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Polyhydroxyalkanoates (PHAs) are biocompatible and biodegradable

polyesters synthesized by some organisms such as bacteria, fungi, and plants for carbon and energy storage.
Among the PHA-producing bacteria, Bacillus, Cupriavidus, Pseudomonas, Burkholderia, Halomonas, and Paracoccus
were selected in this review to study the last 10 years of PHA production. PHA yields, carbon source, strains, and
their possible relationships were analyzed in 77 articles, finding more than 300 experiments which revealed

carbohydrates and fatty acids are the most used substrates, while the highest yields (near 90 % PHAs/biomass),
were obtained with engineered Halomonas (glucose), Cupriavidus necator (fructose:canola oi), and Bacillus meg-
aterium (residual glycerol). Considering the extensive but fragmented data across bacterial strains, substrates,
and PHA production, which makes systematic comparison difficult, this review aims to serve as a valuable
resource by integrating basic information for the optimal selection of carbon sources and/or bacterial strains to

produce PHAs efficiently.

1. Introduction

It is estimated that between 4.8 and 12.7 million tonnes of plastic
waste generated on land reach the ocean annually, and this figure is
expected to rise dramatically by 2025 unless more efficient waste
management strategies are implemented (Sabapathy et al., 2020). In
response to this environmental challenge, recent years have seen an
emphasis on research and development of sustainable alternatives
(Katagi et al., 2023).

Since they were discovered in 1926 by the French microbiologist
Maurice Lemoigne at the Pasteur Institute in Paris (Lemoigne, 1926),
polyhydroxyalkanoates (PHAs) have emerged as a promising solution to
replace petrochemical-derived plastics. PHAs represent a family of over
150 aliphatic polyesters with a general structure but diverse polymeric
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properties (Kosseva and Rusbandi, 2018). These polymers are biode-
gradable, biocompatible, and capable of being synthesized entirely by
microorganisms, making them attractive candidates for sustainable ap-
plications using PHAs alone or as a copolymer (Medeiros Garcia
Alcantara et al., 2020).

The versatility of PHAs extends to their production from pure carbon
sources such as glucose, fructose, or oleic acid to renewable and inex-
pensive carbon sources, including organic wastes such as vegetable
scraps, potato and banana peels, municipal solid waste, wastewater, and
algae (Aghaali and Naghavi, 2023).

A PHA molecule commonly comprises 600 to 35,000 (R)-hydroxy
fatty acid monomers (Fig. 1). PHAs can be categorized into three kinds
based on their chain length: short-chain length (scl-PHA), medium-chain
length (mcl-PHA), and long-chain length (lcl-PHA), according to the
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Poly(3-hydroxyalkanoate)

Fig. 1. Chemical structure of PHA. The asterisk represents a chiral center. The
nomenclature of PHA is expressed as follows: if R = hydrogen, it is poly (—3-
hydroxypropionate); if R = methyl and n* =1, it is poly (3-hydroxybutyrate); if
R = ethyl and n* = 1, it is poly (3-hydroxyvalerate). Adapted from Vicente et al.
(Vicente et al., 2023).

number of carbon atoms in their monomers (Raza et al., 2018). If the
chain comprises 3-5 carbon atoms (C3-C5), it is scl-PHA, where poly(3-
hydroxybutyrate) (PHB), poly(3-hydroxyvalerate) (PHV), and its
copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (P(3HB-co-3
HV)) are classic examples. PHAs such as poly(3-hydroxyoctanoate)
(PHO) and poly(3-hydroxynonanoate) (PHN) are examples of mcl-
PHA, which span between 6 and 14 carbon atoms (C6-C14). If they
contain more than 14 carbon atoms (> C14), they are lcl-PHA, which are
scarcely found in nature (Li et al., 2016; Mezzina et al., 2021); therefore,
these are the least common and the least studied of the three classes.
Despite the high diversity of the reported 150 types of R-hydrox-
yacids, genetic engineering expands the synthesis of novel PHA
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monomers. Regarding physicochemical properties, scl-PHAs are char-
acterized by a brittle and rigid structure provided by their crystallinity,
in contrast to mcl-PHAs, which have greater firmness and elasticity.
Several factors influence the productivity, composition, and properties
of PHAs, including the carbon source used, the bacterial producer, the
composition of the growth medium, the cultivation strategies, and the
biopolymer recovery method (Vicente et al., 2023).

In the production of bioplastics, specifically those of the PHA family,
bacteria play a crucial role as versatile microorganisms capable of syn-
thesizing these polymers. The most common groups include Cupriavidus
necator (previously known as Ralstonia eutropha), Bacillus megaterium,
and Pseudomonas putida. PHAs are synthesized within the microorgan-
ism’s cellular structure, and their diameter can vary between 0.2 and
0.5 pm (Raza et al., 2018).

There are two main classifications of bacteria in terms of PHA syn-
thesis. The first group requires stress conditions, such as limitation or
depletion of essential compounds including nitrogen or phosphorus, in
the presence of carbon excess (Katagi et al., 2023). This group contains
bacteria such as Cupriavidus necator or Pseudomonas oleovorans. These
bacteria can use substrates from organic waste, such as food waste or
agricultural byproducts, that are rich in carbohydrates or lipids
(Nicolescu et al., 2023). In addition, the second group does not require
nutrient-deficient conditions to accumulate PHAs as they can synthesize
these polymers during their growth phase. Bacteria in this group include
Burkholderia thailandensis E264 and recombinant Escherichia coli.

PHA synthesis involves several integrated and complex regulated
metabolic pathways, as presented in Figs. 2 and 3. Pathways I, II, III, and
IV generate natural PHAs, in which acetyl-CoA plays a central role
(Meng et al., 2014; Tan et al., 2014). In this process, key enzymes such as
3-ketothiolase (PhaA), acetoacetyl-CoA reductase (PhaB), and PHA
synthase (PhaC) act together to facilitate the production and accumu-
lation of intracellular PHAs. This polymer acts as a carbon and energy
reserve within the bacterial cell in response to changes in environmental
conditions (Tan et al., 2014).

At the biochemical level, the process consists of converting central
metabolites derived from pathways such as glycolysis (Embden-Meyer-
hof-Parnas, Pentose phosphate, and Entner-Doudoroff pathways), the
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Fig. 2. Conventional metabolic pathways leading to PHA synthesis. Adapted from Meng et al. (Meng et al., 2014) and Tan et al. (Tan et al., 2014).
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Fig. 3. Additional metabolic pathways leading to PHA synthesis. X represents the metabolic engineering of P. entomophila 148 for producing PHA through
p-oxidation. Adapted from Meng et al. (Meng et al., 2014) and Tan et al. (Tan et al., 2014).

Krebs cycle, fatty acid de novo synthesis, and -oxidation into precursors
for PHA synthesis (Alvarez-Santullano et al., 2021). The starting point is
acetyl-CoA, a molecule that, under normal growth conditions, is chan-
neled into the Krebs cycle for energy production. However, under
nutritional stress conditions, such as nitrogen, phosphate, or magnesium
deficiency, carbon excess favors the diversion of acetyl-CoA into the
PHA synthesis pathway (Tan et al., 2014).

For instance, the synthesis of PHB, the most common type of PHA,
starts with condensing two acetyl-CoA molecules, catalyzed by the
enzyme 3-ketothiolase (PhaA), forming acetoacetyl-CoA. This step is
crucial as it marks the beginning of accumulating monomers that form
PHA chains. In bacteria such as Cupriavidus necator and Burkholderia
cepacia, PhaA acts as a regulator, redirecting the flow of acetyl-CoA
toward polymer synthesis instead of its participation in the Krebs
cycle (Kosseva and Rusbandi, 2018; Tan et al., 2014).

Subsequently, acetoacetyl-CoA is reduced to (R)-3-hydroxybutyryl-
CoA by the action of the enzyme acetoacetyl-CoA reductase (PhaB),
using NADPH as a cofactor. This step is essential for the generation of
PHA monomers, such as 3-hydroxybutyrate (3HB), which is the main
constituent of PHB (Raza et al., 2018).

Finally, the PHA synthase (PhaC) catalyzes the polymerization of
(R)-3-hydroxybutyryl-CoA monomers, forming long PHA chains accu-
mulated as intracellular granules. PhaC is an essential enzyme for bio-
polymerization as it determines the rate and efficiency of polymer
synthesis from the available monomers. The size and composition of
PHAs can vary depending on the type of bacteria and the culture con-
ditions used (Kosseva and Rusbandi, 2018; Pena Serna and Lopes Filho,
2015).

Bacteria accumulate PHAs as intracellular granules. These granules
are surrounded by proteins such as phasins, polymerases, and depoly-
merases. In response to carbon deficiency or changes in the pH medium,
depolymerases are activated and degrade PHAs, releasing 3-hydroxyal-
kanoic acids that bacteria can exploit as a carbon and energy source
(Shahid et al., 2021).

One of the significant challenges in PHA production is its high cost
compared to petrochemical-based polymers. Renewable and low-cost

carbon sources, including agricultural residues, waste oils, and indus-
trial wastewater, have been explored to address this issue. For instance,
glycerol, a byproduct of the biodiesel industry, has shown promising
results, achieving yields of up to 83 % in bacteria like Pseudomonas
putida KT2440 (Nguyen et al., 2023). Similarly, lignocellulosic residues,
including fruit peels and sugarcane bagasse, represent economical and
abundant carbon sources, promoting more sustainable production
(Aghaali and Naghavi, 2023). These strategies reduce production costs
and encourage the reuse of residual materials, aligning with the prin-
ciples of the circular economy.

Despite its benefits, PHA production faces several obstacles that
hinder its industrial scalability. One critical issue is the efficiency of
bacterial producers. While species like Cupriavidus necator and Pseudo-
monas oleovorans exhibit high PHA accumulation capability, their yield
varies significantly depending on medium conditions and substrate
availability (Katagi et al., 2023). Additionally, the costs associated with
polymer extraction and purification remain high, using toxic chemical
solvents and energy-intensive techniques (Vicente et al., 2023). Another
significant challenge is the limited diversity of available monomers,
which restricts the final physicochemical properties of the biopolymer.
Recent advancements in genetic engineering and synthetic biology have
enabled the development of recombinant strains of bacteria that in-
crease PHA yields and expand monomer diversity, unlocking new pos-
sibilities to tailor PHA production. These challenges highlight the need
for technological innovations to make PHAs a more competitive and
accessible solution.

To our knowledge, this is the first study focusing on the direct rela-
tionship between PHA production performance linked and the type of
substrate and bacterial genera used. In addition, as far as we know, no
comparative cost analyses regarding biological PHA production using
different organic substrates are available in the literature. Considering
all the aforementioned information, this review aims to explore various
substrates for their effectiveness in optimizing PHA production across
key bacterial genera and determine the impact of substrate type and
concentration on biomass production and PHA yield, alongside a
comparative analysis of PHA production costs.
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2. Methods

The authors used the Scopus database to search for articles related to
“Carbon sources associated with the production of PHA by bacteria.”
The search query was designed to align with the bibliographic review
and was as follows: ABS ((“PHA” OR “polyhydroxyalkanoate”) AND
(“substrate” OR “carbon source”) AND (“Cupriavidus” OR “Ralstonia
eutropha” OR “Halomonas” OR “Pseudomonas” OR “Bacillus” OR “Bur-
kholderia” OR “Paracoccus”) AND (“yield”). This search yielded 3976
documents, a PRISMA (Preferred Reporting Items for Systematic reviews
and Meta-Analyses) flowchart presented in Fig. 5 includes the screening
of articles considering inclusion and exclusion criteria.

Publications from 2014 onwards and studies focused explicitly on
carbon sources were included. Opinion pieces, qualitative studies, and
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research lacking precise substrate data were excluded. In addition,
publications not focused on the specified genera, studies on protein
optimization in PHA synthesis, research using mixed bacterial cultures
for PHA production, studies without specified or traceable carbon
sources, and studies lacking sufficient or relevant data such as substrate
concentration, biomass obtained, or PHA produced were also excluded.

The bacterial genera Bacillus, Cupriavidus, Pseudomonas, and Bur-
kholderia were selected because they have been extensively studied
among more than 300 microbial PHA producers (Adebayo Oyewole
et al., 2024; Chen et al., 2020; Lim et al., 2023). Halomonas and Para-
coccus were also included because they are the most studied extremo-
phile genera for PHA production (Mozejko-Ciesielska et al., 2023). The
data obtained were classified, tabulated, and graphed using the software
“Origin 2024”, and the online tool “SankeyMATIC.com”.

[ Identification of studies via databases and registers
)
=
o Records removed before
'ﬁ Records identified from: Scopus screening:
= Databases (n = 3976) > *According to data base
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& Studies included in review
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o Reports of included studies
= (n=77)

Fig. 5. Inclusion and exclusion criteria for article selection described with PRISMA 2020 flowchart.

*Data base search criteria: Publication period: From 2014 onwards. Document type (Inclusion): Peer-reviewed journal articles and review articles. Document Type
(Exclusion): Opinion pieces, editorials, and conference abstracts. Language: English. Knowledge areas (Exclusion): Physics and Astronomy, Computer Science,
Mathematics, Economics, Econometrics, Finance or Earth and Planetary Sciences.

**Screening by abstract revision: Microbial Scope: Studies were required to explicitly mention at least one of the genera of interest (e.g., Cupriavidus, Halomonas,
Pseudomonas). Topic-Based Exclusion: Studies with a primary emphasis on phytohemagglutinin, biodiesel, costs, or amino acids were excluded. Study Design: The
abstract needed to indicate an empirical, rather than qualitative, study design.

***Full text revision and eligibility criteria: Protein Optimization: Studies were excluded if their primary focus was on protein engineering or optimization in PHA
synthesis. Mixed Cultures: Studies that utilized mixed bacterial inocula for PHA production were excluded. Non-Specified Carbon Sources: Studies using undefined
substrates, such as not described plant, algal, or animal extracts, were excluded. Data Sufficiency and Precision: Papers were excluded if they lacked precise
quantitative substrate or yield data, or if they presented insufficient experimental or analytical detail for the purposes of this review. Out-of-Scope Objectives: Articles
were excluded if their stated objectives did not align with the variables under study in this review. Scope Limited to Carbon Sources: Studies focusing on other factors
(e.g., nitrogen levels, C/N ratio, oxygen tension, or salt concentration) without examining carbon sources were excluded.
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3. Results

After applying search criteria and exclusion filters, 77 research pa-
pers were selected to analyze bacteria, epithet, carbon source, and their
relationship with PHA yield. Seventy-six strains were studied in more
than 300 experiments (Table 1), including variations in carbon source,
concentration, pH, nitrogen source, culture medium, and feeding
strategies.

Since PHAs were first discovered in Bacillus megaterium (Lemoigne,
1926); Bacillus, Pseudomonas, and Cupriavidus are the most studied
genera. In this study, they reached 88 % of all the papers reviewed
because of the known capability of these genera to produce and intra-
cellularly accumulate PHAs with a high growth rate (Chandra et al.,
2023; Lim et al., 2023; Morlino et al., 2023).

3.1. Carbon sources

Each of the 65 carbon sources found is presented in the Sankey
scheme of Fig. 6. They were divided into five categories: Carbohydrate,
Fatty acid, Volatile fatty acid (VFA), Polyalcohol, and Other (e.g., salts,
alkanes, and aromatics). A sixth group named “Mixture” was used later
and included any blend between the five aforementioned categories.

Fig. 7 shows the frequency of substrate types used in experiments as
carbon sources, either alone or as a part of a mixture, for each bacterial
genus within the analyzed documents. Cupriavidus and Pseudomonas
genera stand out because they were studied with the five groups of
substrates, while Bacillus and Burkholderia prefer the metabolic pathway
from carbohydrates (e.g., glucose and fructose).

The most studied metabolic pathways for PHA production (Fig. 2)
are those starting from carbohydrates and fatty acids; thus, they are the
most used carbon sources in experiments analyzed in this review (76.2
%) followed by VFA (9.4 %), Polyalcohol (9.4 %) and Other (5.0 %).
Concerning the articles that used each substrate, the most studied car-
bon sources are carbohydrates with 45 articles, 24 articles studied fatty
acids, 15 studied polyalcohol, 10 studied VFAs, 10 studied other, and 9
studied mixtures.

3.1.1. Carbohydrate

Carbohydrates are biomolecules composed of carbon, hydrogen, and
oxygen, mainly synthesized by plants and bacteria through photosyn-
thesis. Carbohydrates are classified as monosaccharides, oligosaccha-
rides, and polysaccharides. Polysaccharides such as starch or
hemicellulose are commonly hydrolyzed to be fermented as simpler
sugars like glucose, fructose, xylose, sucrose, or lactose, which have
been widely studied for PHA production. Thus, every bacterial genus
studied was fed by carbohydrates. Metabolic pathways for PHA pro-
duction are described in Figs. 2, 3, and 4, where carbohydrates
commonly follow pathway I, yielding acetyl-CoA that enters the PHA
synthetic pathway. In addition, pathway XI also uses sugars to synthe-
size lactyl-CoA to produce polylactic acid or poly(hydroxybutyrate-
lactate) copolymers (Fig. 3). In this review, glucose is the most used
carbon source with 54 appearances in experiments and a wide range of
PHA yields. It is mainly used in feeding Bacillus and Burkholderia,
obtaining 31-80 % as PHA/biomass percentage for Bacillus and 16-60 %
as PHA/biomass percentage for the genus Burkholderia. Bacteria harbor

Table 1

Number of documents, formulations, and strains studied in this review.
Genus Documents Experiments Strains
Bacillus 25 48 24
Burkholderia 5 40 8
Cupriavidus 20 101 13
Halomonas 2 11 5
Paracoccus 2 6 1
Pseudomonas 23 102 25
Total 77 308 76
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multiple catabolic pathways with different metabolic features influ-
encing PHA productivity (Fig. 4). Glycolytic pathways with low protein
expenses and high generation of reductive power in the form of NADPH
(e.g., Pentose-phosphate and Entner-Doudoroff pathways), which is a
co-factor of the PhaB enzyme, enhance PHA synthesis and bacterial
growth (Alvarez-Santullano et al., 2021). Glycolysis mediated by
Pentose-phosphate and Entner-Doudoroff pathways is highly common in
bacteria used for PHA synthesis, such as Cupriavidus, Pseudomonas, and
Burkholderia, which may be related to high PHA yields starting from
glucose (Alvarez-Santullano et al., 2021).

The recovery and reuse of waste as a carbon source is also considered
a means to reduce substrate costs. The most used waste as a carbon
source is molasses (26 appearances), a byproduct of the sugar industry
with a high reducing sugar content. When molasses is used as a carbon
source, maximums of 85 % as a PHA/biomass percentage by Bacillus
fermentation, 47 % using Burkholderia, 31.5 % using Cupriavidus, and 14
% by Pseudomonas were reached.

3.1.2. Fatty acid

The Fatty acids category includes every carboxylic acid from Cg
onwards and oils from canola, palm, olive, and sunflower, many of
which were hydrolyzed to obtain fatty acids mixtures. Fatty acids follow
pathway II or X (Figs. 2, 3, and 4) for PHA production. PHA synthetic
routes from p-oxidation of fatty acids are redundant and yield scl-PHA
and mcl-PHA according to the length of the respective fatty acid and
the substrate specificity of the PHA synthase (Fig. 4). Although canola
oil was the most used fatty acid, its 21 appearances correspond to just 1
article where it was used as part of a mixture with fructose. Cupriavidus is
the most used genus for fatty acids fermentation (63 appearances), fol-
lowed by Pseudomonas with 51 experiments. The maximum PHA yields
obtained from fatty acids are up to 82 % as PHA/biomass percentage by
Bacillus, 81 % by Cupriavidus, and 69 % by Pseudomonas.

In this category, the proposal by Guzik et al. (2021) is notable for
deriving fatty acids from non-degradable polyethylene and using them
as a carbon source for PHA production by Pseudomonas putida, achieving
a yield of 59 % in terms of PHA/biomass percentage.

3.1.3. Polyalcohol

Polyalcohols are organic compounds containing two or more hy-
droxyl groups. Their use as a carbon source for bacteria feeding occurs
through pathways VII, XIII, and XIV (Fig. 3) for PHA production. Among
them, glycerol (1,2,3-propanetriol) is widely used for PHA production.
In this review, glycerol was used in 26 experiments as a carbon source,
11 times for Pseudomonas, obtaining 13-83 % as PHA/biomass per-
centage. At the same time, the maximum PHA yields by the rest of the
bacterial genus were 89 % as PHA/biomass percentage from Bacillus fed
with residual glycerol from biodiesel production, 73 % from Cupriavidus,
and 46 % from Paracoccus.

3.1.4. Volatile fatty acid (VFA)

Volatile fatty acids (VFAs) comprise carboxylic acids from Cy to Cg
(Annamalai et al., 2020; Sun et al., 2022; Zhang et al., 2022) that can be
metabolized to produce PHAs through pathways II, IV, and XV (Figs. 2,
3, and 4). Eight different substrates of VFA were used in 30 formulations,
13 of them include acetic acid (the most used VFA in this review) with
PHA yields up to 70 % as PHA/biomass percentage from Pseudomonas
when used as part of a mixture with decanoic acid and glucose, 79 %
from Cupriavidus, and 54 % from Halomonas when used together with
propanoic and butanoic acids.

3.1.5. Other

This category includes alkanes, a carboxylate salt, aromatic com-
pounds, lactones, lignin, and proteins. Some belong to residues used as
substrate, while others were added to a pure substrate in a mixture of
carbon sources. Moreover, others were used as the sole substrate for
PHA production with varied yield results.
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Fig. 6. Categorized substrates used as carbon sources for bacterial fermentation. Each number indicates the number of experiments performed with each sub-

strate/category.

PHA yields produced by different bacteria using the studied sub-
strates are presented in Fig. 8. The category “Other” showed low PHA
yields compared with other substrates. In addition, VFA does not exceed
PHAs 60 % yield as VFA could be associated with bacterial growth

inhibition (Szacherska et al., 2021). The variation on PHA production
yield by other carbohydrates does not depend on substrate concentra-
tion; however, Halomonas, Bacillus, and Cupriavidus showed the highest
yields using these carbon sources. Using fatty acids as a carbon source
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Fig. 7. Frequency of substrate types used in experiments as carbon sources by
bacterial genera.

for Cupriavidus and some strains of Bacillus seems attractive, maintaining
relatively low substrate concentrations to obtain PHA yields over 60 %.
The bacteria genera with the highest PHA production yield from poly-
alcohol are Cupriavidus, a Bacillus strain, and a Pseudomonas strain. Since
mixtures are different substrate categories combined in various
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proportions, the requirement of high substrate concentration to improve
PHA yields can be assumed.

3.2. Bacterial genera

Biotechnology has studied various microorganisms, especially bac-
teria, as bioplastic producers. Depending on the available substrate,
Bacillus, Burkholderia, Cupriavidus, Halomonas, Paracoccus, and Pseudo-
monas genera are frequently selected for PHA production. Genetic
modifications are also used to enhance their production or control the
monomeric composition of copolymers obtained, which makes it
possible to direct the process to get a product with the desired physical
and mechanical properties.

3.2.1. Genus Bacillus

Due to their genetic stability, Bacillus strains have been extensively
studied for research and industrial production of PHAs. They can reach
high PHA accumulation yields at appropriate conditions of a nutrient
imbalance because of the lack of a lipopolysaccharides external layer,
which facilitates PHA extraction (Mohapatra et al., 2017). The genus
Bacillus produces PHAs from different pure and waste substrates and was
studied in 25 articles included in this review using 10 specific epithets
and 24 strains. Fig. 9 shows strains related to substrate type, concen-
tration, and PHA yield. It is observed that carbohydrates prevail over
other carbon sources and that substrate concentration does not ensure a
higher PHA production yield. In fact, the yield may depend on various
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Fig. 9. PHA yield (%) from Bacillus bacteria for different substrate types (colors). Circle size increases according to substrate concentration from 5 to 60 g/L.

factors, including the combination of these, such as the selected strain, Polyhydroxybutyrate-co-polyhydroxyhexanoate P(HB-co-HHx), using 2

the specific type of substrate, its concentration, the nitrogen source, g/L of palm oil combined with palm oil effluent (organic wastewater
incubation time, temperature, and pH. Fig. 9 shows experiments using a from the palm industry) as a carbon source. The best results were
specific strain and substrate that could be useful for selecting appro- observed at 36 h, after adding 2 g/L of carbon source at 24 and 36 h. The
priate carbon sources and working conditions in further research. The cell dry weight (CDW) reached 4.5 g/L, containing 82.2 % PHAs.
analysis of the 25 articles reviewed in this section is presented next. B. endophyticus was used by Geethu et al. (2021) with sucrose as the sole

Katagi et al. (2024) studied Bacillus sp. for the production of carbon source in concentrations ranging from 20 to 80 g/L and varying
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the amount of NagHPO4 and KoHPO4 in an experimental model. For the
optimized medium in a bioreactor, they used 40 g/L of sucrose, resulting
in a maximum yield of 49.5 % PHAs contained in 1.72 g/L of CDW,
considering 1.5 g/L of the mentioned salts. Khattab et al. (2021) used the
B. flexus azu-A2 strain isolated from wastewater effluents from leather
production to obtain PHAs by using cheese whey and lactose fermen-
tation. Cheese whey concentration needs to be more specific to be
included in this work; therefore, only lactose fermentation was included.
In fact, at 50 g/L lactose, 4.01 g/L of CDW and 2.74 % of poly(3-
hydroxybutyrate) (PHB) were produced. Abdelmalek et al. (2022)
worked with a cardboard waste hydrolysate as a carbon source with a
content of 18.2 g/L glucose. The B. mycoides ICRI89 strain was used to
produce 3.2 g/L CDW with 65.6 % PHAs, additionally using mineral salt
medium (MSM), while 4.26 g/L CDW containing 61.7 % PHAs was ob-
tained with modified MSM with 20 g/L glucose. Das et al. (2022a)
produced PHB by the B. pumilus AHSD 04 strain, isolated from the
peanut plant (Arachis hypogaea L.), using 37.7 g/L glucose and 4.3 g/L
tryptose as the result of a statistical model. The CDW concentration
obtained reached 7.0 g/L with 76.5 % PHAs. To produce the copolymer
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) P(3HB-co-3 HV), valeric
acid was added as a co-substrate in the second step, resulting in a
maximum 74.5 % PHAs using 0.5 g/L valeric acid, also obtaining 65.6 %
PHAs (with a maximum 4.98 % of 3 HV) with 3 g/L valeric acid.
B. tequilensis ARY86 was used by Yasin and Al-Mayaly (2021a) with 20
g/L lactose as a carbon source. They measured CDW and %PHAs at 48
and 96 h, obtaining 2.83 g/L CDW with 40.3 % PHAs and 2.57 g/L. CDW
with 64.6 %PHAs, respectively. Singh et al. (2021) reported the use of
B. thuringiensis DF7 strain (KC020161) to produce PHAs using 13.3 g/L
glucose, obtaining 7.75 g/L CDW with 41.5 % PHAs in batch fermen-
tation and 21.0 g/L CDW with 68 % PHAs through a cyclic fed-batch
fermentation after the third cycle.

Bacillus cereus was used in 6 articles. Ali and Jamil (2014) produced
PHB from potato starch by the strain 64-INS isolated from domestic
sewage sludge. They tested potato starch, glucose, molasses, and sodium
gluconate at 20 g/L as carbon sources with different results. Potato
starch was not characterized in detail; therefore, it is not included here.
Glucose fermentation resulted in the highest yield (64 % PHAs of 2.52 g/
L CDW), molasses production resulted in 17 % PHAs of 0,53 g/L CDW,
while sodium gluconate resulted in 9.8 % PHAs of 0.75 g/L CDW. Khan
etal. (2020) used 5 g/L glucose added to PHA production media with 10
% glucose (PPMG) for 72 h with the MUL-A strain to produce nearly 1.9
g/L CDW containing 55.1 % PHAs. When peptone was added as a ni-
trogen source to PPMG, the PHA yield increased to 60.5 % from the
CDW. Yasin and Al-Mayaly (2021b) used the strain ARY73, isolated
from soil, to ferment glucose until 96 h to produce PHAs. The best yields
of PHAs were obtained at 96 h. Different concentrations of glucose from
10 to 80 g/L were tested finding that 15 g/L glucose produced 1.83 g/L
CDW with 53 % PHAs, 20 g/L allowed to reach 2.67 g/L of CDW con-
taining 74 % PHAs, while using 25 g/L, they reached 1.90 g/L CDW with
57 % PHAs, and 30 g/L produced 1.22 g/L CDW with 34 % PHAs. The
copolymer obtained comprised short and medium-length monomer
chains (P(3HB-co-3HO)), a rare production and accumulation for a wild-
type bacterium. The leaf endophytic RCL 02 strain was isolated from the
leaf of Ricinus communis and was studied by Das et al. (2022b), who used
it to ferment sugarcane molasses. After 62 h of incubation with 47 g/L
molasses and 3 g/L nitrogen source, 18.8 g/L of CDW was produced with
85.2 % P(3HB-co-3 HV). Kynadi and Suchithra (2017a, 2017b) used the
STV 1180 strain (KU761536) with rubber seed oil, which is a novel
carbon source due to its limited commercialization and low cost, con-
taining nearly 80 % unsaturated fatty acids such as oleic, linoleic, and
linolenic. Using 10 g/L of the substrate, the STV 1180 strain produced
3.43 g/L of CDW with 52.4 % of PHAs; in contrast, when using 15.7 g/L
of the substrate, the CDW and PHA production increased to 3.98 g/L and
64 %, respectively.

Two articles studied Bacillus subtilis. Gomaa (2014) used an AJ-3
strain to ferment cane molasses. Crude cane molasses at 20 g/L
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produced 5.66 g/L CDW with 23 % PHAs, while centrifuged cane
molasses reached 7.63 g/L CDW and 39 % PHAs. When 20 g/L cane
molasses were treated with calcium phosphate, the CDW resulted in
9.44 g/L and 59 % PHAs, while the treatment with sulfuric acid reached
11.0 g/L CDW with 48 % PHAs. When the cane molasses concentration
was increased to 60 g/L with sulfuric acid treatment, it produced 39 g/L
CDW with 83 % PHAs. On the other hand, Umesh et al. (2018) syn-
thesized PHA from the NCDC0671 strain using orange peel hydrolysate,
obtaining a maximum of 53.3 % PHAs in 4.0 g/L CDW, while the use of
50 g/L sucrose as a carbon source resulted in 6.1 g/L. CDW and nearly 84
% PHAs.

Bacillus megaterium is well known for its PHA production capability
in sugar substrates, oily substrates, and glycerol. The megaterium epithet
was used in 10 articles reviewed in this work. Gémez Cardozo et al.
(2016) used 14.8 g/L residual glycerol at 25 °C from biodiesel to obtain
3.15 g/L CDW with 89 % PHB. Blunt et al. (2023) examined the ATCC
14581 strain, comparing it with paraburkholderia sacchari (previously
named Burkholderia sacchari) and Hydrogenophaga pseudoflava. The
chosen substrates were a synthetic mixture of 10 g/L glucose with 5 g/L
xylose and 15 g/L of sugars from hardwood hydrolysis called TMP-Bio
sugar (Cs and Cg). The results for the first substrate using
B. megaterium ATCC 14581, P. sacchari, and H. pseudoflava were 1.46 g/L
CDW with 16.7 % PHAs, 4.33 g/L CDW with 72.8 % PHAs, and 2.82 g/L
CDW with 57.9 % PHAs. Moreover, using the TMP-Bio sugar, the
B. megaterium produced 3.53 g/L CDW with 25.5 % PHAs, P. sacchari
reached 5.73 g/L CDW with 56.9 % PHAs, and H. pseudoflava synthe-
sized 6.32 g/L. CDW with a maximum of 84 % PHAs. The authors
explained this maximum as a particular affinity of H. pseudoflava for
other carbon sources present in the TMP-Bio-sugar. The B. megaterium
strain B2 was tested by Quintero-Silva et al. (2024) using carbohydrates
and carboxylic acids from residual medium from bacterial cellulose
production (RMBC) and spent cacao mucilage exudate (SCME). The
results using 22 g/L RMBC over 12 h were 3.06 g/L. CDW and 72 % PHB,
whereas using 12 g/L SCME for 20 h produced 3.35 g/L with 63 % PHB.
In the study of Gomez Cardozo et al. (2019) they used the LVNO1 strain
and a recombinant clone BmGD with better capabilities to accumulate
PHAs. Results using 20 g/L glucose highlight the improvement in CDW
production and %PHB for BmGD compared to LVNO1, being these 3.0 g/
L CDW with 8.33 % PHB and 2.0 g/L with 5.0 % PHB, respectively. de
Oliveira Schmidt et al. (2022) worked with the DSMZ32 strain for 72 h
with 7.5 g/L glucose to obtain 3.88 g/L CDW with 30.7 % PHAs; while
using 53.6 g/L of residual glycerol, they obtained 2.68 g/L. CDW con-
taining 24.6 % PHAs. Akdogan and Celik (2021) studied and compared a
wild-type megaterium NRRL B-14308 with a recombinant megaterium
NRRL B-14308 constructed via PHA synthase enzyme (PhaC) over-
expression. The obtained PHA resulted in a copolymer P(3HB-co-3 HV)
with 58 mol% of 3-hydroxyvalerate (3 HV) monomer. Using 10 g/L
glucose, the obtained CDW and PHAs for the batch fermentations were
3.06 g/L and 79 % P(3HB-co-3 HV) (wild-type B. megaterium) and 3.52
g/L with 78 % P(3HB-co-3 HV) (rec. B. megaterium), while fed-batch
fermentation with rec. B. megaterium increased the production to 7.68
g/L CDW with 80 % P(3HB-co-3 HV). The PP-10 strain was studied by
Bunkaew et al. (2023) to ferment a treated pineapple peel waste (2 %V/
V) and glucose 20 g/L resulting in 4.24 g/L. CDW and 5.4 g/L CDW with
61.1 % PHAs and 43 % PHAs, respectively. Results from pineapple peel
were excluded from this analysis because of the difficulty of establishing
a real carbon source concentration. de Souza et al. (2020) fermented 7
common sugars and lignocellulosic substrates separately for 24 h using
the Ti3 strain. A sugar concentration of 10 g/L resulted in 1.5 g/L. CDW
with 45 % PHAs (from arabinose), 1.27 g/L CDW with 52 % PHAs (from
glucose), and 2.25 g/L CDW with 48 % PHAs (from xylose). The bio-
logically pretreated corn husk hydrolysate with 6 g/L reducing sugars
produced 1.73 g/L CDW with 58 % PHAs. In the study of de Souza et al.
(2022), the same megaterium Ti3 produced PHAs from the hydrolyzed
lignocellulosic waste, sugarcane bagasse. They used the lignin-
degrading organism Pycnoporus coccineus MScMS1 to enhance the
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number of available sugars in the hydrolysate used as substrate for PHA
production. Following a statistical design to determine the optimum
parameters, the amount of biomass and PHAs obtained reached 0.88 g/L
CDW with 65.6 % PHAs, while using the reference medium (glucose) at
18 g/L resulted in 1.26 g/L CDW with 45.2 % PHAs. Finally, the uyuni
S29 strain was used by Schmid et al. (2021) to produce PHAs through
sucrose fermentation. The results indicate 48.4 % PHB from 12.4 g/L
CDW when using 40 g/L substrate and KCI instead of NaCl under
phosphorus limitation.

The genus Bacillus clearly tends to produce higher PHA when car-
bohydrate is used as a carbon source according to specific strains.
Moreover, mixtures containing carbohydrates as the main carbon source
and agricultural byproducts with a high carbohydrate content produce
moderate to high PHA yields. Conversely, the use of palm oil in three
stages by a Bacillus sp. is highlighted due to the ability to accumulate
high levels of PHAs demonstrating Bacillus versatility. Finally, regarding
extraction methods, solvents like chloroform that dissolve PHAs and
their subsequent precipitation with cold methanol remain prevalent due
to their high efficiency. However, more sustainable alternatives, such as
enzymatic cell disruption or mild detergents, are being explored, which
may offer environmental advantages and reduced costs (Muneer et al.,
2022; Xu et al., 2021b).

3.2.2. The genus Cupriavidus

The members of this Gram-negative rod-shaped genus are versatile
bacteria, especially C. necator, which can grow autotrophically and
heterotrophically using diverse pure and waste substrates (Bellini et al.,
2022) to produce mainly scl-PHAs. Particularly in this review, this genus
was studied by 20 articles considering 3 specific epithets and 13
different strains. Fig. 10 shows different carbon sources, their concen-
tration used as a substrate for Cupriavidus bacteria, and the reached
yields. The variety of substrates and low concentration needed to
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produce high PHA yields when using carbohydrate/fatty acid mixtures
are remarkable; moreover, every studied strain produced more than 55
% PHAs in one or more of their experiments, establishing the reputation
of Cupriavidus.

Obruca et al. (2019) studied the DSM 19379 strain of Cupriavidus sp.
with different substrates as a carbon source to produce the terpolymer of
poly(3HB-co-3-HV-co-4-HB). Fructose, glucose, glycerol, sunflower oil,
y-butyrolactone (GBL), 1,4-butanediol, e-caprolactone, and 1,6-hexane-
diol produced between 0.22 and 10.8 g/L CDW, while their PHA content
moved from 5.30 % to 70 % PHAs. Fructose, glucose, and glycerol only
produced poly(3-hydroxybutyrate) (PHB); sunflower oil did not
demonstrate the presence of PHAs, and the remaining substrates pro-
duced poly(3HB-co-4HB). Mixtures of GBL or 1,4-butanediol with pro-
pionic or valeric acids as 3 HV precursors were used for terpolymer
production. The addition of valeric acid increased the production of poly
(3HB-co-3 HV-co-4HB) terpolymer, reaching 7.97 g/L CDW with 10.4 %
PHAs, containing 25.9 mol% 4HB and 17.9 mol% 3 HV when used with
GBL. Furthermore, adding valeric acid to 1,4-butanediol resulted in
8.68 g/L CDW with 20.5 % PHAs containing 24.7 mol% 4HB and 14.6
mol% 3 HV. A two-stage production process was proposed using glycerol
or a mixture of glycerol/1,4-butanediol with 1,4-butanediol or a mixture
of 1,4-butanediol/valeric acid as secondary precursors. Once more,
valeric acid was an excellent 3 HV precursor mixed with 1,4-butanediol,
reaching 2.74 g/L CDW with 52.1 % PHAs containing 29.5 mol% 3 HV
when used with glycerol as the primary substrate. Moreover, 5.94 g/L
CDW with 69.6 % PHAs containing 17.9 mol% 3 HV were produced
when glycerol/1,4-butanediol was used as a substrate. Only 1.06 mol%
3 HV and 0.51 mol% 3 HV were obtained from the same experiments
without valeric acid. Cupriavidus sp. USMAA1020 was used by Norhafini
et al. (2017) to ferment mixtures of two out of four carbon sources,
including 1,4-butanediol, 1,6-hexanediol, y-butyrolactone, and 4-
hydroxybutyrate. After studying the effect of mixed substrates and the

100 Substrate type
Il Carbohydrate
. . B Fatty acid
= I Polyalcohol
80 - 4 I VFA
I Other
. ‘ . I Vixture
— . e , [Substrate] (g/L)
X 60 - - '
=)
-c o
E ] . .
= " 98
< 40 e .
o ® :
. ® . —
20 © ® ‘ 79
o4 e
——————————————————————————— 60
RN - S Y S SN\ GRS N
& ¥ & N Q N & o
& N F o & ¥ o & ¥ o S E
& $ Q{ofb\ <O Q}o« \?Yq, & ‘?’.\0 0(0%\ \\)%@ J\.é y £ & 41
N R Qg)"), & & N\ 4 S Q S N &
AR % S ° ® > 2 > 3% *
& .,2;@0 Q:\b & ® Qe;db c,'b\d\ A\b& & N . 22
N ¢ &£ N »
K © & 0% . 3
X @ N O :
& N %eQ
& N
\‘?) Q{bi\
Cupriavidus strain o

Fig. 10. PHA yield (%) from Cupriavidus bacteria for different substrate types (colors). Circle size increases according to substrate concentration, from 1 to 110 g/L.
*One data point was excluded from the figure due to its being oversized, but it was analyzed in the text.

10



A. Vilchez et al.

total carbon concentration on CDW, percentage of PHA, and mol% of the
monomer 4-hydroxybutyrate (4HB), the authors determined the best
mixture for 7.5 g/L of 1,6-hexanediol:1,4-butanediol at a 1:5 ratio for a
maximum 4HB composition. The optimized experiments in a bioreactor
resulted in 4.7 g/L CDW and 59 % PHAs, respectively. A transformant
Cupriavidus sp. USMAA1020 (with an extra copy of the phaC gene) was
also used with the same previously described conditions to obtain 24.9
g/L CDW with 75 % PHAs. The obtained 4HB monomer in the P(3HB-co-
4HB) copolymer for the wild-type strain reached 46 mol% while the
transformant strain produced a 4HB composition of 95 mol%. The in-
crease in the 4HB monomer represents an improvement in physico-
chemical properties, biodegradation, and cell growth. Wong et al.
(2022) worked with the C. malaysiensis USMA2-4 transformant to
evaluate different carbon sources as 3 HV precursors added to 0.6 to 5.0
g/L palm olein. The obtained CDW and PHA content using 1-propanol,
1-pentanol, valeric acid, hexanoic acid and nonanoic acid were 4.7 g/
L with 64 % PHAs, 5.2 g/L with 65 % PHAs, 4.6 g/L with 65 % PHAs, 4.2
g/L with 63 % PHAs and 1.8 g/L with 33 % PHAs respectively, showing
better results with alcohols and VFAs. The best 3 HV content reached
5.0 mol% when 1-pentanol or nonanoic acid were used as precursors,
while the production of this monomer was not reported for hexanoic
acid.

Cupriavidus necator is a model bacterium for PHA production (mainly
PHB). Formerly Wautersia eutropha, Ralstonia eutropha, and Alcaligenes
eutrophus, C. necator can accumulate up to 80 % PHAs/biomass when
carbon sources are abundant and some nutrients are limited. Seventeen
reviewed articles studied C. necator with carbohydrates, fatty acids,
polyalcohol, volatile fatty acids, and mixtures. C. necator ATCC 17697
strain was used by Nygaard et al. (2021) to ferment fructose at 20 g/L,
extracting samples at different incubation times. At 24 h, this strain
produced 1.37 g/L CDW containing 24 % PHAs; at 48 h incubation time,
the production reached 5.77 g/L CDW with 53 % PHAs, while 7.43 g/L
CDW with 62 % PHAs was obtained at 72 h. The accumulation stage
follows the first growth stage, then, after 72 h, the bacteria use the
accumulated PHAs to survive without a carbon source. Three articles
describe the use of C. necator ATCC 17699 for PHA production. Saratale
et al. (2020) used wheat waste hydrolysate pretreated with ultrasound
and NaOH to obtain 11.45 g/L CDW with 74 % PHAs; Tanadchangsaeng
and Roytrakul (2020) used glycerol as a carbon source to produce 78.9
g/L CDW with 51.6 % PHAs; and Pérez-Camacho et al. (2024) designed a
two-stage process for PHA production using 2 g/L propionate or peanut
oil obtained 5.55 g/L CDW and 79.4 % PHAs with the first substrate and
6.32 g/L CDW 80.7 % PHAs with the second. Propionate use improves
the physical properties of PHA by forming P(3HB-co-3 HV) with a higher
3 HV content than peanut oil. Two articles from the same research group
reported using fatty acids as substrates for C. necator B-10646. Zhila
et al. (2023) used waste sprat oil mostly containing palmitoleic, oleic,
and docosahexaenoic acids as a carbon source at different concentra-
tions for 24 h. The CDW reached 1.08, 2.16, 2.35, 2.26, 1.34, 1.39, and
1.51 g/L when the fish oil concentration was evaluated at 10, 15, 20, 25,
30, 35, and 40 g/L, respectively. The accumulated PHA/biomass yield
reached 24.4, 60.0, 62.2, 57.4, 39.3, 34.5, and 36.5 %, respectively. The
highest biomass and PHA yields were obtained in the 15 to 25 g/L
substrate range. Thus, 15 g/L was used in batch fermentation trials,
which produced 4.6 g/L CDW with 70 % PHAs. To our knowledge, this
was the first report of waste sprat oil used as a carbon source for the
biosynthesis of the copolymer poly(3HB-co-3 HV-co-3HHx). This
research group used saturated fatty acids (SFA) and mixtures of SFA as a
carbon source, although some mixtures were prepared with oleic acid
(Zhila et al., 2024). The CDW produced after 72 h fermentation using
lauric, myristic, palmitic, and stearic acids at 15 g/L reached 6.7, 7.5,
3.9, and 2,5 g/L, respectively, while PHB yields resulted in 75, 74, 47,
and 28 %, respectively. The five mixtures tested were named from 1 to 5.
Mixture 1 used the 4 SFA in equal proportions to reach 15 g/L total and
produced 8.9 g/L CDW with 79 % PHB. Mixtures 2 and 3 were prepared
with myristic, palmitic, and stearic acids. The composition of mixture 2
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was SFA at equal proportions to complete 15 g/L and produced 8.2 g/L
CDW with 73 % PHB. In comparison, mixture 3 included 1.5 g/L myr-
istic acid, 11.7 g/L palmitic acid, and 1.8 g/L stearic acid in a total 15 g/
L carbon source, producing 8.0 g/L CDW with 71 % PHB. Mixture 4
included the four SFA plus oleic acid, including 4.0 g/L of each fatty acid
for the aggregate of 20 g/L, producing 8.6 g/L CDW with 76 % PHB.
Finally, Mixture 5 included 1.5 g/L myristic and stearic acids, 9.0 g/L
palmitic acid, and 8.0 g/L oleic acid for 20 g/L carbon source. This
mixture produced 8.2 g/L CDW containing 75 % PHB. Some charac-
teristics of the obtained PHAs can vary according to the fatty acid chain
length. For example, when using fatty acids with 12 carbons, the PHAs
presented a molecular mass of 305 kDa. In comparison, using fatty acids
with 18 carbons increased the molecular mass to 447 kDa. The DSM 545
strain was studied in 4 articles using glucose, glycerol, and VFAs. Povolo
etal. (2015) used this strain to ferment 20 g/L glycerol to obtain 6.35 g/
L CDW with 73.3 % PHAs and compared these results to those obtained
from the strain with the inactivation of the phaZ1 gene to enhance the
production. The results obtained through the modified strain were
similar to the wild-type strain except in the depolymerization phase,
where the recombinant strain maintained its PHA content, and the wild-
type nearly reduced it to 30 %. Haas et al. (2017) used the C. necator
DSM 545 strain in a membrane bioreactor with 50 g/L glucose to pro-
duce 89.8 g/L CDW containing 73 % PHB after 29 h. When the feed
supply was modified, 148 g/L CDW with 76 % PHAs was obtained at 36
h, resulting in a 36 % productivity increase per hour. Five different VFAs
were used by Vu et al. (2022) to feed the DSM 545 strain for 24 or 36 h.
Using 5 g/L acetic acid as the carbon source, the biomass resulted in 1.8
g/L CDW with 44.4 % P(3HB-co-3 HV); the use of propionic acid pro-
duced 2.4 g/L CDW containing 33.3 % P(3HB-co-3 HV) at 36 h; the use
of butyric acid reached the maximum biomass of 2.9 g/L CDW and 55 %
P(3HB-co-3 HV) content; the use of isobutyric acid produced 2.5 g/L
CDW with 40 % P(3HB-co-3 HV), and using isovaleric acid for 36 h
resulted in 1.7 g/L CDW containing 35.5 % P(3HB-co-3 HV). The last
article using the DSM 545 strain (Vu et al., 2023) highlights the use of
VFAs obtained from the acidogenic fermentation of apple pomace and
potato peel liquor (VFAAPP), which mainly contains acetic and butyric
acids. The maximum biomass from a semi-continuous fermentation
reached 4.5 g/L CDW containing 44.4 % P(3HB-co-3 HV). Purama et al.
(2018) studied the recombinant C. necator H16 Re 2058/pCB113 strain
using date seed oil and date molasses at different concentrations to
produce P(3HB-co-3HHx). Date seed oil (DSO) composition included 39
% saturated FAs, 55 % monounsaturated FAs, and 5 % polyunsaturated
FAs. 1 g/L DSO produced 1.7 g/L CDW with 21 % PHAs, while 2.5 g/L
produced 2.4 g/L CDW containing 31 % PHAs. The use of date molasses
was optimized at 20 g/L total sugars, obtaining 4.0 g/L CDW with 27.5
% PHAs after 48 h. Ten mixtures (Table 2) were prepared to obtain the
best combination for a high PHA content and composition of the 3-
hidroxyhexanoate (3HHx) monomer, which positively affects the
physicochemical properties of the bioplastic. Although using DSO alone

Table 2
PHA yields and 3HHx composition of different substrate combinations. Adapted
from Purama et al. (Purama et al., 2018).

DSO (g/ total sugars molasses CDW (g/  PHA 3HHx composition
L) (g/L) L) (%) (mol%)

1.0 2.5 1.7 10 28

1.0 5.0 2.1 16 20

1.0 10.0 3.9 30 4

1.0 15.0 4.2 39 2

1.0 20.0 5.1 43 2

2.5 2.5 2.9 24 22

2.5 5.0 3.7 27 12

2.5 10.0 5.1 40 5

2.5 15.0 6.4 49 4

2.5 20.0 6.9 51 3

DSO: Date Seed Oil, CDW: Cell Dry Weight, PHA: Polyhydroxyalkanoate, 3HHx:
3-hidroxyhexanoate monomer.
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produced a higher 3HHx content (more than 35 mol%) in the PHAs,
adding sugar molasses increased the amount of obtained PHAs by 40 %.

Lhamo et al. (2024) worked with the KCTC 22469 strain and sucrose
to optimize PHA production, reaching 1.47 g/L CDW with 62.9 % PHAs.
Arumugam et al. (2018) studied the effect of inoculum size and Calo-
phyllum inophyllum oil concentration on PHA production from C. necator
MTCC 1954. The optimum substrate concentration was 15 g/L, pro-
ducing 10.15 g/L CDW with 81.3 % PHAs. The inoculum size increase to
50 g/L resulted in CDW and PHAs increases. The engineered strain of
C. necator PHB™ 4/pBBR_CnPro-phaCgp, which ports the phaCgp, from a
Rhodococcus pyridinivorans strain, was used by Trakunjae et al. (2022) to
ferment different carbon sources in flask experiments. Glucose, sucrose,
and glycerol slightly produced biomass with a trifling PHA content,
whereas fructose, sugarcane molasses, palm oil (PO), and crude palm
kernel oil (CPKO) produced 3.7, 2.1, 5.7, and 6.3 g/L CDW, respectively,
with a PHA content of 36, 30, 41, and 49 %. As the best-determined
carbon source, 10 g/L CPKO was used in a bioreactor to produce 7.7
g/L CDW containing 56 % PHAs. The fermentation of CPKO specifically
enables the production of 2 mol% 3-hydroxyhexanoate monomer
composition in the obtained poly(3HB-co-3HHx) copolymer. Three ar-
ticles from the report using the recombinant C. necator Re2058/pCB113.
Santolin et al. (2021) produced PHAs with a two-stage fed-batch culti-
vation strategy using fructose and rapeseed oil for accumulation and
polymer production, respectively. 124 g/L CDW was produced con-
taining 86 % poly(3-HB-co-3-HHx) with 17 mol% content of the 3-HHx
monomer. Moreover, Santolin et al. (2023) used fructose and canola oil
mixtures to optimize the amount of HHx monomer in the poly(3-HB-co-
3-HHx). Table 3 shows the experiments and results with different fruc-
tose:canola oil proportions and scales. The HHx monomer only appears
when oleaginous carbon sources are used, and the increase in oil in the
substrate proportion leads to an increase of 3-HHx content. In addition,
maximum PHA production yields were reached when using a major
proportion of oil compared to experiments where the oil proportion in
the substrate composition was lower than 20 %.

Gutschmann et al. (2023) fermented a fat protein emulsion (FPE)
from animal byproducts as a carbon source to obtain 7.8 g/L CDW with
78.2 % PHAs when using 50 g/L substrate. The fed-batch cultivations
reached 51 g/L CDW containing 71 % PHAs at 60 h using a total of 110
g/L FPE.

Table 3
PHA content and 3HHx composition obtained from different fructose:canola oil
proportions. Adapted from Santolin et al. (Santolin et al., 2023).

Fructose: Volume Carbon CDW PHA 3HHx
canola oil (g/ (mL) source (g/ (g/L) (%) composition
8) L) (mol%)
1:0 3 5 3.4 56.9 0.0
10:1 1000 10 9.7 66.5 2.3
5:1 3.0 5 4.1 63.9 3.7
5:1 100 5 3.9 57.3 4.1
5:1 100 10 7.1 61.3 4.4
5:1 1000 10 9.0 58.6 4.3
2:1 3 5 4.8 78.1 5.7
2:1 1000 10 10.5 60.4 6.5
1:1 3 5 5.1 79.7 8.9
1:1 100 5 4.6 63.6 9.2
1:1 100 10 8.1 69.7 8.9
1:1 1000 10 10.9 70.4 7.5
0.5:1 3 5 4.0 76.4 11.2
0.5:1 100 5 4.7 65.3 14.6
0.5:1 100 10 9.0 73.1 12.6
0.5:1 1000 10 12.3 75.7 11.4
0.2:1 3 5 4.6 77.6 14.3
0:1 3 5 4.4 89.7 16.1
0:1 100 5 4.0 66.5 21.9
0:1 100 10 8.6 72.9 16.5
0:1 1000 10 12.9 88 14.3

CDW: Cell Dry Weight, PHA: Polyhydroxyalkanoate, 3HHx: 3-hidroxyhexanoate
monomer.
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Although the C. necator epithet is considered a model bacterium for
PHA production, differences were observed for PHA yields using
different substrates. Most cases show that using carbohydrates, VFA, or
other carbon sources does not favor high PHA yields compared to fatty
acids and fatty acid/carbohydrate mixtures. Generally, using carbon
sources at concentrations near 20 g/L should be sufficient for a high PHA
production.

3.2.3. The genus Pseudomonas

The Gram-negative genus Pseudomonas comprises species known for
their wide diversity and occurrence in various environments, ranging
from arctic to tropical regions, as well as in different habitats such as
soil, water, plants, animals, and extreme conditions (Peix et al., 2009).
Pseudomonas are highly efficient in accumulating PHAs, especially mcl-
PHA, from various carbon sources. mcl-PHAs were initially identified in
Pseudomonas oleovorans (De Smet et al., 1983). This process is a meta-
bolic response to unbalanced growth conditions, such as excess carbon
and limiting essential nutrients like nitrogen or phosphorus. Pseudo-
monas, especially P. putida, have become an ideal model for PHA
biosynthesis due to its tolerance to adverse conditions and ability to
metabolize aromatic compounds and fatty acids (Khatami et al., 2021;
Mezzina et al., 2021). PHA production by Pseudomonas species has been
extensively studied across various strains, showcasing their versatility in
utilizing diverse carbon sources and optimizing cultivation conditions.
This review analyzes the findings from 23 articles covering 12 specific
species and 23 distinct strains. Fatty acids, polyalcohols, and a mixture
of carbon sources are identified as the primary substrates for PHA pro-
duction. It is important to highlight that high substrate concentrations
do not necessarily lead to increased PHA yields, as this outcome depends
on several factors, including bacterial strain, substrate type and con-
centration, nitrogen source, incubation time, temperature, pH, and
other cultivation conditions. Fig. 11 summarizes researchers’ experi-
ences on enhancing PHA production yields from Pseudomonas strains
and different substrates.

Pseudomonas putida KT2440 has emerged as one of the most versatile
bacterial strains for bioplastics production, with studies exploring its
metabolic flexibility and genetic potential. Nine papers in this review
highlight its ability to utilize diverse carbon sources and efficiently
produce PHAs. This strain has shown remarkable adaptability to
renewable substrates, making it a cornerstone in sustainable bioplastics
production research. One of the most significant findings on P. putida
KT2440 is its ability to metabolize glycerol as a carbon source effi-
ciently. Under optimized conditions using 10 g/L glycerol, the strain
achieved a CDW of 7.38 g/L and a PHA yield of 83 % (Nguyen et al.,
2023). Additionally, this strain has demonstrated versatility in utilizing
mixed carbon sources. For instance, when carbohydrate-lipid-VFA
mixtures were used, PHA yields of 70 %, 67 %, and 59 % were ach-
ieved, depending on substrate proportions and concentrations (46.6,
55.9, and 1.95 g/L, respectively) (Gao et al., 2018). These results un-
derscore the strain’s capacity to optimize substrate utilization for high-
yield PHA production. Recent advancements in genetic engineering
have further expanded the capabilities of P. putida KT2440. The meta-
bolic engineering of P. putida KT2440 demonstrated significant im-
provements in PHA production from lignocellulosic substrates such as
xylose and cellobiose. Among the tested strains, 27 A-P13-xylABE-Ptac-
tt achieved a CDW of 3.87 g/L and the highest PHA content of 41.6 %
when utilizing xylose as substrate. This may be attributed to adaptive
laboratory evolution and optimized transcription of xylose metabolism
genes, which minimized byproduct formation. For cellobiose, 27A-P13-
bglC-P13-gts produced a CDW of 3.05 g/L with a PHA content of 45.2 %,
supported by enhanced p-glucosidase activity and improved transporter
performance. These engineered strains were further modified through
metabolic engineering approaches, introducing genes from Escherichia
coli to enable the efficient utilization of lignocellulosic sugars. Key
modifications included the incorporation of the xylABE operon for
xylose metabolism through the xylose isomerase pathway (Fig. 4) and
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Fig. 11. PHA yield (%) from Pseudomonas for different substrate types (colors). Circle size increases according to substrate concentration, from 1.0 to 55.9 g/L. *Two
data points were excluded from the figure due to its being oversized, but they were analyzed in the text.

the bglC and gts genes to improve cellobiose utilization. Combined with
genome streamlining and adaptive laboratory evolution, these alter-
ations significantly enhanced substrate assimilation and reduced meta-
bolic bottlenecks (Liang et al., 2020; Liu et al., 2023). Furthermore, co-
feeding lignin derivatives (such as vanillin and benzoate) with glycerol
significantly increased PHA production by 29 to 63 % while altering
monomer composition to favor mcl-PHA production (Xu et al., 2021a).
Vegetable oils and fatty acids derived from polyethylene were fermented
in 20 L bioreactors in fed-batch mode. With initial carbon concentrations
of 0.84 gC/L and controlled feeding, yields of 83 g/L of CDW with a PHA
content of 65 % were obtained. These conditions stimulated p-oxidation,
generating intermediates such as 3-hydroxyoctanoyl-CoA to synthesize
mcl-PHAs (Guzik et al., 2021). Substrate inhibition at high concentra-
tions can limit overall productivity, and economic feasibility remains
constrained by substrate and processing costs (Nguyen et al., 2023).
Addressing these challenges through metabolic engineering and opti-
mized bioprocesses is critical for improving this strain’s productivity.
Walsh et al. (Walsh et al., 2015) evaluated P. chlororaphis 555, P. putida
KT2440, P. putida CA-3, and P. putida GO16 for PHA production using
plant oils and hydrolyzed fatty acids as a carbon source. P. chlororaphis
555 achieved the highest yields, producing up to 39 % PHA with olive oil
hydrolysates and 76 g/L CDW with 17 % PHA in large-scale fermenta-
tion using rapeseed oil hydrolysates. P. putida GO16, an indigenously
isolated strain, exhibited high adaptability to diverse substrates,
achieving 44 % PHAs with palm oil hydrolysates. The strain grew effi-
ciently under nitrogen-limited conditions at 30 °C, demonstrating robust
metabolic activity when utilizing hydrolyzed fatty acids. P. putida CA-3
achieved 39 % PHAs with rapeseed and olive oil hydrolysates, while
P. putida KT2440 had lower yields, peaking at 28.6 % PHAs with palm
oil hydrolysates. These results highlight the potential of these strains,
particularly P. putida GO16, for optimizing bioplastic production from
plant-based substrates. Genetic manipulation of strains derived from
P. putida KT2440 has allowed further refinement of PHA composition.
P. putida DBA—F1, a f-oxidation knockout mutant derived from P. putida
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KT2440, exhibits exceptional potential for producing mcl-PHAs,
particularly with a high 3-hydroxydecanoate (3HD) content. With a
decanoic acid/glucose ratio of 4:6, the strain achieved a CDW concen-
tration of 17 g/L, a PHA content of 58 %, and a productivity of 0.32 g/L/
h. By adjusting the substrate ratio to 2:8, CDW increased to 18 g/L, and
the PHA content reached 59 %, with an HD content of 100 mol%. These
results highlight the potential of P. putida DBA-F1 for tailored mcl-PHA
production despite challenges such as low biomass yield and metabolic
imbalances (Gao et al., 2018).

P. putida LS46 demonstrated its ability to produce mcl-PHAs under
oxygen-limited batch-feeding conditions. Using octanoic acid as a car-
bon source, this strain achieved a CDW of 28.8 g/L, with a PHA content
of 61 % and a productivity of 0.66 g/L/h. Pulse-feeding strategies
further enhanced PHA synthesis, and mcl-PHAs were mainly composed
of C8 (92.9 mol%). These results emphasize the strain’s efficiency in
utilizing fatty acids for PHA production under optimized conditions
(Blunt et al., 2019) and illustrate that manipulating dissolved oxygen
levels, adjusting substrate pulses, and maintaining stable fermentation
conditions can substantially improve productivity. This opens the door
to more efficient processes at the industrial level. Similarly, P. putida
Bet001, under batch-feeding conditions with oleic acid (C18:1) as a
carbon source, accumulated PHAs from 49.7 % to 68.9 % over 48 h at
30 °C. The resulting copolymer consisted of seven different monomers,
including even C4 to C14 and odd C7 chain units, demonstrating its
ability to produce diverse copolymers (Gumel et al., 2014). This struc-
tural variability in the biopolymer makes obtaining materials with
customizable mechanical and thermal properties possible.

P. aeruginosa BPC2 revealed that the best PHA yield of 22.5 % was
achieved using a glycerol byproduct derived from biodiesel production
as a carbon source. The bacterial growth reached a CDW of 7.8 g/L
under shake flask culture, incubated for 72 h at 37 °C with 1 % glycerol
byproduct. This yield was significantly higher than other tested sub-
strates like glucose, commercial glycerol, and sugarcane molasses
(Phukon et al., 2014). However, not all strains have been studied with
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refined substrates. Pseudomonas sp. AK-3 and AK-4, isolated from land-
fills, can use cheaper and simpler carbon sources like sucrose. Using 2 %
of this sugar yields between 47 % and 50 % PHAs have been achieved
(Muneer et al., 2022). In addition, fine-tuning of nitrogen availability
can be critical: while a higher nitrogen supply increases biomass, this
excess reduces the PHA content. These findings confirm the importance
of carefully calibrating C/N ratios and the choice of appropriate nitrogen
sources. The recombinant strain of Pseudomonas sp. 61-3 showed sig-
nificant yield variation depending on the concentration of steamed
soybean wastewater powder (SWP) and glucose (2 %) as the carbon
source. For 72 h of cultivation using 1 g/L. SWP, CDW was 0.5 g/L, and
PHA content reached 62 %. This condition yielded a high PHA content
but low CDW, attributed to limited nitrogen availability. Increasing SWP
to 10 g/L resulted in a CDW of 3.4 g/L and a lower PHA content of 38 %,
as carbon excess led to a reduced nitrogen-to-carbon ratio. For 50 g/L
SWP, CDW peaked at 7.8 g/L, but PHA content dropped to 18 %. This
decline may be attributed to nitrogen insufficiency, hindering the
copolymer synthesis efficiency. For the NH4ClI control (0.5 g/L) after 48
h, the CDW reached 0.6 g/L and PHA content 62 %. The high yields
obtained under this condition were due to the optimal balance between
nitrogen and carbon availability. Pseudomonas sp. 61-3 demonstrated
that increasing SWP concentration improved CDW but reduced the PHA
yield due to nitrogen limitation. Glucose addition was critical in main-
taining cellular activity and supporting PHA biosynthesis under
nitrogen-limited conditions (Hokamura et al., 2017). P. putida KT2440
metabolizes glucose through a cycle generated among the Pentose-
phosphate, Entner-Doudoroff, and lower Embden-Meyerhof-Parnas
pathways (Fig. 4) that enhance NADPH generation, which is useful for
PHA synthesis and for tolerating stressful conditions such as nutrient
limitation (Beckers et al., 2016).

PHA production can also benefit from low substrate concentrations,
ensuring the appropriate strain is selected and the predominant meta-
bolic pathway is understood. For example, P. mosselii TO7, isolated from
a vegetable oil factory wastewater treatment plant, performed best with
only 0.5 % soybean oil, yielding 49.8 % PHAs and a CDW of 3.76 g/L
(Chen et al., 2014). Metabolic studies using inhibitors such as acrylic
acid showed that when fatty acids (e.g., octanoate) are used, p-oxidation
is essential for PHA synthesis. In contrast, sucrose or gluconate activate
different pathways, leaving PHA production relatively insensitive to the
inhibition of p-oxidation. However, low yields have also been reported
in the literature. For example, P. corrugata CFBP 5454 yielded 3.12 g/L
CDW and a PHA content of 29.5 % in 48 h using glycerol as the sole
carbon source. The yield was limited by alginate co-production, which
diverted metabolic precursors away from PHA synthesis, highlighting
competition for resources under the given conditions. P. corrugata CFBP
5447, under similar conditions, produced 2.89 g/L CDW with PAHs
content of 18.0 %. Similarly, alginate synthesis significantly impacted
carbon flux toward PHA production, reducing the overall yield
(Licciardello et al., 2017). P. mendocina CH50, cultivated on sugarcane
molasses in a 15 L bioreactor, achieved a PHA content of 14.2 % in 48 h.
Its inability to metabolize sucrose directly without hydrolysis con-
strained its efficiency, highlighting the importance of substrate pre-
processing for higher yields (Basnett et al., 2020). P. putida KT2440
achieved 31.5 % PHAs through enhanced acetate metabolism,
improving tolerance and utilization in bioreactor systems (Yang et al.,
2019). Under nitrogen-limited conditions, it produced 29.7 % PHAs at
low dilution rates, with transcriptomic analysis highlighting the
importance of pathway modulation during nitrogen limitation, such as
the usage of the Entner-Doudoroff pathway and the glyoxylate shunt, for
optimizing PHA biosynthesis (Beckers et al., 2016). P. resinovorans
demonstrated the utilization of camelina oil under bioreactor-fed batch
conditions, achieving a PHA content of 35.6 %, leveraging its innate
lipase activity to metabolize unprocessed oils directly (Bustamante
et al., 2019). Similarly, spent coffee ground oil served as a substrate for
PHA production by P. resinovorans, yielding a PHA content of 29.7 % in
24 h under optimized fed-batch culture conditions (Kang et al., 2023).
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Moreover, comparisons between P. aeruginosa mutants reveal that sub-
strate choice and complexity can significantly influence performance. A
gamma-irradiated mutant strain, named EBN-8, managed to accumulate
more than 50 % PHAs when using 3 % (v/v) soybean oil, while another
mutant strain EBN-8, using 2 % (v/v) hexadecane, only achieved 40.7 %
(Abid et al., 2016; Raza et al., 2016). These differences show that chain
length and substrate structure determine the efficiency of p-oxidation
and, thus, PHA accumulation. In turn, this has practical implications for
selecting suitable substrates according to the capabilities of each strain
and the desired final polymer properties. The implementation of feeding
pulses has also been fundamental in fed-batch cultures. For example, the
continuous use of polyethylene-derived fatty acids facilitated the
achievement of a PHA content of 65 % CDW in 20 L cultures in only 25 h.
Optimal incubation times vary depending on substrate and culture
conditions but are generally between 24 and 144 h among the meth-
odologies reviewed. These periods allow for maximum PHA accumula-
tion without compromising cell growth.

3.2.4. The genus Burkholderia

Burkholderia are Gram-negative bacilli that inhabit soils and water
and can accumulate scl-PHAs and mcl-PHAs. Specific Burkholderia
strains are human pathogens or phytopathogens. The genus Burkholderia
was studied in 5 articles in this review using 3 specific epithets and 8
strains. Fig. 12 shows those strains related to the substrate type, the
substrate concentration, and the PHA yield. It is noted that carbohy-
drates prevail over other carbon sources, and a higher substrate con-
centration does not correlate with a higher PHA production yield.

Four strains of B. cepacia epithet isolated from various soil sources
were studied by Attapong et al. (2023), using glucose at 25 and 35 g/L or
a sugarcane bagasse hydrolysate pretreated with sulfuric or phosphoric
acid as carbon sources for ASL22, KKR5, SRB1, and SRB3 strains.
B. cepacia is well known for its ability to ferment different sugar sources
and for its tolerance to possible inhibitory compounds. Table 4 shows
PHA yields <23 %, while the usage of sugarcane bagasse enhanced
biomass production. Nevertheless, the PHB yield of strains decreased by
almost half when bagasse was used instead of glucose.

de Paula et al. (2021) worked with the B. glumae MA13 strain to
obtain a P(3HB-co-3 HV) copolymer. Using 20 g/L sucrose they obtained
4.4 g/L. CDW with 26.5 % P(3HB-co-3 HV); the use of xylose at 10, 20,
30, 40, and 50 g/L produced between 0.39 and 0.53 g/L CDW (the
maximum using 40 g/L xylose), while P(3HB-co-3 HV) obtained vary
from 18.0 % to 21.1 % (the maximum using 50 g/L xylose). Differences
in P(3HB-co-3 HV) yields among sucrose and xylose may be explained by
the differences in the metabolic pathways (Fig. 4). When using sugar-
cane molasses at 10, 20, 30, 40, and 50 g/L, the biomass produced by
B. glumae MA13 moves from 3.3 to 5.8 g/L CDW, while the P(3HB-co-3
HV) varied from 26.5 % to 46.6 %. The maximum CDW and P(3HB-co-3
HV) were obtained using sugarcane molasses at 20 g/L (5.8 g/L CDW
with 46.6 % P(3HB-co-3 HV)), and the maximum percentage of de
hydroxyvalerate monomer (1.49 mol%) was obtained using 50 g/L
xylose as a carbon source. This research group also studied the addition
of vinasses to sugarcane molasses and a sugarcane bagasse hydrolysate
to produce PHAs, obtaining a maximum of 4.5 g/L CDW with 29.4 %
PHA in the first case and 0.61 g/L CDW with 15 % PHAs in the second
one. The influence of pH and nitrogen source selection was also
analyzed.

P. sacchari DSM17165 accumulates scl-PHAs and mcl-PHAs and has
been largely studied for this purpose. Three different strains of the
B. sacchari epithet were studied in 3 articles. The DSM17165 strain was
used by Cesario et al. (2014), obtaining 5.0 g/L CDW with 44 % PHB
using 10 g/L glucose and 6.3 g/L CDW with 60.3 % PHB using 20 g/L
glucose. 10 and 20 g/L xylose produced 5.2 g/L CDW with 46.7 % PHB
and 6.3 g/L CDW with 44.4 % PHB, respectively. When glucose and
xylose were combined (10 g/L each), 7.4 g/L CDW and 58.9 % PHB were
produced. In addition, 20 g/L arabinose generates 7.4 g/L. CDW with 62
% PHB. Different wheat straw lignocellulosic hydrolysates, rich in
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Fig. 12. PHA yield (%) from Burkholderia using different substrate types (colors). Circle size increases according to substrate concentration, from 10 to 50 g/L.

Table 4
Comparison of biomass (CDW) and PHB production of ASL22, KKR5, SRB1, and
SRB3 strains. Adapted from Attapong et al. (Attapong et al., 2023).

Strain Substrate Concentration CDW PHB
(g/L) (g/L) (%)

ASL22  Glucose 25 4.7 22.8
Glucose 35 6.5 19.7
SBH pretreated with 1 % v/v 25 10.0 10.3
sulfuric acid
SBH pretreated with 1.5 % v/ 25 11.2 10.7
v phosphoric acid

KKR5 Glucose 25 4.6 19.5
Glucose 35 7.8 20.4
SBH pretreated with 1 % v/v 25 11.7 9.90
sulfuric acid
SBH pretreated with 1.5% v/ 25 11.6 11.7
v phosphoric acid

SRB1 Glucose 25 3.0 18.1
Glucose 35 6.2 16.5
SBH pretreated with 1 % v/v 25 11.7 5.90
sulfuric acid
SBH pretreated with 1.5% v/ 25 11.7 9.60
v phosphoric acid

SRB3 Glucose 25 5.0 19.5
Glucose 35 7.9 16.4
SBH pretreated with 1 % v/v = 25 12.2 9.00
sulfuric acid
SBH pretreated with 1.5 % v/ 25 11.7 5.90

v phosphoric acid

CDW: Cell Dry Weight, PHB: Polyhydroxybutyrate.

arabinose, glucose, and xylose, delivered by a German biorefinery, were
also used as substrates for PHA production. 7.7 g/L CDW with 57 % PHB
was obtained from 25 g/L of the named hydrolysate A, 32.4 g/L. CDW
with 38 % PHB from 30 g/L hydrolysate B and 83 g/L CDW with 56 %
PHB using 37 g/L hydrolysate C. Nascimento et al. (2016) worked with
the LFM 101 strain using 10 g/L glucose to obtain 2.9 g/L CDW con-
taining 41.2 % PHAs with no significant differences when temperature
varied from 30 °C to 35 °C. When 10 g/L sucrose was used at 30 °C, 1.9
g/L CDW with 26 % PHAs was produced in contrast with the 2.65 g/L
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CDW containing 33.1 % PHAs obtained when the temperature was set at
35 °C. Finally, Oliveira-Filho et al. (2020) used 15 g/L xylose as the sole
carbon source to feed the DSM17165 strain in fed-batch fermentation
with different nutrient limitation strategies to reach 13.1 g/L CDW with
61.7 % PHAs under nitrogen limitation and 29.3 g/L CDW with 55.3 %
PHAs under phosphorus limitation. Every reviewed article that studied
Burkholderia strains for PHA production showed yields below 60 %
except for one experiment. Higher production was obtained with
P. sacchari (33 %-62 % PHAs), which showed excellent results even from
wheat straw, a lignocellulosic waste used as a cheap carbon source.

3.2.5. Halomonas and Paracoccus genera

Halomonas and Paracoccus were selected as the most studied ex-
tremophile genera for PHA production. Halomonas is a halotolerant
genus that can produce PHAs under non-sterile and high-salt conditions
(Diankristanti et al., 2024). As carbon sources for Halomonas, some
carbohydrates and VFA (Fig. 13) were found. It has been reported that
some Paracoccus also co-produce some valuable compounds with anti-
oxidant or anticarcinogenic properties such as carotenoids or astax-
anthin, which represents a more cost-effective PHA production through
a biorefinery scheme (Khomlaem et al., 2021; Muhammad et al., 2020).
The types of carbon sources for Halomonas reported here were carbo-
hydrates (glucose and carboxymethylcellulose) and VFA, while Para-
coccus used carbohydrates and polyalcohol (Fig. 13).

The Halomonas elongata A1 strain, isolated from the saline alkali soil
of Daqing (China), was studied by Liu et al. (2021), who modified a wild-
type H. elongata Al to three different recombinant strains called
H. elongata PO, P1, and P2. Experiments with the Al strain using 20 g/L
carboxymethylcellulose as a carbon source produced 4.17 g/L CDW with
11.8 % PHB, while using 20 g/L glucose reached 6.75 g/L CDW con-
taining 22.8 % PHB. The CDW and %PHB of recombinant H. elongata PO,
P1, and P2 using glucose as a carbon source resulted in 6.7 g/L with 21.6
% PHB, 6.8 g/L CDW with 45.6 % PHB, and 6.7 g/L CDW containing
90.8 % PHB, respectively. Using the H. elongata P2 increased almost 4
times the percentage of PHB compared to the wild-type bacteria.
(Diankristanti et al., 2024; Yin et al., 2023) worked with the Halomonas
sp. YJO1 and various substrates to produce P(3HB-co-3 HV). Glucose at
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20 and 30 g/L produced 6.6 g/L. CDW with 77.8 % P(3HB-co-3 HV) and
6.37 g/L CDW with 89.5 % P(3HB-co-3 HV). The fermentation of VFA
was tested with 15 g/L acetic acid, 15 g/L propionic acid, and 10 g/L
butyric acid, which produced 2.6 g/L CDW with 21.6 % PHB, 3.0 g/L
CDW with 28.5 % P(3HB-co-3 HV), and 4.0 g/L CDW containing 53.6 %
PHB, respectively. The fraction of 3-HV from propionic acid was 29 mol
%. Finally, different mixtures of acetic, propionic, and butyric acids
were tested, finding that the strain YJO01 with M5 mixture (acetate:
propionate:butyrate 1:4:2) produced better results, reaching 3.54 g/L
CDW with 46.8 % P(3HB-co-3 HV), including a 3-hydroxyvalerate
fraction of 19 mol%.

The Paracoccus sp. LL1 (KP288668) strain isolated from Lake Lonar
(India) was used in 2 articles to complete 6 experiments. Kumar et al.
(2018) used glycerol at 20 g/L to obtain 2.54 g/L CDW with 45.9 %
PHAs after 96 h in a batch culture and 24 g/L CDW with 39.3 % PHAs
after 120 h in a cell retention culture. The co-production of PHAs and
carotenoids is possible with this strain; therefore, total carotenoids ob-
tained reached 1.25 mg/L in the first case and 7.14 mg/L in the second.
Khomlaem et al. (2020) used the mentioned LL1 strain to produce PHAs
in a flask fermentation to obtain 3.75 g/L CDW with 34.3 % PHAs when
using 20 g/L glucose and 3.96 g/L CDW with 37.4 % PHAs when using
defatted biomass of Chlorella (a variety of microalgae) as substrate. The
total carotenoids obtained reached 6.02 mg/L from glucose and 6.08
mg/L from defatted chlorella biomass. A lab-scale bioreactor was used to
repeat the experiments, achieving 5.35 g/L CDW with 35.3 % PHAs and
7.60 mg/L of carotenoids using glucose and 9.1 g/L CDW with 39.8 %
PHAs and 11.7 mg/L of carotenoids using defatted chlorella biomass as
substrate. The bioreactor allows an increase in PHAs and carotenoid
yields in less time. Additionally, diluted acid pretreatment to degrade
algal carbohydrates into fermentable sugars as an inexpensive carbon
source may moderate PHA production costs.

The PHA production yields of the reviewed experiments with Para-
coccus did not reach 50 %; however, using glucose with the LL1 strain
gave the best results. The ability of some Paracoccus strains to co-
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produce PHAs and valuable compounds is highlighted because it rep-
resents an opportunity for the production of bioplastics that may reduce
production costs in addition to expanding market options. On the other
hand, the studied Halomonas strains reached a remarkable 90 % PHAs of
CDW when using glucose as a carbon source.

3.3. General appreciations

The highest PHA yields per substrate type of every specific epithet
studied in this review are shown in Fig. 14 (a and b), which includes a
total of 54 experiments. Carbon source concentration (Fig. 14a) and cell
dry weight (CDW) production (Fig. 14b) are compared. The relationship
of substrate concentration with PHAs or CDW yields remains unknown.
However, despite the variability of the data, PHA yields above 60 % (27
experiments) were obtained with an average substrate concentration of
21.2 g/L, while the 27 experiments producing below 60 % PHA used an
average of 18.2 g/L substrate. In addition, there seems to be a rela-
tionship between CDW and PHA yield as the 27 experiments with high
PHA yields (over 60 %) also produced an average of 13.4 g/L CDW. In
contrast, the remaining 27 experiments (PHA yields below 60 %) made
an average of 4.3 g/L. CDW, meaning average PHA productions of 10.1
g/L against 1.57 g/L. This apparent relationship should be considered a
general approximation due to variations by strain (synthesis pathways)
and fermentation conditions to optimize PHA production. Some
reviewed experiments were conducted in two phases to promote growth
under nutritionally balanced conditions and accumulation under
nutrient-limiting conditions separately. In contrast, others added an
extra feed in the second phase using the initial or a different substrate.

Fig. 14 also confirms that PHA production yields are not significant
when using different substrates (compared to the 4 main groups
including Carbohydrate, Fatty acid, Polyalcohol, and VFA); however,
using appropriate mixtures could be an option to explore higher per-
formances at lower costs.

Considering the 308 experiments, only 13 reached PHA yields above



A. Vilchez et al.

Bioresource Technology Reports 31 (2025) 102224

a b
100 o 100 -
o ° O -
80 ‘ 80 Qe ®
- ‘~
®e _o° * o (D
. 60+ QO ~ 60 @®e
g ° @ g LA
=¥ o
K ° o o o -
> = 4
< 401 ® < 40 { @
E 4 L
o o \
Substrate type
Substrate type -
204 °® I Carbonycrate 20 ®° | [
() I Fatty acid I Polyalcohol
B Polyalcohol VA
I VFA . 5
ther
04 . I Other o4 © = Mixture
I Mixture
L L L L L U UL L L I IO B B B | LI B} LN N B B B B B B B | 1 5 T T T T T ] z T T T T T T T T T T T T T T T T T T T T T T 1
40P P0G X X E R, KB P S R NP LD PR L LR EERRE R ST RSP L F LS R P
o °% *%°°\ da" i@‘f\“é S S @;%6\"‘% P & O S 8 S S S ST PO E L I
iQ g 6@ Q & égo kS <<\°(g> o Q‘i\é\&z olo% & ‘b<\ VR o W T & F S ,Dé’(’@*\ @ S o S EE Lo 'Q%”’c e
%@ R R P po0x PO SR A LR
&
Specific epithet Specific epithet
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and (b) CDW from 0.41 to 38 g/L. *One point of outlier data was excluded from the fig. (148 g/L CDW).

80 %; 6 were produced by Bacillus, 4 by Cupriavidus, 2 by Halomonas,
and 1 by Pseudomonas. Carbohydrates resulted in the most used sub-
strate (6 experiments), 3 experiments used fatty acids, 2 used poly-
alcohol, and 2 used a fatty acid/carbohydrate mixture with different
fermentation strategies. Among the best results, the most common
bacteria/substrate combination was Bacillus/carbohydrate (4
experiments).

Reducing PHA production costs is one of the biggest challenges
today, since actual costs are almost 10-15 times higher than that of
producing conventional polymers, according to Kosseva and Rusbandi
(2018). Karan et al. (2019) reported the cost of 2.90 USD/kg PHA, which
is relatively high compared to corn starch (0.40 USD/kg) or polylactic
acid (2.0 USD/kg). However, fluctuating petroleum prices coupled with
advances in biotechnology such as agro-industrial waste as a carbon
source for bacteria, which lower production costs and reduce land use,
are expected to narrow this gap. For example, Leong et al. (2016) re-
ported a 25 % reduction in production costs when using crude glycerol
as a carbon source instead of refined glycerol and a 28 % reduction in
production costs when using waste cooking oil (WCO) instead of soy-
bean oil. In addition, the production of PHA also implies energy savings,
as PHB requires significantly less energy (44.7 MJ kg™!) compared to
petrochemical polymers (e.g., polypropylene needs nearly 86 MJ kg™ 1),
offering both environmental and financial benefits (Costa et al., 2023).

Future research and development to enhance PHA production per-
formance and competitive costs should include the specific PHAs pro-
duced in each system and residual organic biomass as substrate for such
purposes. In addition, genetically modified bacteria should be further
studied to enhance production yields and the physicochemical proper-
ties of PHAs by producing short- and medium-chain PHA copolymers.

4. Conclusions

This review examines recent advancements in the production of
polyhydroxyalkanoates (PHAs) as potential sustainable biopolymers
compared to petrochemical plastics. The work evaluates strategies to
enhance PHA production yield and key findings from prominent bac-
terial genera. An overall summary of the diverse pathways for PHA
synthesis in bacteria reveals important metabolic targets related to
polymer yields, customized monomeric composition, or obtaining novel
monomers using a wide range of carbon sources. Seventy-seven scien-
tific studies were reviewed, including more than 300 experiments
involving 76 bacterial strains. The analysis considered metrics such as
the percentage of PHA accumulation relative to cell dry weight,
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efficiency in utilizing various carbon sources, yields under different
culture conditions, and metabolic engineering applications for monomer
diversification.

Among the significant findings, Cupriavidus necator stood out for its
ability to accumulate up to 80 % of its cell dry weight in PHAs when
using substrates like glucose, glycerol, and vegetable oils. Pseudomonas
putida was notable for synthesizing medium-chain PHAs with yields
reaching up to 83 %, utilizing fatty acids and lignocellulosic residues as
substrate. The genus Bacillus also demonstrated remarkable adaptability
to cost-effective substrates like molasses or glycerol from biodiesel
production, achieving PHA yields above 85 %. The extremophilic genera
Halomonas and Paracoccus provided advantages by operating under non-
sterile conditions and co-producing added-value compounds, such as
carotenoids, enhancing the sustainability and competitiveness of PHA
production. However, the experiments studied using Paracoccus pre-
sented a low output (among 34-46 % PHAs) compared to Halomonas
(among 12-91 % PHAs).

Future research in this field should focus on addressing the chal-
lenges of industrial scalability by optimizing bioprocesses and inte-
grating sustainable systems that utilize waste as the substrate. Moreover,
it will be crucial to diversify the properties of PHAs through innovations
in genetic and metabolic engineering, which will expand their industrial
applications and strengthen their role in the transition toward a more
efficient and sustainable circular economy.

CRediT authorship contribution statement

Ariel Vilchez: Writing — original draft, Visualization, Methodology,
Investigation, Formal analysis, Conceptualization. Gabriela Guajardo:
Writing — original draft, Visualization, Methodology, Investigation,
Formal analysis, Conceptualization. Mario Septlveda: Writing — review
& editing, Visualization. Michael Seeger: Writing — review & editing,
Supervision, Funding acquisition. Francisca Acevedo: Supervision,
Resources, Project administration, Funding acquisition, Conceptualiza-
tion. Rodrigo Navia: Writing — review & editing, Supervision, Project
administration, Conceptualization.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.



A. Vilchez et al.
Acknowledgements

This research was funded by ANID-Milenio-NCN2023_054 (A.V., G.
G., M.S., M.S., F.A,, R.N.) and INNOVA 2024 SUR SUR 03, UFRO-
ULAGOS (A.V., F.A)

Data availability

The data analyzed were extracted from 77 published works and can
be found following the search criteria described in the methodology.

References

Abdelmalek, F., Steinbiichel, A., Rofeal, M., 2022. The hyperproduction of
polyhydroxybutyrate using Bacillus mycoides ICRI89 through enzymatic hydrolysis
of affordable cardboard. Polymers (Basel) 14. https://doi.org/10.3390/
polym14142810.

Abid, S., Raza, Z.A., Hussain, T., 2016. Production kinetics of polyhydroxyalkanoates by
using Pseudomonas aeruginosa gamma ray mutant strain EBN-8 cultured on soybean
oil. 3 Biotech 6. https://doi.org/10.1007/s13205-016-0452-4.

Adebayo Oyewole, O., Usman Abdulmalik, S., Onozasi Abubakar, A., Ishaku
Chimbekujwo, K., Dorcas Obafemi, Y., Oyegbile, B., Peter Abioye, O., David
Adeniyi, O., Chidi Egwim, E., 2024. Production of polyhydroxyalkanoate (pha) by
pseudomonas aeruginosa (01405443) using agrowastes as carbon source. Cleaner
Materials 11. https://doi.org/10.1016/j.clema.2024.100217.

Aghaali, Z., Naghavi, M.R., 2023. Biotechnological approaches for enhancing
polyhydroxyalkanoates (PHAs) production: current and future perspectives. Curr.
Microbiol. https://doi.org/10.1007/500284-023-03452-4.

Akdogan, M., Celik, E., 2021. Enhanced production of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) biopolymer by recombinant Bacillus megaterium in fed-batch
bioreactors. Bioprocess Biosyst. Eng. 44, 403-416. https://doi.org/10.1007/500449-
020-02452-z.

Ali, I., Jamil, N., 2014. Enhanced biosynthesis of poly(3-hydroxybutyrate) from potato
starch by bacillus cereus strain 64-ins in a laboratory-scale fermenter. Prep.
Biochem. Biotechnol. 44, 822-833. https://doi.org/10.1080/
10826068.2013.867876.

Alvarez-Santullano, N., Villegas, P., Mardones, M.S., Durdn, R.E., Donoso, R.,
Gonzalez, A., Sanhueza, C., Navia, R., Acevedo, F., Pérez-Pantoja, D., Seeger, M.,
2021. Microorganisms Genome-wide Metabolic Reconstruction of the Synthesis of
Polyhydroxyalkanoates From Sugars and Fatty Acids by Burkholderia Sensu Lato
Species. https://doi.org/10.3390/microorganisms9061290.

Annamalai, N., Elayaraja, S., Oleskowicz-Popiel, P., Sivakumar, N., Bahry, S. Al, 2020.
Volatile fatty acids production during anaerobic digestion of lignocellulosic biomass.
In: Recent Developments in Bioenergy Research. Elsevier, pp. 237-251. https://doi.
org/10.1016/B978-0-12-819597-0.00012-X.

Arumugam, A., Senthamizhan, S.G., Ponnusami, V., Sudalai, S., 2018. Production and
optimization of polyhydroxyalkanoates from non-edible Calophyllum inophyllum oil
using Cupriavidus necator. Int. J. Biol. Macromol. 112, 598-607. https://doi.org/
10.1016/j.ijbiomac.2018.02.012.

Attapong, M., Chatgasem, C., Siripornadulsil, W., Siripornadulsil, S., 2023. Ability of
converting sugarcane bagasse hydrolysate into polyhydroxybutyrate (PHB) by
bacteria isolated from stressed environmental soils. Biocatal. Agric. Biotechnol. 50.
https://doi.org/10.1016/j.bcab.2023.102676.

Basnett, P., Marcello, E., Lukasiewicz, B., Nigmatullin, R., Paxinou, A., Ahmad, M.H.,
Gurumayum, B., Roy, L., 2020. Antimicrobial materials with lime oil and a poly(3-
hydroxyalkanoate) produced via valorisation of sugar cane molasses. J Funct
Biomater 11. https://doi.org/10.3390/jfb11020024.

Beckers, V., Poblete-Castro, I., Tomasch, J., Wittmann, C., 2016. Integrated analysis of
gene expression and metabolic fluxes in PHA-producing Pseudomonas putida grown
on glycerol. Microb. Cell Factories 15. https://doi.org/10.1186/512934-016-0470-2.

Bellini, S., Tommasi, T., Fino, D., 2022. Poly(3-hydroxybutyrate) biosynthesis by
Cupriavidus necator: a review on waste substrates utilization for a circular economy
approach. Bioresour Technol Rep 17, 100985. https://doi.org/10.1016/J.
BITEB.2022.100985.

Blunt, W., Dartiailh, C., Sparling, R., Gapes, D.J., Levin, D.B., Cicek, N., 2019.
Development of high cell density cultivation strategies for improved medium chain
length polyhydroxyalkanoate productivity using Pseudomonas putida LS46.
Bioengineering 6. https://doi.org/10.3390/bioengineering6040089.

Blunt, W., Shah, P., Vasquez, V., Ye, M., Doyle, C., Liu, Y., Saeidlou, S., Monteil-
Rivera, F., 2023. Biosynthesis and properties of polyhydroxyalkanoates synthesized
from mixed C5 and C6 sugars obtained from hardwood hydrolysis. New Biotechnol.
77, 40-49. https://doi.org/10.1016/j.nbt.2023.06.005.

Bunkaew, K., Khongkool, K., Lertworapreecha, M., Umsakul, K., Sudesh, K., Chanasit, W.,
2023. Valorization of pineapple peel waste for sustainable polyhydroxyalkanoates
production. Microbiology and Biotechnology Letters 51, 257-267. https://doi.org/
10.48022/mbl.2305.05009.

Bustamante, D., Tortajada, M., Ramon, D., Rojas, A., 2019. Camelina oil as a promising
substrate for mcl-PHA production in Pseudomonas sp. cultures. Appl. Food
Biotechnol. 6 (1), 61-70. https://doi.org/10.22037/afb.v6il.21635.

Cesério, M.T., Raposo, R.S., de Almeida, M.C.M.D., van Keulen, F., Ferreira, B.S., da
Fonseca, M.M.R., 2014. Enhanced bioproduction of poly-3-hydroxybutyrate from

18

Bioresource Technology Reports 31 (2025) 102224

wheat straw lignocellulosic hydrolysates. New Biotechnol. 31, 104-113. https://doi.
org/10.1016/j.nbt.2013.10.004.

Chandra, R., Thakor, A., Mekonnen, T.H., Charles, T.C., Lee, H.S., 2023. Production of
polyhydroxyalkanoate (PHA) copolymer from food waste using mixed culture for
carboxylate production and Pseudomonas putida for PHA synthesis. J. Environ.
Manag. 336, 117650. https://doi.org/10.1016/J.JENVMAN.2023.117650.

Chen, G.Q., Chen, X.Y., Wu, F.Q., Chen, J.C., 2020. Polyhydroxyalkanoates (PHA)
toward cost competitiveness and functionality. Advanced Industrial and Engineering
Polymer Research 3, 1-7. https://doi.org/10.1016/J.AIEPR.2019.11.001.

Chen, Y.J., Huang, Y.C., Lee, C.Y., 2014. Production and characterization of medium-
chain-length polyhydroxyalkanoates by Pseudomonas mosselii TO7. J. Biosci.
Bioeng. 118, 145-152. https://doi.org/10.1016/j.jbiosc.2014.01.012.

Costa, A., Encarnagao, T., Tavares, R., Bom, T.T., Mateus, A., 2023. Bioplastics:
innovation for green transition. Polymers. https://doi.org/10.3390/
polym15030517.

Das, R., Pal, A., Paul, A.K., 2022a. Optimization of process parameters for production of
poly(3-hydroxybutyrate) by bacillus pumilus AHSD 04, a seed borne endophyte of
oleaginous plant arachis hypogaea L. Biointerface Res. Appl. Chem. 12, 5280-5295.
https://doi.org/10.33263/BRIAC124.52805295.

Das, R., Pal, A., Paul, A.K., 2022b. Enhanced production of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) copolymer by endophytic Bacillus cereus RCL 02 utilizing
sugarcane molasses as sole source of carbon: a statistical optimization approach.
Biotechnologia 103, 283-300. https://doi.org/10.5114/bta.2022.118671.

De Smet, M.J., Eggink, G., Witholt, B., Kingma, J., Wynberg, H., 1983. Characterization
of Intracellular Inclusions formed by Pseudomonas oleovorans during growth on
octane. J. Bacteriol. 154 (2), 870-878. https://doi.org/10.1128/jb.154.2.870-
878.1983.

Diankristanti, P.A., Lin, Y.C,, Yi, Y.C., Ng, L.S., 2024. Polyhydroxyalkanoates
bioproduction from bench to industry: thirty years of development towards
sustainability. Bioresour. Technol. 393, 130149. https://doi.org/10.1016/J.
BIORTECH.2023.130149.

Gao, J., Vo, M.T., Ramsay, J.A., Ramsay, B.A., 2018. Overproduction of MCL-PHA with
high 3-hydroxydecanoate Content. Biotechnol. Bioeng. 115, 390-400. https://doi.
org/10.1002/bit.26474.

Geethu, M., Chandrashekar, H.R., Divyashree, M.S., 2021. Statistical optimisation of
polyhydroxyalkanoate production in Bacillus endophyticus using sucrose as sole
source of carbon. Arch. Microbiol. 203, 5993-6005. https://doi.org/10.1007/
500203-021-02554-6.

Gomaa, E.Z., 2014. Production of polyhydroxyalkanoates (PHAs) by Bacillus subtilis and
Escherichia coli grown on cane molasses fortified with ethanol. Arch. Biol. Technol.
v 57, 145-154. https://doi.org/10.1590/51516-89132014000100020.

Go6mez Cardozo, J.R., Mora Martinez, A.L., Yepes Pérez, M., Correa Londono, G.A., 2016.
Production and characterization of polyhydroxyalkanoates and native
microorganisms synthesized from fatty waste. Int J Polym Sci 2016. https://doi.org/
10.1155/2016/6541718.

Go6mez Cardozo, R.J., Velasco Bucheli, R., Del Cerro Sanchez, C., De La Mata Riesco, 1.,
Martinez, M.M.A.L., 2019. Engineering of Bacillus megaterium for improving PHA
production from glycerol. Asia Pac J Mol Biol Biotechnol 27 (3), 64-72. https://doi.
org/10.35118/apjmbb.2019.027.3.07.

Gumel, A.M., Annuar, M., Heidelberg, T., 2014. Growth Kinetics, Effect of Carbon
Substrate in Biosynthesis of mcl-PHA by Pseudomonas putida Bet001.

Gutschmann, B., Hogl, T.H., Huang, B., Maldonado Simoes, M., Junne, S., Neubauer, P.,
Grimm, T., Riedel, S.L., 2023. Polyhydroxyalkanoate production from animal by-
products: Development of a pneumatic feeding system for solid fat/protein-
emulsions. Microb. Biotechnol. 16, 286-294. https://doi.org/10.1111/1751-
7915.14150.

Guzik, M.W., Nitkiewicz, T., Wojnarowska, M., Sottysik, M., Kenny, S.T., Babu, R.P.,
Best, M., O’Connor, K.E., 2021. Robust process for high yield conversion of non-
degradable polyethylene to a biodegradable plastic using a chemo-biotechnological
approach. Waste Manag. 135, 60-69. https://doi.org/10.1016/j.
wasman.2021.08.030.

Haas, C., El-Najjar, T., Virgolini, N., Smerilli, M., Neureiter, M., 2017. High cell-density
production of poly(3-hydroxybutyrate) in a membrane bioreactor. New Biotechnol.
37, 117-122. https://doi.org/10.1016/j.nbt.2016.06.1461.

Hokamura, A., Yunoue, Y., Goto, S., Matsusaki, H., 2017. Biosynthesis of
polyhydroxyalkanoate from steamed soybean wastewater by a recombinant strain of
Pseudomonas sp. 61-3. Bioengineering 4. https://doi.org/10.3390/
bioengineering4030068.

Kang, B.J., Jeon, J.M., Bhatia, S.K., Kim, D.H., Yang, Y.H., Jung, S., Yoon, J.J., 2023.
Two-stage bio-hydrogen and polyhydroxyalkanoate production: upcycling of spent
coffee grounds. Polymers (Basel) 15. https://doi.org/10.3390/polym15030681.

Karan, H., Funk, C., Grabert, M., Oey, M., Hankamer, B., 2019. Green bioplastics as part
of a circular bioeconomy. Trends Plant Sci. https://doi.org/10.1016/j.
tplants.2018.11.010.

Katagi, V.N., Bhat, S.G., Paduvari, R., Kodavooru, D., Somashekara, D.M., 2023. Waste to
value-added products: an innovative approach forsustainable production of
microbial biopolymer (PHA) - emphasis on inexpensive carbon feedstock. Environ.
Technol. Rev. https://doi.org/10.1080/21622515.2023.2250066.

Katagi, V.N., Arekal, R.N., Divyashree, M.S., 2024. Utilization of palm oil and palm oil
effluent as a carbon source for the production of polyhydroxybutyrate co-
polyhydroxyhexanoate P(HB-co-HHx) a biopolymer in bacillus sp. J. Chem. Technol.
Biotechnol. 99, 1871-1878. https://doi.org/10.1002/jctb.7689.

Khan, T.K., Ul Hagq, L., Nawaz, A., Mukhtar, H., 2020. Production and characterization of
polyhydroxyalkanoates (Phas) produced from bacillus cereus mul-a isolated from a
biogas digester. Pak. J. Bot. 52, 2175-2182. https://doi.org/10.30848/PJB2020-6
(20).


https://doi.org/10.3390/polym14142810
https://doi.org/10.3390/polym14142810
https://doi.org/10.1007/s13205-016-0452-4
https://doi.org/10.1016/j.clema.2024.100217
https://doi.org/10.1007/s00284-023-03452-4
https://doi.org/10.1007/s00449-020-02452-z
https://doi.org/10.1007/s00449-020-02452-z
https://doi.org/10.1080/10826068.2013.867876
https://doi.org/10.1080/10826068.2013.867876
https://doi.org/10.3390/microorganisms9061290
https://doi.org/10.1016/B978-0-12-819597-0.00012-X
https://doi.org/10.1016/B978-0-12-819597-0.00012-X
https://doi.org/10.1016/j.ijbiomac.2018.02.012
https://doi.org/10.1016/j.ijbiomac.2018.02.012
https://doi.org/10.1016/j.bcab.2023.102676
https://doi.org/10.3390/jfb11020024
https://doi.org/10.1186/s12934-016-0470-2
https://doi.org/10.1016/J.BITEB.2022.100985
https://doi.org/10.1016/J.BITEB.2022.100985
https://doi.org/10.3390/bioengineering6040089
https://doi.org/10.1016/j.nbt.2023.06.005
https://doi.org/10.48022/mbl.2305.05009
https://doi.org/10.48022/mbl.2305.05009
https://doi.org/10.22037/afb.v6i1.21635
https://doi.org/10.1016/j.nbt.2013.10.004
https://doi.org/10.1016/j.nbt.2013.10.004
https://doi.org/10.1016/J.JENVMAN.2023.117650
https://doi.org/10.1016/J.AIEPR.2019.11.001
https://doi.org/10.1016/j.jbiosc.2014.01.012
https://doi.org/10.3390/polym15030517
https://doi.org/10.3390/polym15030517
https://doi.org/10.33263/BRIAC124.52805295
https://doi.org/10.5114/bta.2022.118671
https://doi.org/10.1128/jb.154.2.870-878.1983
https://doi.org/10.1128/jb.154.2.870-878.1983
https://doi.org/10.1016/J.BIORTECH.2023.130149
https://doi.org/10.1016/J.BIORTECH.2023.130149
https://doi.org/10.1002/bit.26474
https://doi.org/10.1002/bit.26474
https://doi.org/10.1007/s00203-021-02554-6
https://doi.org/10.1007/s00203-021-02554-6
https://doi.org/10.1590/S1516-89132014000100020
https://doi.org/10.1155/2016/6541718
https://doi.org/10.1155/2016/6541718
https://doi.org/10.35118/apjmbb.2019.027.3.07
https://doi.org/10.35118/apjmbb.2019.027.3.07
http://refhub.elsevier.com/S2589-014X(25)00206-3/rf0160
http://refhub.elsevier.com/S2589-014X(25)00206-3/rf0160
https://doi.org/10.1111/1751-7915.14150
https://doi.org/10.1111/1751-7915.14150
https://doi.org/10.1016/j.wasman.2021.08.030
https://doi.org/10.1016/j.wasman.2021.08.030
https://doi.org/10.1016/j.nbt.2016.06.1461
https://doi.org/10.3390/bioengineering4030068
https://doi.org/10.3390/bioengineering4030068
https://doi.org/10.3390/polym15030681
https://doi.org/10.1016/j.tplants.2018.11.010
https://doi.org/10.1016/j.tplants.2018.11.010
https://doi.org/10.1080/21622515.2023.2250066
https://doi.org/10.1002/jctb.7689
https://doi.org/10.30848/PJB2020-6(20)
https://doi.org/10.30848/PJB2020-6(20)

A. Vilchez et al.

Khatami, K., Perez-Zabaleta, M., Owusu-Agyeman, 1., Cetecioglu, Z., 2021. Waste to
bioplastics: how close are we to sustainable polyhydroxyalkanoates production?
Waste Manag. 119, 374-388. https://doi.org/10.1016/J.WASMAN.2020.10.008.

Khattab, A.M., Esmael, M.E., Farrag, A.A., Ibrahim, M.I.A., 2021. Structural assessment
of the bioplastic (poly-3-hydroxybutyrate) produced by Bacillus flexus Azu-A2
through cheese whey valorization. Int. J. Biol. Macromol. 190, 319-332. https://doi.
org/10.1016/j.ijpiomac.2021.08.090.

Khomlaem, C., Aloui, H., Deshmukh, A.R., Yun, J.H., Kim, H.S., Napathorn, S.C., Kim, B.
S., 2020. Defatted Chlorella biomass as a renewable carbon source for
polyhydroxyalkanoates and carotenoids co-production. Algal Res. 51. https://doi.
0rg/10.1016/j.algal.2020.102068.

Khomlaem, C., Aloui, H., Oh, W.G., Kim, B.S., 2021. High cell density culture of
Paracoccus sp. LL1 in membrane bioreactor for enhanced co-production of
polyhydroxyalkanoates and astaxanthin. Int. J. Biol. Macromol. 192, 289-297.
https://doi.org/10.1016/J.1JBIOMAC.2021.09.180.

Kosseva, M.R., Rusbandi, E., 2018. Trends in the biomanufacture of
polyhydroxyalkanoates with focus on downstream processing. Int. J. Biol.
Macromol. https://doi.org/10.1016/j.ijbiomac.2017.09.054.

Kumar, P., Jun, H.B., Kim, B.S., 2018. Co-production of polyhydroxyalkanoates and
carotenoids through bioconversion of glycerol by Paracoccus sp. strain LL1. Int. J.
Biol. Macromol. 107, 2552-2558. https://doi.org/10.1016/j.ijbiomac.2017.10.147.

Kynadi, Anna S., Suchithra, T.V., 2017a. Formulation and optimization of a novel media
comprising rubber seed oil for PHA production. Ind. Crop. Prod. 105, 156-163.
https://doi.org/10.1016/j.indcrop.2017.04.062.

Kynadi, Anna S., Suchithra, T.V., 2017b. Rubber seed oil as a novel substrate for
polyhydroxyalkanoates accumulation in Bacillus cereus. Clean (Weinh) 45. https://
doi.org/10.1002/clen.201600572.

Lemoigne, M., 1926. Produit de déshydratation et de polymérisation de I’acide
B-oxybutyrique. Bull. Soc. Chim. Biol. 8, 770-782.

Leong, Y.K., Show, P.L., Lin, H.C., Chang, C.K., Loh, H.S., Lan, J.C.W., Ling, T.C., 2016.
Preliminary integrated economic and environmental analysis of
polyhydroxyalkanoates (PHAs) biosynthesis. Bioresour. Bioprocess. 3. https://doi.
org/10.1186/s40643-016-0120-x.

Lhamo, P., Mahanty, B., Behera, S.K., 2024. Optimization of biomass and
polyhydroxyalkanoate production by Cupriavidus necator using response surface
methodology and genetic algorithm optimized artificial neural network. Biomass
Convers. Biorefinery 14, 20053-20068. https://doi.org/10.1007/513399-023-
04043-w.

Li, Z., Yang, J., Loh, X.J., 2016. Polyhydroxyalkanoates: opening doors for a sustainable
future. NPG Asia Mater. https://doi.org/10.1038/am.2016.48.

Liang, P., Zhang, Y., Xu, B., Zhao, Y., Liu, X., Gao, W., Ma, T., Yang, C., Wang, S., Liu, R.,
2020. Deletion of genomic islands in the Pseudomonas putida KT2440 genome can
create an optimal chassis for synthetic biology applications. Microb. Cell Factories
19. https://doi.org/10.1186,/5s12934-020-01329-w.

Licciardello, G., Ferraro, R., Russo, M., Strozzi, F., Catara, A.F., Bella, P., Catara, V.,
2017. Transcriptome analysis of Pseudomonas mediterranea and P. corrugata plant
pathogens during accumulation of medium-chain-length PHAs by glycerol
bioconversion. New Biotechnol. 37, 39-47. https://doi.org/10.1016/j.
nbt.2016.07.006.

Lim, S.W., Kansedo, J., Tan, LS., Tan, Y.H., Nandong, J., Lam, M.K., Ongkudon, C.M.,
2023. Microbial valorization of oil-based substrates for polyhydroxyalkanoates
(PHA) production - current strategies, status, and perspectives. Process Biochem.
130, 715-733. https://doi.org/10.1016/J.PROCBIO.2023.05.013.

Liu, Changli, Wang, X., Yang, H., Liu, Chengwei, Zhang, Z., Chen, G., 2021.
Biodegradable polyhydroxyalkanoates production from wheat straw by recombinant
Halomonas elongata Al. Int. J. Biol. Macromol. 187, 675-682. https://doi.org/
10.1016/j.ijbiomac.2021.07.137.

Liu, H., Chen, Y., Wang, Siqi, Liu, Y., Zhao, W., Huo, K., Guo, H., Xiong, W.,

Wang, Shufang, Yang, C., Liu, R., 2023. Metabolic engineering of genome-
streamlined strain Pseudomonas putida KTU-U27 for medium-chain-length
polyhydroxyalkanoate production from xylose and cellobiose. Int. J. Biol. Macromol.
253. https://doi.org/10.1016/j.ijbiomac.2023.126732.

Medeiros Garcia Alcantara, J., Distante, F., Storti, G., Moscatelli, D., Morbidelli, M.,
Sponchioni, M., 2020. Current trends in the production of biodegradable bioplastics:
the case of polyhydroxyalkanoates. Biotechnol. Adv. https://doi.org/10.1016/j.
biotechadv.2020.107582.

Meng, D.C., Shen, R., Yao, H., Chen, J.C., Wu, Q., Chen, G.Q., 2014. Engineering the
diversity of polyesters. Curr. Opin. Biotechnol. https://doi.org/10.1016/j.
copbio.2014.02.013.

Mezzina, M.P., Manoli, M.T., Prieto, M.A., Nikel, P.I., 2021. Engineering native and
synthetic pathways in Pseudomonas putida for the production of tailored
polyhydroxyalkanoates. Biotechnol. J. https://doi.org/10.1002/biot.202000165.

Mohapatra, S., Maity, S., Dash, H.R., Das, S., Pattnaik, S., Rath, C.C., Samantaray, D.,
2017. Bacillus and biopolymer: prospects and challenges. Biochem Biophys Rep 12,
206-213. https://doi.org/10.1016/J.BBREP.2017.10.001.

Morlino, M.S., Serna Garcia, R., Savio, F., Zampieri, G., Morosinotto, T., Treu, L.,
Campanaro, S., 2023. Cupriavidus necator as a platform for polyhydroxyalkanoate
production: an overview of strains, metabolism, and modeling approaches.
Biotechnol. Adv. 69. https://doi.org/10.1016/j.biotechadv.2023.108264.

Mozejko-Ciesielska, J., Ray, S., Sankhyan, S., 2023. Recent challenges and trends of
polyhydroxyalkanoate production by extremophilic bacteria using renewable
feedstocks. Polymers (Basel). https://doi.org/10.3390/polym15224385.

Muhammad, M., Aloui, H., Khomlaem, C., Hou, C.T., Kim, B.S., 2020. Production of
polyhydroxyalkanoates and carotenoids through cultivation of different bacterial
strains using brown algae hydrolysate as a carbon source. Biocatal. Agric.
Biotechnol. 30, 101852. https://doi.org/10.1016/J.BCAB.2020.101852.

19

Bioresource Technology Reports 31 (2025) 102224

Muneer, F., Rasul, 1., Qasim, M., Sajid, A., Nadeem, H., 2022. Optimization, production
and characterization of polyhydroxyalkanoate (PHA) from indigenously isolated
novel bacteria. J. Polym. Environ. 30, 3523-3533. https://doi.org/10.1007/510924-
022-02444-y.

Nascimento, V.M., Silva, L.F., Gomez, J.G.C., Fonseca, G.G., 2016. Growth of
burkholderia sacchari LFM 101 cultivated in glucose, sucrose and glycerol at
different temperatures. Sci. Agric. 73, 429-433. https://doi.org/10.1590/0103-
9016-2015-0196.

Nguyen, T.N.Y., Vo, N.N.N., Nguyen, S.T., Nguyen, T.A., Mai, H.N., Nguyen, M.T., 2023.
Evaluating bioplastic production of glucose metabolic perturbations Pseudomonas
putida strains from waste frying oil. Chem. Eng. Trans. 101, 241-246. https://doi.
org/10.3303/CET23101041.

Nicolescu, C.M., Bumbac, M., Buruleanu, C.L., Popescu, E.C., Stanescu, S.G.,
Georgescu, A.A., Toma, S.M., 2023. Biopolymers produced by lactic acid bacteria:
characterization and food application. Polymers (Basel). https://doi.org/10.3390/
polym15061539.

Norhafini, H., Thinagaran, L., Shantini, K., Huong, K.H., Syafiq, .M., Bhubalan, K.,
Amirul, A.A., 2017. Synthesis of poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
with high 4HB composition and PHA content using 1,4-butanediol and 1,6-hexane-
diol for medical application. J. Polym. Res. 24. https://doi.org/10.1007/510965-
017-1345-x.

Nygaard, D., Yashchuk, O., Hermida, E.B., 2021. PHA granule formation and degradation
by Cupriavidus necator under different nutritional conditions. J. Basic Microbiol. 61,
825-834. https://doi.org/10.1002/jobm.202100184.

Obruca, S., Kucera, D., Novackova, 1., Pernicova, L., Sedlacek, P., 2019. Biotechnological
production of poly(3-hydroxybutyrate-co-4-hydroxybutyrate-co-3-hydroxyvalerate)
terpolymer by Cupriavidus sp. DSM 19379. Bioengineering 6. https://doi.org/
10.3390/bioengineering6030074.

de Oliveira Schmidt, V.K., Santos, E.F. dos, de Oliveira, D., Ayub, M.A.Z., Cesca, K.,
Cortivo, P.R.D., de Andrade, C.J., Hickert, L.R., 2022. Production of
polyhydroxyalkanoates by Bacillus megaterium: prospecting on rice hull and
residual glycerol potential. Biomass (Switzerland) 2, 412-425. https://doi.org/
10.3390/biomass2040026.

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. Front. Bioeng. Biotechnol. 7. https://doi.org/10.3389/
fbioe.2019.00416.

de Paula, C.B.C., de Paula-Elias, F.C., Rodrigues, M.N., Coelho, L.F., de Oliveira, N.M.L.,
de Almeida, A.F., Contiero, J., 2021. Polyhydroxyalkanoate synthesis by
Burkholderia glumae into a sustainable sugarcane biorefinery concept. Front.
Bioeng. Biotechnol. 8. https://doi.org/10.3389/fbioe.2020.631284.

Peix, A., Ramirez-Bahena, M.H., Velazquez, E., 2009. Historical evolution and current
status of the taxonomy of genus Pseudomonas. Infect. Genet. Evol. https://doi.org/
10.1016/j.meegid.2009.08.001.

Pena Serna, C., Lopes Filho, J.F., 2015. Biodegradable zein-based blend films: structural,
mechanical and barrier properties. Food Technol. Biotechnol. 53 (3), 348-355.
https://doi.org/10.17113/ftb.53.03.15.3725.

Pérez-Camacho, 1., Chavarria-Hernandez, N., del Rocio Lopez-Cuellar, M., Guerrero-
Barajas, C., Ordaz, A., 2024. Microrespirometric validation of a two-stage process for
polyhydroxyalkanoates production from peanut oil and propionate with Cupriavidus
necator. The Open Chemical Engineering Journal 18. https://doi.org/10.2174/
0118741231301420240306092952.

Phukon, P., Phukan, M.M., Phukan, S., Konwar, B.K., 2014. Polyhydroxyalkanoate
production by indigenously isolated Pseudomonas aeruginosa using glycerol by-
product of KCDL biodiesel as an inexpensive carbon source. Ann. Microbiol. 64,
1567-1574. https://doi.org/10.1007/s13213-014-0800-8.

Povolo, S., Basaglia, M., Fontana, F., Morelli, A., Casella, S., 2015. Poly
(hydroxyalkanoate) production by Cupriavidus necator from fatty waste can be
enhanced by phaZl inactivation. Chem. Biochem. Eng. Q. 29, 67-74. https://doi.
org/10.15255/CABEQ.2014.2248.

Purama, R.K., Al-Sabahi, J.N., Sudesh, K., 2018. Evaluation of date seed oil and date
molasses as novel carbon sources for the production of poly(3Hydroxybutyrate-co-
3Hydroxyhexanoate) by Cupriavidus necator H16 Re 2058/pCB113. Ind. Crop. Prod.
119, 83-92. https://doi.org/10.1016/j.indcrop.2018.04.013.

Quintero-Silva, M.J., Sudrez-Rodriguez, S.J., Gamboa-Suarez, M.A., Blanco-Tirado, C.,
Combariza, M.Y., 2024. Polyhydroxyalkanoates Production from Cacao Fruit Liquid
Residues using a native Bacillus megaterium strain: preliminary study. J. Polym.
Environ. 32, 1289-1303. https://doi.org/10.1007/510924-023-03018-2.

Raza, Z.A., Abid, S., Rehman, A., Hussain, T., 2016. Synthesis kinetics of poly(3-
hydroxybutyrate) by using a Pseudomonas aeruginosa mutant strain grown on
hexadecane. Int. Biodeterior. Biodegrad. 115, 171-178. https://doi.org/10.1016/j.
ibiod.2016.08.005.

Raza, Z.A., Abid, S., Banat, I.M., 2018. Polyhydroxyalkanoates: Characteristics,
production, recent developments and applications. Int. Biodeterior. Biodegradation.
https://doi.org/10.1016/j.ibiod.2017.10.001.

Sabapathy, P.C., Devaraj, S., Meixner, K., Anburajan, P., Kathirvel, P., Ravikumar, Y.,
Zabed, H.M., Qi, X., 2020. Recent developments in Polyhydroxyalkanoates (PHAs)
production — a review. Bioresour. Technol. https://doi.org/10.1016/j.
biortech.2020.123132.

Santolin, L., Waldburger, S., Neubauer, P., Riedel, S.L., 2021. Substrate-flexible two-
stage fed-batch cultivations for the production of the PHA copolymer P(HB-co-HHx)
with Cupriavidus necator Re2058/pCB113. Front. Bioeng. Biotechnol. 9. https://doi.
org/10.3389/fbioe.2021.623890.

Santolin, L., Thiele, I., Neubauer, P., Riedel, S.L., 2023. Tailoring the HHx monomer
content of P(HB-co-HHx) by flexible substrate compositions: scale-up from deep-


https://doi.org/10.1016/J.WASMAN.2020.10.008
https://doi.org/10.1016/j.ijbiomac.2021.08.090
https://doi.org/10.1016/j.ijbiomac.2021.08.090
https://doi.org/10.1016/j.algal.2020.102068
https://doi.org/10.1016/j.algal.2020.102068
https://doi.org/10.1016/J.IJBIOMAC.2021.09.180
https://doi.org/10.1016/j.ijbiomac.2017.09.054
https://doi.org/10.1016/j.ijbiomac.2017.10.147
https://doi.org/10.1016/j.indcrop.2017.04.062
https://doi.org/10.1002/clen.201600572
https://doi.org/10.1002/clen.201600572
http://refhub.elsevier.com/S2589-014X(25)00206-3/rf0250
http://refhub.elsevier.com/S2589-014X(25)00206-3/rf0250
https://doi.org/10.1186/s40643-016-0120-x
https://doi.org/10.1186/s40643-016-0120-x
https://doi.org/10.1007/s13399-023-04043-w
https://doi.org/10.1007/s13399-023-04043-w
https://doi.org/10.1038/am.2016.48
https://doi.org/10.1186/s12934-020-01329-w
https://doi.org/10.1016/j.nbt.2016.07.006
https://doi.org/10.1016/j.nbt.2016.07.006
https://doi.org/10.1016/J.PROCBIO.2023.05.013
https://doi.org/10.1016/j.ijbiomac.2021.07.137
https://doi.org/10.1016/j.ijbiomac.2021.07.137
https://doi.org/10.1016/j.ijbiomac.2023.126732
https://doi.org/10.1016/j.biotechadv.2020.107582
https://doi.org/10.1016/j.biotechadv.2020.107582
https://doi.org/10.1016/j.copbio.2014.02.013
https://doi.org/10.1016/j.copbio.2014.02.013
https://doi.org/10.1002/biot.202000165
https://doi.org/10.1016/J.BBREP.2017.10.001
https://doi.org/10.1016/j.biotechadv.2023.108264
https://doi.org/10.3390/polym15224385
https://doi.org/10.1016/J.BCAB.2020.101852
https://doi.org/10.1007/s10924-022-02444-y
https://doi.org/10.1007/s10924-022-02444-y
https://doi.org/10.1590/0103-9016-2015-0196
https://doi.org/10.1590/0103-9016-2015-0196
https://doi.org/10.3303/CET23101041
https://doi.org/10.3303/CET23101041
https://doi.org/10.3390/polym15061539
https://doi.org/10.3390/polym15061539
https://doi.org/10.1007/s10965-017-1345-x
https://doi.org/10.1007/s10965-017-1345-x
https://doi.org/10.1002/jobm.202100184
https://doi.org/10.3390/bioengineering6030074
https://doi.org/10.3390/bioengineering6030074
https://doi.org/10.3390/biomass2040026
https://doi.org/10.3390/biomass2040026
https://doi.org/10.3389/fbioe.2019.00416
https://doi.org/10.3389/fbioe.2019.00416
https://doi.org/10.3389/fbioe.2020.631284
https://doi.org/10.1016/j.meegid.2009.08.001
https://doi.org/10.1016/j.meegid.2009.08.001
https://doi.org/10.17113/ftb.53.03.15.3725
https://doi.org/10.2174/0118741231301420240306092952
https://doi.org/10.2174/0118741231301420240306092952
https://doi.org/10.1007/s13213-014-0800-8
https://doi.org/10.15255/CABEQ.2014.2248
https://doi.org/10.15255/CABEQ.2014.2248
https://doi.org/10.1016/j.indcrop.2018.04.013
https://doi.org/10.1007/s10924-023-03018-2
https://doi.org/10.1016/j.ibiod.2016.08.005
https://doi.org/10.1016/j.ibiod.2016.08.005
https://doi.org/10.1016/j.ibiod.2017.10.001
https://doi.org/10.1016/j.biortech.2020.123132
https://doi.org/10.1016/j.biortech.2020.123132
https://doi.org/10.3389/fbioe.2021.623890
https://doi.org/10.3389/fbioe.2021.623890

A. Vilchez et al.

well-plates to laboratory bioreactor cultivations. Front. Bioeng. Biotechnol. 11.
https://doi.org/10.3389/fbioe.2023.1081072.

Saratale, G.D., Saratale, R.G., Varjani, S., Cho, S.K., Ghodake, G.S., Kadam, A., Mulla, S.
1., Bharagava, R.N., Kim, D.S., Shin, H.S., 2020. Development of ultrasound aided
chemical pretreatment methods to enrich saccharification of wheat waste biomass
for polyhydroxybutyrate production and its characterization. Ind. Crop. Prod. 150.
https://doi.org/10.1016/j.indcrop.2020.112425.

Schmid, M., Raschbauer, M., Song, H., Bauer, C., Neureiter, M., 2021. Effects of nutrient
and oxygen limitation, salinity and type of salt on the accumulation of poly(3-
hydroxybutyrate) in Bacillus megaterium uyuni S29 with sucrose as a carbon source.
New Biotechnol. 61, 137-144. https://doi.org/10.1016/j.nbt.2020.11.012.

Shahid, S., Razzaq, S., Farooq, R., Nazli, Z.i.H., 2021. Polyhydroxyalkanoates: next
generation natural biomolecules and a solution for the world’s future economy. Int.
J. Biol. Macromol. https://doi.org/10.1016/j.ijbiomac.2020.10.187.

Singh, S., Sithole, B., Lekha, P., Permaul, K., Govinden, R., 2021. Optimization of
cultivation medium and cyclic fed-batch fermentation strategy for enhanced
polyhydroxyalkanoate production by Bacillus thuringiensis using a glucose-rich
hydrolyzate. Bioresour. Bioprocess. 8. https://doi.org/10.1186/540643-021-00361-
X.

de Souza, L., Manasa, Y., Shivakumar, S., 2020. Bioconversion of lignocellulosic
substrates for the production of polyhydroxyalkanoates. Biocatal. Agric. Biotechnol.
28. https://doi.org/10.1016/j.bcab.2020.101754.

de Souza, L., Shivakumar, S., Das, A., 2022. Dual phase statistical optimization of
biological pre-treatment of sugarcane bagasse with Pycnoporus coccineus MScMS1
for polyhydroxyalkanoates production. J. Environ. Manag. 302. https://doi.org/
10.1016/j.jenvman.2021.113948.

Sun, H., Xiao, K., Zeng, Z., Yang, B., Duan, H., Zhao, H., Zhang, Y., 2022. Electroactive
biofilm-based sensor for volatile fatty acids monitoring: a review. Chem. Eng. J. 449,
137833. https://doi.org/10.1016/J.CEJ.2022.137833.

Szacherska, K., Oleskowicz-Popiel, P., Ciesielski, S., Mozejko-Ciesielska, J., 2021.
Volatile fatty acids as carbon sources for polyhydroxyalkanoates production.
Polymers (Basel). https://doi.org/10.3390/polym13030321.

Tan, G.Y.A., Chen, C.L, Li, L., Ge, L., Wang, L., Razaad, LM.N,, Li, Y., Zhao, L., Mo, Y.,
Wang, J.Y., 2014. Start a research on biopolymer polyhydroxyalkanoate (PHA): a
review. Polymers. https://doi.org/10.3390/polym6030706.

Tanadchangsaeng, N., Roytrakul, S., 2020. Proteomic examination for gluconeogenesis
pathway-shift during polyhydroxyalkanoate formation in Cupriavidus necator grown
on glycerol. Bioengineering 7, 1-13. https://doi.org/10.3390/
bioengineering7040154.

Trakunjae, C., Sudesh, K., Neoh, S.Z., Boondaeng, A., Apiwatanapiwat, W., Janchai, P.,
Vaithanomsat, P., 2022. Biosynthesis of P(3HB-co-3HHx) copolymers by a newly
engineered strain of Cupriavidus necator PHB—4/pBBR_CnPro-phaCRp for skin
tissue engineering application. Polymers (Basel) 14. https://doi.org/10.3390/
polym14194074.

Umesh, M., Priyanka, K., Thazeem, B., Preethi, K., 2018. Biogenic PHA nanoparticle
synthesis and characterization from Bacillus subtilis NCDC0671 using orange peel
medium. Int. J. Polym. Mater. Polym. Biomater. 67, 996-1004. https://doi.org/
10.1080/00914037.2017.1417284.

20

Bioresource Technology Reports 31 (2025) 102224

Vicente, D., Proenca, D.N., Morais, P.V., 2023. The role of bacterial polyhydroalkanoate
(PHA) in a sustainable future: a review on the biological diversity. Int. J. Environ.
Res. Public Health. https://doi.org/10.3390/ijerph20042959.

Vu, D.H., Mahboubi, A., Root, A., Heinmaa, 1., Taherzadeh, M.J., ;\kesson, D., 2022.
Thorough investigation of the effects of cultivation factors on polyhydroalkanoates
(PHAs) production by Cupriavidus necator from food waste-derived volatile fatty
acids. Fermentation 8. https://doi.org/10.3390/fermentation8110605.

Vu, D.H., Mahboubi, A., Root, A., Heinmaa, 1., Taherzadeh, M.J., f\kesson, D., 2023.
Application of immersed membrane bioreactor for semi-continuous production of
polyhydroxyalkanoates from organic waste-based volatile fatty acids. Membranes
(Basel) 13. https://doi.org/10.3390/membranes13060569.

Walsh, M., O’Connor, K., Babu, R., Woods, T., Kenny, S., 2015. Plant oils and products of
their hydrolysis as substrates for polyhydroxyalkanoate synthesis. Chem. Biochem.
Eng. Q. 29, 123-133. https://doi.org/10.15255/CABEQ.2014.2252.

Wong, H.S.J., Azami, N.A., Amirul, A.A.A., 2022. Enhanced production of
polyhydroxyalkanoate with manipulable and reproducible 3-hydroxyvalerate
fraction by high alcohol tolerant Cupriavidus malaysiensis USMAA2-4 transformant.
Bioprocess Biosyst. Eng. 45, 1331-1347. https://doi.org/10.1007/s00449-022-
02748-2.

Xu, M., Tremblay, P.-L., Ding, R., Xiao, J., Wang, J., Kang, Y., Zhang, T., 2021b. Photo-
augmented PHB production from CO<inf>2</inf> or fructose by Cupriavidus
necator and shape-optimized CdS nanorods. Sci. Total Environ. 753. https://doi.org/
10.1016/j.scitotenv.2020.142050.

Xu, Z., Pan, C., Li, X., Hao, N., Zhang, T., Gaffrey, M.J., Py, Y., Cort, J.R., Ragauskas, A.J.,
Qian, W.J., Yang, B., 2021a. Enhancement of polyhydroxyalkanoate production by
co-feeding lignin derivatives with glycerol in Pseudomonas putida KT2440.
Biotechnol. Biofuels 14. https://doi.org/10.1186/513068-020-01861-2.

Yang, S., Li, S., Jia, X., 2019. Production of medium chain length polyhydroxyalkanoate
from acetate by engineered Pseudomonas putida KT2440. J. Ind. Microbiol.
Biotechnol. 46, 793-800. https://doi.org/10.1007/s10295-019-02159-5.

Yasin, A.R., Al-Mayaly, L.K., 2021a. Biosynthesis of polyhydroxyalkanoate (PHA) by a
newly isolated strain Bacillus tequilensis ARY86 using inexpensive carbon source.
Bioresour Technol Rep 16. https://doi.org/10.1016/].biteb.2021.100846.

Yasin, A.R., Al-Mayaly, LK., 2021b. Study of the fermentation conditions of the Bacillus
cereus strain ARY73 to produce polyhydroxyalkanoate (PHA) from glucose. J. Ecol.
Eng. 22, 41-53. https://doi.org/10.12911/22998993/140326.

Yin, J., Yang, J., Yu, X., Chen, T., He, S., 2023. Enhanced poly(3-hydroxybutyrateco-3-
hydroxyvalerate) production from high-concentration propionate by a novel
halophile Halomonas sp. YJO1: detoxification of the 2-methylcitrate cycle.
Bioresour. Technol. 388. https://doi.org/10.1016/j.biortech.2023.129738.

Zhang, L., Tsui, T.H., Loh, K.C., Dai, Y., Tong, Y.W., 2022. Acidogenic fermentation of
organic wastes for production of volatile fatty acids. In: Biomass, Biofuels,
Biochemicals: Microbial Fermentation of Biowastes, pp. 343-366. https://doi.org/
10.1016/B978-0-323-90633-3.00005-5.

Zhila, N.O., Sapozhnikova, K.Y., Kiselev, E.G., Shishatskaya, E.I., Volova, T.G., 2023.
Synthesis and properties of polyhydroxyalkanoates on waste fish oil from the
production of canned sprats. Processes 11. https://doi.org/10.3390/pr11072113.

Zhila, N.O., Sapozhnikova, K.Y., Kiselev, E.G., Shishatskaya, E.I., Volova, T.G., 2024.
Biosynthesis of polyhydroxyalkanoates in Cupriavidus necator B-10646 on saturated
fatty acids. Polymers (Basel) 16. https://doi.org/10.3390/polym16091294.


https://doi.org/10.3389/fbioe.2023.1081072
https://doi.org/10.1016/j.indcrop.2020.112425
https://doi.org/10.1016/j.nbt.2020.11.012
https://doi.org/10.1016/j.ijbiomac.2020.10.187
https://doi.org/10.1186/s40643-021-00361-x
https://doi.org/10.1186/s40643-021-00361-x
https://doi.org/10.1016/j.bcab.2020.101754
https://doi.org/10.1016/j.jenvman.2021.113948
https://doi.org/10.1016/j.jenvman.2021.113948
https://doi.org/10.1016/J.CEJ.2022.137833
https://doi.org/10.3390/polym13030321
https://doi.org/10.3390/polym6030706
https://doi.org/10.3390/bioengineering7040154
https://doi.org/10.3390/bioengineering7040154
https://doi.org/10.3390/polym14194074
https://doi.org/10.3390/polym14194074
https://doi.org/10.1080/00914037.2017.1417284
https://doi.org/10.1080/00914037.2017.1417284
https://doi.org/10.3390/ijerph20042959
https://doi.org/10.3390/fermentation8110605
https://doi.org/10.3390/membranes13060569
https://doi.org/10.15255/CABEQ.2014.2252
https://doi.org/10.1007/s00449-022-02748-2
https://doi.org/10.1007/s00449-022-02748-2
https://doi.org/10.1016/j.scitotenv.2020.142050
https://doi.org/10.1016/j.scitotenv.2020.142050
https://doi.org/10.1186/s13068-020-01861-2
https://doi.org/10.1007/s10295-019-02159-5
https://doi.org/10.1016/j.biteb.2021.100846
https://doi.org/10.12911/22998993/140326
https://doi.org/10.1016/j.biortech.2023.129738
https://doi.org/10.1016/B978-0-323-90633-3.00005-5
https://doi.org/10.1016/B978-0-323-90633-3.00005-5
https://doi.org/10.3390/pr11072113
https://doi.org/10.3390/polym16091294

	Analyses of substrates and bacterial genera in biological polyhydroxyalkanoates production performance: A review
	1 Introduction
	2 Methods
	3 Results
	3.1 Carbon sources
	3.1.1 Carbohydrate
	3.1.2 Fatty acid
	3.1.3 Polyalcohol
	3.1.4 Volatile fatty acid (VFA)
	3.1.5 Other

	3.2 Bacterial genera
	3.2.1 Genus Bacillus
	3.2.2 The genus Cupriavidus
	3.2.3 The genus Pseudomonas
	3.2.4 The genus Burkholderia
	3.2.5 Halomonas and Paracoccus genera

	3.3 General appreciations

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


