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Lignin valorization through microbial production
of polyhydroxyalkanoates: recent trends,
challenges and opportunities

a,b

Zhe Liang,®® Sivasamy Sethupathy, {2 **® Dang Wengjian,?® Hu Jinhao and

Daochen Zhu () x&b

Polyhydroxyalkanoates (PHA) are biopolymers produced by bacteria under nitrogen-limited and carbon-
rich conditions and have been explored as a potential replacement for petroleum-based plastics. Despite
their versatile applications and non-toxic and eco-friendly properties, PHAs currently hold a relatively low
market share owing to their high production and downstream processing costs. However, lignin, a renew-
able aromatic source and byproduct of lignocellulose biorefineries, is considered a cheap substrate for
microbial production of PHA. Research over the past decade has demonstrated that microbes with
diverse aromatic metabolic pathways can degrade lignin and effectively transform lignin-derived aromatic
compounds (LDACs) into PHA by biofuneling them into their central carbon metabolism. Recent advances
in lignin extraction, lignin depolymerisation, genetic, metabolic, and protein engineering, multiomics
approaches, artificial intelligence, and development of efficient fermentation and downstream processing
methods have paved the way for sustainable production of PHA from lignin. In light of these develop-
ments, this review comprehensively examines the metabolic pathways involved in the utilisation of LDACs
and recent developments in improving microbial production of PHA. We also discuss the challenges and
opportunities to improve several aspects of the bioconversion of lignin into PHA, from the perspectives of
both lignin and bacterial processes.

1. Recent advancements in the production of polyhydroxyalkanoates (PHA) from lignin and lignin-derived aromatic compounds offer a sustainable alternative
to traditional petroleum-based plastics.

2. This review presents a comprehensive overview of genetic, metabolic, and protein engineering approaches for enhancing PHA production using industrially

important bacterial strains over the last decade. Furthermore, this review addresses the current challenges and explores potential opportunities for improving

PHA production.

3. In addition, this review briefly discusses advancements in lignin depolymerization techniques, which are crucial for optimizing PHA production. By exam-

ining these aspects, this review aims to provide insights and suggest future research directions for PHA production from lignin.

1. Introduction

scientific community as a renewable and cost-effective poten-
tial energy source.' Plant cell walls are composed of cell-

As a consequence of the emergence of a series of challenges
associated with energy shortages, the depletion of resources
and environmental pollution has led to a notable increase in
focus towards the exploration of clean and renewable energy
sources. Lignin has attracted considerable interest from the
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ulose, hemicellulose and lignin, with a lignin content of
~15-30% and an energy content of ~40%.* The global annual
production of lignin is estimated to reach up to 10 billion
tons.” Lignin is a complex aromatic polymer consisting of
three monolignols with a phenylpropane structure, namely
paracoumaryl alcohol (H), coniferyl alcohol (G) and sinapyl
alcohol (S).° Lignin multimers are formed by the interconnec-
tion of multiple monolignols, which exist in varying pro-
portions in different plants.” Depending on the proportion of
monolignols, lignin can be classified into three types: H-type
(p-hydroxyphenyl), G-type (guaiacyl) and S-type (syringyl). In
addition to these three primary monolignols, plants produce

This journal is © The Royal Society of Chemistry 2025
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various non-conventional lignin monomers. These non-con-
ventional monomers are derived from canonical monolignols,
flavonoids, hydroxystilbenes and hydroxycinnamamides, such
as monolignol acetates, tricin, piceatannol, and diferuloylpu-
trescine, respectively and are incorporated into lignin
structures.>® It is possible that in the future the composition
of lignin can be modified through genetic engineering of bioe-
nergy crops. This could potentially broaden the range of lignin
derived high value products and ease up the lignin
depolymerization.'®™?

Despite extensive research on lignin depolymerization, its
complete utilization remains a herculean task; thus, it is
invariably  utilized for power generation through
combustion'®'* and there is a pressing need to convert lignin
into valuable products in the future."® In recent years, there
have been significant developments in lignin depolymerization
using various chemical, physical, and biological methods. By
combining these methods, aromatic monomer production
from lignin can be improved. As research and development in
lignin valorization continues to progress, the focus remains on
the complete depolymerization of lignin to harness its full
economic potential and improve the selectivity of aromatic
monomer production.

A significant issue associated with petroleum-based plastics
is their propensity to generate non-degradable waste during
their operational lifespan,'® which has the potential to exert a
considerable environmental burden. Biopolymer polyhydrox-
yalkanoates (PHAs) are derived from renewable and biological
sources and typically display properties analogous to those of
petroleum-based polymers.'” It can be biodegraded into non-
toxic and harmless byproducts. A plethora of microorganisms
in nature have evolved sophisticated enzymatic catabolic
systems and metabolic pathways for lignin over long periods of
time.'® The production of PHA by microbial action using abun-
dant lignin as a raw material represents a promising avenue of
research in recent years.'® This attention stems from several
key factors, such as the abundance and renewable nature of
lignin, the potential to create additional revenue streams for
lignocellulosic biorefineries, and PHA as an alternative to con-
ventional plastics. This approach not only addresses the
growing demand for eco-friendly materials, but also offers a
valuable solution for valorising lignin. Currently, PHA pro-
duction from lignin is yet to be industrialised due to high pro-
duction and downstream processing costs. Nevertheless, this
approach is widely regarded as sustainable, offering a low
carbon footprint that aligns well with the principles of a circu-
lar economy. Significant efforts to reduce the overall pro-
duction cost have shown promise, with advancements in
lignin fractionation from biomass, its depolymerisation to
produce fermentable aromatic compounds, and genetic and
metabolic engineering of microbes to enhance PHA yields. The
growing awareness of the use of biodegradable plastics,
coupled with regulatory measures on plastic waste disposal
and government incentives for the production of bioplastics
using renewable feedstocks, is expected to drive market
demand and acceptance of PHA. Furthermore, increased col-
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laboration between academia and industry is likely to acceler-
ate PHA production from lignin and commercialisation.
Considering the importance of maximum utilisation of lignin
and applications of PHA, in this review, we comprehensively
reviewed the recent developments, challenges, and opportu-
nities in lignin depolymerisation, PHA production from
LDACs, and downstream processing.

2. Polyhydroxyalkanoates: brief
introduction

As the global population expands and the global economy
experiences sustained growth, the annual production of plas-
tics continues to increase.>® The uncontrolled use of plastics
has caused serious environmental pollution. When discarded
plastics enter our ecosystem, they are not decomposed but
instead break into smaller particles that remain in the soil and
enter the water as rivers converge in the ocean, creating a
‘plastic soup’ of pollution.?" To address this issue effectively, it
is crucial to focus on the production of environmentally
friendly and sustainable alternatives, such as bioplastics and
biodegradable plastics. The biodegradability and environ-
mental friendliness of bioplastics have generated considerable
interest, with research focusing on a range of materials,
including PHA, polylactic acid (PLA), poly(e-caprolactone)
(PCL), polyethylene, and poly(ester amide)s.*

PHA is a linear polyester polymer synthesised and accumu-
lated intracellularly as a carbon and energy reserve by bacteria
under specific nutritional conditions, mainly in the presence
of abundant carbon sources and a lack of nitrogen and phos-
phorus sources.”>?* Based on the number of carbon atoms in
the monomer, PHA can be classified into three main cat-
egories:*® Short-chain-length PHA (scl-PHA), in which the
monomer unit comprises three to five carbon atoms, as exem-
plified by poly(3-hydroxyvaleric acid) (PHV) and poly(3-hydroxy-
butyric acid) (PHB);*®* Medium-chain-length PHA (mcl-PHA), in
which poly(3-hydroxyoctanoate) (PHO) is a polyester compris-
ing 6-16 carbon atoms per monomer; and a combination of
short and medium-long chains to form a copolymer PH>”*®
(Fig. 1). Furthermore, under specific circumstances, two or
more monomers can be connected by ester bonds to create
copolymers such as 3-hydroxybutyric acid (3HB) and 3-hydroxy-
hexanoic acid (3HHx), among others. PHA possess a diverse
range of monomer types and structural characteristics.”
Therefore, they exhibit different characteristics.>

Furthermore, biocompatibility, non-toxicity, and non-
immunogenic properties of PHA present promising appli-
cations in the biopharmaceutical industry.*' Notably, biocom-
patibility, bioactivity and biodegradability of PHA have been
tested under in vitro and in vivo conditions.** In addition,
researchers have shown that PHA membranes favor high
adhesion of epithelial and osteoblast cells.*® Furthermore,
PHA films have been used as wound dressing materials.>*
Upon entering the bloodstream, PHA does not induce an
immune response and exhibits good hemocompatibility; thus,
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Fig. 1 Generic structure of PHA and structure of scl and mcl-PHA monomers. n = 1 to 4; R = alkyl group or other functionalized groups (3HP,
3-hydroxypropoinate; 3HB, 3-hydroxybutyrate; 3HV, 3-hydroxyvalerate; 3HHx, 3-hydroxyhexanoate; 3HO, 3-hydroxyoctonoate; 3HD, 3-hydroxyde-

canoate; 3HDD, 3-hydroxydodecanoate; 3HTD, 3-hydroxytetradecanoate).

scaffolds made of PHA allow cells to grow through and have
sufficient supportive properties in the vasculature,®® to act as
scaffolds that promote cell growth.>® In the pharmaceutical
field, PHAs are used in the synthesis of nanoparticles for the
controlled and targeted delivery of drugs.’” PHA can be modi-
fied at the structural level through the application of physical,
chemical and biological processes, resulting in the production
of a novel polymer with predictable alterations in functionality
and molecular weight. This enables the creation of PHA
materials that are better suited to the requirements of specific
applications and that can serve as a more sustainable alterna-
tive to traditional petroleum-based plastics.

2.1. Pathways for conversion of LDACs into PHA

Enzymatic and non-enzymatic depolymerisation of lignin
yields various aromatic compounds (ferulic acid, vanillin,
vanillic acid, syringaldehyde, guaiacol, p-hydroxybenzoic acid,
etc.), dimeric compounds, and low molecular weight
fragments®*® (Fig. 2). Despite the abundance of microorgan-
isms, only a few are capable of transforming these aromatic
compounds through their metabolic pathways, such as CoA-
dependent B-oxidation, CoA-dependent non-f-oxidation, non-
oxidative decarboxylation, and side chain reduction, into key
aromatic metabolic intermediates. These aromatic metabolic
intermediates include vanillic acid, protocatechuic acid (PCA),
and catechol. This is followed by the conversion of PCA and
catechol into central metabolic intermediates (acetyl-CoA and
succinyl-CoA) through aromatic ring-opening pathways such as
2,3-cleavage pathway, 3,4-cleavage pathway and 4,5-cleavage
pathway for PCA and ortho-cleavage pathway for catechol®®
(Fig. 3). Subsequently, the central metabolic intermediates are
transformed into commercially valuable products, including
PHA, triacyl glyceride, lactic acid, lactones, terpenes, and
alkanes.

Microbes utilize non-oxidative decarboxylation pathway,
CoA-independent pathway and CoA-dependent oxidation path-
ways (which can be further divided into non-p-oxidation and
f-oxidation pathways) to metabolise H-lignin derivatives, exem-
plified by p-coumaric acid.***° Through these pathways, p-cou-

5922 | Green Chem., 2025, 27, 5920-5946

maric acid undergoes a series of transformations catalysed by
monooxygenases, reductases, and dioxygenases to produce
PCA (Fig. 3).*"**> These complex and multifaceted metabolic
pathways indicate microbial evolutionary adaptations to utilise
LDACs as carbon sources.

Ferulic acid, a representative G-lignin derivative, carries a
methoxy group on its benzene ring. Ferulic acid can be con-
verted to vanillic acid via four pathways: non-oxidative de-
carboxylation pathway, CoA-dependent oxidation pathway (non-
B-oxidation pathway and p-oxidation pathway), and side chain
reduction pathway (Fig. 3),** and the methoxy group on the
benzene ring of vanillic acid is converted into a hydroxyl group
by demethylase to produce protocatechuic acid. Briefly, ferulic
acid can be converted into PCA via CoA-dependent fp-oxidation,
CoA-dependent non-f-oxidation, CoA-dependent oxidation, and
non-oxidative decarboxylation pathways, with vanillin as a
central aromatic metabolite. The CoA-dependent f-oxidation
pathway activates ferulic acid into its CoA thioester (feruloyl-
CoA) by feruloyl-CoA synthetase, followed by hydration,
pB-oxidation, and thioclastic cleavage to produce vanillin (Fig. 3).
The non-f-oxidation pathway involves the transformation of
ferulic acid to feruloyl-CoA into vanillin with 4-hydroxy-3-
methoxy-f-hydroxypropinoyl-CoA as an intermediate, for
example in Streptomyces sp. Strain V-1.** The non-oxidative de-
carboxylation pathway transforms ferulic acid into 4-vinylguaia-
col via ferulic acid decarboxylase (PAD) and then into vanillin by
carotenoid cleavage oxygenase (Cso2) or vinyl guaiacol dehydro-
genase (VGDH). In contrast, the side chain reduction pathway
involves the conversion of ferulic acid into dihydroferulic acid by
aromatic reductases, which is converted to vanillin by decarboxy-
lases. Subsequently, vanillin is converted to vanillic acid by vanil-
lin dehydrogenase and to PCA (Fig. 3).

Notably, vanillin synthase (VpVAN), found in Vanilla plani-
folia, can directly transform ferulic acid into vanillin. This bio-
transformation occurs through hydratase/lyase activity,
without requiring any cofactors such as NAD' or ATP.*> A
recent study showed that an engineered coenzyme-indepen-
dent dioxygenase Ado (F82Y/V332R/F334R), derived from
Thermothelomyces thermophilus ATCC 42464 can transform

This journal is © The Royal Society of Chemistry 2025
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ferulic acid, coniferyl alcohol into vanillin. Additionally, this studies should aim to identify these types of distinctive
engineered enzyme can transform p-coumaric acid, sinapinic enzymes from available microbial whole-genome and metage-
acid into p-hydroxybenzaldehyde and syringaldehyde.*® Future nomic datasets. This, coupled with enzyme structural analysis
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Fig. 3 Overview of transporter proteins/systems involved in the uptake of lignin-derived aromatic compounds in bacteria (inspired and modified
from Kamimura et al, 2017??%) and biofuneling pathways for metabolising lignin-derived aromatic compounds to produce PHA (inspired and
modified from Weng et al., 2021;*° Salvachua et al., 2020;'** de Gonzalo et al., 2016;%?° Liu et al., 2022;?%® Liu et al., 2022%%” and Metz et al.,
2024%?8), Created using BioRender (https://BioRender.com) and kingDraw (https://kingdraw.cn/). AccA, acetyl-CoA carboxylase; Ado, aromatic diox-
ygenase; antA, anthranilate 1,2-dioxygenase; AroY, protocatechuate decarboxylase; BADH, benzaldehyde dehydrogenase; catA/catA2, catechol 1,2-
dioxygenase; catB/catC, muconate cycloisomerase; catE, catechol 2,3-dioxygenase; cbdA, 2-halobenzoate 1,2-dioxygenase large subunit; CHMOD,
4-carboxy-2-hydroxy-6-methoxy-6-oxohexa-2,4-dienoate; chqB, hydroxyquinol 1,2-dioxygenase; DC-A, dehydrodiconiferyl alcohol; DC-C, dehy-
drodiconiferyl carboxylic acid; DC-L, dehydrodiconiferyl aldehyde; DCL, decarboxylase; DC-S-C, dehydrodiconiferyl stilbene carboxylic acid; DDVA,
5, 5'-dehydrodivanillate; DesA, O-demethylase; DesV, aromatic aldehyde dehydrogenase; DHBD, 2,3-dihydroxybenzoate decarboxylase; dmpK,
phenol/toluene 2-monooxygenase; Ech, enoyl-CoA hydratase; Fcs, acyl-CoA synthetase; FabA and FabZ, 3-hydroxyacyl-ACP dehydratase; FabB and
FabF, 3-oxoacyl-ACP synthase; FabD, malonyl-CoA-ACP transacylase; FabG, 3-ketoacyl-ACP reductase; FabH, 3-ketoacyl-ACP synthase; FabV,
enoyl-ACP reductase; FadA, 3-ketoacyl-CoA thiolase; FadB, 3-hydroxyacyl-CoA dehydrogenase; FadD, long-chain acyl-CoA synthetase; FadE, acyl-
CoA dehydrogenase; FdhA, glutathione-independent formaldehyde dehydrogenase; FerA, feruloyl-CoA synthetase; FerB, feruloyl-CoA hydratase/
lyase; FerD, aldehyde dehydrogenase; gcoA, aromatic O-demethylase, cytochrome P450 subunit; GGE, guaiacylglycerol-f-guaiacylethe; GroAB,
cytochrome P450; GS-HPV, a-glutathionyl-HPV; GroABF169A, the mutation of GroAB; hipH, 4-hydroxyisophthalate hydroxylase; HFD1, hexadecenal
dehydrogenase; HpaBC, 4-hydroxyphenylacetate 3-monooxygenase oxygenase; HPV, B-hydroxyproppiovanillone; LigAB, aromatic-ring-opening
dioxygenase; LigC, 4-carboxy-2-hydroxymuconate-6-semialdehyde dehydrogenase; LigD, bifunctional non-homologous end joining protein; LigG,
glutathione S-transferase; Ligl, 2-pyrone-4,6-dicarboxylate hydrolase; LigJ, 4-oxalomesaconate hydratase; LigM, 3-O-methygallate O-demethylase;
LigV, vanillin dehydrogenase; LigK, 4-carboxy-4-hydroxy-2-oxoadipate aldolase; LigW, 5-carboxyvanillate decarboxylase; LigX, DDVA
O-demethylase; LigY, OH-DDVA meta-cleavage compound hydrolase; LigZ; OH-DDVA oxygenase; mobA, 3-hydroxybenzoate 4-monooxygenase;
LsdD, lignostilbene dioxygenase; MPHPV, «a-(2-methoxyphenoxy)-p-hydroxypropiovanillone; OH-DDVA, 2,2'-3-trihydroxy-3'-methoxy-5,5'-dicar-
boxybiphenyl; PAD, ferulic acid decarboxylase; PcaHG, protocatechuate 3,4-dioxygenase; PcaB, 3-carboxy-cis,cis-muconate cycloisomerase; PcaC,
4-carboxymuconolactone decarboxylase; PcaD, 3-oxoadipate enol-lactonase; Pcal/Pcad, 3-oxoadipate CoA-transferase; PcaF, 4-hydroxy-2-oxova-
lerate aldolase; PcfL, y-formaldehyde lyase; PDC, 2-pyrone-4,6-dicarboxylate; PhaA, beta-ketothiolase; PhaB, Acetoacetyl CoA reductase; pct, pro-
pionate CoA-transferase; PhaC, poly[(R)-3-hydroxyalkanoate] polymerase; PhaG, hydroxyacyl-ACP acyl-transferase; PhaJ, (R)-enoyl-CoA hydratase;
gltA, citrate synthase; PhaZ, PHA depolymerase; pHBALS, p-hydroxybenzaldehydesynthase; PhdA, p-hydroxycinnamoyl-CoA synthetase; PhdB,
3-hydroxyacyl-CoA dehydrogenase; PhdC, 3-oxoacyl-CoA ketohydrolase; pht3, phthalate 4,5-dioxygenase; pht4, phthalate 4,5-cis-dihydrodiol
dehydrogenase; pht5, 4,5-dihydroxyphthalate decarboxylase; phtA, phthalate 3,4-dioxygenase; phtB, phthalate 3,4-cis-dihydrodiol dehydrogenase;
phtC, 3,4-dihydroxyphthalate decarboxylase; PobA, p-hydroxybenzoate hydroxylase; quiA, quinate dehydrogenase; PobA**, the mutant of p-hydro-
xybenzoate hydroxylase; quiC, 3-dehydroshikimate dehydratase; todC1, benzene/toluene/chlorobenzene dioxygenase subunit alpha; todD, cis-1,2-
dihydrobenzene-1,2-diol dehydrogenase; VanAB, vanillate O-demethylase oxygenase; Vdh, vanillin dehydrogenase; RE, aromatic reductase; VGDH,
vinyl guaiacol dehydrogenase; xylF, 2-hydroxymuconate-semialdehyde hydrolase; xylG, aminomuconate-semialdehyde dehydrogenase; xylH,
4-oxalocrotonate tautomerase; xyll, 2-oxo-3-hexenedioate decarboxylase; xylJ, 2-oxopent-4-enoate hydratase; xylK, 4-hydroxy-2-oxovalerate
aldolase; xylQ, acetaldehyde/propanal dehydrogenase; |, 3-hydroxybenzoate 2-monooxygenase; |l, salicylate hydroxylase; lll, aniline dioxygenase;
5-CF, 5-carboxyferulate; 5CVA, 5-carboxyvanillic acid; 5-FF, 5-formylferulate.

and engineering, will contribute the development of efficient intermediates, through aldehyde dehydrogenases and

ways to transform LDACs into vanillin and other valuable
metabolites.

Sinapic acid, a derivative of S-lignin, contains two methoxyl
groups, which makes it more challenging to break down and
utilize than ferulic acid and p-coumaric acid. Moreover, only a
few microorganisms can metabolize S-lignin derivatives. In
Sphingomonas paucimobilis SYK-6, vanillin dehydrogenase (LigV)
facilitates the transformation of sinapic acid into syringic acid
(Fig. 3). Subsequently, syringic acid undergoes degradation via
three distinct pathways: 1. syringate O-demethylase (DesA)
removes a methyl group from syringic acid to produce 3-O-
methyl gallate (3MGA), followed by conversion of 3MGA to
2-pyrone-4,6-dicarboxylate (PDC) by 3MGA 3,4-dioxygenase
(DesZz). 2. DesZ and a hydrolase convert 3MGA into 4-oxalomesa-
conate (OMA) via the intermediate 4-carboxy-2-hydroxy-6-
methoxy-6-oxohexa-2,4-dienoate (CHMOD). 3. O-Demethylase
transforms 3MGA into gallate, which is then converted to OMA
by gallate dioxygenase. Finally, OMA hydratase (Lig])
and 4-carboxy-4-hydroxy-2-oxoadipate aldolase/oxaloacetate dec-
arboxylase (LigK) convert the OMA into two pyruvate
molecules. These pyruvate molecules then enter the tricarboxylic
acid (TCA) cycle. Our previous study showed that Comamonas
serinivorans SP-35 has a metabolic pathway that transforms syrin-
galdehyde into gallate, with syringate and 3-O-methylgallate as

This journal is © The Royal Society of Chemistry 2025

O-demethylase oxidoreductases.”” In addition, Burkholderia sp.
ISTR5 produces malic acid from syringaldehyde, indicating the
presence of a degradation pathway.*®*° The abundance of syrin-
gyl units (%60%) in lignin derived from poplar and corn necessi-
tates isolation of microbes capable of degrading S-lignin deriva-
tives is crucial for advancing lignin valorization and enhancing
overall biomass utilization.

Lignin depolymerization either by biological, chemical,
physical or a combination of these methods yields not only
standard monomers but also a diverse range of aromatic com-
pounds, presenting challenges in lignin valorization.”® Thus,
bacterial strains employ complex enzymatic pathways to trans-
form a mixture of LDACs into useful metabolic intermediates.
However, the metabolic capabilities of a bacterial strain are
insufficient to metabolize these aromatic compounds. To
address this bottleneck, metabolic engineering approaches
have been developed to expand the metabolic repertoire of
target bacteria. By heterologously expressing necessary genes
from other organisms, in recent years researchers have devel-
oped highly efficient bacterial strains of P. putida KT2440 and
Halomonas sp. for lignin valorization. This promising strategy
enables the maximum utilization of LDACs on an industrial
scale and potentially offers economic viability for lignin
valorization.
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2.2. Entry of key metabolic intermediates into the PHA
synthesis pathway

The metabolism of LDACs results in the production of princi-
pal intermediates such as PCA and catechol (Fig. 3). These
intermediates can enter diverse metabolic pathways and are
ultimately converted into succinyl coenzyme A and acetyl coen-
zyme A.'%° Briefly, PCA undergoes ring opening via 2,3-clea-
vage (2,3-meta-cleavage), 3,4-cleavage (p-ketoadipate or ortho
cleavage), and 4,5-cleavage (4,5-meta-cleavage) pathways. The
2,3-cleavage pathway produces pyruvate and acetyl-CoA, the
4,5-cleavage pathway produces two pyruvate molecules, and
the 3,4-cleavage pathway produces succinate and acetyl-CoA.
Catechol, another important intermediate, enters pathways
similar to PCA, specifically the 2,3-cleavage and otho-cleavage
pathways, and gives rise to pyruvate and acetyl-CoA, and succi-
nate and acetyl-CoA, respectively (Fig. 3).

Bacteria utilize various carbon sources, including glucose,
sucrose, lactose, and LDACs, and convert them to acetyl-CoA
through three metabolic pathways (Fig. 3). Briefly, in
pathway I, sugars undergo glycolysis to produce acetyl-CoA, fol-
lowed by a thioester-dependent Claisen condensation
reaction, in which two acetyl-CoA molecules are condensed by
acetoacetyl-CoA thiolase (phaA) to form acetoacetyl-CoA.
Subsequently, acetoacetyl-CoA is reduced to (R)-3-hydroxybu-
tyryl-CoA by acetoacetyl-CoA reductase (PhaB) and transformed
into scl-PHA by PHA synthase (PhaC). In pathway II, the
p-oxidation of fatty acids produces 2-trans-enoyl-CoA and
3-ketoacyl-CoA, which are then transformed into (R)-3-hydro-
xyacyl-CoA by R-specific enoyl-CoA hydratase (Pha]) and
3-ketoacyl-CoA reductase (FabG), respectively, which are sub-
sequently used for PHA production. In pathway III, acetyl-CoA
is converted to malonyl-CoA by acetyl-CoA carboxylase
(AccA-D), followed by the production of malonyl-ACP and acet-
oacyl-ACP by malonyl CoA-ACP transacylase (FabD) and
3-ketoacyl-ACP synthase (FabH), respectively. Finally, acetoacyl-
ACP enters the fatty acid biosynthesis pathway to generate (R)-
3-hydroxyacyl-ACP, which is converted to (R)-3-hydroxyacyl-CoA
by 3-ketoacyl-ACP reductase (FabG). (R)-3-Hydroxyacyl-ACP is
subsequently utilized by PHA polymerases (PhaC) for PHA syn-
thesis (Fig. 3).

3. Challenges for lignin
bioconversion to PHA

Transforming lignin into PHA involves a series of steps, each
presenting its own set of challenges.

3.1. Fractionation of lignin from biomass

Because lignin is intertwined with cellulose and hemicellulose
in plant cell walls, delignification requires extreme pretreat-
ment conditions involving high temperatures, pressures, and
chemical treatments. Achieving high lignin fractionation,
uniform lignin quality, and preservation of cellulose quality
across diverse batches and types of lignocellulose biomass is
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crucial for industries. Widely used isolation methods in biore-
fineries induce structural changes, and the condensation of
lignin makes it more recalcitrant to depolymerization to
produce aromatic compounds. The microbial conversion of
lignin into valuable products requires a separation technique
which minimizes modifications, condensation, and solubility
issues. Thus, extensive research has focused on developing
simple extraction methods that balance the ecofriendliness,
extraction efficiency, retention of the native structure of lignin,
and its applicability to various biomass sources. The lignin-
first biorefinery approach is aimed at the selective extraction of
lignin and its valorization before processing the cellulose and
hemicellulose fractions. This process utilizes solvolysis or
reductive catalytic fractionation (RCF) to extract lignin from
biomass with minimal structural modification and conden-
sation.”* The delignification and depolymerisation of lignin
from milled beech wood by manganese peroxidase (MnP) and
lignin peroxidase (LiP) in batch and membrane bioreactors
produced aromatic compounds and low-molecular-weight
lignin. Interestingly, when compared to depolymerisation in
batch bioreactors, depolymerisation in membrane bioreactors
using MnP and LiP produced more low-molecular-weight
lignin, which can be readily used for further valorization using
microbes.””> Recent developments in computational and
machine learning tools, including the COnductor-like
Screening MOdel for Real Solvents (COSMO-RS),>* heuristic
computational models® and graph neural networks® have
simplified the screening and selection of solvents for lignin
solubilization through lignin-first biorefineries. These tools
will enhance the efficiency of lignin-first biorefinery
approaches. Overall, recent developments in this approach are
expected to pave the way for efficient lignin fractionation and
valorization. In recent years, lignin extraction using deep
eutectic solvents has gained considerable attention because of
its eco-friendly properties, mild operating conditions, good
performance under atmospheric pressure, efficient lignin dis-
solution, reduced lignin degradation, reusability, and simple
lignin recovery. However, the economic feasibility of using
deep eutectic solvents for lignin separation on an industrial
scale is still under investigation.

3.2. Opportunities and challenges in chemical
depolymerisation of lignin

The production of aromatic compounds from lignin faces
several major challenges including issues related to solubility,
complexity, and heterogeneity. The depolymerisation of lignin
produces a wide range of aromatic compounds, some of which
can interfere with microbial growth and metabolism. Scaling
up, feedstock variability, the need for cost-effective purification
of aromatic compounds, and the energy-intensive nature of
current processing methods further complicate lignin valoriza-
tion. However, these challenges are not insurmountable.
Reductive catalytic fractionation, oxidative depolymerisation,
base-catalysed depolymerisation, acid-catalysed depolymerisa-
tion, electrocatalytic depolymerisation, enzymatic depolymeri-
sation, and microbial depolymerisation are the main methods
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used for lignin depolymerisation. Among the methods studied
for lignin depolymerisation, reductive catalytic fractionation
yields a higher monomer yield.”® The extraction and purifi-
cation of aromatic monomers following lignin depolymeriza-
tion involve various techniques, including water extraction,
distillation, use of organic solvents, ionic liquids, supercritical
CO,, membrane filtration, resins, and chromatography have
been employed. A combination of these techniques is often
used to obtain optimal extraction of aromatic compounds.’”
Sepabeads resin SP700 has been widely used for the purifi-
cation of aromatic compounds because it offers a high surface
area and porosity and is applicable to a wide range of pH
values, regeneration efficiency, and scalability for industrial
applications.”®*® Most importantly, this process requires
minimal use of solvents (methanol or ethanol) and is solvent-
free, contributing to its cost-effectiveness and ecofriendly
nature.

Researchers have successfully demonstrated the feasibility
of integrating lignin extraction, depolymerization, purification
of aromatic monomers, and production of valuable com-
pounds in a closed-loop system. For example, Perez et al. devel-
oped a y-valerolactone biorefinery approach for the isolation of
lignin from poplar biomass. The depolymerization of lignin by
hydrogenolysis using a palladium (Pd/C) catalyst and a liquid
stream containing monomers was used to produce 2-pyrone-
4,6-dicarboxylic acid (PDC) with a yield of 139 g kg™* of lignin
using Novosphingobium aromaticivorans. In addition, this
approach has been successfully used to produce aromatic
monomers from various biomass sources, including maple,
sorghum, and switchgrass, demonstrating its adaptability to
processing a wide biomass range.’® Similarly, “plug-in pro-
cesses of lignin” approach developed by integrating lignin and
carbohydrate separation processes with lignin pretreatment
methods, such as ammonia fiber expansion, dilute sulfuric
acid pretreatment, steam explosion pretreatment, liquid-hot
water pretreatment, and sodium hydroxide pretreatment. This
integration effectively decreases the molecular weight of
lignin, making it more suitable for conversion into PHA by
P. putida.®* These recent advancements demonstrate the possi-
bility of developing effective and sustainable biorefinery pro-
cesses that can utilize existing biorefinery instrumentation
facilities to enhance the economic viability of lignin valoriza-
tion. As research and development progress, these promising
biorefinery approaches will be further optimized and will play
a vital role in promoting a circular bioeconomy and reducing
dependence on fossil resources.

3.3. Opportunities and challenges in electrocatalytic
depolymerization of lignin

Electrocatalytic depolymerization of lignin is considered an
eco-friendly approach because it provides relatively milder
reaction conditions and electricity, making it attractive for
lignin-based biorefinery applications.®>** This process utilizes
homogeneous and heterogeneous catalysts and carbon, nickel,
lead, platinum, and copper-based materials as electrodes for
the oxidative or reductive cleavage of lignin.** Researchers

This journal is © The Royal Society of Chemistry 2025

View Article Online

Critical Review

have demonstrated the electrocatalytic degradation of aspen-
derived lignin in a three-dimensional electrode reactor con-
taining Pb/PbO, and stainless-steel wire as the anode and
cathode, respectively. This process yielded 343.3 g of 4-methyl-
anisole per kg lignin as the major component, along with
vanillin, acetovanillone, syringaldehyde, 2,6-dimethoxy
phenol, toluene, and styrene.®® In another study, vanillin and
syringaldehyde were produced from ethanol organosolv sweet-
gum lignin via electrooxidation in a three-electrode system
containing a nickel foam electrode under ambient con-
ditions.®® Conversely, when the electrocatalytic degradation of
kraft lignin was performed at elevated temperatures (160 °C),
vanillin is selectively produced.®” Notably, a recent study
engineered a piolet-scale electrocatalytic system at the
Technology Readiness Level (TRL) 6 for lignin depolymeriza-
tion. This system uses an eco-friendly oxidizer, sodium peroxo-
dicarbonate, to depolymerize kraft lignin through oxidative
degradation, yielding 8 wt% of vanillin.®®

Interestingly, Lindenbeck et al., developed an eco-friendly
electrocatalytic depolymerisation method utilising carbon as
an electrocatalyst in a three-electrode system, which can depo-
lymerise soda lignin into aromatic monomers. Subsequently,
aromatic monomers undergo dearomatization to produce
simple organic compounds, such as levulinate, 4-hydroxyvale-
rate, formate, and acetate.’® These organic compounds can be
utilized by bacteria as carbon sources to produce PHA. For
example, engineered Methylorubrum extorquens AM1 overex-
pressing formate-tetrahydrofolate ligase (ftfL) has been
reported to produce 11.07 g L' PHA using formate.*®
Haloferax mediterranei’® and engineered P. putida’* have been
reported to produce PHA using levulinate. Additionally, engin-
eered E. coli,’* P. putida,”® Cobetia sp. MC34, Cobetia marina
DSM 4741T7* and glycogen-accumulating microbes” can
produce PHA using acetate. A recent study showed that
Halomonas sp. strain JJY01 utilized acetate as a carbon source
for PHA production.”®

Electrocatalytic depolymerization of lignin offers a sustain-
able route for the production of aromatic monomers and
organic compounds that are easily utilized by bacterial strains
for PHA production. Additionally, this approach presents an
eco-friendly operation, successful pilot-scale demonstrations,
and easy manipulation of the reaction conditions. However,
considering the production of a mixture of organic com-
pounds by electrocatalytic depolymerization, genetic and meta-
bolic engineering of microbes is necessary for their efficient
utilization to produce PHA.

3.4. Opportunities and challenges in enzymatic
depolymerization of lignin

In nature, microbes depend on enzymatic systems comprised
of lignin depolymerization depends on lignin-modifying
enzymes (LME) and lignin-degrading auxiliary enzymes (LDA).
LME comprises laccases (Lac), manganese peroxidases (MnP),
dye-decolorizing peroxidases (DyP), lignin peroxidases (LiP),
versatile peroxidases (VP)and p-etherases.””®' LDA enzymes
include aryl alcohol oxidases (AAO), cellobiose dehydrogenases
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(CDH), glyoxal oxidases (GLOX), glucose oxidases, heme-thio-
late haloperoxidases, pyranose 2-oxidases (POX), chloroperoxi-
dases and aromatic peroxygenases.”” LME primarily oxidizes
lignin, leading to the cleavage of various linkages, including
C-C and C-O-C, to produce aromatic monomers, dimers,
trimers, and oligomers.”®®> Metagenomic studies have shown
the abundance of thioredoxin reductase (TRXB), glutathione
peroxidase (GPX), and quinone reductases (nuoE and nuoF),
indicating their involvement in lignin degradation.®*** LDA
enzymes are not directly involved in lignin degradation but act
in conjunction with LMEs by producing reactive oxygen
species and are involved in redox reactions. This synergistic
enzymatic reaction increased the overall yield of aromatic
monomers from the lignin. In addition, the combination of
the LME and LDA enzymes blocks the repolymerization of
lignin. For example, the combination of p-etherase (LigE) from
Agrobacterium sp. and Dyp or multicopper oxidase (CopA) from
P. putida enhances lignin depolymerization and aromatic com-
pound production.’®  Similarly, the combination of
Rhodococcus jostii RHA1 glycolate oxidase and Agrobacterium
sp., DyP peroxidase, produced various aromatic compounds
from organosolv lignin.*®

Incorporating LME and LDA into the fermentation process
of PHA-producing bacteria, either through expression or
addition, facilitates efficient utilisation of lignin as a carbon
source. Studies have demonstrated that the addition of laccase
to the fermentation medium enhances biomass production
with a 17-fold increase in lipid yield in Rhodococcus opacus
compared to laccase-free conditions.’” Further improvements
in growth and lipid production were observed when alkali
lignin was depolymerized by Trametes versicolor laccase and
the 1-hydroxybenzotriazole (HBT) system.*® However, the mole-
cular weight of lignin increased when treated with laccase and
laccase HBT. To overcome lignin repolymerization, a combi-
nation of laccase or laccase + mediators + LDA enzymes can be
used. For example, the addition of laccase + AAO + mediator in
batch fermentation for lignin degradation resulted in the pro-
duction of 3.34 g L' of bioplastic by C. necator, whereas
without laccase + AAO + mediator, only 0.33 g L™" bioplastic
was produced.®®

The addition of ionic liquids or deep eutectic solvents to
the reaction medium facilitates the removal of lignin from
biomass and enhances lignin depolymerization by
enzymes.’>°! For example, a bi-enzymatic system comprising
5% (v/v) of ionic liquid cholinium lysinate ([Ch][Lys]), lignin
peroxidase, and aryl alcohol oxidase reduced the molecular
weight of lignin and produced phenol and 1,2-dimetohxyben-
zene.”? Similarly, lactic acid: betaine-based deep eutectic sol-
vents have been shown to enhance the activity of
Myceliophthora thermophila laccase by up to 300%.%
Considering the cost of purified enzymes, overexpression or
heterologous expression of ligninolytic enzymes in target bac-
teria is viewed as an economical and promising strategy.
Recent studies have demonstrated the successful application
of this approach in major PHA-producing strains. For instance,
heterologous expression and extracellular secretion of
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Streptomyces coelicolor A3(2) laccase in P. putida A514, by har-
nessing the power of the type I secretion system, promoted
growth and lignin depolymerization.”* Similarly, the engin-
eered type I secretion system enhanced laccase secretion,
enabling Halomonas sp. Y3 to produce 1.31 g L' PHA from
lignin.®® Researchers have further explored the possibility of
cell-surface interplay of lignin-degrading enzymes for the pro-
duction of aromatic compounds for valorization. A recent
study showed that P. putida KT2440, displaying an engineered
laccase CotA (T260/L385K/F416R) from Bacillus coagulans on
its cell surface, can grow well on lignin-containing medium
when compared to its wild-type counterpart.”® Similarly, a
recent study by Liang et al. demonstrated the enhanced depo-
lymerisation and reduction of the molecular weight of lignin
by P. putida A514 upon supplementation with a synthetic
enzyme cocktail comprising 15 enzymes.”” These studies
suggest that the low efficiency of lignin degradation by bacteria
and repolymerisation which restricts the production of aro-
matic compounds, can be overcome by the overexpression of
LME and LDA or by directly incorporating them into the fer-
mentation medium.

3.5. Opportunities and challenges in bioelectrochemical
depolymerization of lignin

Recent advancements, such as the development of bioelectro-
chemical methods, offer an eco-friendly alternative by elimi-
nating the requirement of harsh reaction conditions used for
the chemical, physical, and physicochemical depolymerization
of lignin. For example, Mishyn et al. engineered a membrane-
less p-etherolytic bioanode-based bio-electrocatalytic system
with NAD regenerating potential containing immobilised NAD-
dependent Ca-dehydrogenases (LigD and LigL), glutathione-
dependent etherases (LigE and LigF), and a glutathione-depen-
dent lyase (LigG), which are derived from Sphingobium pauci-
mobilis SYK-6 and can cleave the B-O-4 linkage of lignin.”®
Similarly, a Ligninolytic Hybrid Air-Breathing Biocathode com-
prising gas diffusion electrode/oxidized carbon nanotubes/
5,10,15,20-tetrakis(4-methoxyphenyl)-21H,23 H-porphine cobalt
(u)/pyrene-modified linear poly(ethyleneamine)/Phanerochaete
chrysosporium LiP (GDE/OCNT/CoTMPP/Py-LPEI/LiP) can depo-
lymerize lignin at room temperature using oxygen from air.
Despite these advantages, this biocathode retains only 50% of
its activity for up to three cycles.”® Therefore, further improve-
ments in the reusability of the electrode are necessary for
large-scale applications to ensure the efficient and economical
depolymerization of lignin.

Studies have shown that microbial peroxide-producing cells
can be used to depolymerize kraft lignin through H,O,
mediated oxidation in batch mode and fed-batch mode with
self-life of 10 and 21 days, respectively. Further downstream
analysis revealed the presence of ferulic acid, vanillin, 4-butox-
ybenzaldehyde, guaiacol, phenylacetaldehyde, homovanillyl
alcohol and other aromatic compounds.’® The versatility of
this technique has been demonstrated by its application in
depolymerizing rice straw lignin, indicating its compatibility
with depolymerizing lignin from diverse biomasses.'”" In a
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recent study, a combination of H,O, produced in microbial
electrochemical cells and a methyltrioxorhenium catalyst
selectively depolymerized kraft lignin through oxidation and
produced guaiacol as a major aromatic compound.'®® These
techniques utilize a two-chamber system: an anode chamber
containing domestic wastewater enriched with nutrients as an
anolyte to promote microbial growth and biofilm formation,
and a cathode chamber holding lignin-containing solution as
a catholyte. Future studies focusing on the application of bioe-
lectrochemical methods for lignin depolymerization should
address various key issues such as product selectivity, scalabil-
ity, catalyst optimization, environmental and sustainability
aspects, and economic feasibility to revolutionize the eco-
friendly production of aromatic compounds from lignin.

4. Recent trends and opportunities in
engineering of microorganisms for
PHA production from lignin

PHA is a reserve carbon source produced by microorganisms
in response to environmental stresses, including nitrogen,
phosphate or oxygen limitation and excess carbon supply.'®?
The conversion of lignin to valuable products is achieved pri-
marily through metabolic pathways in microbes, which are
often referred to as “biological funnelling”. These pathways are
divided into three: upper pathway, funnelling pathway and
lower pathway.'® The upper pathway involves microorganisms
obtaining LDACs or lignin monomers, including ferulic acid,
p-coumaric acid, and vanillic acid, from the environment.
These are then converted to key intermediates, such as PCA
and catechol, through various upper pathways present in
microorganisms. The These key intermediates enter central
carbon metabolism via aromatic ring cleavage pathways.'®*
Briefly, PCA and catechol undergo ring opening to form,
acetyl-CoA and succinyl-CoA,'®> which subsequently enter
central carbon metabolic pathways such as TCA and fatty acid
synthesis pathways'®'% to produce PHAs and triglycerides.
The specific products synthesized depend on the performance
of the microorganisms involved.'®”

The production of PHA from lignin and LDACs remains an
emerging area of research, primarily explored using members
of the Pseudomonas,'®® Halomonas, and Cupriavidus genera.
While lignin shows potential as a renewable carbon source,
alternatives such as sugars, fatty acids, lignocellulosic hydroly-
sates, and food waste currently yield higher PHA concen-
trations'®® (Tables 1 and 2). For instance, C. necator H16 can
produce >100 g L of PHA using waste cooking oil and sucrose
as carbon sources.''? In the case of lignin- or lignin-rich alka-
line pretreated liquor as a carbon source, PHA production of
~18 mg L7'-4.5 g L' PHA production were reported (Table 1).
Notably, Halomonas alkalicola M2 achieved a maximum output
of 1.89 g L' PHA using laccase-pretreated alkali lignin,"**
whereas C. necator DSM 545 reached 4.47 g L~" PHA with alka-
line-pretreated corn stover liquor supplemented with laccase,
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AAO, mediators, silica nanoparticles Aerosol R816, and solubi-
lity-enhancing agents.®® Similarly, P putida produced ~4.5 g
L™" PHA from a soluble lignin stream from steam-explosion-
pretreated corn stover.’" Although the yield of PHA from lignin
and LDACs is lower than that from other carbon sources, it is
comparable when considering the grams of PHA produced per
gram of substrate. Nevertheless, the overall PHA yield from
lignin-based substrates is lower. This indicates that although
lignin and its derivatives can produce PHA at a rate similar to
the amount of substrate consumed, they may not match the
total PHA production efficiency of alternative carbon sources.
This variation highlights the need for further optimisation of
lignin utilisation to enhance its viability as a feedstock for PHA
production. The primary reason for this discrepancy is the
inherent toxicity and inefficient metabolic pathways of lignin
and LDACs, which often hinder bacterial growth.

P. putida KT2440 is a versatile bacterium widely studied for
its ability to metabolize lignin and LDACs as carbon source to
produce PHA.'*® Its exceptional adaptability to diverse environ-
mental conditions, non-pathogenic nature, ease of genetic
modification, and ability to utilize a wide range of carbon
sources makes it a microbial cell factory for PHA synthesis at
an industrial level.'** Several studies have demonstrated that
P. putida KT2440 can synthesis PHA from alkaline pretreated
liquors, lignin containing steams and various aromatic com-
pounds (Tables 1 and 2). PHA is present within the cells as a
reserve carbon source. Consequently, following the cessation
of environmental stress, PHA is degraded by the depolymeriz-
ing enzyme PhaZ. In addition, lignin depolymerization and
degradation of aromatic compounds by native pathways are
not efficient in producing more PHA. To address these limit-
ations, researchers have engineered bacteria by optimizing the
upper pathways supplying metabolic intermediates through
knockout, overexpression, or heterologous expression of appro-
priate genes (Fig. 4). Genetic and metabolic engineering
mainly focuses on (i). blocking (R)-3-hydroxyacyl-CoA through
the p-oxidation pathway to increase the availability of PHA pre-
cursors (ii). overexpression of genes involved in PHA synthesis
by introducing different ribosome-binding sites (RBS) and/or
under strong promoters via chromosomal integration or
expression vectors (iii). enhancement of reducing equivalents
such as NADH or NADPH supply to enrich carbon flux for PHA
synthesis (iv). overexpression of aromatic compound uptake
transporter proteins (v). attenuation of PHA depolymerization
(vi). genome reduction (vi). cell morphology engineering (vii).
adaptive laboratory evolution (Fig. 4).

4.1. Genetic engineering

For the first time, Linger et al., demonstrated the capability of
P. putida KT2440 to produce mcl-PHA through its intrinsic
“biological funnelling pathways”. These pathways enable the
transformation of a mixture of aromatic compounds present
in alkaline pretreated liquor (APL) into central intermediates
(catechol and PCA) under nitrogen-limited conditions. This is
followed by the entry of central intermediates into the central
carbon metabolism through aromatic ring cleavage pathways

Green Chem., 2025, 27, 5920-5946 | 5929
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Table 1 List of bacteria producing PHA from lignin and lignin rich alkaline pretreated liquor from different biomasses

Strains and genetic modifications

Substrate and fermentation conditions

PHA concentration
(mg L™

PHA yield
(mgg™)

Ref.

P. putida KTYY06 APhaZ-AaldB::PhaC-
AFadBA + overexpressing of PhaC, Phaj4,
and PhaG

P. putida KT2440 wild-type

Pseudomonas monteilii BCC19149 wild-
type

Genome reduced P. putida KTU-U13
P. putida H AcatA2
Pseudomonas sp. Hu109A wild-type

P. putida NX-1 wild-type

P. putida KT2440 (C1J4) overexpressing
of phaC1 and phaj4

P. putida KT2440 Engineered strain

P. putida AG2162

AphaZ AfadBA1 AfadBAE2 AaldB::Ptac-
phaG-alkK-phaC1-phaC2

P. putida KT2440 wild-type

P. putida KT2440
Pandoraea sp. ISTKB wild-type

Halomonas alkalicola M2 wild-type

Halomonas sp. Y3_05“
Halomonas sp. Y3_05°

Halomonas sp. Y3_08“
Halomonas sp. Y3_o08?

Halomonas sp. Y3-coABTS APrpC-APcaG-
APcaH-APhaZ, heterologously
expressing laccase

5930 | Green Chem., 2025, 27, 5920-5946

Alkaline pretreated liquor (30 g L™), octanoic acid (1 g L™).
Fed-batch, flask, M9 medium, 30 °C, 180 rpm, 72 h.

M9 medium, pH = 7.2, euphorbia C-lignin (3 g L™"), 30 °C,
180 rpm, 72 h, batch mode in flasks.

Minimal medium supplemented with lignin rich stream
derived from sugarcane bagasse, pH = 7.0, 30 °C for 120 h,
pulse-feeding, bioreactor.

M9 minimal medium containing alkaline pretreated liquor
(~20 g of lignin per L), pH = 7.0, 30 °C, 180 rpm, for 48 h,
fed-batch mode in flasks.

M9 minimal medium containing lignin stream enriched
with catechol (250 mM) pH = 7.0, 30 °C, for 48 h, batch
mode in bioreactor.

Mineral salt medium supplemented with alkali lignin (3 g
L™, pH = 7.0, 37 °C, 220 rpm, 220 rpm, 54 h, batch mode
in flasks.

M9 medium supplemented with kraft lignin (10 g L™"), pH
=7.0, 30 °C, 200 rpm for 7 days, batch mode in flasks.

M9 medium supplemented with 20 g L™" of soluble lignin
stream: enzymatic hydrolysate (75 : 25), pH = 7.0, 28 °C, and
200 rpm for 20 h, fed-batch mode in flasks.

Soluble lignin stream (pH = 7.0) from ammonia fiber
expansion of corn stover supplemented with mineral salts,
28 °C, 200 rpm for 24 h, fed-batch mode in flasks.

Soluble lignin stream (pH = 7.0) from dilute sulfuric acid
pretreated corn stover supplemented with mineral salts,

28 °C, 200 rpm for 24 h, fed-batch mode in flasks.

Soluble lignin stream (pH = 7.0) from steam explosion
pretreated corn stover supplemented with mineral salts,

28 °C, 200 rpm for 24 h, fed-batch mode in flasks.

Soluble lignin stream (pH = 7.0) from liquid hot water
pretreated corn stover supplemented with mineral salts,

28 °C, 200 rpm for 24 h, fed-batch mode in flasks.

Soluble lignin stream (pH = 7.0) from sodium hydroxide
pretreated corn stover supplemented with mineral salts,

28 °C, 200 rpm for 24 h, fed-batch mode in flasks.
Lignin-containing stream derived from corn stover
supplemented with M9 mineral salts, 30 °C, 225 rpm for
78 h, batch mode in flasks.

Corn stover derived soluble lignin stream rich in ferulic
acid and p-coumaric acid, residual sugar, supplemented
with mineral salts, pH = 7.0, 28 °C, and 200 rpm for 18 h,
fed-batch mode in flasks.

Alkaline pretreatment liquid (pH = 7.0) from corn stover
supplemented with M9 salts, 30 °C, 225 rpm for 48 h, batch
mode in bioreactor.

Mineral medium containing kraft lignin (2 g L™") 30 °C,
185 rpm for 4 days, batch mode in flasks.

M9 medium (pH = 10.0) containing NaCl 70 g L™, 10 g L™"
Sigma alkali lignin pretreated with laccase + ABTS for 24 h,
and the seeded with H. alkalicola M2, 30 °C, 200 rpm for 7
days, non-sterilized fermentation, batch mode in flasks.
Co-cultivation of Y3_05 and Y3_08 in modified M9 medium
(pH = 9.0) containing NaCl 60 g L™*, alkaline lignin 10 g
L™', 1 mM ABTS, 30 °C, 200 rpm for 7 days, non-sterilized
fermentation, batch mode in flasks.

Co-cultivation of Y3_05 and Y3_08 in alkaline pretreated
liquor (100%) derived from bamboo supplemented with M9
salts and NaCl 60 g L™" (pH = 9.0), 30 °C, 200 rpm for 7
days, non-sterilized fermentation, batch mode in flasks.
Co-cultivation of Y3_05 and Y3_08 in alkaline pretreated
liquor (100%) derived from bamboo supplemented with M9
salts and NaCl 60 g L™" (pH = 9.0), 30 °C, 200 rpm for 7
days, batch mode in flasks.

Modified M9 medium (pH = 9.0) containing NaCl 60 g L™,
lignin 6 g L™, ABTS, 30 °C, 200 rpm for 7 days.

~930

~137

~238

~1400

~1400

~186

~114

~1380

~3600

~2200

~4500

~3200

~2300

~116

~1500

~252

~1890

~740

~1314

~1208

~425.82

~9

~189

~70.97

229

178

230

231

232

181

61

61

61

61

61

113

105

176

111

95

95

95

156
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Table 1 (Contd.)

PHA concentration PHA yield
(mgL™) (mgg™)  Ref.

~87.2 — 151

Strains and genetic modifications Substrate and fermentation conditions

Burkholderia epacian B1-2 wild-type Alkaline pretreated liquor (pH was adjusted to 7.0)
containing mineral salts, nitrogen source 70 mg L™", batch
mode in flasks.

Mineral salt medium containing with alkaline pretreatment ~4470 — 89
liquor from corn stover and supplements (laccase, AAO,

mediators, silica nanoparticles Aerosol R816, Tween 80 and

dimethyl sulfoxide (DMSO)) pH = 6.8, 32.5 °C, 400 rpm,

56 h, fed-batch (supplements) and pulse feeding (alkaline

pretreatment liquor), fermenter.

Mineral salt medium containing with alkaline pretreatment ~2100 — 233
liquor from corn stover and supplements (laccase, AAO,
mediators, silica nanoparticles Aerosol R816, Tween 80 and
DMSO) 32.5 °C, 250 rpm, 7 days, fed-batch mode in flasks.
Lignin rich alkaline pretreated liquor of rice straw (pH was
adjusted to 7.0) containing mineral salts, 30 °C, 150 rpm,

Cupriavidus necator DSM 545

C. necator DSM 545

Cupriavidus basilensis B-8 wild-type ~482.7 — 179

batch mode in flasks.
C. basilensis B-8 wild-type

Mineral salt medium containing 5 g " of kraft lignin,

~319.4 ~63.8 177

nitrogen source 65 mg L™, 30° C, 150 rpm, 7 days, fed-

batch mode in flasks.
C. basilensis B-8 wild-type

Mineral salt medium containing 5 g L™" of kraft lignin, ~128 ~25.6 177

nitrogen source 65 mg L™, 30° C, 150 rpm, 7 days, batch

mode in flasks.

“ Over expressing laccase. ” APhaZ, overexpressing phaA, phaB and phaC.

to produce PHA.'®> Subsequently, many researchers have

focused on engineering P. putida KT2440 to improve PHA pro-
duction. For example, knockout of PhaZ is involved in depoly-
merization of PHA, and FadB (enoyl-CoA hydratase/3-hydroxya-
cyl-CoA dehydrogenase) and FadA (3-ketoacyl-CoA thiolase) are
involved in f-oxidation of fatty acids. Additionally, over-
expression of genes involved in (R)-3-hydroxyacyl-CoA such as
phaG  (hydroxyacyl-ACP  acyl-transferase), AIkK (acyl-CoA-
synthase), and PhaC1 and PhaC2 are involved in polymeriz-
ation. These genetic modifications resulted in significantly
enhanced PHA production in the engineered strain using
p-coumaric acid and a lignin-containing stream when com-
pared to the wild-type.'™ It has been shown that aromatic
ring-cleavage pathways can be swapped through genetic engin-
eering to synthesize a target product. For example, substitution
of the ortho-degradation pathway of catechol in P. putida
KT2440 with the 4,5-meta cleavage pathway from P. putida mt-2
enhanced pyruvate yield. Similarly, swapping of the ortho-clea-
vage pathway with the heterologous meta-cleavage pathway of
Sphingobium sp. SYK-6 in P. putida KT2440 enhanced pyruvate
production 5-fold using p-coumaric acid as a substrate."**
When phaP1 from Cupriavidus necator H16 was expressed in
Rhodopseudomonas palustris CGA009, poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) was produced using p-coumaric
acid as a substrate, whereas wild-type R. palustris failed to
produce PHBV.'"®

4.2. Promoter engineering

Promoter engineering has the potential to regulate transcrip-
tion and stabilize the expression of specific genes. Exploring
the possibility of combining promoter engineering with other
genetic modifications, such as the optimization of metabolic

This journal is © The Royal Society of Chemistry 2025

pathways and substrate utilization, may improve PHA pro-
duction. P. putida MA-6 equipped additional copies of catechol
1,2-dioxygenases (catA and catA2) under the control of P, pro-
moter through chromosomal integration has been reported to
produce 64.2 g L' of muconic acid from catechol."*®
Similarly, chromosomal integration of phenol hydrolase genes
(dmpKLMNOP) derived from P. putida CF600 under the
control of the PGRO promoter into P. putida MA-6 enabled the
production of muconic acid (12 g L™") using hydrothermally
depolymerized pine lignin.''® Zhao et al, have identified
several strong endogenous promoters in Pseudomonas mendo-
cina NK-01 through transcriptomic analysis and neural
network promoter prediction. Further studies involving inte-
gration of selected promoters into the chromosomal region
upstream of phaC have shown enhanced PHA production.™"”
Insertion of a constitutive promoter Ppqin in the upstream of
the PHA synthesis-promoting gene PhaCAB has been demon-
strated to enhance PHA production from wheat straw liquor by
Halomonas elongata A1.''® These successful genetic modifi-
cations highlight the prospects for further improving the
potential of P. putida to biotransform LDACs into commercially
important products. Subsequent studies should focus on opti-
mizing the expression levels of key enzymes or exploring
additional metabolic pathways to improve the central metab-
olite levels, which will facilitate the development of more
efficient and multifaceted P. putida strains suitable for lignin
biorefineries.

In addition to endogenous promoters, plasmid-based
expression of genes in P. putida KT2440 inducible promoters
such as P, (3-methylbenzoate inducible), P.,,p (thamnose
inducible), Py, (salicylate inducible), and P, (arabinose
inducible) have been reported.''® Advancements in machine

Green Chem., 2025, 27, 5920-5946 | 5931
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PHA PHA
Strains and genetic concentration  yield
modifications Lignin derived aromatic compounds and fermentation conditions (mgL™) (mgg™) Ref.
P. putida KTYY01 APhaZ M9 medium, pH = 7.0, ferulic acid (4 ¢ L") and octanoic acid (1 g L™") ~1320 ~330 153
30 °C and 180 rpm, for 24 h, batch mode in flasks.
P. putida KTYY04 APhaZ-AaldB:: M9 medium, pH = 7.0, p-coumaric acid (4 g L") and octanoic acid (1 g ~1140 ~285
PhaC + overexpressing of PhaC, L™, 30 °C and 180 rpm, for 72 h, batch mode in flasks.
Phaj4, and PhaG
P. putida KTYY06 APhaZ-AaldB:: M9 medium, pH = 7.0, p-coumaric acid (4 g L™") and heptanoic acid (1 g ~1180 ~295
PhaC-AFadBA + overexpressing of  L™"), 30 °Cand 180 rpm, for 24 h, batch mode in flasks.
PhaC, Phaj4, and PhaG M9 medium, pH = 7.0, p-coumaric acid (4 g L™") and octanoic acid (1 g ~1230 ~307
L"), 30 °C and 180 rpm, for 72 h, batch mode in flasks.
M9 medium, pH = 7.0, ferulic acid (4 ¢ L") and heptanoic acid (1 g L™) ~1360 ~340
30 °C and 180 rpm, for 72 h, batch mode in flasks.
M9 medium, pH = 7.0, ferulic acid (4 ¢ L") and octanoic acid (1 g L") ~1150 ~287
30 °C and 180 rpm, for 72 h, batch mode in flasks.
M9 medium, p-coumaric acid (12 g L™") and octanoic acid (2 g L™") 30 °C,  ~2460 ~205
180 rpm, 36 h, fed-batch mode in flasks.
P. putida H AcatA2 M9 medium, pH = 6.9 + 0.1, 30 °C, 300-1200 rpm to maintain 20% ~6100 — 230
saturation of dissolved oxygen level, oxygen flow 3 1 min™" (air : oxygen =
5:1), batch culturing on 10 mM benzoate for 12 h, followed by exponen-
tial feeding up to 40 h and constant feeding (8.3 g h™") up to 80 h.
P. putida KT2440 Mineral salt medium supplemented with a mixture of p-coumarate, ~582 ~116.4 171
ferulate, and benzoate (5 g L™"), 30 °C, pH = 7.0, 300 rpm, 72 h, batch
mode in bioreactor.
P. putida K-pAhprada Apca- M9 medium, pH = 7.2, 30 °C, ethanol assisted depolymerized lignin, ~303 — 234
pAhrpada (hps, phi, and ada) batch mode in flasks.
P. putida AG2162 AphaZ AfadBA1 M9 minimal medium, p-coumaric acid (13 g L™"), 30 °C, 225 rpm for ~953 ~73.30 113
AfadBAE2 AaldB::Ptac-phaG-alkK- 85 h, high-cell density, feed batch mode in flasks.
phaC1-phaC2
P. putida strain A514 M9 medium containing 2.5 g L™" of vanillic acid, 30 °C, 200 rpm for 50 h, =~ ~246 ~98.4 235
Overexpressing phaG, alkK, and batch mode in flasks.
phaC1
Pandoraea sp. ISTKB wild-type Mineral medium (pH = 8.0) containing 4-hydroxybenzoic acid (3 g L™"), ~246 ~82 176
30 °C, 185 rpm for 4 days, batch mode in flasks.
Halomonas sp. Y3-16 APrpC- Modified M9 medium (pH = 9.0) containing NaCl 60 g L™, 4-hydroxyben- ~716 ~716 156
APcaG-APcaH-APhaZ, zoic acid 1 g L™, 30 °C, 200 rpm for 48 h, batch mode in flasks.
overexpressing DesA and LigM Modified M9 medium (pH = 9.0) containing NaCl 60 g L™", syringic acid ~449 ~449 156
1g L™, 30 °C, 200 rpm for 48 h, batch mode in flasks.
Modified M9 medium (pH = 9.0) containing NaCl 60 g L™", vanillic acid ~488 ~488 156
1g L™, 30 °C, 200 rpm for 48 h, batch mode in flasks.
Halomonas sp. Y3-18 APrpC- Modified M9 medium (pH = 9.0) containing NaCl 60 g L', each 0.5 g L™"  ~522 ~348 156
APcaG-APcaH-APhaZ, vanillic acid, 4-hydroxybenzoic acid, and syringic acid, 30 °C, 200 rpm for
overexpressing DesA, LigM and 48 h, batch mode in flasks.
PobA
Halomonas sp. Y3 wild-type Modified M9 medium (pH = 9.0) containing NaCl 60 g L™, 4-hydroxyben-  ~535.2 ~267.6 152
zoic acid 2 g L™, 30 °C, 200 rpm, 72 h, batch mode in flasks.
Modified M9 medium (pH = 9.0) containing NaCl 60 g L™", protocatechu- ~ ~506.5 ~253.2
ate 2 g L', 30 °C, 200 rpm, 72 h, batch mode in flasks.
Modified M9 medium (pH = 9.0) containing NaCl 60 g L™", catechol 2 g ~435.6 ~217.8
L™, 30 °C, 200 rpm, 72 h, batch mode in flasks.
Modified M9 medium (pH = 9.0) containing NaCl 60 g L™", vanillic acid ~440.8 ~220.8
2 g L7, 30 °C, 200 rpm, 72 h, batch mode in flasks.
Burkholderia cepacia B1-2 wild- Mineral salt medium (pH = 7.0) containing 3 g L™" of p-hydroxybenzoic ~1420 ~473 151
type acid, nitrogen source 70 mg L', 30 °C, 180 rpm, 72 h, fed-batch mode in
flasks.
Burkholderia sp. ISTR5 (R5) wild-  Mineral salt medium, p-Coumaric acid + molasses, 30 °C, 165 rpm, 7 ~270 — 48
type days, batch mode in flasks,
Ralstonia eutropha strain H16 Mineral salt medium containing 10 g L™" of 3-hydroxybenzoic acid, 72 h,  ~1600 ~160 236
wild-type 30 °C, 130 rpm, batch mode in flasks.
Mineral salt medium containing 10 g L™" of 4-hydroxybenzoic acid, 72 h,  ~690 ~69
30 °C, 130 rpm, batch mode in flasks.
PHA PHA
Strains and genetic modifications Sugars and other feedstocks and fermentation conditions concentration  yield Ref.
Azotobacter vinelandii Mineral salt medium supplemented with 87.8 g L™" of glucose, ~30.3 gL™" ~345 237

5932 | Green Chem., 2025, 27, 5920-5946

pH =7.0, 30 °C at 150 rpm, 28 h, fed-batch mode in a
fermenter.
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Strains and genetic modifications

Sugars and other feedstocks and fermentation conditions

PHA
concentration

PHA
yield

Ref.

Cupriavidus necator H16

Cupriavidus necator H16

Cupriavidus necator TISTR 1335

Halogeometricum borinquense strain E3

Salinicola salarius ES021

Cupriavidus necator H16 expressing sucrose
hydrolase (cscA) and sucrose permease
(cscB)

Ralstonia eutropha ATCC 17699

Paracoccus sp. LL1

Engineered P. putida EM42

Ralstonia eutropha

Mineral salt medium supplemented with 150 g L™" of waste
cooking oil, pH = 7.0, 30 °C, 180 rpm, 66 h, fed-batch mode in
flasks.

Mineral salt medium supplemented with 90 g L™ of waste fish
oil, pH = 7.0, 30 °C, 180 rpm, 48 h, fed-batch mode in flasks.
Mineral salt medium supplemented with oleic acid 15 g L™,
pH = 7.0, 30 °C, 150 rpm 144 h, batch mode in flasks.
Hydrogenic effluent (33.51 g COD per L) from biohythane pilot
plant, pH = 6.87, 30 °C, 150 rpm, non-sterile fermentation,
batch mode in flasks.

Norberg and Hofstein medium containing acid hydrolysed
cassava waste (10% v/v), pH = 7.0, 37 °C, 110 rpm, 10 days.
Modified mineral medium containing sugarcane molasses
(5%), NaCl (3%), 30 °C, pH ~ 7.0, aeration rate = 2.5 vvm, 150
rpm, 48 h.

Mineral salt medium containing sucrose as carbon source, pH
=6.7-6.8, 30 °C, 65 h, 500 rpm high-cell-density fermentation,
fed-batch mode in a bioreactor.

Mineral salt medium containing 30 g L™ of Na,CO; + Na,SO;,
pretreated Hibiscus cannabinus L. biomass enzymatic hydroly-
sate, pH = 7.0, 30 °C, 200 rpm, 36 h.

Modified mineral salt medium (10 g L™" NaCl) supplemented
enzymatic hydrolysate of corn stover (total sugar concentration
=40¢g L‘l), 30 °C, pH = 7.5, aeration rate = 2 vvm, 700 to 1300
rpm to maintain 20% saturation of dissolved oxygen level,

72 h, batch mode in fermenter.

Mineral salt medium supplemented with crude glycerol (20 g
L), 30 °C, pH = 7.0, agitation was adjusted throughout the
fermentation to maintain 40% saturation of dissolved oxygen
level, 180 h, fed-batch mode in fermenter.

Mineral salt medium supplemented with carob pulp extract

~114.1gL7"

~83.2gL7"
~6.715gL7"

~3.02¢gL7"

~1.52ggL™"

~12.88 g L7!

~113gL™"

~10.10 g L™*

~9.71gL™"

~49.5 g L7"

~12.2¢gL7"

~760

~920

~447

~400

~488

~251

~0.305

110

110

238

239

240

240

241

242

243

244

245

(sugar content 40 g L") 28 °C, pH = 7.0, aeration rate = 0.8
vvim, 250 rpm, 60 h, batch mode in fermenter.

learning and artificial intelligence have significantly boosted
the development of highly efficient promoter prediction
tools. For example, machine learning and duplex stability-
based promoter prediction in prokaryotes (MLDSPP)'*° have
utilized these technologies to improve the precision in pre-
dicting promoters from genome sequences. Similarly, artifi-
cial intelligence and machine learning have been instrumen-
tal in developing 670-based synthetic promoter libraries,"*"
designing de novo synthetic promoters,'>* and predicting
promoter strength from constitutive (Py.) promoter
libraries.'*® These innovations are expected to pave the way
for magnifying the expression of the genes/pathways necess-
ary for the utilization of LDACs in industrially important bac-
terial strains.

4.3. Transporter proteins

Microbes utilize porin, TonB-dependent ATP-binding cas-
sette, tripartite ATP-independent periplasmic, and major
facilitator superfamily transporters for the uptake of aro-
matic compounds.’® These transporter systems vary in
selectivity and efficacy, with certain transporters exhibiting
high specificity for particular aromatic compounds, whereas
others possess wider substrate specificities. Thus, the selec-
tion of transporter systems for overexpression or heter-
ologous expression in engineered microbial strains based on

This journal is © The Royal Society of Chemistry 2025

LDACs to be transformed is of paramount importance. Wada
et al. (2021)"*° identified and characterized aromatic acid/H
+ symporters, such as PcaK, HenK, and Vank, in P. putida
KT2440, which are involved in the uptake of LDACs. In brief,
PcaK facilitates the uptake of PCA and 4-hydroxybenzoate,
HenK is involved in the uptake of ferulic acid and p-coumaric
acid, and VanK mediates the uptake of vanillic acid and
PCA.'*® Subsequently, co-expression of the transporter
protein HenK, vanillate-O-demethylase (VanAB), and 4-hydro-
xybenzoate hydroxylase (PobA) under the control of an auto-
regulatory system containing a biosensor resulted in the pro-
duction of 12.7 g L™" of PCA using ferulic acid and p-couma-
ric acid."®® In a recent study, utilizing transporter deletion
libraries, researchers identified various transport proteins in
Escherichia coli and Saccharomyces cerevisiae that are
responsible for transporting aromatic compounds, including
vanillin."*” These findings highlight the potential of
overexpressing or heterologously expressing these transpor-
ter proteins in industrially relevant bacterial strains to
enhance the efficiency of production of valuable compounds
from lignin.

4.4. Genome reduction

Genome reduction or streamlining focuses on the deletion of
genomic islands (GIs) acquired by microbes through horizon-

Green Chem., 2025, 27, 5920-5946 | 5933
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Genetic engineering targets to improve PHA production
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Fig. 4 Strategies to enhance PHA production in bacteria from lignin-derived aromatic compounds. Created using BioRender (https://BioRender.

com).

tal gene transfer, which are not essential for their survival or
metabolism. It offers genetic stability, enhanced growth, sim-
plified metabolic pathways,"*® improved adaptation to environ-
mental conditions,'*® enhanced substrate utilization, energy
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and redox balance and product yield. Advanced and high-
throughput computational technologies, such as comparative
genome analyses, metabolic modelling, and genome-scale
models, enable the prediction of minimal genes required for
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growth, biomass production, and target product synthesis.
Integration of experimental data into computational predic-
tions allows refining and accuracy for genome reduction in
industrially important strains. Homologous recombination
and CRISPR-mediated approaches are widely used to achieve
genome streamlining.”*® For example, the genome-reduced
P. putida EM383 strain, which had 4.3% of the reduced
genome of its parental strain P. putida KT-2440, showed better
tolerance to oxidative stress, stationary phase survival, biomass
production, and expression of heterologous genes."*’
Similarly, genome reduced P. putida KTU-U27Agcd expressing
phaC1, phaC2 and pyruvate dehydrogenase (acoA) under the
control of endogenous promoter P46, achieves 3.01 g L™ of
PHA using glucose as a substrate."**> Likewise, genome-
reduced P. putida KTU-U13 exhibited better degradation of
y-hexachlorocyclohexane and 1,2,3-trichloropropane through
the integration of degradation pathways into its chromosome.
In addition, compared to the wild-type strain, the genome-
reduced strain harbouring the plasmid with the zeaxanthin
biosynthesis pathway showed stable expression and zeaxanthin
production.'®® These findings underscore the importance of
genome reduction for improving PHA production. However,
the impact of genome reduction on PHA production from
lignin and LDACs remains to be evaluated.

4.5. Engineering cellular morphology

The morphology and growth behavior of the cell influence the
accumulation of intracellular products, and thus modification
through bacterial morphological engineering not only
enhances yield but also facilitates downstream isolation."**
Reducing the amount of peptidoglycan in the cell wall may allow
the cell membrane to soften and expand more easily to store
more products.’** Overexpression of a repressor gene (SulA),
which manipulates cell division, has been observed to block
normal binary cell division. This results in filamentation of the
cell, growth of cell size, and expansion of the space for storing
PHA."® Concomitantly, filamentation enables cells to intertwine
and settle under the influence of gravity, thereby facilitating the
subsequent separation of cells from the culture medium."®
Changing rod cell morphology to spherical cell morphology is
another way to reduce cell space limitations."*” Modulation of
cellular morphology and growth Kkinetics in Escherichia coli
JM109'*® and Pseudomonas mendocina NK-01"*° has been docu-
mented to enhance PHA production from glucose. Engineered
strains showed alterations in cellular morphology, characterized
by filamentous cells, and were accompanied by an extended log
phase, facilitating the production of more PHA over time com-
pared to the wild-type strains.

4.6. Adaptive laboratory evolution (ALE)

ALE is a widely used and simple method to enhance various
characteristics of industrially relevant bacteria. These enhance-
ments include growth, metabolic fitness, resistance, tolerance
to various chemicals, temperature, pH, substrate utilization,
and product yield. The evolved strains were developed by
growing the target bacteria under controlled laboratory con-
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ditions in the presence of specific test chemicals over 100—
1000 generations."**™**> Whole-genome sequencing and bioin-
formatics analysis were used to identify the adaptive mutations
and deletions responsible for the improved characteristics. In
addition to genetic and metabolic engineering, adaptive lab-
oratory evolution of bacterial strains involved in lignin valori-
zation has been found to increase their tolerance to LDACs,
eventually enhancing their degradation. Tolerance adaptive
laboratory evolution (TALE) of P. putida KT2440 by growing it
at higher concentrations of p-coumaric acid, ferulic acid and in
combination for 67 days has resulted in more tolerance, and
enhanced degradation by evolved strain than wild type.'*® A
recent investigation involved the ALE of P. putida ACB122, which
expressed vanAB genes regulated by P, promoter, using 20 mM
vanillate for approximately 60 days. The resulting evolved strains
demonstrated improved growth in vanillin-containing environ-
ments characterized by reduced lag phases. Additionally, the
introduction of specific amino acid substitutions, P133L, in a
LysR-type transcriptional regulator, A24P in vanB reductase, and
W15C in FghA hydrolase, led to enhanced growth in minimal
medium, where vanillate served as the sole carbon source.'**
Through a combination of genetic engineering and ALE,
researchers have developed P. putida strains that can utilize non-
native substrates to produce valuable compounds.'*>'*® A recent
study showed that an evolved Novosphingobium aromaticivorans
JMN123 strain can grow efficiently in the presence of 1 g L™
guaiacylglycerol-f-guaiacyl ether, a lignin dimer. Subsequent
whole-genome sequencing and proteomic analyses revealed the
involvement of hpvY, a f-HPV-processing enzyme that catalyzes
the conversion of p-hydroxypropiovanillone (8-HPV) into vanilloyl
acetaldehyde.'”

Recent developments in automated microbial culture
technologies and microfluidic devices have significantly
enhanced the efficiency and ease of the ALE.'*®'*° These
advancements allow the use of various chemicals, real-time
monitoring of microbial growth, and precise control over
growth parameters, and have made ALE easier and more
efficient. Microfluidic devices facilitate droplet-based
microbial culturing and advanced liquid handling, allowing
compartmentalization of individual cells within water-in-oil
droplets or beads for subsequent growth and analysis.'*® The
integration of these automated technologies streamlines the
experimental workflow and allows us to perform high-through-
put screening and simultaneous monitoring of multiple cul-
tures and efficient data collection. This not only accelerates
the speed of the entire process but also offers reproducible
results and selection of evolved strains.

4.7. Controlling monomeric composition of PHAs

The physical properties of polyhydroxyalkanoates (PHAs), includ-
ing their melting points and mechanical strengths, are heavily
influenced by their monomeric compositions. A significant chal-
lenge in producing PHAs from lignin and LDACs is achieving
homogeneity, which is critical for downstream applications,
market acceptance, and commercial viability. Certain P. putida
strains, such as B6-2, KT1.5, and KT3-1, can synthesize PHAs
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using p-hydroxybenzoic acid as a substrate. The resulting PHA
primarily consists of 3-hydroxydecanoate (63.1-67.8 mol%), fol-
lowed by 3-hydroxyoctanoate (14.6-17.2 mol%), 3-hydroxydode-
canoate (8-10.1 mol%), 3-hydroxytetradecanoate (7.4-7.6 mol%),
and 3-hydroxyhexanoate (1.7-2.1 mol%)."”" In contrast, PHAs
produced by B. cepacia B1-2 from p-hydroxybenzoic acid exhibited
a distinct monomeric composition dominated by 3-hydroxybuty-
rate (98.3 mol%), with minor contributions from 3-hydroxyocta-
decanoate (1 mol%) and 3-hydroxyhexadecanoate (0.7 mol%)."*"
Similarly, Halomonas sp. Y3 has been reported to produce PHAs
from LDACs such as vanillic acid, catechol, protocatechuate, and
p-hydroxybenzoic acid. The resulting polymer consists predomi-
nantly of (S)-3-hydroxybutyrate (90.25-91.67 mol%) and a smaller
fraction of (R)-3-hydroxybutyrate (8.33-9.48 mol%).">* This high-
lights the variability in PHA monomer composition, depending
on the bacterial strain used for production.

A recent study by Wang et al., demonstrated that co-feeding
carboxylic acids such as valeric acid, heptanoic acid, and octa-
noic acid with lignin monomers p-coumaric acid and ferulic
acid enhanced the monomeric homogeneity of PAHs.'*?
Notably, when heptanoic acid was co-fed with octanoic acid
and ferulic acid, the engineered P. putida APhaZ-AaldB::PhaC-
AFadBA, which overexpressed PhaC, Phaj4, and PhaG, pro-
duced PHAs with monomeric compositions of 89.5 mol% and
91.4 mol% 3-hydroxyheptanoate and 3-hydroxyoctanoate,
respectively. Under optimal feed-batch fermentation con-
ditions, 2.46 g L™' PHA with 80 mol% 3-hydroxyoctanoate
monomer composition was obtained from 12 g of p-coumaric
acid and 2 g of octanoic acid.'®® Most importantly, the co-
feeding of 1 g L™" octanoic acid with 30 g L™" dried corn stover
derived alkaline pretreated liquor (APL) resulted in production
of 0.93 g L™' of PHAs containing 3-hydroxyoctanoate as a
major monomer (85 mol%) followed by 3-hydroxydecanoate,
3-hydroxyhexanoate and 3-hydroxydodecanoate."®® These
encouraging findings underscore the importance of fatty acid
precursors for controlling the monomer composition and
enhancing production of PHA.

Fermentation temperature significantly influences the
monomer composition, thermal properties (including glass
transition temperature (7,) and melting temperature (Ty)),
and molecular weight of the produced PHAs. For instance,
when Cupriavidus sp. L7L was cultivated at 20 °C using levuli-
nate as a carbon source, and the resulting PHAs exhibited a
monomer composition of 3-hydroxybutyrate (45.1 mol%),
3-hydroxyvalerate (50.1 mol%), and 4-hydroxyvalerate
(4.8 mol%), with a molecular weight of ~4023 kDa. In contrast,
at a fermentation temperature of 35 °C, the monomer compo-
sition shifted to 3-hydroxybutyrate (66.2 mol%), 3-hydroxyvale-
rate (30.5 mol%), and 4-hydroxyvalerate (3.3 mol%), with a
reduced molecular weight of ~1924 kDa.'>* Substrate type and
incubation duration significantly affect the monomeric compo-
sition of polyhydroxyalkanoates (PHA). A study involving
Halomonas alkaliantarctica demonstrated this effect. When cul-
tivated on cheese whey substrate for 24 h, PHA consisting
solely of 3-hydroxybutyrate (3HB) monomers was produced.
However, extending the incubation period to 72 h resulted in
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PHA composition of 98.80 mol% 3HB and 1.20 mol% 3-hydro-
xyvalerate (3HV), respectively. Conversely, when cheese whey
mother liquor was used as the substrate, the monomeric com-
position of PHA remained constant, irrespective of the incu-
bation time.'*®> These findings underscore the importance of
carefully considering both substrate selection and fermenta-
tion duration in PHA production.

Genetic engineering of Halomonas sp. Y3 through the
expression of O-demethylases (desA and ligM) from
Sphingobium sp. SYK-6 enabled the biosynthesis of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) with a 3-hydroxy-
valerate (3HV) content of 8.44 mol% when syringic acid was
supplied as substrate."®® Further studies have demonstrated
that it can produce PHBV with 3HV compositions of
8.48 mol%, 9.11 mol%, and 9.46 mol%, using vanillic acid,
protocatechuate, and 4-hydroxybenzoic acid, respectively, as
carbon sources.'”® Notably, an engineered Halomonas sp.
Y3_18 strain co-expressing O-demethylases (desA and ligh!) and
p-hydroxybenzoate hydroxylase (pobA) achieved a 3HV content
of 7.88 mol% in PHBV when cultivated on a mixed substrate
system containing vanillic acid, 4-hydroxybenzoic acid, and
syringic acid.®® Similarly, a recombinant Halomonas sp.
Y3_coABTS strain overexpressing O-demethylases and laccase
exhibited a 3HV composition of 6.38 mol%,">® highlighting
that the monomeric composition of PHBV can be fine-tuned
based on the intended downstream applications.

4.8. Mining genomes and metagenomes for identification of
novel enzymes and pathways

The availability of whole-genome sequences of enormous
numbers of microbes, whole metagenome sequence data of
samples from diverse environmental niches such as forests,
wetlands, farmlands, and marine environments, advanced
bioinformatics tools, and machine learning approaches have
revolutionised our understanding of microbial lignin degra-
dation. Recent developments in bioinformatics pipelines and
open-access online tools have facilitated the rapid screening of
metagenomic assembled genomes (MAGs) to identify pre-
viously unidentified, unclassified, and uncultured microbes.">’
In a landmark study, Chen et al., demonstrated this potential
through a comprehensive analysis of 99 environmental meta-
genomes."*® This revealed 474 distinct gene families across the
samples involved in lignin depolymerisation, uptake, and cata-
bolism of LDACs.'*® Similarly, the assembly and analysis of
genomes from metagenomes enriched with switchgrass-
derived alkali lignin revealed the prevalence of numerous
enzymes and monolignol degradation pathways, especially
caffeic acid degradation pathways, in Actinobacteria_BY 70."*°
Although aerobic lignin degradation has been extensively
studied, anaerobic processes remain poorly understood. A
recent metagenomic study of coastal microbial communities
enriched with lignin in situ revealed the notable presence of
anaerobic bacteria capable of breaking down lignin."®® This
finding suggests that harnessing the unique metabolic path-
ways of these anaerobic microbes for heterologous expression
in industrially important PHA producers could further
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enhance PHA production from lignin via anaerobic fermenta-
tion. Various lignin-degrading enzymes and enzymes involved
in the metabolism of LDACs have been identified by mining
whole metagenomic data. For example, unique K-type small
laccases, O-type laccases,'®’ alkaline active feruloyl-CoA
synthetases,'®>'®® feruloyl-CoA hydratase-lyase,'®® enoyl-CoA
hydratase/aldolases.'®* Future studies on the heterologous
expression of metagenome-derived efficient enzymes and path-
ways in industrially important PHA-producing strains to
strengthen lignin degradation and the metabolism of LDACs
can advance lignin-based PHA production for scalable and sus-
tainable applications.

4.9. Co-culturing approaches for PHA production from lignin

Modern genetic engineering approaches enable the introduc-
tion of heterologous lignin-degrading enzymes and pathways
into target bacteria to enhance PHA production from lignin.
However, the processing of LDACs involves complex enzymatic
reactions and cofactors that can strain bacterial metabolism.
To address this issue, co-culturing bacteria offers a promising
solution by combining complementary metabolic capabilities
and mitigating the toxic effects of certain LDACs. Co-culturing
lignin-degrading strains with PHA-producing strains efficiently
converts aromatic compounds into PHA while broadening the
range of metabolizable lignin derivatives. This approach has
been practically successful. Co-culturing Rhodococcus opacus
PD630 and R. jostii RHA1 VanA~ strains improved lipid pro-
duction from corn stover lignin compared to single-strain
systems.'®®> Similarly, the co-cultivation of Citrobacter freundii
with Citrobacter sp.,"*® and Bacillus subtilis with Klebsiella pneu-
moniae synergistically enhanced lignin depolymerisation.'®”
Notably, co-culturing Halomonas sp. Y3_05 (engineered for
laccase overexpression) and Halomonas sp. Y3_08 (overexpressing
the PHA synthesis genes phad, phaB, and phaC) achieved 1.2 g
L™ PHA using alkaline-pretreated liquor, demonstrating its
industrial potential. Interestingly, the co-cultivation of Pleurotus
ferulae and Rhodotorula mucilaginosa'®® and white-rot fungi and
R. mucilaginosa enhanced lignin degradation by modulating the
expression of lignin-degrading enzymes."®® Although there is
limited research on developing co-culturing approaches for PHA
production from lignin, it holds promise for lignin-based biorefi-
neries. More research is required to make this approach suitable
for industrial-scale applications, especially the selection of com-
patible bacterial strains, the ratio of bacterial strains, and fermen-
tation conditions in conjunction with other engineering
approaches.

4.10. Other important factors should be considered for PHA
production from lignin

Apart from genetic and metabolic engineering, various other
factors also influence PHA production. Briefly, pH, salinity,
temperature, carbon-nitrogen (C/N), carbon-phosphate (C/P),
dissolved oxygen (DO), fermentation modes (batch, fed-batch,
feast-famine, solid state, and continuous), and the addition of
supplements greatly modulate PHA production.’”®'”! For
example, addition of supplements containing ligninolytic

This journal is © The Royal Society of Chemistry 2025

View Article Online

Critical Review

enzymes (laccase and aryl alcohol oxidase), mediators (for
example 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) and 1-hydroxybenzotriazole (HBT)) to enhance the
ligninolytic activity of enzymes, dimethyl sulfoxide (DMSO), non-
ionic surfactant Tween 80, and silica nanoparticles Aerosol R816
to fermentation medium resulted in the production of 4.5 g L
of polyhydroxybutyrate from alkaline pretreatment liquor by
Cupriavidus necator.®® A recent study demonstrated that supple-
menting glycerol in the fermentation medium improves the gene-
ration of the cofactor NADP' through the TCA cycle. Additionally,
the supply of NADPH was improved by chromosomal integration
and overexpression of pntAB, which encodes a membrane-associ-
ated proton-pumping counterpart under the control of the Py,
promoter. This optimization significantly enhanced the pro-
duction of the central metabolite PCA from ferulic acid and
p-coumaric acid through NADPH, which in turn led to increased
production of muconic acid in P. putida KT2440."7> A recent
study showed that supplementation of co-precursors such as hep-
tanoic and octanoic acids in the fermentation medium led to1.1
to 2.4 g L' PHA production by P. putida KTYY06 from ferulic
acid and p-coumaric acid."® These studies imply that PHA pro-
duction from lignin is influenced by the interplay of various
factors beyond genetic and metabolic engineering. Hence, it is
necessary to integrate engineering, depolymerization, and sup-
plementation strategies to harness maximum PHA yields from
lignin.

Notably, the fractionation of lignin from biomass signifi-
cantly affects its chemical structure, molecular weight, and
purity. Industries typically produce two main types of lignin:
sulfur-containing lignins, such as kraft lignin, lignosulfonates,
and hydrolyzed lignin, and sulfur-free lignins, such as organo-
solv and soda lignin. These lignins are obtained from various
biomasses using various methods, including physical, chemi-
cal, physicochemical, and biological processes. In addition,
several other techniques have been employed for lignin frac-
tionation, such as ball milling, steam explosion, ionic liquid-
based methods, deep eutectic solvent-based methods, enzy-
matic  treatments, and microbial pretreatment.'”*'"*
Furthermore, numerous research focus is on isolation of
lignin from biomass by preserving its native structure to
improve quality and depolymerization to produce aromatic
compounds for valorization.'”> Despite the availability of
various extraction methods, not all types of lignin have been
thoroughly assessed as substrates for polyhydroxyalkanoate
(PHA) production. Current research primarily focuses on kraft
lignin,"”*"”” alkaline lignin,”>""" organosolv lignin,"”® alkaline
pretreated liquor,>103111:151153,179,180 anq  ignin-containing
streams' "> 81'% for PHA synthesis. Among the types of lignin
used when alkaline pretreated liquor was used as the sub-
strate, more PHA production was observed (Table 1). Liu et al.
(2021) has developed “plug-in-processes of lignin” to produce
PHA using an engineered P. putida KT2440 from ammonia
fiber expansion lignin, dilute sulfuric acid pretreatment lignin,
steam explosion pretreatment lignin, liquid hot water pretreat-
ment lignin and sodium hydroxide pretreatment lignin
(Table 1) and the findings showed highest PHA production
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(ranging from 2.2-4.5 g L™").°" These studies highlight the
applicability of alkaline-pretreated liquor and pretreated lignin
as efficient substrates for PHA production, making them prom-
ising options for further research and development.

Research has shown that alkali sterilisation improves lignin
degradation, promotes the growth of Rhodococcus opacus
PD630, and increases lipid production compared with conven-
tional autoclave-based sterilisation.’®® This process involved
increasing the pH of the kraft lignin-containing growth
medium to 12.7 using NaOH, and then incubating at 180 rpm
for 24 h. This incubation facilitated the complete solubilisation
of lignin and sterilisation of the medium. After incubation, the
PH of the medium was aseptically adjusted to 7.2 using HCI, and
used for lipid production using R. opacus PD630. Subsequent
analysis revealed that this sterilisation strategy reduced the mole-
cular weight of kraft lignin and the formation of colloidal lignin
particles, leading to greater lignin degradation and the utilisation
of LDACs for lipid production by R. opacus PD630.'** Similarly, a
non-sterilised fermentation method was developed to produce
PHA from lignin and LDACs This process is suitable for alkali-
halophilic bacteria such as Halomonas sp. Y3, and Halomonas
alkalicola M2 which can grow at high NaCl concentrations
(ranging from 10-150 g L") and alkaline pH (ranging from
8-12).1°%18% Under these conditions, the most common con-
taminating bacteria do not grow, which enables us to skip the
conventional sterilisation process. Optimum lignin degradation
and PHA production by Halomonas sp. Y3 and H. alkalicola M2
were observed at pH 9.0 and 60 g L' NaCl and pH 10.0 and 50 g
L™ NaCl, respectively. The development of non-sterilization-
based fermentation methods is expected to reduce the energy-
intensive sterilization steps and requirements of facilities to
maintain aseptic conditions. The implementation of these
alternative sterilisation and non-sterilisation-based methods in
biorefineries will not only enhance the lignin degradation
efficacy and PHA production, but will also provide substantial
economic benefits by reducing the energy consumption for steri-
lisation and the requirements of facilities to maintain aseptic
conditions in bioproduction processes.

4.11. Prospects for using yeasts for bioconversion of lignin
and LDACs into PHA

Yeasts are widely accepted and versatile microbial cell factories
for the industrial production of therapeutic proteins, enzymes,
bioactive compounds, and biofuels.'3>8¢ Saccharomyces cerevi-
siae is an extensively studied model, alongside other species
such as Pichia pastoris, Hansenula polymorpha, Yarrowia
lipolytica,"®”"*®® Kluyveromyces lactis, Candida glabrata, and
Candida utilis."®® While wild-type strains do not naturally
produce PHA, and genetic engineering to express bacterial
PHA synthases has been shown to enable PHA production in
S. cerevisiae.'”°'°> However, researchers have identified that
wild-type yeasts with natural PHA-producing potential, includ-
ing Rhodotorula minuta,'®® Pichia kudriavzevii,’** and
Hanseniaspora valbyensis.'®> Chromosomal integration of PHA
biosynthesis genes (PhaA, PhaB1, and PhaC1), genes encoding
cellobiose-degrading enzymes derived from Neurospora crassa,
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and extrachromosomal expression of cellodextrin transporter
gene CDT-1 derived from N. crassa have enabled PHA pro-
duction from cellulosic substrates.*® Similarly, engineered
Rhodotorula glutinis expressing PhaA, B and C genes from
C. necator has been reported to produce 2.87 g L' PHA using
glycerol as carbon source.'®” Further research has shown that
the monomeric composition of PHA can be altered by expres-
sing different types of PHA synthase genes.'*?

A cold-adapted Rhodosporidiobolus colostri has been
reported for its ability to degrade and utilize LDACs, such as
ferulic acid, p-coumaric acid, and 4-hydroxybenzoic acid, at
low temperatures.'®® Similarly, Cutaneotrichosporon oleaginosus
contains ortho-cleavage pathways to metabolize phenol,
4-hydroxybenzoate, and resorcinol and produce lipids.'*®*%°
Rhodotorula mucilaginosa can grow on a medium containing
90% liquor derived from base-catalyzed depolymerization of a
lignin-rich stream from corn stover.”®" It is important to note
that researchers have engineered S. cerevisiae to utilize LDACs
to homoeriodictyol,?°® protocatechuic acid,?®® vanillin,>** and
fraxetin.>®® Briefly, in a recent study, researchers have engin-
eered S. cerevisiae by knocking out phosphoglycerate mutase
and chorismate mutase, integrating de novo biosynthetic path-
ways into its chromosome to transform mixture of ligno-
cellulosic biomass derived sugars and aromatic compounds
into vanillin.?*® These advances highlight that further inte-
gration of ortho- or meta-cleavage pathways in yeasts can
funnel LDACs into PHA production.

Since, yeasts such as S. cerevisiae, P. pastoris, Pichia methalo-
nica, K. lactis, and Y. lipolytica are widely used as expression
hosts for the heterologous production of lignin depolymerising
enzymes such as Lac, MnP, LiP, and VP.>*” Optimising enzyme
secretion pathways and integrating aromatic funnelling path-
ways into these strains could enable simultaneous lignin depo-
lymerisation and PHA synthesis. Compared to bacteria, yeast
cells are larger in size and can be separated from the fermenta-
tion medium by sedimentation which can reduce the cost of
downstream processing. Yeasts, especially S. cerevisiae, are
generally regarded as safe (GRAS), and PHA derived from yeast
requires fewer purification steps for food and biomedical
applications. Considering these advantages, well-developed
genetic and metabolic engineering tools, membrane transport
systems, protein secretory pathways, and proven industrial-
scale production processes,?®**° future studies should focus
on utilising yeast-based cell factories for the bioconversion of
lignin and LDACs into PHA. This may pave the way for efficient
lignin valorization and cost-effective production of PHA.

5. Challenges in purification of PHA

Although the production of PHA from lignin and lignin depo-
lymerization-derived aromatic compounds is viewed as an
economical approach, the extraction of PHA from microbial
biomass is associated with a high cost. The typical extraction
of PHA involves several key steps. 1. Biomass separation: col-
lection of microbial biomasses from the fermentation broth
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through centrifugation, filtration, or sedimentation. 2. Cell
lysis, removal of non-cellular PHA mass (NCPM) and PHA
recovery: pretreatment is necessary to lyse the cells and release
the PHA granules. Various techniques, including heating,
freezing, ball milling, sonication, high-pressure homogeniz-
ation, and chemical treatments using sodium hypochlorite,
detergents, non-ionic surfactants, or proteases, are
used. 3. PHA separation: after cell lysis, PHAs are recovered
from the lysate by liquid-liquid extraction using chlorinated
solvents or solvents, precipitation, filtration, sedimentation,
etc. 4. Purification of PHA: the steps involved redissolution of
PHA, bleaching by H,0, or ozone to deodorise, and removal of
residual contaminants.'’®?'%>!! Based on the intended appli-
cations of PHA, the purification steps may vary. To facilitate
the replacement of conventional plastics with PHA-based
materials, a reduction in the cost of PHA extraction and the
implementation of ecofriendly operation is required. As a
result, more attention has been paid to the development of
economical and environment-friendly extraction methods by
minimizing the use of detergents and solvents and opting for
less toxic solvents. At the same time, the non-cellular PHA mass
(NCPM) should be removed completely from the PHA, as it exhi-
bits immunogenicity. Recently, many eco-friendly methods have
been developed for PHA extraction and purification. For example,
PHA was extracted from Methylosinus trichosporium OB3b using
sodium hypochlorite for cell lysis, extraction using 1,3-dioxolane,
followed by precipitation of PHA by methanol as an antisolvent,
resulting in purity ranging from 99.2-99.4% and recovery rate
ranging from 85.5-92.1%.>' In a recent report, researchers have
demonstrated that application of crude protease extract from
Aspergillus oryzae for breaking Paraburkholderia sacchari cells fol-
lowed by extraction with 1,3-dioxolane for 6 h at 80 °C can extract
poly(3-hydroxybutyrate) with high recovery rate and purity.”'?
Heterologous expression of nuclease in Cupriavidus necator and
Delftia acidovorans reduces the viscosity of the cell lysate, which is
one of the factors necessitating the addition of more chemicals
or detergents for cell lysis.>'* Future studies on the application of
protease and nuclease for simultaneous lysis of cells with
reduction in viscosity could improve PHA recovery.

At the industrial scale, obtaining high-grade PHA involves
several key steps. First, acidification of cells containing PHA at
pH < 6.0, followed by high-pressure homogenization (500-1500
bar) to lyse the cells, and alkalisation of the cell extract by
adding sodium hydroxide/potassium hydroxide to increase pH >
9.0. After alkalisation, sodium dodecyl sulphate was added, and
the cell suspension containing PHA was diluted with water
(1:3). Then, the PHA suspension was concentrated by tangential
filtration, and a flocculating agent was added before orthogonal
filtration to obtain purified PHA. This method was developed by
Bio-On (Italy) and used for large-scale purification of PHA.>"> To
remove lipids and other contaminants from the microbial cells,
cells were washed with ethanol (a class III solvent that is con-
sidered to have low toxicity to humans) at room temperature and
air-dried to remove residual ethanol. PHA was then extracted
from the ethanol-washed and dried cells using an organic
solvent (preferably acetone, which is less toxic to humans).

This journal is © The Royal Society of Chemistry 2025
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Ethanol was used to precipitate PHA from the organic extract at
room temperature, followed by centrifugation or filtration to
collect the PHA and drying under vacuum, air, or desiccants.
Resulting PHA can be used for manufacturing medical
implants.>'® Venvirotech Biotechnology Sl has developed a sim-
plified method for PHA extraction from bacterial cells. This
process requires a minimal quantity of sodium hypochlorite for
cell lysis, followed by washing with water to eliminate water-
soluble contaminants from bacteria and sodium hypochlorite.
This was followed by PHA extraction using dimethyl carbonate
(low toxicity and high biodegradability) at 90 °C for 1 h with
intense stirring. The final step involves concentrating the PHA-
containing dimethyl carbonate fraction by rotary evaporation
and precipitation of PHA through the addition of cold metha-
nol.>"” A chlorine-free method for PHA extraction has been
developed, which involves acidifying microbial biomass, cell
lysis using a combination of NaOH + H,0,, and ethyl acetate
extraction to recover PHA from biomass.>'® However, this
method requires a high temperature (115 °C) and pressure (300
kPa), raising concerns about its industrial viability due to poten-
tial power consumption. It is presumed that the use of solvents
such as acetone or dimethyl carbonate may help reduce power
consumption during the extraction process.

Reducing costs related to PHA production and downstream
processing, as well as minimising the environmental impact,
are essential. Additionally, it is crucial to completely eliminate
the NCPM from the extracted PHA because any residual NCPM
may trigger immune responses. Overcoming these challenges
will pave the way for economically viable PHA production and
facilitate the transition from conventional plastic dependence
to PHA-based biodegradable plastics in various industries. The
pilot-scale production of PHAs from lignin or LDACs remains
underdeveloped. While established methods for PHA extrac-
tion can be applied to extract PHA produced by microbes
using these carbon sources, an additional washing step is
necessary to remove residual aromatic compounds and unuti-
lized lignin. We propose that alkalizing the fermentation
media to a pH of 9.0 or higher (most lignin is soluble at alka-
line pH) before collecting the bacterial biomass could effec-
tively solubilize lignin aggregates and cell-bound lignin. This
should be followed by an ethanol wash to eliminate lipids and
other contaminants before the recovery step. This approach
may enhance the overall efficiency of extraction and the purity
of the PHA produced from lignin-based substrates.

6. Techno-economic analysis (TEA)
of lignin to PHA conversion

Although the abundance and low cost of lignin and lignin-rich
streams from biorefineries make it an attractive renewable sub-
strate, PHA production from lignin is still in the early stage of
research, and most of the studies are limited to the laboratory
scale (Tables 1 and 2). Consequently, unlike PHA production
from standard carbon sources, comprehensive TEA for the
microbial transformation of lignin to PHA has not yet been

Green Chem., 2025, 27, 5920-5946 | 5939


https://doi.org/10.1039/d5gc00370a

Published on 24 dubna 2025. Downloaded on 24.02.2026 9:40:19.

Critical Review

conducted. TEA revealed that PHA production using citric mol-
asses as a carbon source by Cupriavidus necator, pretreatment
of bacterial biomass either by high-temperature (95 °C for
45 min) or high-pressure homogenisation (90 MPa), followed
by propylene carbonate extraction at a production cost of $
4.28 per kg. However, with high cell density fermentation
(140 g L™") and further scaling up of production, the cost
could be reduced to $ 2.71 per kg when the annual PHA pro-
duction reaches 10 000 kg.**® Similarly, TEA showed PHA pro-
duction by Ralstonia eutropha using carob pod extract in an
annular bioreactor, and the collection of PHB-containing
biomass by ceramic membrane separation offered an annual
production of 30267 tons with an annual revenue of
509.37 million $ and a pay-out period of 4.8 years.
Furthermore, this study revealed that the utilisation of carob
pod extract accounted for 14-16% of the production cost,
whereas using purified sugars as substrates accounted for 67%
of the total production cost.?*® This suggests that cheaper sub-
strates are crucial for reducing overall production -costs.
Similar to the cost of substrates, reduction of cost associated
with PHA extraction equally reduces the production cost sub-
stantially. For example, Rajendran and Han demonstrated that
the minimum selling price of PHA produced by Enterobacter
aerogenes using food waste hydrolysate was found to be 4.83 $
per kg, when the increasing biomass load to 30% and decreas-
ing chloroform usage during PHA extraction has lowered
minimum selling price to 2.41 $ per kg.**' In the case of
lignin-PHA production, TEA analysis evaluated plug-in pro-
cesses for producing PHA by P. putida using soluble lignin
streams derived from corn stover, and various pretreatment
methods in fed-batch mode in shake flask fermentation were
examined.®® Briefly, soluble lignin streams from ammonia
fibre expansion, steam explosion, hot water, sulfuric acid, and
NaOH pretreatments were used as substrates for PHA pro-
duction. Among these, lignin from ammonia fiber expansion
yielded the lowest estimated minimum selling price for PHA at
$6.18 per kg, followed by steam explosion ($6.82 per kg), liquid
hot water ($8.35 per kg), sulfuric acid ($9.58 per kg), and
sodium hydroxide ($11.99 per kg) pretreatments.®® Although
these prices currently exceed those of PHA derived from con-
ventional substrates, scaling up production, optimising fer-
mentation conditions, enhancing bacterial growth on lignin,
and applying laccase pretreatment to lignin streams could
reduce production costs and improve economic viability.
Ammonia fibre expansion lignin, in particular, shows promise
for further development owing to its competitive baseline cost.
Additionally, future studies are required to evaluate the TEA of
various lignin depolymerisation methods, the separation of
LDACs, and their use as carbon sources for PHA production.

7. Conclusion and future perspectives

The microbial conversion of lignin into PHA offers a promis-
ing opportunity for sustainable bioplastic production, poten-
tially addressing an alternative solution for mitigating the
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environmental concerns associated with conventional plastics.
Although extensive research and development has focused on
the isolation of lignin from biomass, depolymerization to
produce aromatic monomers, and their conversion into PHA
using microbes, several challenges still need to be addressed
to achieve industrial-scale implementation and ensure econ-
omic viability. First, it is important to develop eco-friendly
lignin isolation methods and improve the available methods
to preserve the native structure or minimize the structural
modifications of lignin, which is essential for subsequent
depolymerization and microbial bioconversion into PHA.
Enhancing depolymerization efficiency and monomer selecti-
vity is another vital area that requires further research and
development. Current methods for lignin depolymerization
yield a heterogeneous mixture of aromatic compounds, many
of which are difficult to metabolize or not readily metabolized
by microbes. Hence, improving the monomer selectivity of
depolymerization to produce a narrow range of aromatic com-
pounds would significantly improve PHA production. Many
microbes do not grow well using LDACs; therefore, it is necess-
ary to enhance the tolerance and growth of industrially impor-
tant PHA-producing strains. Genetic, metabolic, and protein
engineering approaches coupled with adaptive laboratory evol-
ution have shown potential in developing robust and efficient
microbial chassis capable of biotransforming LDACs into PHA
in industrially relevant yields. While numerous bacteria have
been documented to produce PHA, research on PHA pro-
duction from lignin and LDACs has been mainly centred on
P. putida KT440, with few studies on Halomonas species, and
other bacteria. Hence, future research should be broadened to
include other important bacteria and yeasts that produce PHA,
which could potentially enhance the efficiency of PHA pro-
duction from lignin. Developing economic and ecofriendly
downstream processing of PHA based on the desired appli-
cation is vital for the commercial viability and environmental
sustainability of the microbial transformation of lignin to
PHA. Currently, many PHA extraction methods depend on
detergents, solvents, and energy-intensive processes, which
compromise the overall sustainability of production. However,
recent developments in PHA extraction have demonstrated the
possibility of using mechanical methods for cell lysis and
green solvents for PHA extraction and purification. Further
research is required to improve the economic efficiency of this
process and minimize chemical usage. Continued research on
lignin fractionation, depolymerization, strain development,
fermentation strategies, and downstream processing is crucial
for producing PHA from lignin as a promising alternative to
conventional plastics. In addition, it is necessary to conduct
comprehensive life cycle assessments to understand the
environmental impact of PHA production using lignin- and
LDACs compared to conventional petroleum-based plastics
and other bio-based plastic alternatives. Continued research
on lignin fractionation, depolymerization, strain development,
fermentation strategies, and downstream processing is crucial
for producing PHA from lignin as a promising alternative to
conventional plastics. Ultimately, the successful development

This journal is © The Royal Society of Chemistry 2025
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of industrial-scale production of PHA using lignin could con-
tribute to circular bioeconomy and reduce dependence on con-
ventional plastics. In addition, it will maximize the utilization
of lignocellulose biomass and provide additional economic
benefits to biorefineries.

Data availability

No primary research results, software or code have been
included and no new data were generated or analysed as part
of this review.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the National Key R & D Program
of China (2023YFC3403600).

References

1 I. K. M. Yu and D. C. W. Tsang, Bioresour. Technol., 2017,
238, 716-732.

2 W. Sagues, H. Bao, J. Nemenyi and Z. Tong, ACS
Sustainable Chem. Eng., 2018, 6, 4958-4965.

3 S. Sethupathy, G. M. Morales, L. Gao, H. Wang, B. Yang,
J. Jiang, J. Sun and D. Zhu, Bioresour. Technol., 2022, 347,
126696.

4 A. Shrotri, H. Kobayashi and A. Fukuoka, in Advances in
Catalysis, ed. C. Song, Academic Press, 2017, vol. 60, pp.
59-123.

5 D. S. Bajwa, G. Pourhashem, A. H. Ullah and S. G. Bajwa,
Ind. Crops Prod., 2019, 139, 111526.

6 A.]. Ragauskas, G. T. Beckham, M. J. Biddy, R. Chandra,
F. Chen, M. F. Davis, B. H. Davison, R. A. Dixon, P. Gilna,
M. Keller, P. Langan, A. K. Naskar, J. N. Saddler,
T. J. Tschaplinski, G. A. Tuskan and C. E. Wyman, Science,
2014, 344, 1246843.

7 S. C. D. Eswaran, S. Subramaniam, U. Sanyal, R. Rallo and
X. Zhang, Sci. Data, 2022, 9, 647.

8 H. Kim, Q. Li, S. D. Karlen, R. A. Smith, R. Shi, J. Liu,
C. Yang, S. Tunlaya-Anukit, J. P. Wang, H.-M. Chang,
R. R. Sederoff, J. Ralph and V. L. Chiang, ACS Sustainable
Chem. Eng., 2020, 8, 3644-3654.

9 J. C. del Rio, J. Rencoret, A. Gutiérrez, T. Elder, H. Kim and
J. Ralph, ACS Sustainable Chem. Eng., 2020, 8, 4997-5012.

10 R. C. Sun, ChemSusChem, 2020, 13, 4385-4393.

11 Y. Wang, C. Gui, J. Wu, X. Gao, T. Huang, F. Cui, H. Liu
and S. Sethupathy, Front. Bioeng. Biotechnol., 2022, 10,
917459.

This journal is © The Royal Society of Chemistry 2025

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26
27

28

29

30

31

32

33

34

35

36
37

View Article Online

Critical Review

Y. Zhao, M. Abid, X. Xie, Y. Fu, Y. Huang, Z. Cai and
H. Lin, For. Res., 2024, 4, 333-340.

M. Kumar, J. Singh, M. K. Singh, A. Singhal and
I. S. Thakur, Environ. Sci. Pollut. Res. Int., 2015, 22, 15690-
15702.

C. T. Palumbo, E. T. Ouellette, J. Zhu, Y. Roman-Leshkov,
S. S. Stahl and G. T. Beckham, Nat. Rev. Chem., 2024, 8,
799-816.

C. Xu, R. A. Arancon, J. Labidi and R. Luque, Chem. Soc.
Rev., 2014, 43, 7485-7500.

E. Akaraonye, T. Keshavarz and I. Roy, J. Chem. Technol.
Biotechnol., 2010, 85, 732-743.

G. Keskin, G. Kizil, M. Bechelany, C. Pochat-Bohatier and
M. Oner, Pure Appl. Chem., 2017, 89, 1841-1848.

N. Kamimura, S. Sakamoto, N. Mitsuda, E. Masai and
S. Kajita, Curr. Opin. Biotechnol., 2019, 56, 179-186.

H.-Y. Jia, T. Xu, C. Wang, H.-W. Zhu, B.-Z. Li, Y.-J. Yuan
and Z.-H. Liu, Bioresour. Technol., 2025, 424, 132278.

P. A. Diankristanti, Y.-C. Lin, Y.-C. Yi and I S. Ng,
Bioresour. Technol., 2024, 393, 130149.

G. Suaria, C. G. Avio, A. Mineo, G. L. Lattin,
M. G. Magaldi, G. Belmonte, C. J. Moore, F. Regoli and
S. Aliani, Sci. Rep., 2016, 6, 37551.

C. Venancio, 1. Lopes and M. Oliveira, Chemosphere, 2022,
309, 136810.

B. Basak, O. Ince, N. Artan, N. Yagci and B. K. Ince,
Bioprocess Biosyst. Eng., 2011, 34, 1007-1016.

G. Montiel-Jarillo, J. Carrera and M. E. Suarez-Ojeda, Sci.
Total Environ., 2017, 583, 300-307.

D.-C. Meng, R. Shen, H. Yao, J.-C. Chen, Q. Wu and
G.-Q. Chen, Curr. Opin. Biotechnol., 2014, 29, 24-33.
Z.Li,]. Yang and X. J. Loh, NPG Asia Mater., 2016, 8, €265.
E. N. Pederson, C. W. McChalicher and F. Srienc,
Biomacromolecules, 2006, 7, 1904-1911.

C. T. Nomura, T. Tanaka, Z. Gan, K. Kuwabara, H. Abe,
K. Takase, K. Taguchi and Y. Doi, Biomacromolecules,
2004, 5, 1457-1464.

R. Mitra, T. Xu, H. Xiang and ]J. Han, Microb. Cell Fact.,
2020, 19, 86.

Y. Lee, L. J. Cho, S. Y. Choi and S. Y. Lee, Biotechnol. J.,
2019, 14, 1800426.

D. A. Gregory, C. S. Taylor, A. T. R. Fricker, E. Asare,
S. S. V. Tetali, J. W. Haycock and I. Roy, Trends Mol. Med.,
2022, 28, 331-342.

D. M. Miu, M. C. Eremia and M. Moscovici, Materials,
2022, 15, 1410.

E. I. Shishatskaya and T. G. Volova, J. Mater. Sci.: Mater.
Med., 2004, 15, 915-923.

E. L. Shishatskaya, E. D. Nikolaeva, O. N. Vinogradova and
T. G. Volova, J. Mater. Sci. Mater. Med., 2016, 27, 165.

R. Sodian, J. S. Sperling, D. P. Martin, A. Egozy, U. Stock,
J. E. Mayer and ]. P. Vacanti, Tissue Eng., 2000, 6, 183-188.
I. Ali and N. Jamil, Front. Biol., 2016, 11, 19-27.

R. Nigmatullin, P. Thomas, B. Lukasiewicz, H. Puthussery
and I. Roy, J. Chem. Technol. Biotechnol., 2015, 90, 1209-
1221.

Green Chem., 2025, 27, 5920-5946 | 5941


https://doi.org/10.1039/d5gc00370a

Published on 24 dubna 2025. Downloaded on 24.02.2026 9:40:19.

Critical Review

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

S. Sethupathy, R. Xie, N. Liang, R. M. B. Shafreen,
M. Y. Ali, Z. Zhuang, L. Zhe, Zahoor, Y.-C. Yong and
D. Zhu, Int. J. Biol. Macromol., 2023, 253, 127117.

J. L. Jiménez, B. Minambres, J. L. Garcia and E. Diaz, Appl.
Environ. Microbiol., 2002, 4, 824-841.

C. Weng, X. Peng and Y. Han, Biotechnol. Biofuels, 2021,
14, 84.

W. Wang, C. Zhang, X. Sun, S. Su, L. Qiang and
R. Linhardt, World J. Microbiol. Biotechnol., 2017, 33,
125.

D.-H. Jung, E.-J. Kim, E. Jung, R. J. Kazlauskas, K.-Y. Choi
and B.-G. Kim, Biotechnol. Bioeng., 2016, 113, 1493-1503.
J. Gu, Q. Qiu, Y. Yu, X. Sun, K. Tian, M. Chang, Y. Wang,
F. Zhang and H. Huo, Biotechnol. Biofuels Bioprod., 2024,
17, 2.

W. Yang, H. Tang, J. Ni, Q. Wu, D. Hua, F. Tao and P. Xu,
PLoS One, 2013, 8, €67339.

N. ]J. Gallage, E. H. Hansen, R. Kannangara, C. E. Olsen,
M. S. Motawia, K. Jergensen, I. Holme, K. Hebelstrup,
M. Grisoni and B. L. Mgller, Nat. Commun., 2014, 5, 4037.
S. Fujimaki, S. Sakamoto, S. Shimada, K. Kino and
T. Furuya, Appl. Environ. Microbiol., 2024, 90, €0023324.

D. Zhu, H. Si, P. Zhang, A. Geng, W. Zhang, B. Yang,
W. J. Qian, M. Gabriel and J. Sun, Biotechnol. Biofuels,
2018, 11, 338.

R. Morya, M. Kumar, V. Kumar and 1. S. Thakur, Environ.
Technol. Innovation, 2021, 23, 101695.

R. Morya, M. Kumar, S. S. Singh and I. S. Thakur,
Biotechnol. Biofuels, 2019, 12, 277.

Z.-H. Liu, H. Liu, T. Xu, Z.-M. Zhao, A. ]J. Ragauskas,
B.-Z. Li, J. S. Yuan and Y.-J. Yuan, Renewable Sustainable
Energy Rev., 2025, 211, 115296.

F. Brienza, D. Cannella, D. Montesdeoca, I. Cybulska and
D. P. Debecker, RSC Sustainability, 2024, 2, 37-90.

K. S. K. Teo, K. Kondo, K. Saito, Y. Iseki, T. Watanabe,
T. Nagata and M. Katahira, Green Chem., 2023, 25, 7682-
7695.

L. Konig-Mattern, A. O. Komarova, A. Ghosh, S. Linke,
L. K. Rihko-Struckmann, J. Luterbacher and
K. Sundmacher, Chem. Eng. J., 2023, 452, 139476.

Z. Sumer and R. C. Van Lehn, ACS Sustainable Chem. Eng.,
2023, 11, 187-198.

L. Konig-Mattern, E. I. S. Medina, A. O. Komarova,
S. Linke, L. Rihko-Struckmann, J. S. Luterbacher and
K. Sundmacher, Chem. Eng. J., 2024, 495, 153524.

Z. Sun, B. Fridrich, A. de Santi, S. Elangovan and K. Barta,
Chem. Rev., 2018, 118, 614-678.

Z. Wu, Y. Jiang, X. Wang, J. Xu and L. Hu, Biomass
Convers. Biorefin., 2022, 13, 16667-16683.

E. D. Gomes, M. L. Mota and A. E. Rodrigues, Sep. Purif.
Technol., 2018, 194, 256-264.

A. G. Rios, C. A. E. Costa, A. M. Ribeiro, A. E. Rodrigues
and A. F. P. Ferreira, J. Chem. Eng. Data, 2024, 69, 3660—
3667.

J. M. Perez, C. Sener, S. Misra, G. E. Umana, J. Coplien,
D. Haak, Y. Li, C. T. Maravelias, S. D. Karlen, ]J. Ralph,

5942 | Green Chem., 2025, 27, 5920-5946

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

View Article Online

Green Chemistry

T. J. Donohue and D. R. Noguera, Green Chem., 2022, 24,
2795-2811.

Z.-H. Liu, N. Hao, Y.-Y. Wang, C. Dou, F. Lin, R. Shen,
R. Bura, D. B. Hodge, B. E. Dale, A. J. Ragauskas, B. Yang
and J. S. Yuan, Nat. Commun., 2021, 12, 3912.

D. Gao, D. Ouyang and X. Zhao, Green Chem., 2022, 24,
8585-8605.

X. Liu, Y. Wang and H. Duan, Precis. Chem., 2024, 2, 428-446.
L. M. Lindenbeck, V. C. Barra, B. B. Beele,
B. V. M. Rodrigues and A. Slabon, Adv. Energy
Sustainability Res., 2024, 5, 2400130.

Y. Wang, F. Yang, Z. H. Liu, L. Yuan and G. Li, Catal.
Commun., 2015, 67, 49-53.

K. Yan, Y. Zhang, M. Tu and Y. Sun, Energy Fuels, 2020,
34,12703-12709.

M. Zirbes, L. L. Quadri, M. Breiner, A. Stenglein,
A. Bomm, W. Schade and S. R. Waldvogel, ACS Sustainable
Chem. Eng., 2020, 8, 7300-7307.

T. Riicker, T. Pettersen, H. Graute, B. Wittgens, T. Grafdl
and S. R. Waldvogel, ACS Sustainable Chem. Eng., 2024, 12,
11283-11296.

W. K. Chang, J. Yoon and M. K. Oh, Biotechnol. Bioprocess
Eng., 2022, 27, 268-275.

A. Priya, Z. Hathi, M. A. Haque, S. Kumar, A. Kumar,
E. Singh and C. S. K. Lin, Environ. Res., 2022, 214, 114001.
D. S. R. Cha, H. S. Ha and S. K. Lee, Bioresour. Technol.,
2020, 309, 123332.

J. Chen, W. Li, Z. Z. Zhang, T. W. Tan and Z. J. Li, Microb.
Cell Fact., 2018, 17, 102.

S. Yang, S. Li and X. Jia, J. Ind. Microbiol. Biotechnol., 2019,
46, 793-800.

M. Christensen, P. Jablonski, B. Altermark, K. Irgum and
H. Hansen, Microb. Cell Fact., 2021, 20, 225.

M. Catherine, J. Massanet-Nicolau, A. Guwy and G. Lloyd,
Bioresour. Technol. Rep., 2024, 25, 101769.

J. K. Park, J. M. Jeon, Y. H. Yang, S. H. Kim and ]. J. Yoon,
Int. J. Biol. Macromol., 2024, 254, 127475.

R. Weiss, G. M. Guebitz, A. Pellis and G. S. Nyanhongo,
Trends Biotechnol., 2020, 38, 1215-1231.

L. M. L. K. Curran, L. T. M. Pham, K. L. Sale and
B. A. Simmons, Biotechnol. Adv., 2021, 107809.

T. D. H. Bugg, Chem. Commun., 2024, 60, 804-814.

R. R. Singhania, A. K. Patel, T. Raj, C.-W. Chen,
V. K. Ponnusamy, N. Tahir, S.-H. Kim and C.-D. Dong,
Fuel, 2022, 311, 122608.

M. U. Rahman, M. W. Ullah, K. F. Alabbosh, J. A. Shah,
N. Muhammad, Zahoor, S. W. A. Shah, S. Nawab,
S. Sethupathy, S. A. Abdikakharovich, K. A. Khan,
N. Elboughdiri and D. Zhu, Int. J. Biol. Macromol., 2024,
281, 136383.

T. D. H. Bugg, R. RahmanPour and G. M. M. Rashid, in
Production of Biofuels and Chemicals from Lignin, ed. Z.
Fang and R. Smith Jr.,, Springer, Singapore, 2016,
pp. 131-146, DOI: 10.1007/978-981-10-1965-4_5.

Q. Peng, L. Lin, Q. Tu, X. Wang, Y. Zhou, J. Chen, N. Jiao
and J. Zhou, mSystems, 2023, 8, €0128322.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1007/978-981-10-1965-4_5
https://doi.org/10.1039/d5gc00370a

Published on 24 dubna 2025. Downloaded on 24.02.2026 9:40:19.

Green Chemistry

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

This

J. Chen, L. Lin, Q. Tu, Q. Peng, X. Wang, C. Liang, J. Zhou
and X. Yu, Mol. Ecol. Resour., 2024, 24, €13950.

G. M. M. Rashid and T. D. H. Bugg, Catal. Sci. Technol.,
2021, 11, 3568-3577.

A. Alruwaili, G. M. M. Rashid and T. D. H. Bugg, Green
Chem., 2023, 25, 3549-3560.

C. Zhao, S. Xie, Y. Py, R. Zhang, F. Huang, A. J. Ragauskas
and J. S. Yuan, Green Chem., 2016, 18, 1306-1312.

S. Xie, Q. Sun, Y. Pu, F. Lin, S. Sun, X. Wang,
A. J. Ragauskas and J. S. Yuan, ACS Sustainable Chem.
Eng., 2017, 5, 2215-2223.

M. Li and M. Wilkins, Bioresour. Technol., 2020, 299, 122676.
M. Zhou, O. A. Fakayode, M. Ren, H. Li, ]J. Liang,
A. E. A. Yagoub, Z. Fan and C. Zhou, Bioresour. Bioprocess.,
2023, 10, 21.

E. Liu, M. I. V. Mercado, F. Segato and M. R. Wilkins,
Enzyme Microb. Technol., 2023, 174, 110392.

E. Liu, F. Segato, R. A. Prade and M. R. Wilkins, Bioresour.
Technol., 2021, 338, 125564.

J. C. Chan, B. Zhang, M. Martinez, B. Kuruba, J. Brozik,
C. Kang and X. Zhang, Enzyme Microb. Technol., 2021, 150,
109890.

L. H. Cao, L. Lin, H. Sui, H. Wang, Z. Zhang, N. Jiao and
J. Zhou, Green Chem., 2021, 23, 2079-2094.

Y. Q. Li, M. ]J. Wang and C. B. Luo, Bioresour. Technol.,
2023, 370, 128526.

K. Gesing, F. Lenz, S. Schreiber, M. Kasimir, H.-U. Humpf
and J. Jose, ChemCatChem, 2024, 16, €202301055.

C. Liang, L. Lin, T. Xu, G. Kang, Z.-H. Liu and B.-Z. Li,
Proc. Natl. Acad. Sci. U. S. A., 2025, 122, 2417343122

V. Mishyn, L. Abdallah, N. G. G. Carducci, J. Floret,
D. P. Hickey and S. Abdellaoui, ACS Catal., 2023, 13,
16258-16265.

V. Mishyn, J. Floret, B. Chabbert, V. Aguié-Béghin,
D. Cronier, N. G. G. Carducci, D. P. Hickey and
S. Abdellaoui, ChemCatChem, 2024, 17, €202401537.

C.-Y. Chang and P. Gupta, J. Chem. Technol. Biotechnol.,
2023, 98, 1312-1320.

C. Chang and P. Gupta, Biomacromolecules, 2023, 24,
1220-1232.

C.-P. Chang and P. Gupta, Int. J. Biol. Macromol., 2023,
127631.

W. Tu, D. Zhang and H. Wang, Waste Manage., 2019, 96,
149-157.

G. Fuchs, M. Boll and J. Heider, Nat. Rev. Microbiol., 2011,
9, 803-816.

J. G. Linger, D. R. Vardon, M. T. Guarnieri, E. M. Karp,
G. B. Hunsinger, M. A. Franden, C. W. Johnson, G. Chupka,
T. J. Strathmann, P. T. Pienkos and G. T. Beckham, Proc.
Natl. Acad. Sci. U. S. A., 2014, 111, 12013-12018.

S. M. Clarkson, R. ]J. Giannone, D. M. Kridelbaugh,
J. G. Elkins, A. M. Guss and J. K. Michener, Appl. Environ.
Microbiol., 2017, 83, e01313-17.

C. C. Goncalves, T. Bruce, C. D. O. G. Silva, E. X. F. Fillho,
E. F. Noronha, M. Carlquist and N. S. Parachin, Front.
Microbiol., 2020, 11, 1081.

journal is © The Royal Society of Chemistry 2025

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

View Article Online

Critical Review

M. Kumar, S. You, J. Beiyuan, G. Luo, J. Gupta, S. Kumar,
L. Singh, S. Zhang and D. C. W. Tsang, Bioresour. Technol.,
2021, 320, 124412.

Y. J. Sohn, J. Son, H. J. Lim, S. H. Lim and S. J. Park,
Bioresour. Technol., 2022, 360, 127575.

T. T. Loan, D. T. Q. Trang, P. Q. Huy, P. X. Ninh and
D. Van Thuoc, Biotechnol. Rep., 2022, 33, €00700.

C.-B. Luo, H.-C. Li, D.-Q. Li, T.-T. You, H. Nawaz and
F. Xu, Ind. Crops Prod., 2023, 194, 116309.

J. Mozejko-Ciesielska, K. Szacherska and P. Marciniak,
J. Polym. Environ., 2019, 27, 1151-1166.

D. Salvachta, T. Rydzak, R. Auwae, A. De Capite,
B. A. Black, J. T. Bouvier, N. S. Cleveland, J. R. Elmore,
J. D. Huenemann, R. Katahira, W. E. Michener,
D. ]J. Peterson, H. Rohrer, D. R. Vardon, G. T. Beckham
and A. M. Guss, Microb. Biotechnol., 2020, 13, 290-298.

C. W. Johnson and G. T. Beckham, Metab. Eng., 2015, 28,
240-247.

B. Brown, C. Immethun, A. Alsiyabi, D. Long, M. Wilkins
and R. Saha, Metab. Eng. Commun., 2022, 14, e00191.

M. Kohlstedt, S. Starck, N. Barton, ]J. Stolzenberger,
M. Selzer, K. Mehlmann, R. Schneider, D. Pleissner,
J. Rinkel, J. S. Dickschat, J. Venus, J. B. J. H. van Duuren
and C. Wittmann, Metab. Eng., 2018, 47, 279-293.

F. Zhao, X. Liu, A. Kong, Y. Zhao, X. Fan, T. Ma, W. Gao,
S. Wang and C. Yang, Sci. Rep., 2019, 9, 1798.

C. Liu, X. Wang, H. Yang, C. Liu, Z. Zhang and G. Chen,
Int. J. Biol. Macromol., 2021, 187, 675-682.

P. Calero, S. L. Jensen and A. T. Nielsen, ACS Synth. Biol.,
2016, 5, 741-753.

S. Paul, K. Olymon, G. S. Martinez, S. Sarkar,
V. R. Yella and A. Kumar, J. Chem. Inf. Model., 2024, 64,
2705-2719.

K. Xu, S. Yu, K. Wang, Y. Tan, X. Zhao, S. Liu, J. Zhou and
X. Wang, ACS Synth. Biol., 2024, 13, 402-407.

J. Lin, X. Wang, T. Liu, Y. Teng and W. Cui, ACS Synth.
Biol., 2024, 13, 1513-1522.

M. Zhao, Z. Yuan, L. Wu, S. Zhou and Y. Deng, ACS Synth.
Biol., 2022, 11, 92-102.

I. Mutanda, J. Sun, J. Jiang and D. Zhu, Biotechnol. Adv.,
2022, 59, 107952.

A. Wada, E. T. Prates, R. Hirano, A. Z. Werner,
N. Kamimura, D. A. Jacobson, G. T. Beckham and
E. Masai, Metab. Eng., 2021, 64, 167-179.

J. Li, C. Yue, W. Wei, Y. Shang, P. Zhang and B. C. Ye,
Bioresour. Technol., 2022, 344, 126221.

J. Saez-Saez, L. J. Munro, 1. Mgller-Hansen, D. B. Kell and
1. Borodina, Microb. Biotechnol., 2024, 17, €14460.

N. LeBlanc and T. C. Charles, Front. Genome Ed., 2022, 4,
957289.

M. Baumgartner, S. Roffler, T. Wicker and ]. Pernthaler,
ISME J., 2017, 11, 2258-2266.

K. Kim, D. Choe, S. Cho, B. Palsson and B. K. Cho, Trends
Biotechnol., 2024, 42, 1048-1063.

E. Martinez-Garcia, P. 1. Nikel, T. Aparicio and V. de
Lorenzo, Microb. Cell Fact., 2014, 13, 159.

Green Chem., 2025, 27, 5920-5946 | 5943


https://doi.org/10.1039/d5gc00370a

Published on 24 dubna 2025. Downloaded on 24.02.2026 9:40:19.

Critical Review

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

H. Liu, Y. Chen, Y. Zhang, W. Zhao, H. Guo, S. Wang,
W. Xia, S. Wang, R. Liu and C. Yang, Int. J. Biol
Macromol., 2022, 209, 117-124.

P. Liang, Y. Zhang, B. Xu, Y. Zhao, X. Liu, W. Gao, T. Ma,
C. Yang, S. Wang and R. Liu, Microb. Cell Fact., 2020, 19,
70.

W. Jiang, H. Gao, J. Sun, X. Yang, Y. Jiang, W. Zhang,
M. Jiang and F. Xin, Biotechnol. Adv., 2022, 60, 108004.

Y. Wang, H. Wu, X. Jiang and G. Q. Chen, Metab. Eng.,
2014, 25, 183-193.

D. Tan, Q. Wu, J. C. Chen and G. Q. Chen, Metab. Eng.,
2014, 26, 34-47.

X.-R. Jiang, H. Wang, R. Shen and G.-Q. Chen, Metab.
Eng., 2015, 29, 227-237.

H. Wu, J. Chen and G. Q. Chen, Appl Microbiol.
Biotechnol., 2016, 100, 9907-9916.

F. Zhao, T. Gong, X. Liu, X. Fan, R. Huang, T. Ma,
S. Wang, W. Gao and C. Yang, Appl. Microbiol. Biotechnol.,
2019, 103, 1713-1724.

T. E. Sandberg, M. ]. Salazar, L. L. Weng, B. O. Palsson
and A. M. Feist, Metab. Eng., 2019, 56, 1-16.

Y. Wu, A. Jameel, X. H. Xing and C. Zhang, Trends
Biotechnol., 2022, 40, 38-59.

G. Wang, Q. Li, Z. Zhang, X. Yin, B. Wang and X. Yang,
J. Ind. Microbiol. Biotechnol., 2023, 50, kuac023.

E. T. Mohamed, A. Z. Werner, D. Salvachua, C. A. Singer,
K. Szostkiewicz, M. R. Jiménez-Diaz, T. Eng, M. S. Radi,
B. A. Simmons, A. Mukhopadhyay, M. ]. Herrgard,
S. W. Singer, G. T. Beckham and A. M. Feist, Metab. Eng.
Commun., 2020, 11, €00143.

A. C. Bleem, E. Kuatsjah, J. Johnsen, E. T. Mohamed,
W. G. Alexander, Z. A. Kellermyer, A. L. Carroll, R. Rossi,
L. B. Schlander, V. G. Peabody, A. M. Guss, A. M. Feist and
G. T. Beckham, Metab. Eng., 2024, 84, 145-157.

C. Ling, G. L. Peabody, D. Salvachtia, Y. M. Kim,
C. M. Kneucker, C. H. Calvey, M. A. Monninger,
N. M. Munoz, B. C. Poirier, K. J. Ramirez, P. C. St John,
S. P. Woodworth, J. K. Magnuson, K. E. Burnum-Johnson,
A. M. Guss, C. W. Johnson and G. T. Beckham, Nat.
Commun., 2022, 13, 4925.

P. Dvorak, B. Buryskova, B. Popelafova, B. E. Ebert,
T. Botka, D. Bujdos$, A. Sanchez-Pascuala, H. Schottler,
H. Hayen, V. de Lorenzo, L. M. Blank and M. Benesik, Nat.
Commun., 2024, 15, 2666.

M. N. Allemann, R. Kato, D. L. Carper, L. H. Hochanadel,
W. G. Alexander, R. J. Giannone, N. Kamimura, E. Masai
and J. K. Michener, Appl. Environ. Microbiol., 2025, 91,
€02081.

A. E. Zoheir, C. Stolle and K. S. Rabe, Appl. Microbiol.
Biotechnol., 2024, 108, 162.

A. V. Nguyen, M. Yaghoobi, S. Zhang, P. Li, Q. Li,
B. Dogan, G. P. Ahnrud, G. Flock, P. Marek,
K. W. Simpson and A. Abbaspourrad, Small, 2024,
€2306974.

X.-D. Zhu, X. Shi, S.-W. Wang, J. Chu, W.-H. Zhu, B.-C. Ye,
P. Zuo and Y.-H. Wang, RSC Adv., 2019, 9, 4507-4513.

5944 | Green Chem., 2025, 27, 5920-5946

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

View Article Online

Green Chemistry

T. Xu, Q.-]. Zong, H. Liu, L. Wang, Z.-H. Liu, B.-Z. Li and
Y.-J. Yuan, Bioresour. Technol., 2022, 358, 127383.
H. Tang, M.-J. Wang, X.-F. Gan and Y.-Q. Li, Bioresour.
Technol., 2022, 362, 127837.
C. Wang, R.-Y. Liu, T. Xu, Z.-H. Liu, B.-Z. Li and Y.-]. Yuan,
ACS Sustainable Chem. Eng., 2024, 12, 8402-8414.
D.-S. Sheu, Y.-L. L. Chen, W.-J. Jhuang, H.-Y. Chen and
W.-N. Jane, Int. J. Biol. Macromol., 2018, 118, 1558-1564.
J. Mozejko-Ciesielska, K. Moraczewski, S. Czaplicki and
V. Singh, Sci. Rep., 2023, 13, 22289.
H. Tang, Y. Q. Li, M. J. Wang, Y. Wang and C. B. Luo,
Int. J. Biol. Macromol., 2023, 249, 126079.
D. Bai, T. Chen, J. Xun, C. Ma, H. Luo, H. Yang, C. Cao,
X. Cao, J. Cui, Y.-P. Deng, Z. Deng, W. Dong, W. Dong,
J. Du, Q. Fang, W. Fang, Y. Fang, F. Fu, M. Fu, Y.-T. Fu,
H. Gao, ]J. Ge, Q. Gong, L. Gu, P. Guo, Y. Guo, T. Hai,
H. Liu, J. He, Z.-Y. He, H. Hou, C. Huang, S. Ji, C. Jiang,
G.-L. Jiang, L. Jiang, L. N. Jin, Y. Kan, D. Kang, J. Kou,
K.-L. Lam, C. Li, C. Li, F. Li, L. Li, M. Li, X. Li, Y. Li,
Z.-T. Li, J. Liang, Y. Lin, C. Liu, D. Liu, F. Liu, J. Liu,
T. Liu, T. Liu, X. Liu, Y. Liu, B. Liu, M. Liu, W. Lou,
. Luan, Y. Luo, H. Lv, T. Ma, Z. Mai, J. Mo, D. Niu,
. Pan, H. Qi, Z. Shi, C. Song, F. Sun, Y. Sun, S. Tian,
. Wan, G. Wang, H. Wang, H. Wang, H. Wang, J. Wang,
Wang, K. Wang, L. Wang, S.-K. Wang, X. Wang,
. Wang, Z. Xiao, H. Xing, Y. Xu, S.-Y. Yan, L. Yang,
S. Yang, Y. Yang, X. Yao, S. Yousuf, H. Yu, Y. Lei, Z. Yuan,
M. Zeng, C. Zhang, C. Zhang, H. Zhang, ]J. Zhang,
N. Zhang, T. Zhang, Y.-B. Zhang, Y. Zhang, Z. Zhang,
M. Zhou, Y. Zhou, C. Zhu, L. Zhu, Y. Zhu, Z. Zhu, H. Zou,
A. Zuo, W. Dong, T. Wen, S. Chen, G. Li, Y. Gao and
Y.-X. Liu, iMeta, 2025, 4, €70001.
J. Chen, L. Lin, Q. Tu, Q. Peng, X. Wang, C. Liang, J. Zhou
and X. Yu, Mol. Ecol. Resour., 2024, 24, €13950.
V. P. Balestrini, O. H. B. Pinto, B. A. Simmons,
J. M. Gladden, R. H. Kriiger and B. F. Quirino, Curr. Res.
Microb. Sci., 2024, 7, 100302.
Q. Peng and L. Lin, Biotechnol. Biofuels Bioprod., 2025, 18,
9.
D. J. Levy-Booth, L. E. Navas, M. M. Fetherolf, L.-Y. Liu,
T. Dalhuisen, S. Renneckar, L. D. Eltis and W. W. Mohn,
ISME J., 2022, 16, 1944-1956.
V. Sodré, J. N. Araujo, T. A. Goncalves, N. Vilela,
A. S. K. Braz, T. T. Franco, M. de Oliveira Neto,
A. R. D. L. Damasio, W. Garcia and F. M. Squina, PLoS
One, 2019, 14, e0212629.
T. A. Goncalves, V. Sodré, S. N. da Silva, N. Vilela,
G. Tomazetto, J. N. Araujo, J. R. C. Muniz, T. P. Fill,
A. Damasio, W. Garcia and F. M. Squina, Appl. Microbiol.
Biotechnol., 2022, 106, 2503-2516.
E. C. Moraes, T. M. Alvarez, G. F. Persinoti, G. Tomazetto,
L. B. Brenelli, D. A. A. Paixdo, G. C. Ematsu, J. A. Aricetti,
C. Caldana, N. Dixon, T. D. H. Bugg and F. M. Squina,
Biotechnol. Biofuels, 2018, 11, 75.
Y. He, X. Li, H. Ben, X. Xue and B. Yang, ACS Sustainable
Chem. Eng., 2017, 5, 2302-2311.

<KX N K

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5gc00370a

Published on 24 dubna 2025. Downloaded on 24.02.2026 9:40:19.

Green Chemistry

166

167

168

169

170

171

172

173

174

175
176

177

178

179

180

181

182

183

184

185

186

187

188

189

This

R. Chandra and R. N. Bharagava, J. Environ. Biol., 2013,
34, 991.

S. Yadav and R. Chandra, J. Environ. Sci., 2015, 33, 229—
238.

H. Wang, L. Peng, Z. Ding, J]. Wu and G. Shi, Process
Biochem., 2015, 50, 901-905.

Q. Zhang, Q. Wang, H. Chen, L. Chen, F. Wang, Z. Gu,
G. Shi, L. Liu and Z. Ding, Microbiol. Res., 2024, 280, 127575.
M. Li and M. R. Wilkins, Int. J. Biol. Macromol., 2020, 156,
691-703.

J. E. Ramirez-Morales, P. Czichowski, V. Besirlioglu,
L. Regestein, K. Rabaey, L. M. Blank and
M. A. Rosenbaum, ACS Sustainable Chem. Eng., 2021, 9,
10579-10590.

H. Liu, X. Tao, S. Ntakirutimana, Z.-H. Liu, B.-Z. Li and
Y.-J. Yuan, Chem. Eng. J., 2024, 495, 153375.

Y. Tong, T. Yang, J. Wang, B. Li, Y. Zhai and R. Li, J. Anal.
Appl. Pyrolysis, 2024, 181, 106663.

H. Kaur and D. Goyal, J. Environ. Manage., 2024, 372,
123334.

Z. Wang and P. ]J. Deuss, Biotechnol. Adv., 2023, 68, 108230.
M. Kumar, A. Singhal, P. K. Verma and I. S. Thakur, ACS
Omega, 2017, 2, 9156-9163.

Y. Shi, X. Yan, Q. Li, X. Wang, M. Liu, S. Xie, L. Chai and
J. S. Yuan, Process Biochem., 2017, 52, 238-242.

P. Unrean, S. C. Napathorn, K. L. Tee, T. S. Wong and
V. Champreda, Biomass Convers. Biorefin., 2023, 13, 4651-
4657.

M. Si, X. Yan, M. