaino-Caston et al., 2016).

Osmotic cell lysis method

Osmotic cell lysis is a non-chemical approach used
for the extraction of polyhydroxyalkanoates (PHA)
from bacterial cells. The principle relies on
exposing PHA-producing bacterial cells to a
hypotonic environment, typically distilled water,
leading to an influx of water due to osmotic pressure
differences. This causes the cells to swell and
eventually rupture, releasing intracellular PHA
granules. The process is advantageous as it
minimizes the use of harsh chemicals and reduces
environmental impact while maintaining polymer
purity.

In a typical procedure, bacterial cells containing
PHA are harvested through centrifugation and
suspended in distilled water at 5°C for 24 hours.
The prolonged exposure to hypotonic conditions
facilitates cell lysis. The lysed cells are then
centrifuged at 5000 rpm for 30 minutes, and the
resulting pellet, primarily consisting of PHA
granules, is washed multiple times (5-10) with
distilled water to remove cell debris. The purified
pellet is dried at 80°C until a constant weight is
obtained. To further purify the extracted PHA, the
dried sample is dissolved in chloroform, and
undissolved impurities are removed via filtration.
Finally, the chloroform is evaporated at room
temperature, yielding purified PHA (Selvakumar K
etal., 2011).

Extraction using ionic liquids

lonic liquids selectively dissolve non-PHA cellular
components while preserving the integrity of PHA
granules. Unlike conventional organic solvents,
ionic liquids offer advantages such as low volatility,
tunable solubility, and reduced environmental
toxicity, making them an attractive alternative for
sustainable PHA recovery. lonic liquids function by
disrupting bacterial cell membranes through ionic
interactions, leading to the release of intracellular
PHA granules. Depending on the type of ionic
liquid used, the extraction process can be optimized
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to achieve high PHA purity with minimal
degradation (Koller, 2020) 1-ethyl-3-
methylimidazolium diethylphosphate ([C2mim]-
[(C2)2.0P0s]) has been used for extracting PHA
from Halomonas hydrothermalis (Dubey et al.,
2018).

Chemical Digestion for PHA Extraction

Digestion is a safer option for extracting PHA from
cell biomass compared to solvent extraction, which
can be hazardous to the environment when
employed on a large scale. When a cell is lysed, the
membrane-bound PHA granules are loosened, and
the hydrophilic non-PHA cell mass is changed to
form a water-soluble substance through chemical or
enzymatic activity (Koller, 2020). Chemical
Digestion involves the solubilization of non-PHA
cell components using chemicals like cyclic
carbonates, SDS, and hypochlorite. Hypochlorite is
an efficient but not eco-friendly solvent for PHA
extraction. Surfactants like Triton X-100 were used
to treat PHA-containing biomass while using
hypochlorite (Kurian & Das, 2021). Cyclic carbonic
esters (ethylene carbonate and 1,2-propylene
carbonate) are better alternatives for hypochlorite
and can extract PHB moist microbial biomass of
Alcaligenes eutrophus H16. Reusability is a huge
advantage of this solvent (Koller et al., 2013). Also,
Sodium Dodecyl sulfate (SDS) can solubilize non-
PHA cell components. 0.025%-0.2% of SDS
concentration is generally used for PHA extraction.
However, beyond the optimum concentration of
SDS, solubilization of the PHA is caused (Kurian &
Das, 2021). In some studies, alkaline treatment was
used with SDS for the purification of PHA (Jiang et
al., 2015).

Enzymatic Digestion for PHA Extraction

Enzymatic digestion is used as another alternative
option for solvent extraction. However, enzyme
digestion of non-PHA cell components is not yet
cost-efficient due to extended reaction times and
low product purity (Koller, 2020). Proteolytic
enzymes such as alcalase, and cell wall degrading
enzymes like lysozyme are involved in enzymatic
digestion. Heat treatment was given to biological
material before the enzyme digestion, and
chemicals such as SDS and EDTA were used to
complete the digestion (Kathiraser et al., 2007).
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Mechanical disruption of cell

Mechanical methods such as high-pressure
homogenization (HPH), Ultrasonic cell disruption,
bead mills, and the use of air classifiers break the
cell wall by mechanical forces and recover the
intracellular components like PHA (Kurian & Das,
2021). Intracellular medium chain length PHA
produced by Pseudomonas putida was extracted at
a high rate of extraction using an ultrasound-
assisted process. This method uses a mixture of
acetone as a solvent and heptane as a marginal non-
solvent in the medium for extraction with a
sonication frequency of 37 kHz (Ishak et al., 2016).

Supercritical (SC) Fluids

Supercritical (SC) fluids are good solvents that have
low viscosity and high densities. CO- is widely used
as a supercritical fluid due to its low toxicity and
reactivity. Using supercritical CO2, 89% recovery of
PHB was reported using Ralstonia eutropha as the
PHA producer (Hejazi et al., 2003).

Characterization of PHA
UV-Visible Spectroscopy (UV-Vis)

The extracted PHAs were dissolved in chloroform
and UV-Vis scanned from 200-800 nm. It showed a
prominent peak and absorbance at 240 nm. But in
the solvent control, chloroform
there was no absorption at 240 nm. This clearly
showed the existence of the PHA compound in the
isolated sample (Selvakumar K et al.,, 2011).
Crotonic acid assay is another quantification
method of PHA. Crotonic acid forms as a result of
a reaction between PHA and concentrated H.SO, at
100 °C. The presence of crotonic acid is confirmed
by the presence of a peak at 235 nm against sulfuric
blank in UV-Vis spectroscopy (Senthilkumar et al.,
2017; Law & Slepecky, 2024).

Fourier Transform-Infrared Spectroscopy (FT-IR)

FT-IR technique provides information on the
chemical structure of the PHA and its monomeric
units. This method, which requires minimal sample
preparation, can detect the functional groups of
PHA molecules and differentiate between different
types due to its strong carbonyl absorption. In this
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method, about 1 mg extracted sample of PHB was
dissolved in chloroform. After the pellet formed,
KBr was added, and spectra were recorded at 4000
400 cm? range with a resolution of 4 cm®
Absorbance peaks at 1728 cm and 1741 cm are
considered PHA maker bands allocated to carbonyl
C=0 stretches of the ester groups (Getachew &
Woldesenbet, 2016). In pure polymers, intracellular
scl-PHA, mcl-PHA, and scl-mcl-PHA have a
characteristic ester carbonyl band at 1728 cm®,
1740 cm, and 1732 cm?, respectively (Hong et al.,
1999).

Nuclear Magnetic Resonance Spectroscopy (NMR)

The chemical composition of an intact PHA can be
studied by NMR. Also, NMR distinguishes between
PHA blends and PHA copolymers based on their
structure and functional groups. The combination of
'H-NMR and C-NMR allows for a more
comprehensive investigation of polymers. NMR is
widely used for analyzing saturated and unsaturated
PHAs. NMR spectra may identify functional groups
like methane, methylene, and -CH=CH-, whereas
'H-NMR and *C-NMR spectra can reveal
microstructures like 3-hydroxypropionate (3HP)
and 4-hydroxybutyrate - (4HB) (Tan et al., 2014Db).

