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Abstract

Producers of Polyhydroxyalkanoates (PHA) are reported to stay at
different ecological niches that are exposed naturally or
accidentally to high organic matter or growth-limiting conditions
like wastes from pulp and paper mills, wastes from dairy, wastes
from agriculture, sites contaminated by hydrocarbons, treatment
plants releasing activated sludges, rhizosphere, and effluents from
industries. Extracellular secondary products such as rhamnolipids,
polymeric substances as well as biohydrogen gas are also produced
by a few among them. These microbes can produce valuable
bioproducts like PHA with the simultaneous usage of waste
materials having various origins as substrate and for this reason,
these types of microbes are industrially important candidates in
regard to production. An economical method could be the
separation of the secondary products (intracellular and
extracellular) by the implementation of an integrated system.
Different microorganisms living under various environmental
conditions that stimulate the microorganisms to store carbon as
polyhydroxyalkanoates granules have been discussed in this
review. We have also discussed various metabolites that are
produced concurrently with PHA.

Keywords: Polyhydroxyalkanoates, Microbes, Biohydrogen,
Rhamnolipids

Introduction

Suitable places for microorganisms to perform individual roles and
communicate with each other to form an ecosystem are called
ecological niches. Due to natural and man-made activities, biotic
and abiotic altercations influence the ecosystem. To put together a
thriving existence, microbes obtain their sustenance from various
behavioral changes in the environment. Among such responses of
microbes living in various ecological niches towards experienced
stress, PHA accumulation is one Figure 1.
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Figure 1. Polyhydroxyalkanoates structure (R and R» are
alkyl groups C-C) (Ranganadhareddy, 2022)

Ecological niches such as delta deposits, aquatic microbial mats,
root microbiome, groundwater deposits, and artificial ecosystems
which have shifting nutrient contents support the organisms highly
engaged in the accumulation of PHA to meet the energy
requirements for metabolism during the period of starvation. This
concept can be executed industrially with an acceptable production
process to reduce the commercial cost of biopolymers (Reddy et
al., 2019). Predominant ecological conditions and phenotype traits
of PHA producers are to be understood clearly. Harmful, growth
hindering, and unknown environmental conditions are created by
waste disposal (Ranganadhareddy, 2022). Even during such
physiological strain, PHA producers are reported to reside with
properties such as aromatic compounds, degrading dyes, as well as
residual organic matter in industrial discharge (Ravi Teja et al.,
2020). This improbable behavioral character may be regarded
towards the aspect of industrial production as well as various issues
connected with the withdrawal of pollutants such as pesticides,
dyestuffs, PHA, etc. Various wastes such as wastes from dairy
(Indira et al., 2016), effluents from textile (Ranganadhareddy
2022), distillery effluent (Zhang et al., 2021), wastes from oil,
paper mills (Reddy et al., 2018), residues of animals (Maier ef al.,
2017), starchy wastes, wastes from agriculture (Ferreira et al.,
2018) and by-products of biodiesel wastes (Andler et al.,, 2021) are
being tried by researchers for use in the production of PHA, with
apprehension about the growing load of wastes from industries.
With an excess of carbon under nutrient-limiting conditions, the
production of PHA occurs (Reddy et al, 2019). This produced
PHA is then stored as inclusion bodies which is a polymerized
form (Reddy et al., 2017). Various aspects of the production of
bioplastic with the use of activated sludge as the producer of PHA
(Lamberti et al.,, 2020) enriched by aerobic dynamic feeding as
well as the alternating aerobic and anaerobic system in sequencing
batch reactor and fermented effluents showing high values of
Biological Oxygen Demand and Chemical Oxygen Demand as
substrates have been contributed over the last few years (Ohnishi
et al., 2022). Without a doubt, it is understood that the requirement
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of an established designing of operational framework to answer the
issue related to aseptic conditions, artificial medium composition,
and continuance of pure cultures, as well as the high cost of the
product, is ruled out by the production of PHA from a mixed
culture, enhanced phosphate accumulating organisms, enhanced
glycogen accumulating organisms and low or high salt conditions
inhabited by Archaea (Mitra et al, 2020). During various
environmental stresses such as nutrient-limiting conditions, cold
treatment, ethanol, hydrogen peroxide, UV-irradiation, or osmotic
shocks, it has been reported that stored co-polyesters PHBHHXx in
Aeromonas hydrophila 4AK4 can survive (Obruca et al., 2022).
The practicality to pull through during these harsh conditions
which are not favorable for the usual growth of cells is enhanced
by the production of PHA. It has been proved that certain wastes
such as seafood cannery that is rich in ammonia, phosphates, and
lipids are virulent to the microbes. Here, the accession of PHB has
an advantage, as it works as both a stored product as well as an
alternative to burning surplus fatty acids to cope with the existing
stress (Kumar et al, 2020). A possible advantage is using the
intracellularly stored carbon source at a later phase to support the
activities of the cell. This is of notable importance as it is a
commercially valuable secondary product. A few microorganisms
also synthesize extracellular metabolites such as alginate
oligosaccharides, biohydrogen, rhamnolipids, and extracellular
polymeric substances, as well as intracellular production of PHA
as inclusion bodies (Ranganadha et al., 2021). It has also been
reported by studies, how PHA production and PHA polymer
composition are modulated by the composition, concentration, and
uptake of the substrate. The production and composition of PHA
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have also reportedly been affected by pH and temperature (Reddy
et al., 2018). Therefore, comprehension of the PHA synthesis, as
well as the related kinetics in regard to the concurrent synthesis of
other secondary products, can provide a platform for a cost-
effective and efficient manufacturing unit.

Common Pathways for the Synthesis of Polyhydroxyalkanoates

Through the Calvin Benson cycle, atmospheric CO: is converted
into PHA, which is converted to Acetyl-CoA through glycolysis.
Acetyl-CoA is converted into the most prevalent PHA, PHB by
three enzymatic reactions (Syahirah et al., 2021). Two Acetyl-
CoA molecules are combined into Acetoacetyl-CoA by the first
enzyme, PhaA  (PHA-specific  B-ketothiolase). ~ PhaB
(Acetoacetyl-CoA reductase) is the second enzyme that helps in
the formation of hydroxybutyryl-CoA by the reduction of
Acetoacetyl-CoA. Finally, a growing PHB molecule is added
with hydroxybutyryl-CoA fatty acid monomer via an ester bond
by PhaEC (PHB synthase) (Mohapatra et al., 2017). Figure 2
shows the reaction scheme. There are no significant differences
between heterotrophic and phototrophic organisms when it comes
to the synthesis of PHB (Zhang et al., 2020). However, in
heterotrophs (Cupriavidus nectator), PhaA, PhaB, and PhaEC
genes are located in a single operon while in cyanobacteria
(SynechocystisPCC6803), two separate operons are required
which are approximately S00Kbp apart. First loci are thought to
contain PhaA and PhaB genes, each of which is putatively co-
expressed. PhaEC is a heterodimer made up of PhaE and PhaC
and is present at the second locus.
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Figure 2. Biosynthetic pathway of Polyhydroxybutyrate in microbes (Ranganadha et al., 2021)

PHA-Producing Bacteria Along with their Ecological Niches
Hydrocarbon Degrading Bacteria as PHA Producers

The existence of xenobiotic components acts as environmental
stress to divert the inhabiting organisms’ physiological reactions
to synthesize PHA (Monroy & Buitrén, 2020). A true
requirement for the production of PHA by cells is created by
areas carbon

contaminated by oil that have higher

concentrations (84%) with a less content of nitrogen (>1%)
(Chen et al., 2019). Various bacterial strains inherent in the
Yokenella, Acinetobacter,
Pseudomonas, Caulobacter, Burkholderia, Ralstonia, and
Brochothrix have been isolated from sites contaminated with oil

