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Highlights 

 The production of PHAs using acidogenic-derived VFAs is explored in this paper. 
 The operational parameters that contribute to the recovery of PHAs are discussed. 
 The challenges that hinder the industrialization of PHAs are elucidated as well. 
 The paper provides suggestions that could help surpass the current limitations. 
  

Abstract 

Biohydrogen production is regarded as the cleanest process of producing H2 due to its non-
polluting features and its ability to valorize wastes. However, its industrialization remains 
stagnant due to the process barriers facing this technology. Research is now geared towards the 
beneficiation of acidogenic-derived metabolites to improve its competitiveness. The 
acidogenic effluents consist of chemical precursors known as volatile fatty acids (VFAs), 
which can serve as cheap substrates for polyhydroxyalkanoates (PHAs). PHAs are emerging 
as a potential replacement for petroleum-based plastics due to their environmental friendliness, 
biodegradability, and cost-effectiveness. This overview discusses the synthesis of PHAs using 
acidogenic-derived VFAs as a carbon source. It examines the setpoint parameters that affect 
the recovery of PHAs using VFAs that are obtained from acidogenic effluents. Furthermore, 
the challenges that hinder the industrialization of PHAs are elucidated. The paper concludes by 
providing suggestions that could fast-track the development of PHAs using waste effluents. 
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1. Introduction 

The pressing energy issues coupled with environmental deterioration have triggered a need to 
search for alternative energy solutions. Therefore, the United Nations has outlined a roadmap 
that will ensure that alternative energy needs are met by the year 2030 (Hughes and Jones, 
2020). Therefore, many countries, including those that emit a lot of carbon emissions, are 
expected to produce at least 30% of alternative fuels in the energy sector and 10% of clean 
energy in the transport sector (Hughes and Jones, 2020). Amongst the existing energy 
technologies that are being investigated within the scientific community, biomass valorization 
targeting biofuels is part of the aforementioned goals and is gaining increasing popularity 
amongst researchers. These biomass-derived fuels are produced using technologies that are 
environmentally-friendly and affordable (Mhlongo et al., 2021; Sekoai et al., 2021). 

Fermentative biohydrogen production is a biotechnological process that uses anaerobic 
microorganisms for the conversion of organic substrates into biohydrogen and volatile fatty 
acids (VFAs) (Sharmila et al., 2022). This process is considered attractive because of its 
potential role in renewable energy development (Pandey et al., 2022). However, the low bioH2 
yields hinder the scalability of this bioprocess due to the accumulation of intermediate by-
products (mainly VFAs). This has triggered the development of other biotechnological 
methods that can be used to valorize/beneficiate these chemical precursors (Li et al., 2022). 

VFAs are short-chain fatty acids consisting of C2-C6 atoms and these compounds are found in 
different environmental sites such as soils, water, and intestines of mammals (Pandey et al., 
2022). In recent years, they have received widespread attention due to their applicability in 
numerous fields such as pharmaceuticals, chemicals, polymers, biofuels, and wastewater 
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treatment (Sharmila et al., 2022). Their production is expected to increase in the upcoming 
years due to their diverse uses. For example, approximately 10 million tons of acetic acid is 
produced globally and this value is expected to reach 20 million tons in 2025 (Pal and Nayak, 
2017). Likewise, the demand for butyric acid is also growing due to its application in medicine, 
animal feed, and food additives. The global production of butyric acid is estimated at 300000 
tons and has an annual growth rate of 2.5% (Dwidar et al., 2012). Other VFAs such as lactic 
acid and propionic acid have numerous applications as well. The worldwide demand for lactic 
acid and propionic acid is presently estimated at 150000 and 400,000 tons, respectively (BCC 
Research, 2019). The global market for VFAs will grow from nearly $13.7 billion in 2018 to 
$18.0 billion by 2023 (BCC Research, 2019). The industrial production of VFAs is primarily 
achieved using chemical processes like the oxidation or carboxylation of precursors such as 
aldehyde and alkenes (Turon et al., 2016). Nonetheless, the high reliance on energy-intensive 
VFA-producing processes contribute to CO2 emissions and environmental pollution. For this 
reason, scientists are now exploring the use of acidogenic-derived VFAs to make this 
technology economical, sustainable, and ecologically-friendly. The term “acidogenic-derived 
VFAs” was established by scientists to describe VFAs that have been obtained from the 
biohydrogen fermentation whereby microbes are used to synthesize mainly bioH2 and VFAs. 

Polyhydroxyalkanoates (PHAs) are emerging as a suitable replacement for petroleum-based 
plastics owing to their biodegradability, versatility, sustainability, and affordability (Surendran 
et al., 2020). These renewable polyesters are used in numerous applications, such as the food 
industry, medicine, agriculture, and cosmetics (Novelli et al., 2021). They are produced by a 
broad spectrum of microbial populations under aerobic and anaerobic microenvironments. 
However, scale-up studies in PHAs are still costly because the microbial strains operate under 
stringent bioprocess conditions (Kalia et al., 2021). As a consequence, research is now tailored 
towards finding alternative ways of synthesizing these biopolymers, particularly methods that 
are cheap and environmentally-friendly (Kalia et al., 2021). It has been shown that acidogenic-
derived VFAs are desirable substrates in PHA production because they lower the operational 
costs since these intermediates are considered as waste and are easily accessible (Jayakrishnan 
et al., 2021). Therefore, the acidogenic-derived effluents which consist of VFAs could play a 
crucial role in the biotechnological advancement of PHAs. Research shows that >50% of these 
intermediates remain in the bioH2 spent medium (Banu et al., 2021), implying that they could 
serve as a valuable carbon source for PHA-producers. 