Raman spectroscopy

Raman spectroscopy provides more information
than IR spectroscopy by examining molecular
structures and interactions of functional groups
(Koller & Rodriguez-Contreras, 2015). A study
suggests Raman spectroscopy as a rapid method to
monitor PHA production and Raman band
intensities at 1734 cm™ to use as a relative value for
the PHB content in bacteria (De Gelder et al., 2008).

Gas Chromatography-Mass Spectrometry (GC-
MS)

Gas Chromatography is an accurate and highly
automated method. Hence, this method is widely
used for PHA detection. Also, it can provide precise
information about the monomeric composition of
polyester with great sensitivity. GC-MS involves
depolymerization of PHA into acids, diols, or esters
before analysis. In early studies, to induce
methanolysis, cells were treated with a solution of
chloroform, methanol, and concentrated sulfuric
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acid before being detected wusing gas
chromatography (Braunegg et al., 1978). In the
present day, modified methods are used. A recent
study reports pyrolysis gas chromatography
combined with mass spectrometry (Py GC/MS), a
rapid analysis method for the determination of PHA
(polyhydroxyalkanoates) contents and their
monomer composition in microbial cells. Using this
method, monomer compositions of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) in
Ralstonia eutropha were correctly determined
based on the peaks of 2-butanoic acid and 2-
pentanoic  acid, which correspond to 3-
hydroxybutyrate (3HB) and 3-hydroxyvalerate
(3HV) in PHBV. According to this study, Py
GC/MS will be a reliable and rapid method for
screening PHA-producing strains (Khang et al.,
2021).

High-Performance
(HPLC)

Liquid  Chromatography

HPLC is an initial assay method, Sulfuric acid is
applied to P(3HB)-accumulating cells at 100°C to
convert P(3HB) to crotonic acid (trans-2-butenoic
acid). The treated samples are then run by HPLC
using a UV detector to quantify absorption at 210
nm because of the bonds of unsaturated crotonic
acid. This approach is highly P(3HB) concentration
measurement is convenient, although it is not
relevant to different PHAs due to PHA monomers
lasting longer than 3HB
not transformed into matching unsaturated fatty
acids (Watanabe et al., 2012). However, modified
and simple HPLC techniques are currently being
developed. One study, alkaline digestion, was done
before HPLC. Due to the alkaline digestion, 3-
hydroxybutyrate (3-HB) units were converted into
crotonic acid and 3-hydroxyvalerate (3-HV) units
into 2-pentanoate. After the treatment of sulphuric
acid, HPLC was conducted. This method is reported
as a cost-efficient, simple, and environmentally
friendly method (Duvigneau et al., 2021).

Conclusion
Polyhydroxyalkanoates (PHAS) produced by
halophiles  offer  significant  potential as

biodegradable and eco-friendly alternatives to
petroleum-based  plastics. The phylogenetic
diversity of halophiles, extending both bacteria and
archaea, presents a prime resource for sustainable

PHA production. Halophiles exhibit unique
metabolic pathways that make them more suited for
industrial biotechnology applications. Moreover,
halophiles show a promising yield of PHA utilizing
low-cost substrates, which could be economically
beneficial for large-scale PHA production. Also, the
development of efficient detection, extraction, and
characterization techniques for PHA production is
critical for cost reduction and optimization of PHA
yield. Further research should focus on novel
organisms from untouched environments for
efficient PHA production, improving the scalability
of PHA production by presenting halophiles,
understanding the regulatory mechanisms to control
PHA biosynthesis, and exploring novel substrates
for more cost-effective processes. PHA-producing
halophiles can pave the way for innovative
solutions to the global plastic waste crisis.

Abbreviations

CDW- Cell Dry Weight

C/N - Carbon Nitrogen ratio
EPS - Extracellular polymeric substance
PHB - Polyhydroxybutyrate

PHBV — Poly (3-hydroxybutyrate-co-3-hydrox yvalerate)
Funding

This research is funded by the University of
Kelaniya research grant RP/03/02/03/02/2023

Conflicts of interest

The authors declare that there are no conflicts of
interest.

Author Contributions

K.V.D.K.R. Vithana contributed to the planning,
gathering of data and information, and writing of
the original draft and editing.

.V.N. Rathnayake contributed to
conceptualization, selecting the review topic,
planning, funding acquisition, project

administration, review, and editing.
References

Abdallah, M. Ben, Karray, F., & Sayadi, S. (2020).
Production of polyhydroxyalkanoates by two
halophilic archaeal isolates from Chott El Jerid
using inexpensive carbon sources.

96



K.V.D.K.R. Vithana & I.V.N. Rathnayake

Biomolecules,
/biom10010109

Al-Daghistani, H. I., Zein, S., & Abbas, M. A.
(2024). Microbial communities in the Dead Sea
and their potential biotechnological
applications. Communicative & Integrative
Biology, 17(1). https://doi.org/10.1080/19420
889.2024.2369782

10(1). https://doi.org/10.3390

Anderson, A. J, & Dawes, E. A. (1990).
Occurrence, Metabolism, Metabolic Role, and
Industrial Uses of Bacterial

Polyhydroxyalkanoates. Microbiological
Reviews (54, 4). https://journals.asm.org/jour
nal/mr

Aruna, K. (2017). Screening of
polyhydroxyalkonates (PHA) accumulating
bacteria from diverse habitats https://do
i.0rg/10.13140/RG.2.2.29966.72005

Beeby, M., Cho, M., Stubbe, J., & Jensen, G. J.
(2012). Growth  and localization  of
polyhydroxybutyrate granules in Ralstonia
eutropha. Journal of Bacteriology, 194(5),
1092-1099. https://doi.org/10.1128/JB.06125-
11

Berlanga, M., Montero, M. T., Hernandez-Borrell,
J, & Guerrero, R. (2006). Rapid
spectrofluorometric screening of
polyhydroxyalkanoate-producing bacteria from
microbial mats. International Microbiology,
9(2), 95-102 https://www.researchgate.net/publ
ication/6949419

Bhattacharyya, A., Pramanik, A., Maji, S. K.,
Haldar, S., Mukhopadhyay, U. K., &
Mukherjee, J. (2012). Utilization of vinasse for
production of  poly-3-(hydroxybutyrate-co-
hydroxyvalerate) by Haloferax mediterranei.
AMB  Express, 2(1). https://doi.org/10.11
86/2191-0855-2-34

Bhattacharyya, A., Saha, J., Haldar, S., Bhowmic,
A., Mukhopadhyay, U. K., & Mukherjee, J.
(2014). Production of poly-3-(hydroxybutyrate-
co-hydroxyvalerate) by Haloferax mediterranei
using rice-based ethanol stillage with
simultaneous recovery and re-use of medium
salts.  Extremophiles,  18(2), 463-470.
https://doi.org/10.1007/s00792-013-0622-9

Blandén, L., Alvarado-Campo, K. L., Patifio, A. D.,
Jiménez-Vergara, E., Quintero, M., Montoya-
Giraldo, M., Jutinico-Shubach, L. M., Santos-
Acevedo, M., & GOmez-Lebn, J. (2020).
Polyhydroxyalkanoate Production from Two

Species of Marine Bacteria: A Comparative
Study. Journal of Polymers and the
Environment, 28(9), 2324-2334. https://doi.org/
10.1007/s10924-020-01770-3

Boyandin, A. N., Prudnikova, S. V., Karpov, V. A,
Ivonin, V. N, D§, N. L., Nguyén, T. H., L¢, T.
M. H., Filichev, N. L., Levin, A. L., Filipenko,
M. L., Volova, T. G., & Gitelson, I. I. (2013).