genera  Sphingobacterium,

that can produce PHA while degrading oil. In an experiment, it
was reported that Cupriavidus necator DSM 545can produce
62% PHB of cell dry weight when it is given growth impeding
material like waste glycerol a byproduct from the biodiesel
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industry as a source of carbon. Thus, for the production of
valuable bioproducts, it is of colossal need to avert inebriation
and survey the potential of microbes. In one case, it has been
reported that a deviant aquatic bacterium
AlcanivoraxborkumensisSSK2 when allowed to grow on
aliphatic hydrocarbon, deposits PHB extracellularly. A
reduction in the cost of the manufacturing unit along with
efficient removal of unwanted substances can be achieved by
the establishment of a bio-plant where unwanted toluene as the
sole source of carbon ensures that Rhodococcus aetherivorans
IARI produces copolymer P(3HB-co-HV)
triacylglycerols (Filiz et al., 2021; Rosenboom et al., 2022).

along with

This proved to be a probable candidate for the altering of
petrochemical waste into valuable substances such as PHA
(AlZahrani, 2023).

Halophilic Bacteria as PHA Producers

Since it has been reported that archaea live in hot springs,
oceans, marshlands, salt lakes, etc., they are considered
extremophiles. Archaea also produce PHA, reportedly. Salts
sustain the growth of these organisms. 5% is required for
optimal growth and they tolerate salt NaCl (w/v) of at least 10%.
(Koller, 2019) Accumulation of PHA by archaea had been
reported for the first time from the Dead Sea and named
Halobacterium marismortui in the year 1970. It had been
analyzed by the technique of freeze-fracture. PHB is produced
in limiting conditions of nutrients and excess sources of carbon
by extremely halophilic archaebacteria. Halomonas venusta, a
moderate Halophile produces a higher amount of PHB of up to
69% of CDW when it is allowed to grow on glucose as substrate
(Gao & Zhang, 2014; Kassari et al., 2020). Pretreatment
converts organic substances from a more complex form into
simpler forms that are easily consumable. Maltose from starch
hydrolysates is preferably utilized by H. boliviensisLC1. It has
been found that PHA production is enhanced by oxygen
limitation. Most importantly, it has been reported that vinasses
(secondary product of ethanol industries) used as substrates for
extremely halophilic archaea Haloarculamaris mortui leads to
the production of PHA under shake flask conditions (Tan et al.,
2021).

Plant Growth Promoting Rhizobia bacteria as PHA Producers

Extracellular metabolites which enhance the root and plant
growth are secreted from microbes harbored in the soil
surrounding the plant roots. This is called the rhizosphere.
Recycling of nutrients takes place in the rhizosphere which
serves as a hotspot for microbial interaction due to the release
of nutrients into the surrounding rhizosphere by root exudates.
Along with the effect of antagonists and PGPR, it has been
interpreted that the soil surrounding the roots also has reservoirs
for accumulators of PHA that are hidden or untapped. A
rhizobacterium that promotes the growth of the plant and is
being progressively utilized in agriculture at a commercial scale
is Azospirillum brasilense. Recent research has elucidated
various key properties of A. brasilense which provide the ability
to adapt to the habitat of the rhizosphere as well as to promote
the growth of the plant. The ability to sustain variation in

phenotype as well as the production of the auxin indole-3-acetic
acid, carotenoids, a range of cell surface components, and nitric
oxide are some of these key properties. It was reported that the
variants of Azospirillum brasilense genes phaC and phaZ were
less resilient to unfavorable conditions like heat, osmotic
pressure, UV-radiation, presence of H202, and desiccation when
compared to wild type (Ranganadha & Chandrasekhar, 2021).
PHA production has characteristics that are advantageous to the
promotion of plant growth, enrichment of colonization of roots,
survivability, motility, chemotaxis as well as multiplication of
cells. A. brasilense inoculants’ reliability, efficiency, and shelf
life can be improved by the production of PHA. When compared
to non-rhizosphere soil, the rhizosphere reportedly has low
production of PHA based on cultivation-dependent methods
(Kumar & Kim, 2018; Li & Singh, 2021). Production of PHA
was more for wheat, oilseed, rape, and sugar-beet rhizosphere
as concluded by cultivation-independent and molecular
techniques. More PHA producers are harbored in the roots of
the plants producing oil and carbohydrates as supported by the
fact that inorganic nutrients are a limited and abundant source
of carbon contained in the root exudates. The accumulation of
PHB was seen to be a numerical character that is distinctively
controlled by different genes in rhizobia (Kumar & Kim, 2018;
Wu et al., 2022).

PHA and Extracellular Polymeric Substances

When subjected to unfavorable growth conditions, extracellular
polymeric substances protect and supply energy to cells (Alharbi
et al., 2023; Alziyadi et al., 2023; llias et al., 2023; Suragimath et
al., 2023; Voita-Mekeres et al., 2023). When the substrate is
limited, a mixture of high molecular polymers serves as suppliers
of carbon units. When organisms are under starvation conditions,
an extracellular product EPS and an intracellular product PHA are
produced. In Ralstonia eutropha ATCC17699, Rhizobium meliloti,

Azospirillum brasilense, and Anabaena cylindrica, simultaneous

production of EPS and PHA were reported Figure 3.
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Figure 3. Simultaneous production of intracellular and
extracellular products (Baljeet et al., 2014)
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It was also reported about the positive and negative effects of
nitrogen concentration on EPS production (Gaignard ef al., 2019).
In Azotobacter chroococcum in nitrogen limiting conditions, EPS
production was initiated with fructose and glucose as efficient
carbon sources, whereas in Ralstonia eutropha ATCC17699 an
increase in nitrogen and glucose supply enhanced the production
of EPS in batch cultures (Kumar & Kim, 2018; Kardile & Shirsat,
2020). For the PHB synthesis, the decomposition of EPS served as
a nitrogen source. On the other hand, when the external carbon
source gets depleted, PHB decomposition served as a supplier of
carbon sources (Abou-assy et al., 2023; Elssayed et al., 2023;
Mady et al., 2023; Yousif et al., 2023).

PHA and Biohydrogen

A promising technology attributed to its purity and fewer energy
requirements is the biological production of Hydrogengas (Guerra
et al., 2019). The production of hydrogen and PHA under nutrient-
limited conditions is reported to occur in many purple non-sulfur
bacteria like Rhodospirillum rubrum, Rhodobacter sphaeroides,
Rhodopseudomonas palustris, and Bacillus sp. PHB synthesis is
conducive to Hydrogen production when strain WP3-5 is in
stressful conditions although PHB synthesis does compete with
hydrogen production according to the literature (Ranaivoarisoa et
al., 2019). To reduce the cost of bioproducts, an efficient light-
dependent process is the production of Hydrogen gas which occurs
in the first stage (nitrogen-limited) and subsequent transfer of
culture to the second stage (phosphorus-limited) where PHB
production occurs.When grown on glucose in two-stage systems,
Hydrogen gas in the range of 1.67 to1.92mol Hz> mol! glucose ™
and 11.5% of CDW of PHB was produced by some non-
photosynthetic bacterium like Bacillus thuringiensis UGU45 and
Bacillus cereusEGU44 (Patel et al., 2011). According to a study,
when subjected to extra environmental stress conditions like
suboptimal pH value, the Hydrogen producing ability of
Rhodopseudomonas palustris WP3-5 bacterium is retained by
stored PHB (Ranaivoarisoa et al., 2019).

Conclusion

PHA, a biodegradable material stored by microorganisms, is an
alternative to petroleum-derived plastics. The environment can be
examined to investigate different PHB accumulating strains.
Polyhydroxtbutyratye contributes to the creation of a sustainable
environment by replacing non-biodegradable synthetic polymers.
To compete with the thermoplastics-dominated industry, it is
critical to develop low-cost biodegradable polymers. Biopolymers'
important  characteristics, such as biodegradable and
biocompatible nature, have made them suitable for use in the food
packaging industry, aqua industry biomedical industry, and
antifouling. As a result of this report, it is possible to conclude that
PHB is a durable class of biopolymers that may be utilized to
improve the design of new applications in a variety of industries.
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