1.1. Importance of study and contribution to knowledge 

Novel methods are presently being explored to reinvigorate interest in biohydrogen production 
and advance its development as an alternative fuel. Attention is now directed towards the 
beneficiation/valorization of acidogenic effluents into valuable compounds such as PHAs to 
enhance the energetic gains and economic value of this process. The acidogenic-derived VFAs 
consist of functional groups that are applicable in chemicals, plastics, biofuels, and wastewater 
treatment. Although the use of these VFAs in PHA production has been proposed in the 
literature (Khatami et al., 2022; Lagoa-Costa et al., 2022; Rajendran and Han, 2022), few 
published studies have covered this topic, particularly in the form of a review article, implying 
that there is a dearth of knowledge regarding the use of acidogenic VFAs in PHAs. Therefore, 
this paper will examine the use of acidogenic-derived VFAs as precursors/substrates for PHA 
production. This work will also explore the operational parameters affecting the accumulation 
of PHAs. Finally, the review will discuss the current challenges and future directions in the 
synthesis of PHAs using VFAs from acidogenic or waste effluents. 
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2. What are polyhydroxyalkanoates (PHAs)? 

PHAs are groups of polymeric esters that are synthesized by a broad spectrum of microbial 
communities. Up until now, >300 microbial cell factories can produce over 100 types of these 
biopolymers (Kumar et al., 2019; Jayakrishnan et al., 2021). They accumulate within the cells 
of microbial species and have a diameter that ranges from 0.2 to 0.5 μm. Such biopolymers can 
assume different morphological structures (brittle thermoplastic or gummy elastomers) 
depending on bioprocess conditions (Raza et al., 2018). PHAs are classified based on their 
chain-lengths, and these are (i) short chain-lengths (scl-PHAs), (ii) medium chain-lengths (mcl-
PHAs), and (iii) long-chain lengths (lcl-PHA) (Jayakrishnan et al., 2021). 

Amongst these, scl-PHAs are widely investigated in the literature. They have been shown to 
have industrial relevance, although they possess weak structural stability in comparison to mcl-
PHAs, as these polyesters tend to be rubbery and elastic (Wang et al., 2016). Besides, the well-
known scl-PHAs that are covered in the literature include poly(3-hydroxyvalerate), poly(3-
hydroxybutyrate), and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (McAdam et al., 2020). 
Owing to their exquisite properties such as biocompatibility, tuneable structure, and 
biodegradability, PHAs will play an important role in the advancement of bio-based plastics 
and biomaterials in the next upcoming years (Vu et al., 2021). 

3. The production of PHAs using acidogenic-derived VFAs 

To fast-track the industrialization of PHAs, it is imperative to reduce the production costs and 
one of the key factors that will be instrumental in reducing these costs is the exploitation of 
inexpensive carbon sources as mentioned earlier (Banu et al., 2021). Over the past decade, 
research has been directed towards the intensification of biosynthetic routes that use wastes 
alongside cheap inoculums (MMC) during PHA production as shown in Section 5.2 of this 
review. As a consequence, various acidogenic streams originating from lignocellulosic, agro-
municipal, and industrial wastes have been successfully used in the biosynthesis of PHAs 
(Khatami et al., 2021), and some of these studies will be covered in this Section. 

Although the use of solid wastes presents a lot of merits in microbial production of PHAs, these 
carbon materials must undergo preliminary pretreatment steps before being used in PHA 
production, and will further escalate the manufacturing costs. To improve the competitiveness 
of microbial synthesis of PHAs, innovative methods must be explored in the literature to pave 
the way for the scalability of this process (Saratale et al., 2021). 

The valorization of acidogenic effluents (fermented liquids) has garnered increasing attention 
amongst scientists owing to the fact that these spent liquids are rich in VFAs and these can 
serve as suitable substrates for PHA-accumulating species (Table 1). They provide an 
economic approach to producing PHAs as the acidogenic step is not needed since the effluents 
are directly obtained from acidogenic fermentation during the concomitant production of 
biohydrogen and VFAs as discussed in Section 1, and are considered to be waste (Woo and 
Kim, 2019). Besides, these chemical precursors consist of functional groups which allow them 
to be used in numerous applications including cosmetics, chemicals, biofuels, beverages, and 
pharmaceuticals (Baumann and Westermann, 2016; Kumar et al., 2019), as stated earlier. 
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Table 1. The production of PHAs using VFAs derived from the acidogenic effluents. 

Type of effluents VFAs found in the effluents Inoculum source Reactor 
type 

Operational 
conditions 

PHA 
content 
(%) 

PHA 
type 

PHA yield Reference 

Fermented 
waste 

Acetic acid, butyric acid, 
valeric acid, propionic acid

Mixed cultures Fed-batch pH = 7.0, 
Temp = 29 °C, 

36.9 3HB, 
3 HV

– Reddy and 
Mohan (2012) 

Co-digested 
waste streams 

Butyric acid, propionic acid, 
isovaleric acid 

Mixed cultures Fed-batch pH = 8.0, 
Temp = 30 °C 

32.5 3HB, 
3HH, 
3 HV

– Iglesias-Iglesias 
et al. (2021) 

Starchy 
wastewater 

Acetic acid, propionic acid, 
butyric acid, 

Alcaligenes 
eutrophus

Fed-batch pH = 11.0, 
Temp = 30 °C

48 3HB, 
3 HV

1.0–1.3 g/L Yu (2001) 

Paper mill 
wastewater 

Acetic acid, propionic acid, 
butyric acid, 
valeric acid 

Mixed cultures Batch pH = 7.3, 
Temp = 30 °C 

48 3HB, 
3 HV 

0.26–0.40 
C-mol/C-mol 

Bengtsson et al. 
(2008b) 

Potato peels Acetic acid, butyric acid, 
propionic acid 

Pseudomonas 
oleovorans 

Batch pH = 7.0, 
Temp = 30 °C, 

39 – 0.39 g 
PHAs/g 
DCW

Aremu et al. 
(2021) 

Food waste Acetic acid, propionic acid, 
butyric acid, isovaleric acid, 
hexanoic acid 

Cupriavidus 
necator 

Batch pH = 7.0, 
Temp = 30 °C 

77 3HB 1.723 g/L Khatami et al. 
(2022) 

Cheese whey Acetic acid, butyric acid, 
Propionic acid, 
lactic acid, 
valeric acid 

Mixed cultures Fed-batch pH = 8.0–8.5, 
Temp = 30 °C 

45–50 3HB, 
3 HV 

– Lagoa-Costa et 
al. (2022) 

Brewer's spent 
grain 

Acetic acid Burkholderia 
cepacian

Fed-batch pH 5.5, 
Temp = 30 °C

– 3HB, 
3 HV

13.1 mg 
PHA/g BSG

Martínez-Avila 
et al. (2022) 

Fermented 
effluents 

Acetic acid, butyric acid, 
propionic acid 

Halomonas 
boliviensis

Fed-batch pH 7.5, 
Temp = 30 °C

70 3HB-co-
3 HV

13.0 g/L García-Torreiro 
et al. (2016) 

Organic wastes Acetic acid, propionic acid Mixed culture Fed-batch No pH control, 
Temp = 24 °C 

71 3HB, 
3 HV 

0.20–0.67 
C-mmol/C-
mmol

Vargas et al. 
(2014) 

Fermented 
waste 

Acetic acid, butyric acid, 
propionic acid 

Pseudomonas 
otitidis

Batch pH = 7.0, 
Temp = 37 °C

58 3HB-co-
3 HV

– Reddy et al. 
(2012) 

Fermented 
waste 

Acetic acid, propionic acid, 
valeric acid 

Bacillus 
tequilensis

Batch pH = 7.0, 
Temp = 29 °C

40 3HB-co-
3 HV

7.8 g/L Amulya et al. 
(2014) 

Fermented 
waste 

Acetic acid, butyric acid Cupriavidus 
necator 

Batch pH = 7.2, 
Temp = 30 °C 

63 3HB 0.25–0.27 
g PHA/g 
VFAs

Martinez et al. 
(2016) 
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Cheese whey Hexanoic acid, octanoic acid Cupriavidus 
necator 

Fed-batch pH = 7.0, 
Temp = 30 °C 

71 3HB 0.60 g 
PHAs/g 
VFAs

Domingos et al. 
(2018) 

Dairy 
wastewater 

Acetic acid, butyric acid, 
propionic acid 

Cupriavidus 
necator

Fed-batch pH = 6.5, 
Temp = 30 °C

– 3HB – Pagliano et al. 
(2020) 

OFSMW Butyric acid, acetic acid, 
propionic acid 

Mixed cultures Fed-batch pH = 8.0–9.0, 
Temp = 22–25 °C 

46 3HB, 
3 HV

65 g PHA/kg 
TVS

Valentino et al. 
(2019) 

Sugarcane 
molasses 

Acetic acid, butyric acid Bacillus subtilis Batch pH = 7.0, 
Temp = 30 °C

70.5 3HD 1.1–2.01 g/L Rathika et al. 
(2019) 

-: No data, BSG: Brewer's spent grain, OFSMW: Organic fraction of solid municipal waste, Temp: Temperature, 3HB: Poly-3-hydroxybutyrate, 3HD: Poly-3-hexadecanoate, 
3HH: Poly-3-hydroxyheptanoate, 3 HV: Poly-3-hydroxyvalerate, 3HB-co-3HV: Poly(3-hydroxybutyrate-co-3-hydroxyvalerate). 
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The use of these chemical precursors is still in its infancy in PHA studies but some published 
reports managed to demonstrate their applicability in PHAs. Amulya et al. (2014) used the 
spent effluents for bioH2 production and the resulting acidogenic effluents were used as a 
carbon source for PHA production by Bacillus tequilensis. This sequential approach led to an 
optimal H2 yield of 39.8 L and a PHA yield of 7.8 g/L. There was a high substrate removal 
which was associated with the reduction in acidification (53% to 15%). The results 
demonstrated that the VFAs were effectively utilized by PHA-producers (Amulya et al., 2014). 

In another study, Arumugam et al. (2014) reported the co-production of bioH2 and PHAs from 
the co-cultures of Enterobacter aerogenes and Rhodobacter sphaeroides using Calophyllum 
inophyllum oil cake as a carbon source. These co-cultures were strategically applied to convert 
the effluents into bioH2 while promoting the accumulation of PHAs as it was revealed that the 
production of bioH2 does not compete with PHA production when using biocatalysts. The 
authors obtained an optimal H2 and PHA yield of 7.95 L H2/L media and 10.73 g/L media, 
respectively, under alternate dark and photo bioprocess conditions (Arumugam et al., 2014). 

Meanwhile, Zhao et al. (2019) reported the sequential production of bioH2 and PHA using 
acidogenic wastewaters consisting of hydrolyzed-polyacrylamide (HPAM). The HPAM-
degrading bacteria was used to synthesize the acid-rich effluents and these were later used for 
PHA studies by Bacillus cereus as the inoculum source. An optimal PHA yield of 54.2% VSS 
was also attained at an influent (C/N) ratio of 97 (Zhao et al., 2019). Similarly, Bacillus cereus 
was also used in the biosynthesis of bioH2 and PHAs using acidogenic liquids which composed 
of Taihu blue algae (Yan et al., 2010). The acidogenic effluents which consisted mainly of 
acetate and butyrate achieved a maximum PHA yield of 2.26 g/L (Yan et al., 2010). 