Microbial degradation of
polyhydroxyalkanoates in  tropical soils.
International Biodeterioration and

Biodegradation, 83, 77-84. https://doi.org/10
.1016/j.ibiod.2013.04.014

Braunegg, G., Sonnleimer, B., & Lafferty, R. M.
(1978). A Rapid Gas Chromatographic Method
for the Determination of Poly-~-hydroxybutyric
Acid in Microbial Biomass. In European J.
Appl. Microbiol. Biotechnol (Vol. 6).

Bugnicourt, E., Cinelli, P., Lazzeri, A., & Alvarez,
V. (2014). Polyhydroxyalkanoate (PHA):
Review of synthesis, characteristics, processing
and potential applications in packaging. Express
Polymer Letters, 8(11), 791-808. https://doi.org
/10.3144/expresspolymlett.2014.82

Burdon, K. L. (1946). Fatty material in bacteria and
fungi revealed by staining dried, fixed slide
preparations. Journal of Bacteriology, 52(6),
665-678. https://doi.org/10.1128/jb.52.6.665-
678.1946

Cai,S.,,Wu, Y., Li, Y., Yang, S., Liu, Z.,,Ma, Y., Lv,
J., Shao, Y., Jia, H., Zhao, Y., & Cai, L. (2021).
Production of polyhydroxyalkanoates in
unsterilized hyper-saline medium by halophiles
using waste silkworm excrement as carbon
source. Molecules, 26(23). https://doi.org/
10.3390/molecules26237122

Canovas, V., Garcia-Chumillas, S., Monz6, F.,
Sim6-Cabrera, L., Fernandezayuso, C., Pire, C.,
& Martinez-Espinosa, R. M. (2021). Analysis of
polyhydroxyalkanoates granules in Haloferax
mediterranei by double-fluorescence staining
with nile red and SYBR green by confocal
fluorescence microscopy. Polymers, 13(10).
https://doi.org/10.3390/polym13101582

Cervantes-Uc, J. M., Catzin, J., Vargas, I., Herrera-
Kao, W., Moguel, F., Ramirez-Benitez, J. E.,
Rincén-Arriaga, S., & Lizama-Uc, G. (2014).
Biosynthesis  and characterization of
polyhydroxyalkanoates produced by an extreme
halophilic bacterium, Halomonas nitroreducens,
isolated from hypersaline ponds. Journal of

97



K.V.D.K.R. Vithana & I.V.N. Rathnayake

Applied Microbiology, 117(4), 1056-1065.
https://doi.org/10.1111/jam.12605

Chavan, S., Yadav, B., Tyagi, R. D., & Drogui, P.
(2021). A review on production of
polyhydroxyalkanoate (PHA) biopolyesters by
thermophilic microbes using waste feedstocks.
In Bioresource Technology (Vol. 341). Elsevier
Ltd. https://doi.org/10.1016/j.biortech.2021
125900

Chen, C. W,, Don, T. M., & Yen, H. F. (2006).
Enzymatic extruded starch as a carbon source
for the production of poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) by Haloferax
mediterranei. Process Biochemistry, 41(11),
2289-2296. https://doi.org/10.1016/j.procbio.
2006.05.026

Cristea, A., Baricz, A., Leopold, N., Floare, C. G.,
Borodi, G., Kacso, I., Tripon, S., Bulzu, P. A.,
Andrei, A., Cadar, O., Levei, E. A., & Banciu,
H. L. (2018a). Polyhydroxybutyrate production
by an extremely halotolerant Halomonas
elongata strain isolated from the hypersaline
meromictic Fara Fund Lake (Transylvanian
Basin, Romania). Journal of Applied
Microbiology, 125(5), 1343-1357. https://doi.
0rg/10.1111/jam.14029

Cui, Y. W,, Gong, X. Y., Shi, Y. P., & Wang, Z.
(2017). Salinity effect on production of PHA and
EPS by: Haloferax mediterranei. RSC
Advances, 7(84), 53587-53595.
https://doi.org/10.103 9/c7ra09652f

Cui, Y.W,, Shi, Y. P., & Gong, X. Y. (2017). Effects
of C/N in the substrate on the simultaneous
production of polyhydroxyalkanoates and
extracellular polymeric substances by Haloferax
mediterranei via kinetic model analysis. RSC
Advances, 7(31), 18953-18961. https://doi.or
0/10.1039/c7ra02131c

Dalal, J., Sarma, P. M., Lavania, M., Mandal, A. K.,
& Lal, B. (2010). Evaluation of bacterial strains

isolated from oil-contaminated soil for
production of polyhydroxyalkanoic acids
(PHA). Pedobiologia, 54(1), 25-30.

https://doi.org/10.1016/j.pedobi.2010.08.004
Danis, O., Ogan, A., Tatlican, P., Attar, A,
Cakmakci, E., Mertoglu, B., & Birbir, M.
(2015). Preparation of poly(3-hydroxybutyrate-
co-hydroxyvalerate) films from halophilic
archaea and their potential use in drug delivery.
Extremophiles, 19(2), 515-524. https://doi.org/
10.1007/s00792-015-0735-4

Darshan, M., & Nishith, D. (2014). Recovery and
characterization of poly(3-Hydroxybutyric acid)
synthesized in Staphylococcus epidermidis.
African Journal of Environmental Science and
Technology, 8(6), 319-329. https://doi.org/
10.5897/ajest2014.1645

DasSarma, S., & DasSarma, P. (2015). Halophiles
and their enzymes: Negativity put to good use.
In Current Opinion in Microbiology (Vol. 25,
pp. 120-126). Elsevier Ltd. https://doi.org
/10.1016/j.mib.2015.05.009

De Gelder, J., Willemse-Erix, D., Scholtes, M. J.,
Sanchez, J. I., Maguelin, K., Vandenabeele, P.,
De Boever, P., Puppels, G. J., Moens, L., & De
Vos, P. (2008). Monitoring  poly(3-
hydroxybutyrate) production in Cupriavidus
necator DSM 428 (H16) with Raman
spectroscopy. Analytical Chemistry, 80(6),
2155-2160. https://doi.org/10.1021/ac702185d

Kitamura, S., & Doi, Y. (1994). Staining method of
poly(3-hydroxyalkanoic  acids)  producing
bacteria by Nile blue. Biotechnology
Techniques, 8(5), 345-350. https://doi.org/
10.1007/BF02428979

