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ABSTRACT: The increasing prevalence of plastic pollution demands strategies for sustainable biodegradable plastic
production. Marine bacteria can be found on all continents able to survive in a variety of salinity levels and may
be used to biosynthesis polyhydroxyalkanoates (PHAs), which can serve as a bioplastic substitute for conventional
petroleum-based plastics. This paper presents a literature review and case study examining marine PHAs-producing
microorganisms in the context of a circular bioeconomy and waste management. More specifically, it examines the
marine PHA-producing bacteria’s ability to utilise varying and renewable carbon substrates for PHA biosynthesis.
From prior research studies, it was found that diversity of marine bacteria possesses the ability to produce short-chain
length (scl-PHA) and medium-chain length (mcl-PHA) types of PHAs, leading to wide potential applications. The
integration ofmarine bacterial processes not onlymitigates waste and pollution in the environment but also contributes
to carbon cycling through the conversion of greenhouse gases into valuable biopolymers. This demonstrates the
importance of marine microbes for bioplastic production and reinforces the need for the use of marine biota in the
management of bioplastics to achieve a sustainable and circular economy.
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1 Introduction

The plastic industry comprises seven significant sectors: agriculture, household, packaging, con-
struction, electronics, automotive, and other sub-sectors such as plastic furniture and medical equipment.
Synthetic plastics have proven to be one of the most important materials in our lives ever since they
made their first commercial appearance in the 1950s [1]. They have been made with polymers derived
from petrochemicals. These plastics have a negative environmental impact because they are resistant to
chemical breakdown and degradation from microorganisms, resulting in long-term pollution and ecological
consequences. This demonstrates that petroleum-based plastics pose an environmental risk since they
are non-biodegradable and accumulate in landfills, oceans, and other ecosystems [2]. The United Nations
Environment Programme (UNEP) [3] reports that humans produce around 400 million tons of plastic waste
yearly, contaminating the environment, killing wildlife, and disrupting ecosystems, making it a major global
issue. Consequently, this is a significant threat to the global ecosystem. The current extinction of living
organisms is a consequence of the enormous and negative effects of human-created waste. Natural resources,
such as fuel, are being economised as a result of the devastating contamination of our ecosystem. Despite
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efforts to promote recycling and reduce plastic consumption, the massive amount of plastic generated
harms the environment.

The health and environmental consequences of plastic pollution are now a global concern since plastic
is dangerous at all stages of its life cycle [4]. The plastic waste sitting in landfills can cause leachate
pollution and raise the risk of greenhouse gas emissions [5]. Microplastics, which are small plastic particles,
can be consumed by a variety of animals, including zooplankton, shellfish, fish, seabirds, and marine
mammals, resulting in potential entry into the human food chain [6]. Shifting plastic waste from landfills
to composting facilities may reduce waste disposal costs and transform the potential of biodegradable
plastics [7]. Consequently, biodegradable plastics, which are derived from biological sources and are free of
the toxicity of synthetic plastics, have the potential to be a superior option in the market.

Bioplastics are biodegradable, and one such bioplastic is polyhydroxyalkanoate (PHA). PHA can be
made from excess carbon and limited nutrients such as nitrogen, oxygen, phosphorus, or sulfur [8]. PHA can
be classified into two primary types based on the length of the carbon chains: short-chain length (scl-PHA)
and medium-chain length (mcl-PHA). Scl-PHAs, like polyhydroxybutyrate (PHB), are more crystalline and
brittle, which makes them appropriate for packaging, whereas mcl-PHAs are more flexible and commonly
used for medical applications [9,10]. PHAs are produced by Cupriavidus necator and other Gram-negative
and Gram-positive bacteria, which are secondary metabolites, which means it stores carbon and energy as
intracellular PHAs [11]. Biodegradability is an advantageous property of polyhydroxyalkanoate polymers,
which are naturally generated by bacteria and are beneficial in applications such as the packaging material
industry [12]. PHA is a great candidate for replacing many types of plastics, as it has comparable thermal
and mechanical properties to traditional plastics, but is biodegradable and biocompatible [13]. PHA is
also commercially viable because it is biodegradable, biocompatible, and non-toxic, as well as having a
unique R-configuration chirality which provides it with a specific optical activity and a weak antioxidant
property, making it attract attention in the biomedical field compared to other biopolymers [14,15]. Since
PHA manufacturing seeks to integrate organic wastes and renewable sources of carbon to produce PHA, it
contributes to a circular economy and complies with the emerging global paradigms of low-regenerative
systems aimed at minimising waste, emissions, and resources. Waste being transformed into high-value
bioplastics is one way of reaching sustainability and minimising environmental pollution.

Various ecosystems globally remain unexplored, including large portions of the marine ecosystems,
which contain countless undocumented species and resources. Marine bacteria can be found at almost every
depth in the ocean, with examples of specific bacteria found in the epipelagic, mesopelagic, and bathypelagic
zones [16]. Microbes can also colonise the substrates of sponges, corals, and sediments, and are generally
found in high diversity, offering a protective physical structure and a place to shelter from environmental
disturbance [17,18]. Ref. [18] also specifies that many bacteria that have been shown to produce PHA have
not been given empirical evidence of their ability to produce PHA. The marine benthic environment is
also reported to be a potential reservoir for discovering various PHA-accumulating strains [19]. Research
on marine bacteria as efficient PHA producers are limited. Recent studies suggest that PHAs may be
synthesised on an industrial scale by utilising the unique metabolic capabilities of some marine bacteria,
because of their adaptability to extreme environmental conditions such as high salinity, high pressure, and
fluctuating temperatures [20]. In the circular bioeconomy, marine bacteria are particularly important as
both the producers and degraders of bioplastics, such as PHAs, which are synthesised from a variety of
waste carbon sources.



J Polym Mater. 2026;43(3):3 3

2 The Global Plastic Burden through Production, Consumption and Waste

Plastic is a part of our daily use, owing to its beneficial features, such as its durability and cost. Due
to these features, plastics are designed to fulfil the requirements of various applications across different
industries. As such, over-reliance on conventional plastics has created a growing global challenge of plastic
waste, with the potential of causing serious pollution of the environment. Based on statistics of plastic
consumption as presented in Fig. 1 from the Organisation for Economic Cooperation and Development
(OECD), plastic consumption has been increasing steadily since 1950, with the figures reaching 460 million
tons in 2019 [21]. The consumption rate of plastic products is more than the consumption rate of other
materials, such as steel, aluminium, and cement [22]. Once plastic products are used, they often end up
as waste that can remain in the environment for hundreds of years. Unlike organic-based material that
decomposes naturally, petroleum-based plastic breaks down very slowly and accumulates in landfills,
waterways, and oceans, leading to environmental pollution [23]. Improper waste management can lead to
plastic pollution, which can have negative impacts on the environment and human health, as a result of the
generation of microplastics. Petroleum-based plastics are highly resistant to biological degradation and
exhibit prolonged stability in the environment [24]. Global plastic production and manufacturing use about
5%–8% of the total oil production and thus depend critically on plastic [25].

 

Figure 1: Data from the global plastics outlook database derived from total plastic consumption by region for the
period 1950–2020. “Redrawn from data (OECD) [21]”.

Large-scale pollution and the widespread distribution of microplastics are two major effects of
petroleum-based plastic pollution on the environment and human health, as indicated in Fig. 2. Over
8.3 billion tons of plastic trash are produced annually, of which 4.9 billion tons are disposed of in landfills
worldwide, resulting in an annual loss of over $13 billion [26]. Microplastic levels in landfill waste have been
documented at 20,000–91,000 items/Kg. Presently, there is no reliable way to determine whether plastics
tossed in landfills will break down, biodegrade, or remain in landfills [27]. Microplastics are eaten by marine
life, and are able to bioaccumulate in humans and other higher trophic-level animals through food webs and
chains [28]. A study of the human stool sample has confirmed that humans ingest microplastics. All eight
stool samples tested showed the presence of microplastics, with a total of nine types of plastic detected. The
most abundant types found were polypropylene and polyethylene terephthalate [29]. Furthermore, plastic
usage contributes to climate change, as there are greenhouse gas emissions produced at every stage of a
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plastic’s life cycle, including waste management, plastic production, and the extraction of raw materials for
plastic [30]. Polyethylene (PE), polypropylene (PP), polystyrene (PS), and polyvinyl chloride (PVC) are the
fundamental polymers based on petroleum and are categorised as plastics.