It was also shown that the acidogenic effluents acquired from industrial wastewaters are 
suitable for simultaneous production of bioH2 and biopolymer by various cultures. A two-
cascade approach aimed at bioH2 and PHA production was used to valorize the acidogenic 
effluents extracted from the cheese industry (Colombo et al., 2019). In this study, the authors 
applied a sequential process whereby the fermented effluents were first used as carbon sources 
in the bioH2 reactors and this led to optimal H2 yields of 3.47 and 5.07 NL H2 d−1 for cheese 
whey (CW) and concentrated cheese whey permeate (CCWP), respectively, alongside the 
organic acids (14.6 and 12.6 g/L. d for CW and CCWP) for both feedstocks. The acid-rich 
medium from the bioH2 reactor was then used for PHA studies and this led to a maximum PHA 
yield of 62 and 55.1 g PHA/g.VSS for CW and CCWP, respectively (Colombo et al., 2019). 

Reddy and Mohan (2012) successfully conducted an integrated biorefinery approach involving 
bioH2 and PHA production. In this method, the PHA-storing microorganisms used the effluents 
from the bioH2 producing reactor as a carbon source. This biorefinery approach led to a high 
substrate conversion under both anaerobic (72%) and aerobic (78%) microenvironments 
(Reddy and Mohan, 2012). Likewise, it was demonstrated that the acidogenic process could be 
integrated into a biorefinery framework whereby multiple products (H2, CH4, lipids, and PHAs) 
could be co-produced leading to zero waste generation (Sitthikitpanya et al., 2021). The bioH2 
effluent produced 321.1 mL/g VS of CH4 yield, 2.01 g/L PHA concentration, and 0.20 g/L of 
lipid concentration (Sitthikitpanya et al., 2021). Mohammadi et al. (2012) revealed that the 
VFAs from the acidogenic fermentation of palm oil mills are beneficial and affordable for PHA 
production. Whereas Almeida et al. (2021) observed that phototrophic mixed cultures were 
capable of synthesizing PHAs using VFAs from the acidogenic wastewaters. These reports 
demonstrate the versatility of the microbial species that can be used for PHA production. 
Elsewhere, it was reported that the acidogenic effluent extracted from the crude paper industry 
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could be used as a substrate for PHA-storing bacterial species (Tyagi and Sharma, 2021). 
Therefore, the utilization of industrial effluents in PHA production will be helpful in the 
alleviation of environmental pollution and will also reduce the high waste disposal costs (Tyagi 
and Sharma, 2021). Other studies are exploring the use of statistical modelling tools such as 
Plackett-Burman design and Box-Behnken design towards the optimization of operational 
variables whereby their individualistic and synergistic effects on PHA yields are evaluated 
(Sabapathy et al., 2019). This information will be crucial for the advancement of PHA synthesis 
using biotechnological processes. Halophiles are also regarded as promising cell factories for 
industrial-scale production of PHAs due to their unique characteristics such as their (i) ability 
to utilize a wide spectrum of carbon materials including waste-derived VFAs, (ii) high salinity 
requirements, (iii) ability to function under non-sterile conditions, and (iv) high intracellular 
osmotic pressure resulting in high PHA recovery (Mitra et al., 2020). Bhattacharyya et al. 
(2014) attained 71% of PHAs from ethanol stillage consisting of VFAs using Haloferax 
mediterranei which is an extreme halophilic microorganism. Similarly, Halomonas boliviensis, 
another halophic bacterium, used the VFAs from the acidogenic process and produced a high 
PHA content of 70% (García-Torreiro et al., 2016). This bacterium assimilates various wastes 
and can convert them into PHAs (Rivera-Terceros et al., 2015). 

Owing to its high PHA-accumulating abilities (70–90% DCW) and metabolic versatility, 
studies are also tailored towards the use of Cupriavidus necator for PHA recovery. A more 
recent study by Jawed et al. (2022) examined the synthesis of PHA using C. necator and 
observed that this inoculum was effective in the utilization of VFAs, resulting in PHA yields 
of 0.92 to 1.78 g/L. Similarly, Brojanigo et al. (2020) used VFAs derived from starchy wastes 
for PHA production by C. necator DSM 545 through an innovative method known as 
simultaneous saccharification and fermentation (SSF). In this work, the PHA yields varied 
from 1.95 to 5.18 g/L when using starchy waste streams (Brojanigo et al., 2020). Fig. 1 shows 
the production of PHAs using VFAs acquired from different acidogenic effluents. 

 

Fig. 1. Schematic representation of PHA production using acidogenic-derived VFAs. Adapted and modified from 
Banu et al. (2021). 
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4. Microorganisms used for PHA production 

4.1. Pure cultures 

PHAs are produced by a broad spectrum of pure cultures with some studies reaching pilot scale 
(Bellini et al., 2022). Within the microbial cell and under excess carbon, they are stored in the 
form of intracellular granules under nutrient-limiting conditions of nitrogen, phosphorous, 
sulphur, or oxygen during fermentation (Verlinden et al., 2007; Serafim et al., 2008). However, 
nutrient starvation is not required by some PHA-producing strains (Khatami et al., 2021). 

To date, >300 microbial species, spanning both bacterial (Gram-positive and Gram-negative) 
and archaeal domains, have been shown to accumulate PHAs under aerobic and anaerobic 
conditions (Kim et al., 2007; Khatami et al., 2021). Amongst these species, Cupriavidus 
necator is the most studied bacterium due to its abundance (it is found in soil and water) and 
can effectively degrade many environmental pollutants such as benzoates, phenols, and B-
phenyl (Amini et al., 2020). Furthermore, C. necator can exhibit heterotrophic and 
lithoautotrophic pathways depending on its microenvironments (Sohn et al., 2021). As a result 
of its metabolic traits, various substrates have been used for PHA production and these include 
agricultural residues (Ng et al., 2010), food waste (Brojanigo et al., 2020), and industrial 
effluents (Sen et al., 2019). Passanha et al. (2013) showed that this bacterium can produce up 
to 90% of dry cell weight (DCW) alongside a PHA yield of 12.2 g/L during PHA synthesis. 

Scientists have also explored bacteria belonging to the genus Bacillus and these can accumulate 
PHA content varying from 11 to 69% of DCW with PHA yields that range from 3.3 to 70 g/L 
(Singh et al., 2009; Faccin et al., 2013), with some Bacillus sp. capable of producing as much 
as 90% DCW under nutrient imbalance (Madison and Huisman, 1999). The use of such high 
PHA-producing species is advantageous because they have a fast growth rate compared to other 
microbial cultures, can secrete many hydrolytic enzymes, and lack the lipopolysaccharides 
which make it easier for recovery of PHAs (Khiyami et al., 2011; Mohapatra et al., 2017). 
Pseudomonas sp. are gaining increasing popularity amongst researchers due to their metabolic 
versatility and their ability to utilize different carbon sources (Poblete-Castro et al., 2014; 
Mozejko-Ciesielska et al., 2019). These bacterial cultures produced an optimal PHA content 
of 75.5% DCW and a PHA yield of 1.8 g/L. h when nonanoic acid and glucose were used as 
co-substrates during a fed-batch cultivation process (Jiang et al., 2013). Other PHA-
accumulating strains include Escherichia coli, Burkholderia sacchari, Enterobacter cloacae, 
Klebsiella pneumonia, Enterobacter carcerogenus, Alcaligenes latus, Azotobacter beijerinckii, 
Brevibacterium halotolerance, and Stenotrophomonas rhizoposid, amongst others 
(Pungsungvorn and Wisetsing, 2021). 

4.1.1. Metabolic engineering 

Many studies use pure cultures as they usually produce a high PHA content (70–90%) and 
these inoculum sources are used to target specific PHA monomer composition (Khatami et al., 
2022). However, the reliance on pure cultures presents a lot of constraints in PHA biosynthesis, 
and these are mainly centered around the: (i) low substrate utilization, (ii) slow microbial 
growth rates, (iii) need for sterile conditions, and (iv) use of specific sugars. Metabolically-
engineered cultures are those microbial species whose genomes have been specifically 
modified to obtain beneficial phenotypic traits. Herein, the genetic engineering goals focus on 
addressing some of the abovementioned issues (Rodriguez-Perez et al., 2018; Kumar et al., 
2020). 
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For decades, scientists have used metabolic engineering and classical strain-improvement 
methods to increase PHAs in microbial cultures to make them commercially applicable. Some 
of these methods date back to the use of random mutagenesis by subjecting microorganisms to 
chemicals and UV light (Khatami et al., 2021). For example, a strain of C. necator that had 
undergone chemical mutation was used to increase the fraction of (R)-3-hydroxyvalerate in 
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P (3HB-co-3 HV)] (Lee et al., 1996). 

Adaptive evolution, a classical strain-improvement technique, has been widely used in the 
enrichment of PHA-producing microbial cultures by several researchers (González-Villanueva 
et al., 2019; Mohamed et al., 2020; Kusumawardhani et al., 2021). 

Metabolic pathways were altered in E. coli by over-expressing hydrogenase-3 and acetyl-CoA 
synthetase to promote the production of hydrogen and PHA. In this manner, the inhibitory 
metabolites such as acetate and formate were eliminated by driving the metabolic fluxes 
towards PHA synthesis and this led to high PHA content (99% DCW) (Li et al., 2016). 
Elsewhere, a sucrose-utilization pathway was constructed in two strains of Ralstonia eutropha 
(NCIMB11599 and 437–540) by introducing the Mannheimia succiniciproducens MBEL55E 
sacC gene that encodes β-fructofuranosidase (Park et al., 2015). It was observed that β-
fructofuranosidase excreted into the culture medium could hydrolyze sucrose to glucose and 
fructose, and these sugars were effectively used by the recombinant R. eutropha strains, 
producing high PHA content (73.2% DCW) and PHA yield (1.9 g/L) under N2 limited 
conditions (Park et al., 2015). The engineering of Halomonas TD01 through CRISPR 
interference represses the expression of the FtsZ gene, which led to elongated and filamentous 
bacterial cells that could accumulate higher PHAs than the wild-type control (Tao et al., 2017). 

Recently, engineered strains of Rhodovulum sulfidophilum increased the PHA content by 1.7-
fold, and these strains reached the stationary growth phase after one day of cultivation and 
accumulated the maximum PHA after two days faster than the wild-type strains (Foong et al., 
2021). Therefore, these results are in accordance with literature as it has been reported that an 
ideal PHA-producer should have a high growth rate so that this will accelerate the consumption 
of carbon source, which is important when using substrates that are derived from waste streams 
such as lignocellulosic biomass and VFAs obtained from spent effluents (Ren et al., 2018). 