Dubey, S., Bharmoria, P., Gehlot, P. S., Agrawal, V.,
Kumar, A., & Mishra, S. (2018). 1-Ethyl-3-
methylimidazolium Diethylphosphate Based
Extraction of Bioplastic
“polyhydroxyalkanoates” from Bacteria: Green
and Sustainable Approach. ACS Sustainable
Chemistry and Engineering, 6(1), 766-773.
https://doi.org/10.1021/acssuschemeng.7b0309
6

Dubey, S., & Mishra, S. (2021). Efficient Production
of Polyhydroxyalkanoate Through Halophilic
Bacteria Utilizing Algal Biodiesel Waste

Residue. Frontiers in Bioengineering and
Biotechnology, 9.  https://doi.org/10.3389
/fbioe.2021.624859

Duvigneau, S., Kettner, A., Carius, L., Griehl, C.,
Findeisen, R., & Kienle, A. (2021). Fast,
inexpensive, and reliable HPLC method to
determine  monomer fractions in poly(3-
hydroxybutyrate-co-3-hydroxyvalerate).
Applied Microbiology and Biotechnology,
105(11), 4743-4749. https://doi.org/10.1007
/s00253-021-11265-3

El-malek, F. A, Farag, A., Omar, S., & Khairy, H.
(2020). Polyhydroxyalkanoates (PHA) from
Halomonas pacifica ASL10 and Halomonas
salifodiane ASL11 isolated from Mariout salt

98



K.V.D.K.R. Vithana & I.V.N. Rathnayake

lakes. International Journal of Biological
Macromolecules, 161, 1318-1328.
https://doi.org/10.1016/j.ijbiomac.2020.07.258
Fernandez-Castillo, R., Rodriguez-Valera, F.,
Gonzalez-Ramos, J., & Ruiz-Berraquero’, F.
(1986). Accumulation of Poly(Q-
Hydroxybutyrate) by Halobacteria. In Applied
And Environmental Microbiology 51(1) 214-
216. https://journals.asm.org/journal/aem
Ferre-Guell, A., & Winterburn, J. (2019). Increased
production of polyhydroxyalkanoates with
controllable composition and consistent material
properties by  fed-batch  fermentation.
Biochemical Engineering Journal, 141, 35-42.
https://doi.org/10.1016/j.bej.2018.10.004
Fukui, T., Shiomi, N., & Doi, Y. (1998). Expression
and Characterization of (R)-Specific Enoyl
Coenzyme A  Hydratase Involved in
Polyhydroxyalkanoate Biosynthesis by
Aeromonas caviae. In Journal of Bacteriology
180(3).667-673. https://journals.asm.org/journ
al/jb
Ganesh Saratale, R., Cho, S. K., Dattatraya Saratale,
G., Kadam, A. A., Ghodake, G. S., Kumar, M.,
Naresh Bharagava, R., Kumar, G., Su Kim, D.,
Mulla, S. I., & Seung Shin, H. (2021). A
comprehensive overview and recent advances
on polyhydroxyalkanoates (PHA) production
using various organic waste streams. (In
Bioresource Technology Vol. 325). Elsevier

Ltd. https://doi.org/10.1016/j.biortech.2021.
124685

Getachew, A., & Woldesenbet, F. (2016).
Production of biodegradable plastic by

polyhydroxybutyrate  (PHB) accumulating
bacteria using low cost agricultural waste
material. BMC Research Notes, 9(1), 1-9.
https://doi.org/10.1186/s13104-016-2321-y

Hagagy, N., Saddig, A. A., Tag, H. M., Selim, S.,
AbdElgawad, H., & Martinez-Espinosa, R. M.
(2022). Characterization of
Polyhydroxybutyrate, PHB, Synthesized by
Newly Isolated Haloarchaea Halolamina spp.
Molecules, 27(21). https://doi.org/10.3390
/molecules27217366

Hejazi, P., Vasheghani-Farahani, E., & Yamini, Y.
(2003). Supercritical Fluid Disruption of
Ralstonia eutropha for Poly(B-hydroxybutyrate)
Recovery. Biotechnology Progress, 19(5),
1519-1523. https://doi.org/10.1021/bp034010q

Hezayen, F. F., Gutiérrez, M. C., Steinblichel, A.,
Tindall, B. J., & Rehm, B. H. A. (2010).
Halopiger aswanensis sp. nov., a polymer-
producing and extremely halophilic archaeon
isolated from hypersaline soil. International
Journal of Systematic and Evolutionary
Microbiology, 60(3), 633-637. https://doi.org/
10.1099/ijs.0.013078-0

Hezayen, F. F., Rehm, B. H. A., Eberhardt, R., &
Steinbue, A. (2000). Polymer production by two
newly isolated extremely halophilic archaea:
application of a novel corrosion-resistant
bioreactor.

Hoffmann, N., Amara, A. A., Beermann, B. B., Qi,
N., Hinz, H. J.,, & Rehm, B. H. A. (2002).
Biochemical characterization of  the
Pseudomonas putida 3-hydroxyacyl ACP:CoA
transacylase, which diverts intermediates of
fatty acid de novo biosynthesis. Journal of
Biological Chemistry, 277(45), 42926-42936.
https://doi.org/10.1074/jbc.M207821200

Hong, J. W., Song, H. S., Moon, Y. M., Hong, Y. G,,
Bhatia, S. K., Jung, H. R., Choi, T. R., Yang, S.
yeon, Park, H. Y., Choi, Y. K., & Yang, Y. H.
(2019). Polyhydroxybutyrate production in
halophilic marine bacteria Vibrio proteolyticus
isolated from the Korean peninsula. Bioprocess
and Biosystems Engineering, 42(4), 603-610.
https://doi.org/10.1007/s00449-018-02066-6

Hong, K., Sun, S., Tian, W., Chen, G. Q., & Huang,
W. (1999). A rapid method for detecting
bacterial polyhydroxyalkanoates in intact cells
by Fourier transform infrared spectroscopy.

Hrubanova, K., Sikorova, P., Mrazova, K.,
Nebesarova, J., Obruca, S., & Krzyzanek, V.
(2023). Morphological Study of PHA Producing
Bacteria. Microscopy and Microanalysis : The
Official Journal of Microscopy Society of
America, Microbeam Analysis  Society,
Microscopical Society of Canada, 29(1), 883-
884, https://doi.org/10.1093/micmic/ozad06
7.436

Ishak, K. A., Annuar, M. S. M., Heidelberg, T., &
Gumel, A. M. (2016). Ultrasound-Assisted
Rapid Extraction of Bacterial Intracellular
Medium-Chain-Length Poly(3-Hydroxyal
kanoates) (mcl-PHAs) in Medium Mixture of
Solvent/Marginal Non-solvent. Arabian Journal
for Science and Engineering, 41(1), 33-44.
https://doi.org/10.1007/s13369-015-1833-4

99



K.V.D.K.R. Vithana & I.V.N. Rathnayake

Jendrossek, D., & Pfeiffer, D. (2014). New insights
in the formation of polyhydroxyalkanoate
granules (carbonosomes) and novel functions of
poly(3-hydroxybutyrate). In  Environmental
Microbiology. 16(8).2357-2373). Blackwell
Publishing Ltd. https://doi.org/10.1111/1462-
2920.12356

Jiang, X., Ramsay, J. A., & Ramsay, B. A. (2006).
Acetone extraction of mcl-PHA from
Pseudomonas putida KT2440. Journal of
Microbiological Methods, 67(2), 212-219.
https://doi.org/10.1016/j.mimet.2006.03.015

Jiang, Y., Mikova, G., Kleerebezem, R., van der
Wielen, L. A. M., & Cuellar, M. C. (2015).
Feasibility study of an alkaline-based chemical
treatment  for  the purification of
polyhydroxybutyrate produced by a mixed
enriched culture. AMB  Express, 5(1).
https://doi.org/10.1186/s13568-015-0096-5

Karray, F., Ben Abdallah, M., Baccar, N., Zaghden,
H., & Sayadi, S. (2021). Production of Poly(3-
Hydroxybutyrate) by Haloarcula, Halorubrum,
and Natrinema Haloarchaeal Genera Using
Starch as a Carbon Source. Archaea, 2021.
https://doi.org/10.1155/2021/8888712

Kathiraser, Y., Aroua, M. K., Ramachandran, K. B.,
& Tan, I. K. P. (2007). Chemical
characterization  of  medium-chain-length
polyhydroxyalkanoates (PHAS) recovered by
enzymatic treatment and ultrafiltration. Journal
of Chemical Technology and Biotechnology,
82(9), 847-855. https://doi.org/10.1002/jctb.
1751

Kemavongse, K., Prasertsan, P., Upaichit, A., &
Methacanon, P. (2008). Poly-B-
hydroxyalkanoate production by halotolerant
Rhodobacter sphaeroides U7. World Journal of
Microbiology and Biotechnology, 24(10), 2073-
2085. https://doi.org/10.1007/s11274-008-971
2-8

Khang, T. U., Kim, M. J,, Yoo, J. I., Sohn, Y. J.,
Jeon, S. G., Park, S.J., & Na, J. G. (2021). Rapid
analysis of polyhydroxyalkanoate contents and
its monomer compositions by pyrolysis-gas
chromatography ~ combined  with  mass
spectrometry  (Py-GC/MS).  International
Journal of Biological Macromolecules, 174,
449-456. https://doi.org/10.1016/j.ijbiomac.2
021.01.108

Khomlaem, C., Aloui, H., & Kim, B. S. (2021).
Biosynthesis of polyhydroxyalkanoates from

defatted Chlorella biomass as an inexpensive
substrate. Applied Sciences (Switzerland), 11(3),
1-11. https://doi.org/10.3390/app11031094

Kirk, R. G., & Ginzburg, M. (1972). U Itrostructure
of Two Species of Holobacterium.

Koller, M. (2020). Established and advanced
approaches for recovery of microbial
polyhydroxyalkanoate (PHA) biopolyesters
from surrounding microbial biomass. In
Eurobiotech Journal. 4 (3).113-126. De Gruyter
Open Ltd. https://doi.org/10.2478/ebtj-2020-
0013

Koller, M., Niebelschitz, H., & Braunegg, G.
(2013). Strategies for recovery and purification
of  poly[(R)-3-hydroxyalkanoates]  (PHA)
biopolyesters from surrounding biomass. In
Engineering in Life Sciences (Vol. 13, Issue 6,
pp. 549-562). https://doi.org/10.1002/elsc.20
1300021

Koller, M., & Rodriguez-Contreras, A. (2015).
Techniques for tracing PHA-producing
organisms and for qualitative and quantitative
analysis of intra- and extracellular PHA. In
Engineering in Life Sciences (Vol. 15, Issue 6,
pp. 558-581). Wiley-VCH Verlag. https://doi.
0rg/10.1002/elsc.201400228

Kourilova, X., Novackova, I., Koller, M., & Obruca,

S. (2021). Evaluation of mesophilic
Burkholderia sacchari, thermophilic
Schlegelella thermodepolymerans and
halophilic Halomonas halophila for

polyhydroxyalkanoates production on model
media mimicking lignocellulose hydrolysates.
Bioresource Technology, 325. https://doi.org
/10.1016/j.biortech.2021.124704

Kucera, D., Pernicova, I., Kovalcik, A., Koller, M.,

Mullerova, L., Sedlacek, P., Mravec, F.,
Nebesarova, J., Kalina, M., Marova, I,
Krzyzanek, V., & Obruca, S. (2018).

Characterization of the promising poly(3-
hydroxybutyrate) producing halophilic
bacterium Halomonas halophila. Bioresource
Technology, 256, 552-556. https://doi.org
/10.1016/j.biortech.2018.02.062

Kulkarni, S. O., Kanekar, P. P., Nilegaonkar, S. S.,
Sarnaik, S. S., & Jog, J. P. (2010). Production
and characterization of a biodegradable poly
(hydroxybutyrate-co-hydroxyvalerate) (PHB-
co-PHV) copolymer by moderately
haloalkalitolerant Halomonas campisalis MCM
B-1027 isolated from Lonar Lake, India.

100



K.V.D.K.R. Vithana & I.V.N. Rathnayake

Bioresource Technology, 101(24), 9765-9771.
https://doi.org/10.1016/j.biortech.2010.07.089
Kurian, N. S., & Das, B. (2021). Comparative
analysis of various extraction processes based
on economy, eco-friendly, purity and recovery
of polyhydroxyalkanoate: A review. In
International Journal of Biological
Macromolecules (Vol. 183, pp. 1881-1890).
Elsevier B.V. https://doi.org/10.1016/j.ijbiomac

.2021.06.007

Law, J. H., & Slepecky, R. A. (2024). Assay of Poly-
13-Hydroxybutyric Acid. https://journals.asm.
org/journal/jb

Lee, S. Y. (1995).
ydroxyalkanoates.

Madern, D., Ebel, C., & Zaccai, G. (2000).
Halophilic adaptation of enzymes.
Extremophiles (2000) 4:91-98

Mandragutti, T., Jarso, T. S., Godi, S., Begum, S. S.,
& K, B. (2024). Physicochemical
characterization of polyhydroxybutyrate (PHB)
produced by the rare halophile Brachybacterium
paraconglomeratum MTCC 13074. Microbial
Cell  Factories, 23(1). https://doi.org/1
0.1186/s12934-024-02324-1

Manikandan, P., & Senthilkumar, P. K. (2017). An
overview of saltpan halophilic bacterium.
International Journal of Biology Research, 2,
28-33.