Figure 2: Impacts of petroleum-based plastics on various aspects. “Prepared using Canva.com”.

3 Biodegradable Plastic

The term biodegradable plastic refers to those materials that can decompose into carbon dioxide (CO2),
water (H2O), and biomass via natural processes involving microorganisms (bacteria, fungi, and algae).
Such natural processes include the decomposition of a plastic polymer product manufactured from natu-
ral/renewable resources (bioplastics) through a process that can be biobased (from microbial or renewable
feedstock) and/or biodegradable (e.g., under suitable conditions, the bioplastics break down) [31,32]. These
materials offer a better alternative to petroleum-based plastics and help reduce the plastic disposal crisis
and plastic pollution [7]. The versatility of biodegradable plastics, which can replace various conventional
plastic applications like single-use bags, disposable utensils, agricultural mulch films, medical devices,
electronics, and automotive applications, stems from the variety of biodegradable plastic options. Table 1
summarises the diverse categories of biodegradable plastics, based on their origins and sources, and also
their mechanisms of degradation. Some biodegradable plastics can be made from renewable (biobased)
resources such as PHA, PLA, PBS, bacterial cellulose, bacterial exopolysaccharides, and starch blends, and
from non-renewable (fossil-based) resources; all of these options offer tailored characteristics for a broad
range of polymer applications.

One of the most common types of fully renewable sources and fully biodegradable plastic are PHA and
Polylactic acid (PLA). The polymerisation of lactic acid (LA), which is the result of bacterial fermentation,
occurs during the synthesis of PLA. Bacterial fermentation occurs with the sugar feedstock, which can come
from sugarcane, cornstarch, and other natural sources [33]. The fermentation of the sugar units occurs via
lactic acid bacteria (LAB), and the byproduct of the fermentation is lactic acid, which is polymerised into
long chain polymers known as PLA [34]. PHA is completely derived from bacteria, while PLA only uses
bacteria for the fermentation of lactic acid, and the final step of polymerisation is done via a chemical process.
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Another one is Polybutylene succinate (PBS), which is a semi-crystalline polymer that is more versatile
and is made by the fusion of succinic acid and 1,4-butanediol via the esterification process, which can also
be derived from renewable resource fermentation, and has a better improved function as a biodegradable
food packaging plastic [35]. Various types of biodegradable plastic have the ability to be blended to obtain
certain tailored properties or performance for a specific intended use.

Table 1: Classification of plastics based on origin and biodegradability.

Types of Plastic Biobased Fossil-Based Biodegradable Non-Biodegradable

Polylactic Acid (PLA) ✔ ✔

Polyhydroxyalkanoates (PHA) ✔ ✔

PBS (Polybutylene Succinate) ✔ ✔

Starch blends ✔ ✔

Bacterial cellulose ✔ ✔

Bacterial Exopolysaccharides ✔ ✔

Biobased PE (Biobased Polyethylene) ✔ ✔

PET (Polyethylene Terephthalate) ✔ ✔

PA (Polyamide) ✔ ✔

PTT (Polytrimethylene Terephthalate) ✔ ✔

Bio-PP (Biobased Polypropylene) ✔ ✔

PBAT (Polybutylene Adipate Terephthalate) ✔ ✔

PGA (Polyglycolic Acid) ✔ ✔

PCL (Polycaprolactone) ✔ ✔

PVA (Polyvinyl Alcohol) ✔ ✔

PE (Polyethylene) ✔ ✔

PP (Polypropylene) ✔ ✔

PS (Polystyrene) ✔ ✔

PVC (Polyvinyl Chloride) ✔ ✔

In addition, the bacterial cellulose synthesised extracellularly by Gluconacetobacter xylinus contains
repeating units of D-glucose monomers linked together by β-1, 4 glycosidic bonds. It possesses remarkable
mechanical strength, high purity, high porosity, biodegradability, and biocompatibility, which make it
highly applicable to the medical, food, and various industrial fields [36,37]. Moreover, exopolysaccharides
produced by bacteria, which include xanthan gum, alginate, pullulan, mutan, kefiran, gellan, and others, are
polysaccharides synthesised and excreted outside bacterial cells [37]. Xanthan gum, which is produced by
Xanthomonas campestris, is comprised of polysaccharides and is used for biomedical applications, including
in the development of tablets and in drug delivery systems, frequently in combination with other polymers
because of its acid resistance and controlled drug release properties [38]. Bioplastics can also be made
from starch by mixing it with other polymers. Starch-based bioplastics are modified, reinforced with
fibres, blended with other biodegradable polymers, or plasticised to improve strength and flexibility [39].
Researching starch extraction from Prosopis juliflora, bioplastics made from starch, as an alternative to
traditional plastics, provided some environmental benefits for packaging [40].

Fossil-based biodegradable plastics, such as PBAT, PGA, PCL, PVA, PE, PP, PS, and PVC, are made
from petrochemical sources but designed to degrade in specific environmental conditions. These materials
are widely used in the manufacture of packaging and single-use items. Polybutylene Adipate Terephthalate
(PBAT) is a flexible and biodegradable plastic. Research has indicated that the byproducts of the degradation
of such materials can induce oxidative stress [41]. Additionally, PLA and PGA have analogous chemical
formulas, although the latter lacks the methyl side group, resulting in PGA having a greater thermal stability
and degree of crystallinity [42]. The glycolic acid required for PGA synthesis can be petrochemically derived
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and can be synthesised through two polycondensation methods: the polycondensation of glycolic acid,
and the ring-opening polymerisation (ROP) of glycolide [42]. Additionally, polycaprolactone (PCL) is a
biodegradable polyester that can be petrochemically derived, and is synthesised by the polymerisation of
ε-caprolactone and stannous chloride. PCL is used extensively in biomedical engineering for the production
of catheters, blood bags, and other disposable medical devices [43,44]. Among all bioplastics, PHA are
unique as they are the only bioplastics that are biocompatible, hydrophobic, and biodegradable due to their
ability to be completely biodegraded through natural bacterial processes [45]. The unique physicochemical,
biological and biodegradation characteristics of PHAs offer a wide array of potential biomedical applications
(e.g., drug delivery, tissue engineering, and customised nanoparticles). Furthermore, the hydrophobic nature
of PHAs makes them suitable for food packaging [46].

4 Polyhydroxyalkanoate

Polyhydroxyalkanoate is a biodegradable biopolymer produced during microbial fermentation using
renewable resources as an energy source [47]. PHAs are synthesised by various microorganisms and
are recognised as sustainable polymers. They consist of heteropolymers and homopolymers, which are
biosynthesised under conditions of carbon surplus and limited availability of essential nutrients such as
nitrogen or phosphate [48]. The diverse range of hydroxyalkanoate (HA) units in these bacterial polyesters
allows for the production of materials with varying characteristics. This flexibility enables the creation of
both strong and brittle plastics, as well as softer materials, elastomers, and adhesives [49]. The versatility
in material properties arises from the variable composition of HA monomers, which can be adjusted to suit
specific applications.