It has also been shown that the engineered strains of C. necator can be used in the valorization 
of lactose-rich wastes and starchy wastes as these residues were previously reported to be 
ineffective for the growth of C. necator. A recent report by Bellini et al. (2022) revealed that 
these substrates are now applicable in PHA synthesis by recombinant C. necator. In the same 
vein, Brojanigo et al. (2022) demonstrated the use of an engineered amylolytic strain of C. 
necator DSM 545 for PHA synthesis using starchy wastes in a one-step fermentation approach. 
The recombinant C. necator DSM 545 showed promising results with PHA yields of 5.78 and 
3.65 g/L for broken rice waste and sweet potato waste, respectively (Brojanigo et al., 2022). 

4.2. Mixed cultures 

For many years, pure cultures have been the primary focus for bench-scale and pilot-scale 
production of PHAs as mentioned above (Carvalho et al., 2022). However, the high operational 
costs that are associated with the use of pure cultures have contributed to a search for other 
sources of inoculum. Therefore, mixed microbial cultures (MMC) are gaining widespread 
attention due to their many benefits, such as the ability to use diverse carbon materials, 
including waste, their ability to operate under non-sterile conditions, their low maintenance 
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costs, and their ability to generate high PHA productivity (Obruča et al., 2022). These microbial 
cell factories can reduce the overall PHA production costs by >50% compared to pure cultures 
(Reis et al., 2003). Moreover, MMC are capable of producing PHA with different monomeric 
units such as hydroxybutyrate (HB) and hydroxyvalerate (HV) (Cruz et al., 2022). 

Villano et al. (2014) revealed that MMC could compete with pure cultures in terms of PHA 
content during a sequential batch process that lasted for four months. The authors observed a 
PHA content of >90% using a synthetic mixture of acetic and propionic acid (Villano et al., 
2014). The mixed culture technology adopts a strategy that mimics the ecological systems of 
microorganisms where PHA-producing consortia are enriched based on the cultivation 
conditions that are similar to their native habitats (Silva et al., 2022). Bioprocesses that involve 
MMC are usually conducted in three sequential steps (Khatami et al., 2021). Firstly, 
biodegradable compounds such as VFAs are produced using biomass feedstocks through the 
acidogenic process. Then MMC that have high PHA-storing capabilities are enriched, followed 
by the accumulation of PHAs in PHA-storing microbial consortia (Khatami et al., 2021). It has 
been reported that the MMC are subjected to alternating feast and famine regimes (see Fig. 2) 
in order to boost the proliferation of PHA-accumulating microbial communities (Huang et al., 
2018; Ribeiro et al., 2022). Herein, the carbon source is supplied in surplus during the feast 
regime while it is limited during the famine regime. Moreover, the expression of growth-
associated enzymes is suppressed when these organic compounds begin to accumulate and the 
microbial cultures that can produce PHAs become predominant (Koller et al., 2017). This 
process is known as culture-enrichment, and it is crucial because the recovery of PHAs is 
mainly dependent on the performance of these microbial cultures (Serafim et al., 2008). The 
enrichment process is also dependent on bioprocess parameters such as the type of substrates 
used, organic loading rate, feast/famine feeding ratio, etc. (Rojas-Z et al., 2021). 

 

Fig. 2. Schematic illustration of PHA synthesis by MMC. Adapted from Khatami et al. (2021). 

A wide variety of organic feedstocks, including organic wastewaters (Bosco and Chiampo, 
2010; Tamang et al., 2021; Shen et al., 2022), food waste (Silva et al., 2022), cheese whey 
(Wang et al., 2022a), and industrial waste (Queirós et al., 2014) have been reported in PHA 
production using MMC. To ensure that the targeted precursors (VFAs) are successfully 
extracted, these biomass feedstocks are firstly converted into VFAs using acidogenic bacteria 
(Fig. 2) so that the unwanted compounds/metabolites do not inhibit MMC during PHA 
production. Likewise, this is crucial when using acidogenic effluents that have been derived 
from the DF process as these liquids have a huge composition of VFAs as indicated earlier. 
Despite numerous studies reporting the biosynthesis of PHAs using MMC obtained from 
different microenvironments, these cultures have rarely been characterized in the literature. 
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Therefore, recent efforts are now focusing on the characterization of PHA-storing MMC using 
molecular techniques. For example, Crognale et al. (2019) studied the diversity of PHA-
accumulating bacteria at a pilot scale using a high-throughput 16S rRNA gene sequencing 
approach. It was revealed that the microbial populations were dominated by Hydrogenophaga 
species, which contributed to high PHA content (Crognale et al., 2019). Another study that 
examined the impact of pH and C/N ratio on microbial diversity and PHA-accumulation 
showed that pH 9.0 and nitrogen-starvation were suitable for the bioprocess (Zhou et al., 2022). 
At pH 9.0, Thauera was reported as the most dominant species in all MMC, whereas 
Paracoccus sp. and Alcaligenes sp. were the prevalent species at pH 7.0 (Zhou et al., 2022). 
Other PHA-accumulating microorganisms such as species of Plasticicunulans, Paracoccus, 
and Azoarcus have also been reported as the dominant species during PHA production via 
MMC (Wang et al., 2017; Huang et al., 2018; Inoue et al., 2018; Marang et al., 2018). 

Thus, having an in-depth understanding of the species that are active in MMC systems will 
help scientists become more knowledgeable about the cultivation and engineering of these 
cultures, and this will provide crucial information that will be useful for future scale-up studies. 