Martinez, G. M., Pire, C., & Martinez-Espinosa, R.
M. (2022). Hypersaline environments as natural
sources of microbes with potential applications
in biotechnology: The case of solar evaporation
systems to produce salt in Alicante County
(Spain). In Current Research in Microbial
Sciences (Vol. 3). Elsevier Ltd. https://doi.org
/10.1016/j.crmicr.2022.100136

Masood, F., Yasin, T., & Hameed, A. (2014).
Comparative oxo-biodegradation study of poly-
3-hydroxybutyrate-co-3-
hydroxyvalerate/polypropylene blend in
controlled environments. International
Biodeterioration and Biodegradation, 87, 1-8.
https://doi.org/10.1016/j.ibiod.2013.09.023

Mata, J. A., Martinez-Canovas, J., Quesada, E., &
Béjar, V. (2002). A Detailed Phenotypic
Characterisation of the Type Strains of
Halomonas Species. In System. Appl. Microbiol
(Vol. 25, pp. 360-375). http://www.urbanfisc
her.de/journals/sam

Review Bacterial Polyb

Meereboer, K. W., Misra, M., & Mohanty, A. K.
(2020). Review of recent advances in the
biodegradability = of  polyhydroxyalkanoate
(PHA) bioplastics and their composites. In
Green Chemistry (Vol. 22, Issue 17, pp. 5519—
5558). Royal Society of  Chemistry.
https://doi.org/10.1039/d0gc01647k

Mitra, R., Xu, T., Xiang, H., & Han, J. (2020).
Current developments on
polyhydroxyalkanoates synthesis by using
halophiles as a promising cell factory. In
Microbial Cell Factories (Vol. 19, Issue 1).
BioMed Central Ltd. https://doi.org/10.1
186/s12934-020-01342-z

Muigano, M. N., Anami, S. E., Onguso, J. M., &
Mauti, G. O. (2024). Optimized Poly(3-
hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) Production by Moderately
Haloalkaliphilic Bacterium Halomonas
alkalicola Ext. International Journal of Polymer
Science, 2024. https://doi.org/10.1155/2024 /66
67843

Mukhtar, S., Salma, M., Abdulla, M. K., & Samina,
M. (2020). Osmoadaptation in halophilic
bacteria and archaea. In Article in Research
Journal of Biotechnology (Vol. 15, Issue 5).
https://www.researchgate.net/publication/34188
1730

Multturi, S., Sahai, V., & Bisaria, V. S. (2017). Fed-
batch cultivation for high density culture of
Pseudomonas spp. for bioinoculant preparation.
In Modern Tools and Technigues to Understand
Microbes (pp. 381-400). Springer International
Publishing. https://doi.org/10.1007/978-3-319-
49197-4 24

Obruca, S., Sedlacek, P., Slaninova, E., Fritz, |.,
Daffert, C., Meixner, K., Sedrlova, Z., & Koller,
M. (2020). Novel unexpected functions of PHA
granules. In Applied Microbiology and
Biotechnology (Vol. 104, Issue 11, pp. 4795-
4810). Springer. https://doi.org/10.1007/s0025
3-020-10568-1

Oliveira-Filho, E. R, Silva, J. G. P., de Macedo, M.
A., Taciro, M. K., Gomez, J. G. C., & Silva, L.
F. (2020). Investigating nutrient limitation role
on improvement of growth and poly(3-
hydroxybutyrate) accumulation by Burkholderia
sacchari LMG 19450 from xylose as the sole
carbon source. Frontiers in Bioengineering and
Biotechnology, 7, 416. https://doi.org/10.3389
/fbioe.2019.004160ren, A. (2002). Diversity of

101



K.V.D.K.R. Vithana & I.V.N. Rathnayake

halophilic
phylogeny,

microorganisms:  Environments,

physiology, and applications.
Journal of Industrial Microbiology and
Biotechnology, 28(1), 56-63.
https://doi.org/10.1038/sj/ jim/7000176

Ostle, A. G., & Holt, J. G. (1982). Nile Blue A as a
Fluorescent Stain for Poly-3-Hydroxybutyrate.
Applied and Environmental Microbiology.
44(1),238-241.

Padermshoke, A., Katsumoto, Y., Sato, H., Ekgasit,
S., Noda, I., & Ozaki, Y. (2005). Melting
behaviour of poly(3-hydroxybutyrate)
investigated by two-dimensional infrared
correlation spectroscopy. Spectrochimica Acta -

Part A: Molecular and Biomolecular
Spectroscopy, 61(4), 541-550. https://doi.org/
10.1016/j.saa.2004.05.004

Pastor, J. M., Bernal, V., Salvador, M., Argandofia,
M., Vargas, C., Csonka, L., Sevilla, A., Iborra,
J. L., Nieto, J. J., & Cénovas, M. (2013). Role of
central metabolism in the osmoadaptation of the
halophilic ~ bacterium Chromohalobacter
salexigens. Journal of Biological Chemistry,
288(24), 17769-17781.  https://doi.org/10
.1074/jbc.M113.470567

Pernicova, I., Kucera, D., Nebesarova, J., Kalina,
M., Novackova, I., Koller, M., & Obruca, S.
(2019). Production of polyhydroxyalkanoates on
waste frying oil employing selected Halomonas
strains.  Bioresource  Technology, 292.
https://doi.org/10.1016/j.biortech.2019.122028

Pernicova, |., Kucera, D., Novackova, I., VVodicka,
J., Kovalcik, A., & Obruca, S. (2019).
Extremophiles — Platform strains for sustainable
production of polyhydroxyalkanoates. Materials
Science  Forum, 955 MSF,  74-79.
https://doi.org/10.4028/www.scientific.net/MS
F.955.74

Pillai, A. B., Kumar, A. J.,, Thulasi, K., &
Kumarapillai, H. (2017). Evaluation of short-
chain-length polyhydroxyalkanoate
accumulation in Bacillus aryabhattai. Brazilian
Journal of Microbiology, 48(3), 451-460.
https://doi.org/10.1016/j.bjm.2017.01.005

Poli, A., Donato, P. Di, Abbamondi, G. R., &
Nicolaus, B. (2011). Synthesis, production, and
biotechnological applications of
exopolysaccharides and polyhydroxyalkanoates
by Archaea. In Archaea (Vol. 2011).
https://doi.org/10.1155/2011/693253

Porras, M. A., Villar, M. A., & Cubitto, M. A.
(2018). Improved intracellular PHA
determinations with novel spectrophotometric
quantification methodologies based on Sudan
black dye. Journal of Microbiological Methods,

148, 1-11. https://doi.org/10.1016/j.mimet.
2018.03.008
Pramanik, A., Mitra, A., Arumugam, M.,

Bhattacharyya, A., Sadhukhan, S., Ray, A.,
Haldar, S., Mukhopadhyay, U. K., &
Mukherjee, J. (2012). Utilization of vinasse for
the production of polyhydroxybutyrate by
Haloarcula marismortui. Folia Microbiologica,
57(1), 71-79. https://doi.org/10.1007/s12223-
011-0092-3

Purdy, K. J., Cresswell-Maynard, T. D., Nedwell, D.
B., McGenity, T. J., Grant, W. D., Timmis, K.
N., & Embley, T. M. (2004). Isolation of
haloarchaea that grow at low salinities.
Environmental Microbiology, 6(6), 591-595.
https://doi.org/10.1111/j.1462-2920.2004.0059
2.X