Maurice Lemoigne found polyhydroxybutyrate (PHB), the first PHA, in 1926 in the intracellular granules
of Bacillus megaterium [50]. The 1970s oil crisis stimulated the search for products that could replace
petroleum-based products [51,52]. After the crisis, the search for biodegradable plastics was abandoned. In
the 1980s, increased commercial interest in PHB led to several companies producing microbially sourced
PHA [53]. The most important factors affecting the biodegradation of PHA are the level of microbial
activity, surface area, moisture, temperature, pH, and molecular weight of the PHA. Biodegradation of PHA
under aerobic conditions results in the formation of water and carbon dioxide, but in anaerobic conditions
produces carbon dioxide and methane [54].

4.1 Structure of PHA and Classification of PHA

PHA are biodegradable polyesters generated by bacteria, which are stored in the cytoplasm in the form
of hydrophobic granules [55]. Over 150 types of PHAs have been discovered and characterised, making
them the most diverse collection of naturally occurring polyesters [56]. PHAs can also be classified into
3 types: short-chain, medium-chain, and long-chain polyhydroxyalkanoates. Short chain-length PHA
(scl-PHA) have 4–5 carbon atoms, medium chain-length PHA (mcl-PHA) has 6–14 carbon atoms, and long-
chain-length (lcl-PHA) has more than 14 carbon atoms [57]. poly(3-hydroxybutyrate) (PHB), along with
copolymers like P(3HB-co-4HB), P(3HB-co-HV), and P(3HB-co-HH), have been reported, while mcl-PHAs
include copolymers of 3HB with 3-hydroxyhexanoate, 3-hydroxyheptanoate, and 3-hydroxyoctanoate,
as well as poly(3-hydroxypentadecanoate). 3-hydroxybutyrate [58]. Marine bacteria primarily produce
scl-PHAs such as PHB and P(3HB-co-HV)[PHBV], whereas mcl-PHAs are less common. Notably, there is
no data available on copolymers like P(3HB-co-4HB) produced by marine bacteria, highlighting a clear
gap in exploring marine bacteria for more advanced and flexible PHA types. As shown in Fig. 3, PHA is a
polymer comprising repeating units of (R)-hydroxy and fatty acids, possessing a side chain R group. Each
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of biological monomer units contains one of a saturated, unsaturated, branched, or substituted, and an alkyl
group [59,60].

Figure 3: PHA granule and granule-associated proteins. “Modified from [61,62] created with Biorender.com”.

4.2 Physical and Chemical Properties of PHA

The physical and chemical properties of PHA’s vary distinctly with different classifications. Char-
acteristics of polymers include degree of hydrophobicity, glass transition temperature, and degree of
crystallinity [10]. PHAs demonstrate physical properties that can be described from a range of elastic
to hard crystalline materials [60]. The specific PHA polymer produced is determined by several factors,
including carbon sources, strains of microorganisms used, and fermentation conditions such as temperature,
pH, and the composition of the growth medium [63]. PHAs are a type of linear polymer made of carbon,
oxygen, and hydrogen. More specifically, they are synthesised as long head-to-tail chains of 3-hydroxy
fatty acid monomers [64]. The bonds are structurally similar to esters, and they serve the function of
storing carbon for energy. PHAs are produced by microorganisms and are synthesised when there are
high quantities of carbon sources [65]. The properties of PHA can range from elastic to hard crystalline
materials, depending on the structure and polymer type. Mcl-PHA typically exhibit lower crystallinity and
higher flexibility, while scl-PHA tends to be more crystalline and rigid [10,59].

The physicochemical characterisation of marine-derived PHAs (Table 2) demonstrates the types of
PHAs produced by marine bacteria. PHAs with higher molecular weights typically display increased rigidity
and elevated melting points, whereas those with lower molecular weights are more deformable and exhibit
reduced thermal stability [66]. Scl-PHAs derived from strains like Shewanella marisflavi BBL25 and Bacillus
cereus MCCB 281 exhibit high molecular weights (1.05 × 105–1.40 × 106 Da) and narrow polydispersity
indices, with melting points around 175◦C [66,67]. These characteristics align with their rigid, crystalline
nature, making them suitable for packaging and commodity uses. On the other hand, mcl-PHAs, such as
those produced by Enterobacter FAK 1384, have lower melting points (47◦C) and negative glass transition
temperatures (−47◦C), being less crystalline, which makes them less brittle [68]. This makes them ideal for
applications like biomedical films, elastomers, and coatings. The Marinobacterium sediminicola scl-PHA
exhibits a melting temperature (Tm) of 101.8◦C, a glass transition temperature (Tg) of −15.4◦C, and an
enthalpy of melting (ΔHm) of 32.1 J/g [69,70]. This crystalline polymer has a rigid structure with a high
melting point and a low glass transition temperature, making it inflexible and prone to breaking [71].
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Table 2: Molecular weights and thermal properties of PHAs from marine isolates.

Marine Bacteria PHA Type Molecular Weights Thermal
Properties ReferenceMn (Da) PDI (Mw/Mn)

Bacillus cereus MCCB 281 scl-PHA 1.05 × 105 2.44 ND [67]

Bacillus licheniformis
MSBN12 scl-PHA 2.9 × 106 1.75 ND [72]

Brachybacterium
paraconglomeratum

MTCC 13074
scl-PHA ND ND Tm = 175.7◦C [73]

Burkholderia sp.
AIU M5M02 scl-PHA 5.35 × 105 3.48 ND [74]

Colwellia sp. JAMM-0421 scl-PHA 3.4 × 105 ND ND [75]

Dinoroseobacter sp. JL1447 scl-PHA ND ND
Tm = 175.8◦C
Td = 285◦C

ΔHm = 51.9 J/g
[76]

Enterobacter FAK 1384 mcl-PHA ND ND Tm = 47◦C
Tg = −47◦C [68]

Halomonas hydrothermalis
MTCC 5445 scl-PHA ND ND Td = 276–298.9◦C [77]

Halomonas sp. YLGW01 scl-PHA ND ND Tm = 175.6–177.6◦C
Tc = 127.6–132.4◦C [78]

Marinobacterium
sediminicola

scl-PHA 3.37 × 105 ND
Tm = 101.8◦C
Tg = −15.4◦C
ΔHm = 32.1 J/g

[70]

Massilia sp. UMI-21 scl-PHA 7.6 × 105 2.8 ND [79]

Neptunomonas antarctica
CCTCC AB 209086 scl-PHA 1.7 × 105 1.41 ND [80]

Oceanimonas doudoroffii
JCM21046T scl-PHA 2.0 × 103 1.1 ND [81]

Saccharophagus degradans
ATCC 43961 Scl PHA 5.42 × 104 ND

Tm = 165.6◦C
Tg = 37.4◦C

ΔHm = 59.6 J/g
[82]

Shewanella marisflavi
BBL25 scl-PHA Mw = 1.40 × 106 1.10 Tm = 176.8◦C

Tc = 129.3◦C [67]

Vibrio alginolyticus
MCCB 290 scl-PHA ND ND Tm = 175◦C [83]

Mn the number average molecular weight, Tm melting temperature, Tg glass transition, Td decomposition temperature, Tc crystali-
sation temperature, ΔHm melting enthalpy, ND not determined.

4.3 Biosynthesis of PHA

As seen in Fig. 4, different pathways can lead to the production of polyhydroxyalkanoates. Bacterial
pathways differ based on the type of carbon source utilised; and, therefore, each pathway is operable under
different conditions [84]. The first pathway starts with the condensation of two molecules of acetyl-CoA
to form acetoacetyl-CoA, which, in the presence of the enzyme PhaB, is converted to 3-hydroxybutyryl-
CoA. That intermediate is then polymerized by PhaC to yield Poly(3-hydroxybutyrate) or P3HB [85]. The
second pathway includes the enzyme (R)-3-hydroxyacyl-CoA of the β-oxidation pathway of the carbon
source, which is derived from fatty acids and is transformed by the enzyme enoyl-CoA hydratase (PhaJ)
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to (R)-3-hydroxyacyl-CoA [58]. The third pathway includes the use of (R)-3-hydroxyacyl-CoA, which is
from the fatty acid biosynthesis, sugars, and oils, which is then converted by the transacylase PhaG from
(R)-3-hydroxyacyl-acyl carrier protein (ACP) to (R)-3-hydroxyacyl-CoA [55].