5. Factors affecting the accumulation of PHAs 

5.1. Carbon-nitrogen (C/N) ratio 

A study by Sánchez-Valencia et al. (2021) reported that a low C/N ratio enhances the growth 
of PHA-storing consortia while a high C/N ratio tends to reduce the accumulation of PHAs, 
probably due to the inhibition that is induced by the high concentration of carbon as these 
species thrive under nutrient starvation. Herein, the authors evaluated various C/N ratios (13.3 
to 42.1) and observed that low C/N ratios of 13.3 and 23.3 favoured PHA synthesis (Sánchez-
Valencia et al., 2021). These results are in agreement with other studies that examined the effect 
of C/N on PHAs (Wang et al., 2007; Kulpreecha et al., 2009; Ahn et al., 2015). 

5.2. The types of carbon sources used in PHA synthesis 

The carbon source accounts for >50% of the overall costs in PHA production (Urtuvia et al., 
2014). Therefore, the use of waste-derived substrates will play a crucial role in the 
advancement of PHAs due to their affordability as mentioned earlier. Lorini et al. (2021) 
studied the production of PHAs using different biowastes such as cellulosic primary sludge, 
organic fraction of municipal solid waste, sewage sludge (OFMSW-WAS), and fruit waste, 
respectively, from MMC under pilot-scale conditions. OFSMW-WAS was reported as a 
suitable substrate due to its biodegradability and nutritional composition. Cui et al. (2016) 
investigated the role of glucose-, starch-, and acetate-rich medium on the enrichment of PHA 
using MMC. The cultures that were enriched with acetate and glucose produced a PHA content 
of 64.7% and 60.5% DCW, with corresponding yields of 0.60 and 0.54 mg PHA/mg DCW, 
respectively. However, the starch-enriched cultures produced a low PHA because starch 
consists of a complex recalcitrant structure that must undergo vigorous pretreatment before 
being used in PHAs (Cui et al., 2016). This work was also comparable to other PHA studies 
that used complex substrates such as molasses, whey, cellulose, hemicellulose, and palm oil, 
where the PHA content was lower than that of simple sugars (Castilho et al., 2009). 

More recently, Lagoa-Costa et al. (2022) produced PHAs by co-digesting brewery waste and 
cheese whey at different ratios. By increasing the feedstock mix-ratio from 0 to 50%, these 
carbon materials did not only alter the PHA content but also the PHA-accumulating cultures 
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i.e., bacteria such as Bifidobacterium, Caproiciproducens, and Megasphaera were the most 
dominant species during the early stages of the co-digestion. Whereas new microbial 
assemblages emerged after the mix-ratio of 25% which led to the proliferation of species like 
Ethanoligenens and Selenomonas (Lagoa-Costa et al., 2022). In another similar study, 
Carvalho et al. (2018) evaluated the impact of alternating the feedstocks on PHA production 
using mixed cultures. It was observed that changing the feedstocks also altered the microbial 
community profile. Firmicutes was the most dominant phylum when cheese whey was used as 
the carbon source. Whereas Actinobacteria were the dominant species when sugarcane 
molasses was used as a carbon source. These results, therefore, underscore the importance of 
choosing a suitable carbon source as it also affects the diversity of microbial species in MMC. 

Lemos et al. (1998) studied how various types of VFAs such as acetate, butyrate, and 
propionate affected the synthesis of biopolymers. Herein, acetate led to a high composition of 
hydroxybutyrate (HB) (75.25%), while butyrate and propionate only produced 59.68% and 
28.6% of HV, respectively (Lemos et al., 1998). These findings could be instrumental in the 
selection of the most suitable VFA-type, particularly when using VFAs from waste streams. 

5.3. Medium pH 

pH is an important parameter as it impacts the overall metabolism of PHA-storing species (Li 
et al., 2020). A perusal of studies focusing on the effect of pH on PHA biosynthesis showed 
that a broad pH range (5.0–9.0) is applicable in this process, particularly when dealing with 
microbial cultures that are considered to be non-extremophiles (Villano et al., 2010; Li et al., 
2020), although higher pH values (7.0–9.0) have been shown to yield optimal PHA content in 
comparison to low pH values (Chua et al., 2003; Chen et al., 2013). 

Villano et al. (2010) observed that increasing the pH (6.0 to 9.5) increased the hydroxyvalerate 
(HV) content in the copolymer by around 48% during PHA production using MMC. The 
authors also concluded that controlling pH could be beneficial when targeting certain types of 
polymers such as HV (Villano et al., 2010). Contradicting results have also been reported in 
the literature. For instance, Serafim et al. (2004) showed that uncontrolled pH favoured the 
production of PHAs as 12% of substrate contributed towards energy generation, while 88% 
was used for microbial growth and PHA accumulation. Another similar study that synthesized 
PHAs using fermented-molasses revealed that members of the genera Thauera, Paracoccus, 
and Azoarcus were the most dominant species during PHA production, resulting in a PHA 
content of up to 60% and a PHA yield of 0.68 C-mol PHA/C-mol VFA (Albuquerque et al., 
2013). Moreover, Montiel-Jarillo et al. (2017) observed a high PHA-storing capacity in MMC 
that were cultured without pH control under N2 limited conditions. This phenomenon may be 
caused by the fact that the microbial cultures used in these studies are tolerant to diverse growth 
conditions. This implies that more research is needed to explain the role of pH in PHA-storing 
microbial cultures and this information will be useful for future large-scale studies. Meanwhile, 
lower pH (5.0 to 5.5) values have been shown to benefit the first step of PHA production 
(acidogenesis) where substrates are converted into VFA-rich metabolites, which are later used 
by PHA-accumulators (Albuquerque et al., 2007; Bengtsson et al., 2008a). 

5.4. Fermentative reactor systems 

Different types of reactor systems have been implemented in PHA production. These include 
batch reactors, fed-batch reactors, and continuous stirred tank reactors (McAdam et al., 2020). 
Batch reactors are common in PHAs because of their simplicity and cost-effectiveness. 
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However, other types of reactor systems are being explored in PHA biosynthesis due to the fact 
that batch reactors generate low productivity. Hence, recent studies are now producing PHAs 
via fed-batch and continuous reactors. Fed-batch systems are favoured because they enhance 
the accumulation of PHA-producers as they lead to high cell densities and this is accomplished 
by ensuring that there is a constant supply of nutrients within the reactors (Blunt et al., 2018). 

Singh et al. (2021) used a cyclic fed-batch system for PHA production and this fermentation 
strategy generated a PHA yield that was four times higher than that of a batch process. 
Likewise, Jiang et al. (2013) used the fed-batch process to generate an optimum PHA content 
of 75.5% and a PHA yield of 1.8 g/L. h using glucose and nonanoic acid as co-substrates. Other 
studies that used low-cost carbon sources such as agro-waste or animal waste revealed that fed-
batch processes are also well-suited for the synthesis of PHAs (Kulpreecha et al., 2009; Cesário 
et al., 2014; Mozejko and Ciesielski, 2014; Wang et al., 2022b). 

Although batch and fed-batch systems are established methods of producing PHAs, ongoing 
research evaluates the use of continuous bioprocesses in PHA studies due to their ability to (i) 
operate under steady-state, (iii) sustain constant pH and nutrients supply, (iii) maximize the 
concentration of the product, and (iv) its suitability for large-up bioprocess. Nonetheless, it is 
impossible to produce PHAs using a one-step continuous fermentation system since PHAs are 
synthesized under nutrient-limited conditions i.e., the microorganisms are fed with the essential 
nutrients to initiate biomass growth, thereafter the nutrients are depleted to trigger the 
biosynthesis of PHAs (McAdam et al., 2020). Therefore, researchers are exploring two-stage 
and multi-stage continuous fermenters in an attempt to overcome this limitation (Sharma, 2019; 
Heepkaew and Suwannasilp, 2020). Jung et al. (2001) successfully developed a two-step 
continuous bioprocess which led to >60% of PHA. Chmelová et al. (2022) also produced a 
biomass yield that was 1.7-higher than the conventional medium using Pseudomonas 
oleovorans as an inoculum source. Nevertheless, the use of continuous bioprocesses in PHAs 
is still restricted by the high operating costs in comparison to the well-known modes (batch and 
fed-batch fermentations). In addition, the aforementioned reactor systems are also dependent 
on bioprocess conditions such as pH, temperature, dissolved oxygen, aeration rate, impeller 
design, agitation speed, etc. (Surendran et al., 2020). Fig. 3 provides a schematic representation 
of the reactor systems that are used in PHA production. 
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Fig. 3. The reactor systems (A-D) used in the synthesis of PHAs. Adapted and modified from McAdam et al. 
(2020). 
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6. Current challenges and suggestions for future studies 

The industrialization of PHAs might offer a lot of benefits to the polymer industry, especially 
when it comes to the mitigation of environmental pollution and manufacturing costs as 
documented in this review. However, a lot of hurdles need to be overcome before this 
biotechnological process can compete with petroleum-based processes. Most PHA-producing 
processes are carried out at bench-scale conditions which imply that the process dynamics for 
large-scale PHA production are not well understood. Hence, this implies that more studies 
should be conducted at large-scale to acquire deeper insights into the operational conditions 
that affect the overall performance of PHA-accumulating consortia. The few pilot-scale studies 
that are available in the literature rely mostly on genetically-engineered strains and these 
typically require stringent bioprocess conditions (specific carbon source, high-level of 
sterilization, regulated fermentation conditions, etc). This challenge could be circumvented by 
the use of halophilic consortia as these species can thrive under diverse growth conditions and 
can assimilate various carbon sources including wastes (Mitra et al., 2020). They are also 
preferred because they can be cultivated under non-sterile fermentation conditions and holds a 
huge potential for large-scale studies in PHAs (Thomas et al., 2020). 

Other pressing issues in PHAs include the low substrate conversion and accumulation of 
unwanted by-products during PHA synthesis which ultimately reduces the PHA yields. 
Researchers have suggested the use of metabolic tools such as genetic engineering to avert 
these issues as the metabolic fluxes are directed towards PHA synthesis (Zhang et al., 2020; 
Guleria et al., 2022). However, the cost implications will need to be studied to see if such tools 
are economically-feasible in PHAs. The use of MMC also presents its challenges in PHA 
synthesis as some microbial assemblages compete with the dominant PHA-producers during 
the upstream process, resulting in low PHA yields (Yadav et al., 2020). Bioaugmentation 
strategies focusing on the predominant PHA-accumulators will therefore be instrumental in the 
enrichment of PHA yields during the feast-famine regimes (Khatami et al., 2021). 

The recovery of PHAs comes with its problems as well because solvents and other chemicals 
are used to recover/extract the PHAs from microbial cells and this is expensive. Additional 
costs are also incurred as these chemicals need to be safely disposed into the environment 
(Wang et al., 2014). It is therefore imperative for scientists to search for inexpensive extraction 
techniques and chemicals that are environmentally-friendly during downstream processing. 

7. Conclusion 

It is therefore evident from this review that PHAs could play a crucial role in the bio-based 
industry. However, the industrialization of PHAs is still hindered by the high operational costs 
because most scale-up studies rely mostly on recombinant strains which require stringent 
bioprocess conditions coupled with the costly downstream process. Research is ongoing to 
search for inexpensive and scalable PHA processes. This includes the use of cheap substrates 
and inoculum sources that are ideal for large-scale, the incorporation of mathematical models 
to optimize the process conditions, and designing metabolic tools that can obtain high yields. 
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