Quillaguaman, J., Delgado, O., Mattiasson, B., &
Hatti-Kaul, R. (2006). Poly(B-hydroxybutyrate)
production by a moderate halophile, Halomonas
boliviensis LC1. Enzyme and Microbial
Technology, 38(1-2), 148-154. https://doi
.0rg/10.1016/j.enzmictec.2005.05.013

Quillaguaman, J., Guzmaén, H., Van-Thuoc, D., &
Hatti-Kaul, R. (2010). Synthesis and production
of polyhydroxyalkanoates by halophiles:
Current potential and future prospects. In
Applied Microbiology and Biotechnology (Vol.
85, Issue 6, pp. 1687-1696). https://doi.org/
10.1007/s00253-009-2397-6

Rai, R., Keshavarz, T., Roether, J. A., Boccaccini,
A. R, & Roy, I. (2011). Medium chain length
polyhydroxyalkanoates, promising new
biomedical materials for the future. In Materials
Science and Engineering R: Reports (Vol. 72,
Issue 3, pp. 29-47). Elsevier Ltd. https://doi.org
/10.1016/j.mser.2010.11.002

Rathakrishnan, D., & Gopalan, A. K. (2022).
Isolation and characterization of halophilic
isolates from Indian salterns and their screening
for production of hydrolytic enzymes.
Environmental Challenges, 6. https://doi.org/1
0.1016/j.envc.2021.100426

Rodge, S. P., Dhanavade, M. J., Kajale, S. C., &
Patil, N. P. (2023). A polyhydroxyalkanoate
synthesised by halophilic archaeon Natrialba

102



K.V.D.K.R. Vithana & I.V.N. Rathnayake

swarupiae. Environmental Science: Advances,
2(7), 990-1000. https://doi.org/10.1039/d3va
00091e

Romero Soto, L., Thabet, H., Maghembe, R.,
Gameiro, D., Van-Thuoc, D., Dishisha, T., &
Hatti-Kaul, R. (2021). Metabolic potential of the
moderate halophile Yangia sp. ND199 for co-
production of polyhydroxyalkanoates and
exopolysaccharides. Microbiology Open, 10(1).
https://doi.org/10.1002/mb03.1160

Salgaonkar, B. B., & Braganca, J. M. (2017).
Utilization of sugarcane bagasse by
Halogeometricum borinquense strain e3 for
biosynthesis of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate). Bioengineering, 4(2).
https://doi.org/10.3390/bioengineering4020050

Salgaonkar, B. B., Mani, K., & Braganga, J. M.
(2013a). Accumulation of
polyhydroxyalkanoates by halophilic archaea
isolated from traditional solar salterns of India.
Extremophiles, 17(5), 787-795. https://doi.or
9/10.1007/s00792-013-0561-5

Salgaonkar, B. B., Mani, K., & Braganca, J. M.
(2013b). Characterization of
polyhydroxyalkanoates accumulated by a
moderately halophilic salt pan isolate Bacillus
megaterium strain H16. Journal of Applied
Microbiology, 114(5), 1347-1356. https://
doi.org/10.1111/jam.12135

Sawant, S. S., Salunke, B. K., & Kim, B. S. (2015).
Degradation of corn stover by fungal cellulase
cocktail for production of
polyhydroxyalkanoates by moderate halophile
Paracoccus sp. LL1. Bioresource Technology,

194, 247-255. https://doi.org/10.1016/j.bi
ortech.2015.07.019
Sehgal, R., &  Gupta, R. (2020a).
Polyhydroxyalkanoate and its efficient

production: an eco-friendly approach towards
development. In 3 Biotech (Vol. 10, Issue 12).
Springer Science and Business Media
Deutschland GmbH. https://doi.org/10.1007/s
1320 5-02 0-02550-5

Sehgal, R., &  Gupta, R. (2020D).
Polyhydroxyalkanoate and its  efficient
production: an eco-friendly approach towards
development. In 3 Biotech (Vol. 10, Issue 12).
Springer  Science and Business Media
Deutschland GmbH. https://doi.org/10.1007/s13
205-020-02550-5

Selvakumar K, Srinivasan G, Baskar V, & Madhan
R. (2011). Production and isolation of
polyhydroxyalkanoates = from  Haloarcula
marismortui MTCC 1596 using cost effective
osmotic lysis methodology. In European
Journal of Experimental Biology (Vol. 1, Issue
3). www.pelagiaresearchlibrary.com

Senthilkumar, P., Dawn, S. S., Sree Samanvitha, K.,
Sanjay Kumar, S., Narendra Kumar, G., &
Samrot, A. V. (2017). Optimization and
characterization of poly[R]hydroxyalkanoate of
Pseudomonas aeruginosa SU-1 to utilize in
nanoparticle synthesis for curcumin delivery.
Biocatalysis and Agricultural Biotechnology,
12, 292-298. https://doi.org/10.1016/j.bcab.20
17.10.019

Sharma, P. K., Munir, R. I., Blunt, W., Dartiailh, C.,
Cheng, J., Charles, T. C., & Levin, D. B. (2017).
Synthesis and  physical  properties  of
polyhydroxyalkanoate polymers with different
monomer  compositions by  recombinant
Pseudomonas putida LS46 expressing a novel
PHA synthase (PhaC116) enzyme. Applied
Sciences (Switzerland), 7(3). https://doi.org/1
0.3390/app7030242

Sharma, V., Sehgal, R., & Gupta, R. (2021).
Polyhydroxyalkanoate (PHA): Properties and
Modifications. Polymer, 212. https://doi.org
/10.1016/j.polymer.2020.123161

Shrivastav, A., Mishra, S. K., Shethia, B., Pancha, 1.,
Jain, D., & Mishra, S. (2010). Isolation of
promising bacterial strains from soil and marine
environment for polyhydroxyalkanoates (PHAS)
production utilizing Jatropha  biodiesel
byproduct. International Journal of Biological
Macromolecules, 47(2), 283-287. https://doi.or
0/10.1016/j.ijbiomac.2010.04.007

Simon-Colin, C., Raguénés, G., Cozien, J., &
Guezennec, J. G. (2008). Halomonas profundus
sp. nov., a new PHA-producing bacterium
isolated from a deep-sea hydrothermal vent
shrimp. Journal of Applied Microbiology,
104(5), 1425-1432. https://doi.org/10
.1111/j.1365-2672.2007.03667.x

Spiekermann, P., Rehm, B. H. A., Kalscheuer, R.,
Baumeister, D., & Steinbuchel, A. (1999). A
sensitive, viable-colony staining method using
Nile red for direct screening of bacteria that
accumulate polyhydroxyalkanoic acids and
other lipid storage compounds. Archives of

103



K.V.D.K.R. Vithana & I.V.N. Rathnayake

Microbiology, 171(2), 73-80. https://doi.org
/10.1007/s002030050681

Stanley, A., Punil Kumar, H. N., Mutturi, S., &
Vijayendra, S. V. N. (2018). Fed-Batch
Strategies for Production of PHA Using a Native
Isolate of Halomonas venusta KT832796 Strain.
Applied Biochemistry and Biotechnology,
184(3), 935-952. https://doi.org/10.1007/s
12010-017-2601-6

Tan, D., Xue, Y. S., Aibaidula, G., & Chen, G. Q.
(2011). Unsterile and continuous production of
polyhydroxybutyrate by Halomonas TDOL.
Bioresource Technology, 102(17), 8130-8136.
https://doi.org/10.1016/j.biortech.2011.05.068

Tan, G. Y. A, Chen,C. L., Li, L., Ge, L., Wang, L.,
Razaad, I. M. N,, Li, Y., Zhao, L., Mo, Y., &
Wang, J. Y. (2014). Start a research on
biopolymer polyhydroxyalkanoate (PHA): A
review. In Polymers (Vol. 6, Issue 3, pp. 706—
754).  Molecular  Diversity  Preservation
International. https://doi.org/10.3390/polym603
07 06

Urtuvia, V., Villegas, P., Fuentes, S., Gonzalez, M.,
& Seeger, M. (2018). Burkholderia xenovorans
LB400 possesses a functional
polyhydroxyalkanoate ~ anabolic ~ pathway
encoded by the pha genes and synthesizes
poly(3-hydroxybutyrate) under nitrogen-
limiting conditions. International Microbiology,
21(1-2), 47-57. https://doi.org/10.1007/s10123-
018-0004-3

Vaidya, S., Dev, K., & Sourirajan, A. (2018).
Distinct osmoadaptation strategies in the strict
halophilic and halotolerant bacteria isolated
from Lunsu salt water body of North West
Himalayas. Current Microbiology, 75(7), 888—
895. https://doi.org/10.1007/s00284-018-1462-
8

Van-Thuoc, D., Huu-Phong, T., Thi-Binh, N., Thi-
Tho, N., Minh-Lam, D., & Quillaguaman, J.
(2012). Polyester production by halophilic and
halotolerant bacterial strains obtained from
mangrove soil samples located in Northern
Vietnam. MicrobiologyOpen, 1(4), 395-406.
https://doi.org/10.1002/mbo3.44

Vigneshwari, J., Arjunan, G., & Natesan, V. (2020).
Review on halophilic microbes and their
applications.  Bulletin  of  Environment,
Pharmacology and Life Sciences, 9(5), 45-52.
http://www.bepls.com

Vizcaino-Caston, I., Kelly, C. A., Fitzgerald, A. V.
L., Leeke, G. A,, Jenkins, M., & Overton, T. W.
(2016). Development of a rapid method to
isolate polyhydroxyalkanoates from bacteria for
screening studies. Journal of Bioscience and
Bioengineering, 121(1), 101-104. https://doi.
0rg/10.1016/j.jbiosc.2015.04.021

Wang, K., Chen, C., & Zhang, R. (2022). Process
Development  of  Polyhydroxyalkanoates
Production by Halophiles Valorising Food
Waste. Bioengineering, 9(11). https://doi.or
0/10.3390/bioengineering9110630

Wang, K., Hobby, A. M., Chen, Y., Chio, A,
Jenkins, B. M., & Zhang, R. (2022). Techno-
economic analysis on an industrial-scale
production system of polyhydroxyalkanoates
(PHA) from cheese by-products by halophiles.
Processes, 10(1). https://doi.org/10.3390/pr10
010017

Wang, K., & Zhang, R. (2021). Production of
Polyhydroxyalkanoates (PHA) by Haloferax
mediterranei from food waste derived nutrients
for biodegradable plastic applications. Journal
of Microbiology and Biotechnology, 31(2), 338-
347. https://doi.org/10.4014/JMB.2008.08057

Watanabe, Y., Ichinomiya, Y., Shimada, D., Saika,
A., Abe, H., Taguchi, S., & Tsuge, T. (2012).
Development and validation of an HPLC-based
screening method to acquire
polyhydroxyalkanoate synthase mutants with
altered substrate specificity. Journal of
Bioscience and Bioengineering, 113(3), 286-
292.  https://doi.org/10.1016/j.jbiosc.2011.10.
015

Wei, Y. H., Chen, W. C,, Huang, C. K., Wu, H. S.,
Sun, Y. M., Lo, C. W., & Janarthanan, O. M.
(2011). Screening and  evaluation of
polyhydroxybutyrate-producing strains from

indigenous isolate Cupriavidus taiwanensis
strains. International Journal of Molecular
Sciences, 12(1),  252-265. https://doi

.0rg/10.3390/ijms12010252

Weinisch, L., Kihner, S., Roth, R., Grimm, M.,
Roth, T., Netz, D. J. A., Pierik, A. J., & Filker,
S. (2018). Identification of osmoadaptive
strategies in the halophile, heterotrophic ciliate
Schmidingerothrix salinarum. PLoS Biology,
16(1). https://doi.org/10.1371/journal.pbio.2
003892

Yadav, B., Chavan, S., Atmakuri, A., Tyagi, R. D.,
& Drogui, P. (2020). A review on recovery of

104



K.V.D.K.R. Vithana & I.V.N. Rathnayake

proteins from industrial wastewaters with
special emphasis on PHA production process:
Sustainable circular  bioeconomy  process
development. Bioresource Technology, 317.
https://doi.org/10.1016/j.biortech.2020.124006

Biofuels, 7(1). https://doi.org/10.1186/1754-
6834-7-108

Zahran, H. H. (1997). Diversity, adaptation and

activity of the bacterial flora in saline
environments. In Biol Fertil Soils (Vol. 25, pp.

Yoo, Y., Kwon, D. Y., Jeon, M., Lee, J., Kwon, H., 211-223).
Lee, D., Khim, J. S, Choi, Y. E., & Kim, J. J.  Zhao, Y. X,, Rao, Z. M., Xue, Y. F., Gong, P., Ji, Y.
(2024). Enhancing poly(3-hydroxybutyrate) Z, & Ma, Y. H. (2015). Poly(3-
production in halophilic bacteria through hydroxybutyrate-co-3-hydroxyvalerate)
improved  salt  tolerance. Bioresource production by Haloarchaeon Halogranum
Technology, 394. https://doi.org/10.1016/j.b amylolyticum.  Applied Microbiology and
iortech.2023.130175 Biotechnology, 99(18), 7639-7649. https://doi.
Yue, H., Ling, C., Yang, T., Chen, X., Chen, Y., 0rg/10.1007/s00253-015-6609-y
Deng, H., Wu, Q., Chen, J., & Chen, G. Q. Zinn, M., Witholt, B., & Egli, T. (2001). Occurrence,

(2014). A seawater-based open and continuous
process for polyhydroxyalkanoates production
by recombinant Halomonas campaniensis LS21
grown in mixed substrates. Biotechnology for

105

synthesis and medical application of bacterial
polyhydroxyalkanoate. In Advanced Drug
Delivery Reviews (Vol. 53, pp. 5-21).
www.elsevier.com/locate/drugdeliv