Figure 4: The three fundamental metabolic pathways for PHA production. “Modified from [62] and created with
Biorender.com”.

5 Diversity of Marine Bacteria as PHA Producers

Polyhydroxyalkanoates are considered biopolymers with multiple functions, produced by a variety
of different types of bacteria, including those under stress. Bacteria can be stressed when there is excess
carbon and limited nutrients. Marine bacterial species like [86,87] suggest that these organisms can tolerate
a range of salinity (34 to 36 ppt) and also produce a type of PHA. They can survive in nutrient-limited as
well as in salinity-intense zones. Ecosystems of shallow and deep seas, coral reefs, hydrothermal vents and
other extreme marine environments of the world contain marine bacteria. These organisms are vital for
the ecological balance and the preservation of global biodiversity [88]. They encompass a wide range of
physiological types, and although many halophilic bacteria inhabit in marine ecosystems, not all halophiles
are marine bacteria, and numerous halophiles originate from non-marine hypersaline habitats. These
organisms are being studied for their capacity to generate PHA, which provides various benefits, including



10 J Polym Mater. 2026;43(3):3

greater robustness of the process against contamination and the elimination of excessive salt load from the
medium [89]. Fig. 5 illustrates the global distribution of marine ecosystems, offering geographical context
for understanding the diversity of marine bacteria associated with PHA production.

 

Figure 5: World map showing the spatial distribution of marine regions where PHA-producing bacteria have been
isolated. Isolation points are compiled in Table 2, while the map presents only the general distribution of sampling
regions created with Canva.com.

Numerous investigations have examined the function of marine microorganisms as versatile bio-
catalysts, wherein they direct and drive reactions in biocatalysis and complete multiple modifications
of substrates in biotransformation, as well as biodegradation and bioremediation processes leading to
mineralisation [90]. PHA synthesis by halophiles, including marine bacteria, is more economical owing to
the high salt concentrations in the medium, as they inhibit the growth of non-halophilic bacteria [83]. The
capacity of these microorganisms to thrive in elevated temperatures, high pH, and high NaCl conditions
makes the fermentation processes operate contamination-free and under unsterile conditions [90].

A broad array of carbon feedstocks, including volatile fatty acids (VFAs), carbon dioxide, synthesis gas,
glucose, starch, molasses, cellulose and hemicellulose sugars, as well as various waste materials, can be
utilised to produce [91–93]. The broad range of carbon sources is highly relevant to PHA production, as
this flexibility allows for the implementation of different feedstocks based on their availability, cost, and
ecological footprint. PHA-producing microbes are capable of utilising VFAs such as acetic acid, propionic
acid, butyric acid, valeric acid, and caproic acid as carbon and energy sources, especially under anaerobic
fermentation conditions [93]. Given that rawmaterials represent 70–80% of the overall operational costs, the
carbon source is also a determining factor in the overall profitability of the process [94]. The diversity in the
composition of PHA and its properties is a function of the specific carbon source utilised and the bacterial
species responsible for its production [95]. Unlike terrestrial isolates, marine bacteria and their strains
provide high salinity tolerance, enabling open and non-sterile fermentation systems, significantly lowering
production costs. In the studies reviewed, marine bacterial isolates demonstrate the ability to accumulate 1%
to 94% of their cell dry weight as PHA using different carbon substrates (Table 3). The PHA production of
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marine bacteria is mostly comparable to their terrestrial counterparts, with Cupriavidus necator known to
accumulate as much as 90% of its cell dry weight, while marine strains bring to fermentation the advantages
of being seawater-based and high stress tolerant [96].

This section will also highlight the fact that PHA production is not restricted to one lineage and
encompasses various ecological niches in the sea. For instance, there are reports of deep-sea bacteria,
including 4 types of Colwellia spp., 11 types ofMoritella spp., and 18 types of Shewanella spp. isolated strains
that successfully accumulate PHAs with 3-hydroxybutyrate and 3-hydroxyvalerate. Notably, Colwellia sp.,
when cultivated on jatropha oil, JAMM 0421 produced 16.4% PHA content, which has a polymer with 4.0
mol% 3-hydroxyvalerate [75]. Additionally, PHA producers isolated from a hydrothermal vent shrimp,
Halomonas profundus obtained 0.27 g/L of PHA in a glucose-rich medium and 80–90% cell dry weight.
During cultivation on valerate and propionate, copolymers with up to 55 mol% 3-hydroxyvalerate (3 HV)
were produced [97]. Halomonas sp. MC140, isolated from the Arctic littoral environment, accumulated 35%
of cell dry weight of PHB when glucose was supplemented and 28% when supplemented with propionate,
which also provided 1.0 mol% 3-hydroxyvalerate [98]. Cyanobacteria, Spirulina subsalsa, isolated from
the coastal area, produce PHB 0.147 g/L and accumulated 7.45% of PHB with sodium carbonate as the
carbon source and under elevated sodium chloride (NaCl) concentration [88]. Therefore, the evidence of the
existence of PHA-producing marine bacteria has been provided from a variety of marine habitats, including
the open sea, deep sea, hydrothermal vents, Antarctic regions, and coastal areas.

In recent years, the increased attention on marine bacteria as potential PHA producers has spurred the
creation of a mini-repository of marine isolates with PHA-producing potential. As documented by [83],
of the 347 isolates with the potential to produce PHAs, 16 showed significant accumulation relative to
the cell dry weight. For example, a coastal isolate, Vibrio alginolyticus, produced PHB from dextrose with
an accumulation of 3.45 g/L and 73.67% of the dry cell weight [68]. Other than the findings within the
repository, marine bacteria also produce both scl-PHAs) and mcl-PHAs polyhydroxyalkanoates. The types
of bacteria that are involved in producing PHAs vary from those that produce the PHA monomers. Most
of the marine bacterial studies focus on the synthesis of scl PHAs, notably PHB and P(3HB-co-HV), with
mcl PHAs more rarely encountered. An example is Halomonas sp. YLGW01 produced PHB cultivated on
fructose, showed 94.60% accumulation and a cell size increase to 8.39 µm compared to 2.34 µm on glucose,
underscoring how carbon source influences both PHA content and cell morphology [78]. Furthermore,
Sphingobacterium mizutaii UMTKB-6 produced mcl-PHA, accumulating 37.4% on sucrose fermentation, and
without precursor supplementation, produced a copolyester containing 28 mol% hydroxydecanoate (HD),
49 mol% hydroxyundecanoate (HUD), 15 mol% hydroxyoctanoate (HO), and 8 mol% hydroxyhexanoate
(HHx) [17].

Apart from that, several studies have genetically modified marine bacteria to improve the production,
yield, and customisation of PHAs. Building on the biosynthetic pathways described in Fig. 4, researchers
have enhanced marine strains by modifying key genes involved in PHA synthase activity. An example is
the engineering of Shewanella marisflavi BBL25 with the pLW487 vector, yielding a maximum of 1.99 g/L
of PHB with 60% content at galactose as the carbon source [66]. This same system was used to demonstrate
the concurrent production of PHB and the generation of electricity in a microbial fuel cell, which produced
6.31 g/L of PHB and a current density of 1.71 mA/cm2 [66]. Marine bacteria also show potential for
industrial-scale PHA production under saline conditions, which can reduce sterilisation costs. This was
demonstrated in a study where fructose syrup was used as a carbon source under unsterilized conditions,
resulting in 95.26% PHB accumulation by Halomonas sp. YLGW01 [78].
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Table 3: Common examples of PHA production by marine bacteria from various sources using various carbon substrates.

Marine Bacteria Phylum Isolation Point Sample Source Types of PHA Carbon Source PHA Yield (g/L) PHA Content (%) References

Afifella marina Proteobacteria Omura Bay,
Nagasaki, Japan Seawater PHB Sodium malate 0.046 24.40 [99]

Alcanivorax
borkumensis SK2 Proteobacteria

North Sea,
Borkum Island,

Germany
Seawater PHA Octadecane 0.018 ND [100]

Bacillus sp.
NQ-11/A2 Firmicutes Arabian Sea, coast

of Goa, India Marine Sediment PHB Glucose ND 60.00 [101]

Bacillus cereus
MCCB 281 Firmicutes South West Coast

of India Seawater P(3HB-co-3HV) Propanoic acid 1.560 50.36 [67]

Bacillus licheniformis
MSBN12 Firmicutes Southeast Coast of

India
Marine

sponge-associated PHB Palm jaggery 6.380 67.16 [72]

Brachybacterium
paraconglomeratum

MTCC 13074
Actinobacteria Bay of Bengal,

Suryalanka, India Seawater PHB Dextrose 1.465 ND [73]

Brevibacterium casei
MSI04 Actinobacteria

Vizhinjam Coast,
West Coast of

India

Marine
sponge-associated PHB Starch ND 52.00 [102]

Burkholderia sp. AIU
M5M02 Proteobacteria

Ofunato Bay,
Iwate Prefecture,

Japan
Shallow sea muds PHB Mannitol 0.820 27.90 [74]

Colwellia sp.
JAMM-0421 Proteobacteria Cape Noma,

Kagoshima, Japan Deep Sea seawater P3HB-co-4% HV) Jatropha oil ND 16.40 [75]

Dinoroseobacter sp.
JL1447

Proteobacteria South China Sea Marine microalgae PHB sodium acetate ND 72.30 [76]

Desulfonema
magnum

Desulfobacterota Braunschweig,
Germany

Marine
environment PHB Benzoate ND 88.00 [103]

Enterobacter FAK
1384 Proteobacteria

Fakarava Island,
Tuamotu, French

Polynesia
Marine animal mcl-PHA Copra oil 1.000 33.00 [68]

Halomonas
hydrothermalis
MTCC 5445

Proteobacteria
Aadri Coast,

Veraval, Gujarat,
India

Seawater PHB
Dry sea mix,
glycerol, and
peptone

2.610 ND [77]

Halomonas
profundus

Proteobacteria Mid-Atlantic
Ridge

Hydrothermal
Vent shrimp PHB Glucose 0.270 80.00 [97]
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Table 3: Cont.

Marine Bacteria Phylum Isolation Point Sample Source Types of PHA Carbon Source PHA Yield (g/L) PHA Content (%) References

Halomonas sp.
YLGW01 Proteobacteria

Gwangalli Beach
in Busan, South

Korea
Marine soil sample PHB Fructose 7.950 94.60 [78]

Halomonas sp.
MC140 Proteobacteria

Arctic littoral
environment in

Norway

Antarctic sea
seawater PHB Acetate ND 35.00 [98]

Marinobacterium
sediminicola

Proteobacteria East China Sea Marine sediment P(3HB-co-94%HV) Valerate 3.370 74.99 [70]

Marinibacterium sp.
CCB-SX1 Proteobacteria

Queensbay coast
in Penang,
Malaysia

Seawater P(3HB-co-
1.2%HV) Acetate ND 27.30 [104]

Massilia sp. UMI-21 Proteobacteria Coastal region in
Japan Seaweed PHA Maltotriose 1.510 40.20 [79]

Moritella sp.
(JCM21335) Proteobacteria Pacific Ocean Deep-sea seawater PHA Fructose ND 3.40 [75]

Neptunomonas
antarctica CCTCC

AB 209086
Proteobacteria Nella Fjord,

Antarctica Marine Sediment PHB Fructose 2.120 26.00 [80]

Oceanimonas
doudoroffii
JCM21046T

Proteobacteria Oahu Coast,
Hawaii, USA Seawater PHB Lignin 0.130 0.52 [81]

Photobacterium
leiognathi 683 Proteobacteria Indian Ocean Marine animal PHB Glycerol 1.360 71.00 [105]

Photobacterium
leiognathi 1856 Proteobacteria Indian Ocean Marine animal PHB Glycerol 0.014 5.10 [105]

Pseudoalteromonas
sp. SM9913 Proteobacteria Okinawa Trough,

East China Sea
Deep-sea
sediment P(3HDD-co-3HD) Decanoate 0.093 1.89 [106]

Pseudomonas
guezennei

Proteobacteria
Rangiroa, an atoll

of French
Polynesia

Marine microbial
mat P(3HD-co-3HDD) Glucose 0.250 80.00 [107]

Pseudomonas sp.
CMG607w Proteobacteria

Layari outfall,
Karachi coast,

Pakistan
Marine sediment Blend of scl-PHA

and mcl-PHA Sodium Gluconate 0.376 42.3 [108]

Rhodovulum
sulfidophilum
ATCC35886

Proteobacteria Intertidal flats,
Netherlands Sea muds PHA Acetate ND 53.9 [109]
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Table 3: Cont.

Marine Bacteria Phylum Isolation Point Sample Source Types of PHA Carbon Source PHA Yield (g/L) PHA Content (%) References

Rhodovulum
sulfidophilum
DSM1374

Proteobacteria
Intertidal flats
Waddenzee,
Netherlands

Sea muds P(3HB-co-3HV) Lactate ND 23.40 [110]

Saccharophagus
degradans ATCC

43961
Proteobacteria

Chesapeake Bay,
Virginia, United
States of America

Salt marsh grass PHB Glucose ND 17.20 [82]

Shewanella
surugensis
JAMM-0036

Proteobacteria Suruga Bay, Japan Deep-sea
sediment PHA Jatropha oil ND 0.4 [75]

Shewanella
marisflavi BBL25 Proteobacteria

Docho-myeon,
Shinan, Republic

of Korea
Seawater PHB Galactose 1.990 60 [66]

Sphingobacterium
mizutaii UMTKB-6 Bacteroidetes

Bidong Island,
Terengganu,
Malaysia

Sediment mcl-PHA Sucrose 0.380 37.40 [17]

Spirulina subsalsa Cyanobacteria Veraval coast,
Gujarat, India Coastal samples PHB Sodium carbonate 0.147 7.45 [111]

Vibrio alginolyticus
MCCB 290 Proteobacteria Dona Paula Beach,

Goa, India Coastal samples PHB Dextrose 3.450 73.67 [83]

Vibrio azureus
BTKB33 Proteobacteria Coast of

peninsular India Seawater PHB glucose 0.480 ND [19]

Vibrio harveyi 72 Proteobacteria Pacific Ocean Seawater P(3HB-co-0.4%
HV) Glycerol 0.200 12.30 [105]

Vibrio harveyi
MCCB 284 Proteobacteria

Vizhinjam Bay,
Trivandrum,
Kerala, India

Tunicate sample PHB Glycerol 3.200 70.00 [67]

Vibrio proteolyticus Proteobacteria Korean peninsula Seashore sample PHB Glucose ND 51.23 [112]

Vibrio sp. BM-1 Proteobacteria Northern Taiwan Marine
environment PHB glycerol-yeast

extract-tryptone 1.570 16.00 [113]

Vibrio sp. KN01 Proteobacteria
Hizushi Beach,
Aka Island,

Okinawa, Japan
Seawater P(3HB-co-5HV-co-

3HP) Soybean oil 0.400 40.00 [114]

Vibrio sp. MK4 Proteobacteria Katch island,
South India Soil samples PHB Glucose 4.220 ND [115]

ND, not determined.
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6 Marine Bacteria in Circular Bioeconomy

Circular bioeconomy integrates the regenerative principles of the circular economy with the construc-
tive sequencing of biological resources aimed at the conversion of renewable biomass and wastes into
products of economic value by reducing harmful effects on the environment [116]. It also integrates various
fields, such as biotechnology and agriculture, to facilitate the optimal use of closed-loop systems [117].
Fig. 6 shows the role of some marine bacteria in a circular bioeconomy by elucidating how they transform
waste into PHAs and further allow the degradation of the wastes. This illustrates their waste recycling and
industrial value. In this scenario, PHA are considered a valuable bioplastic due to their degradability and
other favourable material properties. However, industrial-scale PHA production remains constrained by
the reliance on costly purified substrates [118]. Recent studies aimed at resolving this scenario by further
integrating PHA production with waste valorisation. In these cases, the low-cost carbon sources usually
used were industrial by-products, effluents, wastewater, and agricultural residues. Marine bacteria play an
important role in this framework due to their ability to thrive in harsh environments and utilize diverse
carbon sources, including industrial, food processing waste, and agricultural waste streams as shown in
Fig. 7. Their capacity to convert these carbon source into biopolymers, positions marine bacteria as key
contributors to waste valorization and sustainable bioplastic production within the circular bioeconomy as
shown in Table 4 [119].

Figure 6: Circular bioeconomy of PHA by Marine Bacteria “Modified from [120] created with Canva.com”.
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Figure 7: Classification of Waste by Source: Industrial, Agricultural, and Food Processing. Modified from [121],
created with Biorender.com.

Table 4: PHA production from various types of waste by marine bacteria.

Waste Type Substrate Microorganism Type of PHA PHA Content (%) PHA Yield (g/L) References

Agro waste

Wheat straw Halomonas
elongata A1 PHB 5.2 0.44 [122]

Barley straw Shewanella
marisflavi BBL25 PHB 56.00 3.27 [66]

Sugarcane
bagasse

Klebsiella
pneumoniae G1 PHB 25.00 9.03 [123]

Food processing
waste

Waste frying oil

Halomonas
hydrothermalis

PHB 23.76 0.38

[124]
Halomonas
neptunia

PHB 23.12 0.67

Banana peels
and chicken

feather
hydrolysate

Pichia
kudriavzevii
VIT-NN02

P(3HB-co-3HV) 79.68 ND [125]

Industrial waste

Agro-industrial
effluents

Halomonas sp.
SF2003 P(3HB-co-3HV) 31.00 1.89 [119]

Crude glycerol
Halomonas

hydrothermalis
SM-P-3M

PHB 75.00 ND [111]

Crude glycerol
Bacillus

licheniformis
PL26

P(3HB-co-3HV) 64.60 1.10 [126]

Glycerin pitch
Bacillus

megaterium
UMTKB-1

PHB 3.00 ND [127]

ND, not determined.
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6.1 PHA Production from Renewable Carbon Feedstocks by Marine Bacteria

6.1.1 Industrial Waste

The use of carbon sources for the synthesis of PHAs from certain waste streams produced by the
industry, most notably by-products from biodiesel production, has been the focus of a great deal of research.
Among these, the use of crude glycerol has been investigated most extensively as one of the co-products
of the biodiesel production process and promising feedstocks [128]. Numerous marine bacteria have
been reported to utilise crude glycerol for the synthesis of poly (3-hydroxybutyrate-co-3-hydroxyvalerate)
[P(3HB-co-3HV)]. As an example, Bacillus licheniformis PL26 was able to metabolise crude glycerol with
PHA accumulation of 64.59% of dry cell weight, producing approximately 1.1 g/L of P(3HB-co-3HV) [126].
Likewise, when grown on crude glycerol produced as a byproduct of Jatropha biodiesel, Halomonas
hydrothermalis accumulated PHB to 75% of its cell dry weight, demonstrating an extraordinary capacity for
biosynthesis [111]. These studies exemplified biosynthesis by marine bacteria, demonstrating their use in
large-scale PHA production.

In addition, other agro-industrial effluents have been used as alternative substrates. As an example,
Halomonas sp. SF2003 synthesised PHA at a level of 1.30 g/L with 31% cellular content, and when valeric
acid was added as a co-substrate, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV) was synthesised
with a 35% molar proportion of hydroxyvalerate (HV) [119]. It was shown through thermal and mechanical
analysis that with increasing HV content, there was a reduction in the glass transition and melting
temperatures as well as the Young’s modulus, which suggests an increase in the flexibility of the copolymer.
This illustrates the ability to utilise the selection of substrate, as well as the selection of a co-substrate, to
alter the composition and characteristics of PHAs and therefore the potential of bioplastics.

6.1.2 Agro-waste

Agro-waste, is agricultural waste, referring largely to the by-products of the cultivation and processing
of agricultural materials, also called lignocellulose biomass [129]. Lignocellulosic biomass contains various
constituents such as cellulose, hemicellulose, lignin, pectin, and protein, as well as extractives (tannins, lipids,
resins, steroids, terpenes, terpenoids, flavonoids, and phenolic compounds) [130]. Carbon source extraction
from agro-waste involves the use of a pretreatment and hydrolysis process designed to break down the
complex lignocellulosic structures into fermentable sugars needed by PHA-producing bacteria [131]. Due to
the abundant availability and renewability of agro-waste, a variety have been studied as potential precursor
materials for PHA production. For example, wheat straw was used as a low-cost substrate for Halomonas
elongata P2, resulting in a maximum polymer accumulation of 5.2% after 84 h of cultivation [122]. While
this yield was lower than that obtained with glucose or oleic acid, wheat straw provides important economic
and environmental benefits as an undersized agricultural byproduct. Interestingly, the PHA obtained from
wheat straw exhibited unique physicochemical attributes, such as hardness and opacity, that distinguished
it from the polymer derived from more conventional substrates [122]. These unique attributes suggest that
agricultural waste valorisation alleviates the costs associated with PHA production and customised PHA
characteristics for specific end uses. Additionally, agricultural wastes utilised by Klebsiella pneumoniae G1
as carbon sources for producing PHB, sugarcane bagasse produced the highest yield of PHB of 9.03 g/L (a
3.6-fold increase over glucose), followed closely by banana peel (5.6 g/L) and orange peel (5.36 g/L) [123].
Other wastes such as rice bran, rice husk, rice straw, banana peel, and pomegranate peel supported PHB
production, albeit to a lesser degree than sugarcane bagasse. This further confirms the efficiency of
sugarcane bagasse as a carbon source and its overall potential for sustainable bioplastic production. The
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transformation of agro-waste into PHAs helps to address both agro-waste management issues and the more
affordable, biobased, and biodegradable substitutes for petrochemical plastics.

6.1.3 Food Processing Waste

Food processing wastes represent an abundant yet underutilised reservoir of carbon substrates for
microbial PHA biosynthesis. Biopolymers have been produced from several food processing wastes,
including banana peels, orange peels, mango peels, and used cooking oil by some marine bacteria. For
example, the ability of Halomonas strains to utilise waste frying oil solely as a carbon source has been
studied [124]. Most of the strains used the oil for growth, but Halomonas hydrothermalis and Halomonas
neptunia exhibited especially active growth and PHA production. PHA contents for these strains were
23.76% and 23.12% of the total biomass, respectively, which is quite a good yield. The two species produced
solely PHB, which is a homopolyester made of 3HB monomer units. Interestingly, H. hydrothermalis and H.
neptunia were both also isolated from deep-sea hydrothermal vents, which emphasizes the potential that
extremophilic marine bacteria have for biotechnological applications, especially for the conversion of waste
oils to biodegradable polymers. Moreover, using a Box–Behnken design to optimise Pichia kudriavzevii
VIT-NN02 has resulted in PHA yields that are significantly higher. Banana peel extract (40%) and chicken
feather hydrolysate (0.80%) were respectively optimum sources of carbon and nitrogen, facilitating an
increase in PHA accumulation from 40.00% to 79.68% of the biomass [125]. The copolymer P(3HB-co-3HV)
produced was highly crystalline and thermally stable, with a porous, smooth, and spherical surface. These
findings demonstrate the effectiveness of statistical optimisation in enhancing the production of PHA from
food waste substrates and the potential to convert food waste to copolymers with a range of desirable
physicochemical properties useful in the production of bioplastics.

Although numerous studies have shown that marine bacteria can metabolise different waste-derived
substrates for PHA production, several possible waste sources have yet to be studied. From the studied
substrates, low-cost industrial byproducts, like biodiesel production waste (crude glycerol), have been
more frequently studied. Surprisingly, crude glycerol PHA yields are comparable to those obtained from
laboratory-grade carbon sources (glucose, sucrose, and fructose), indicating the capacity of marine bacteria
to transform industrial byproducts and further showing the viability of crude glycerol as a low-cost feedstock
for sustainable bioplastic production. Considering the renewable and waste-derived substrates converted
into biodegradable plastics by marine bacteria, they are key for PHA production in a circular economy by
reducing dependence on fossil fuels and providing sustainable alternative materials.

6.2 Marine Bacteria as PHA-Degrading Bacteria

The biodegradability of PHA by marine bacteria is framed as a natural continuation or circular
process showing these organisms not only synthesise PHA but also ensure their reintegration through
enzymatic degradation by PHA depolymerase [120]. During depolymerisation, the released monomers
are consumed as carbon and energy sources, emphasising the vital ecological role of PHAs in mitigating
plastic accumulation and sustaining nutrient cycling within marine ecosystems [132]. PHA depolymerases
are key enzymes that break down PHA polymers into smaller monomers, enabling both intracellular and
extracellular degradation. Based on their structural characteristics, they are generally divided into two
categories: intracellular depolymerases (iPHA) and extracellular depolymerases (ePHA) [133]. Intracellular
depolymerases, such as PhaZ enzymes, function within bacterial cells to hydrolyse PHA granules stored as
carbon reserves. These enzymes typically exhibit exo-type activity, cleaving polymer chain terminus to
release monomers such as 3-hydroxybutyrate [134]. In contrast, extracellular depolymerases are secreted
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into the surrounding environment, where they degrade PHAs released outside the cell, including those
present in marine ecosystems. Most extracellular depolymerases are serine hydrolases that attach to polymer
surfaces and cleave ester bonds, producing water-soluble oligomers and monomers [134]. Extracellular
PHA depolymerases typically exhibit a multi-domain structure as shown in Fig. 8, comprising a catalytic
domain (CD) with an active site that cleaves ester bonds in the PHA polymer, a substrate-binding domain
(SBD) for polymer interaction, and a linker domain (LD) that allows the enzyme to adapt to various PHA
structures. The active site generally contains three conserved residues (Ser–His–Asp), which facilitate
hydrolysis. This structural arrangement enables the enzyme to efficiently bind and degrade crystalline PHA
at the solid–liquid interface [135].

Figure 8: The enzyme consists of a signal peptide (SP) for secretion, a catalytic domain (CD) containing the lipase
box and Type A motif for hydrolysis, a linker domain (LD) with fibronectin type III (Fn3) and cadherin-like (Cad)
modules that provide flexibility and stability, and a substrate-binding domain (SBD) subdivided into regions I and II
that enhance polymer interaction modified from [136,137], created with Canva.com.

A study identified a PhaZ homolog discovered in Alteromonas sp. D210916BOD_24 was shown to
catalyse the degradation of P(3HB). The enzyme features a signal peptide (SP), with a type A CD containing
a conserved lipase box essential for hydrolysis, an Fn3 LD, and an SBD composed of two regions. It
demonstrated heightened activity under saline conditions (pH 8.0, 0.8 M NaCl), where NaCl concentrations
influence the depolymerase’s ability to break down polymers efficiently. Interestingly, the PhaZ gene appears
to be horizontally transferred in genetically diverse strains of Alteromonas [138]. PHA-degrading bacteria
have been discovered in a variety of marine habitats where they play an active role in PHA degradation.
Ref. [139] showed PHA-degrading bacteria such as Enterobacter sp., Bacillus sp., and Gracilibacillus sp. that
can degrade P(HB) and P(3HB-co-HV)[PHBV] as proved by a decline of molecular weight. This study also
showed that the polymer form affected the degradation rate. Between the two forms, films have a higher
biodegradation rate than the compacted pellets when submerged in seawater.

Ref. [140] isolated 91 bacteria from seawater, including Pseudoalteromonas, Arenicella spp. and Mi-
crobacterium spp., which were newly identified marine PHA degraders. The study showed that P(3HB) and
PHBV films in pseudo marine environments were degraded the fastest, particularly in the deep seawater,
compared to the surface seawater. In addition, PHBV films degraded more rapidly than P(3HB), with
the fastest rates observed in deep seawater. The author also studied the enzymes responsible for the
depolymerisation of P(3HB), responsible for PHA degradation. Microbacterium exhibits depolymerases with
unique domain patterns compared to other marine types, resembling those of terrestrial enzymes. An in
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vitro study of Microbacterium schleiferi confirmed the presence of notable PHA-degrading activity across
different NaCl concentrations, validating its potential in the biodegradation of polyhydroxyalkanoates in
marine environments. Furthermore, six marine debris-associated bacterial isolates were screened for their
ability to degrade P(3HB), with the positive degradative activity evidenced by the formation of a clear zone
surrounding the colonies [141]. Among six bacterial isolates, Pseudooceanicola antarcticus, with the highest
degradation index of 1.44, was chosen for optimisation studies based on statistical techniques. Among
formulated nitrogen sources tested, NH4Cl was statistically the most significant for the biosynthesis of
P(3HB) depolymerase, and response surface methodology (RSM) analysis predicted maximum enzyme
activity at a substrate and nitrogen source (NH4Cl) load of 0.5%. Thus, marine bacteria with the ability
to degrade polyhydroxyalkanoates are critical for the biodegradation of bioplastics in aquaculture and
packaging materials, which are frequently accidentally released into the marine environment. In marine
environments, PHA depolymerases are central to the ecological recycling of bioplastics. Unlike synthetic
plastics, which persist as long-term contaminants, these enzymes enable their reintegration into carbon
biogeochemical cycles. PHAs are naturally metabolised by marine microbes, supporting nutrient turnover
and reducing plastic accumulation [136]. Collectively, these findings highlight marine bacteria as pivotal
agents in the natural turnover of PHAs, reinforcing their potential in sustainable bioplastic applications.

7 Advanced Cultivation Strategies for PHA Production

Enhancing polyhydroxyalkanoate production requires strategic selection of carbon sources, cultivation
techniques, and process optimisation. Recent developments involve the use of bioengineered microorgan-
isms and other fermentation methods in an attempt to improve the yield, polymer composition, and overall
industrial feasibility. This chapter discusses the importance of cultivation systems, fermentation strategies,
and bioprocessing PHA optimisation to improve PHA production.

PHA-producing bacteria can be cultivated in bioreactors and shake-flask systems, which are dependent
on the production scale and the stage of research. For preliminary research, such as carbon source testing
and bacterial strain selection, shake flasks are the most appropriate. In contrast, bioreactors are the most
appropriate systems for research and production of PHA’s, especially for the process fermentation of high
yields because they provide the most optimal control of process parameters such as pH, temperature,
oxygen levels, and other variables.

Optimisation tools in Design of Experiments (DoE) help specify the best combinations of the control-
lable input variables to reach desired goals, for instance, improving yields or decreasing the costs involved
in production. Response Surface Methodology (RSM) is frequently used in the production of PHAs. These
methods are usually backed up by specific software that facilitates the organisation of experiments, as well
as the computation of the statistics and the interpretation of the data. Ref. [113] found that the production of
PHB by Vibrio sp. BM-1 was 1.57 g/L with 16% content after 12 h in glycerol-yeast extract-tryptone medium,
although this level decreased significantly after 40 h due to the presence of mineral salts and degradation of
PHB during the stationary phase, presumably as a result of nutrient deficiency and depolymerase activity.
An improvement of 1.5-fold in PHA yield was observed when Optimised Central Composite Design (CCD)
was used for the production of P(3HB-co-3HV) copolymer by Bacillus cereus MCCB 281, with PHA yield
increasing from 1.44 g/L to 2.14 g/L. Under optimised conditions, batch fermentation resulted in a cell dry
weight of 3.72 g/L, a PHA yield of 2.54 g/L, and a PHA content of 68.27% (w/w), thus illustrating the impact
of the statistical design on biopolymer synthesis [67].

In a closed batch culture system, bacterial growth follows a five-phase sequence, including lag, expo-
nential, stationary, and decline [142]. Although the initial growth substrates (e.g., carbon, NH4

+, PO4
3−,



J Polym Mater. 2026;43(3):3 21

Mg2+) are included, no additional nutrients are provided throughout the culture period [143]. Such a
system requires a delay of inhibitory growth by using a concentration of initial substrates that is sub-
inhibitory [144]. Maximum PHB production through RSM (6.38 g/L) for marine sponge-associated Bacillus
licheniformis MSBN12, optimised with palm jaggery, occurred in batch culture. The optimised parameters
during bioreactor trials improved PHB production by three times when compared with shake flask culture
during both batch and fed-batch fermentation. Interestingly, fed-batch fermentation was more efficient for
PHB production than batch fermentation, yielding a greater accumulative PHB of 17.92 g/L (as compared to
12.47 g/L) [72].

In fed-batch fermentation, an incrementally added substrate allows for extended dense cell cultivation,
stationary phase extension, and enhanced productivity of PHB synthesis [145–147]. In these systems, pH,
oxygen levels, and nutrient substrates can be dynamically controlled, leading to a reduction of nutrient
exhaustion and starvation of the bacterial culture [148]. This technique has been implemented with success
in many strains of PHB producers, such as Ralstonia eutropha, Bacillus megaterium, E. coli, Azotobacter
vinelandii, and Sinorhizobium meliloti [149]. In addition, fed-batch glucose pulsing with a high initial
glucose concentration in the cultivation of Halomonas venusta has been reported to achieve the highest
yield of PHA at 33.4 g/L, which is 88.12% of the dry cell weight and an 8.65-fold improvement over batch
fermentation [149]. In this technique, glucose was initially supplied at a high concentration, then gradually
lowered to allow for the active metabolism of the cells while avoiding substrate inhibition.

In one-stage processes, both carbon and limiting nutrients are provided together [143]. This method
provides operational and cost-related advantages. One study investigated one-stage cultivation of Haloferax
mediterranei with olive mill wastewater as the only carbon source, resulting in a PHA yield of 0.2 g/L and
43% polymer content per cell dry mass, and a direct synthesis of PHBHV copolymer (6.5 mol% 3HV) without
expensive 3HV-related precursors or a separate fermentation step [150]. However, literature on one-stage
strategies remains limited, especially for marine bacteria.

Two-stage cultivation separates biomass generation and PHA accumulation. Initially, balanced nutri-
ents are added to promote active growth. During the second stage, PHA accumulation, carbon is fed without
the growth-supporting nutrients, resulting in intracellular PHA accumulation [143]. In the two-stage
mode, Halomonas sp. SF2003 produced 1.89 g/L PHA with 33% content, compared to 1.30 g/L and 31% in
one-stage mode. Interestingly, the one-stage mode allowed PHBHV production with 35% mol valerate [119].
Therefore, determining whether a one-stage, two-stage, or fed-batch cultivation approach is optimal is
dictated largely by the physiological characteristics of the microbial strain, the supplied substrate, and the
desired attributes of the resultant polymer.

8 Challenges and Way Forward

PHAs provide significant environmental benefits through their biodegradability, carbon neutrality,
eco-friendly disposal, and reduced toxicity. In contrast, petroleum-based plastics, such as polypropylene and
polyethene, and other plastics, may take hundreds of years to degrade. This lack of biodegradability causes
long-lasting pollution to the ecosystem and is dangerous to the organisms in the ecosystem [151]. However,
PHA is fully biodegradable in diverse environments such as soil, marine water, and compost, offering a
sustainable alternative that mitigates plastic pollution and minimises environmental damage [152].

Replacing petroleum-based polymers with PHAs can reduce fossil energy usage by up to 95% and
decrease greenhouse gas emissions by as much as 200% [153]. This illustrates the ability of PHAs to
facilitate sustainability and foster the establishment of green industries. Furthermore, PHA-based materials
are designed to naturally decompose into harmless substances after use, such as methane in anaerobic
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environments (e.g., biogas plants) or water and carbon dioxide in aerobic settings (e.g., composting) [154].
This demonstrates that PHAs truly facilitate a reduction of environmental hazards and support sustainable
waste management systems.

Most importantly, in contrast to standard plastics, PHAs do not emit damaging microplastics or toxic
substances into ecosystems during breakdown. This is especially important because of the increasing risks
posed by microplastics, especially in the sea, coastal areas have recorded 103–104 per m3 [155]. These
small, floating microplastics are extremely difficult to identify, extract, or recycle, and have proven to be
a significant contributor to the pollution in oceans. By providing a solution that does not contribute to
microplastics, PHAs contribute to solving an important environmental challenge.

PHAs also possess other economic benefits, such as greater market opportunities, using industrial
and agricultural waste, and decreased use of fossil fuels. The accumulation of industrial and agro-waste,
especially from palm oil and agro-based industries (animal waste, molasses, corn steep liquor, whey, rice and
wheat bran, etc.), has created a significant environmental problem. However, in the case of PHA production,
these wastes are considered good substrates [156]. The use of agro-waste as a feedstock is going to keep
production costs low and also convert waste into an economically useful product, thereby providing a
contribution to the circular economy.

Several sectors, such as packaging, agriculture, and medicine, have observed the potential of sustainable
materials and PHA products, which have already entered the market with applications in medical devices
(CPC/IPC A61), plastics processing (CPC/IPC B29), and multilayered films (CPC/IPC B32) [157]. PHAs
promote economic stability as they minimise dependence on the unpredictable fossil fuel market. PHAs are
considered sustainable and environmentally friendly because they are fully biodegradable polymers and
derived from renewable resources, such as agro-waste, through microbial processes, which also offer an
alternative to petroleum-based plastics [158].

9 Conclusion

Overall, the plastic pollution issue caused by petroleum-based plastics is a growing global concern, pos-
ing serious threats to the environment and human health. The challenge of eradicating non-biodegradable
plastics from our surroundings slowly increases while PHA offer positive prospects as an alternative, more
environmentally friendly, and biodegradable plastic. PHA produced by microbes from renewable carbon
feedstocks like agro-waste have several advantages, such as being biodegradable, non-toxic, and can be
modified for a wide variety of applications. Furthermore, from a plastic pollution perspective, the waste
generated from the manufacturing of certain products can be used as feedstock for the production of PHAs,
creating a sustainable waste management strategy along with waste valorisation. The unexplored potential
of bacteria from the marine environment continues to be of interest, as research utilises marine bacteria to
produce PHAs, and further expands the range of microorganisms used for the production of bioplastics.
The goal is to progressively commercialise PHAs and other biodegradable plastics while reducing the
consumption of fossil fuels, pollution, and improving the overall quality of life. The incorporation of
renewable feedstocks (i.e., marine and agricultural waste) to encourage and facilitate the production of
PHAs will assist in the achievement of a more sustainable and circular economy.
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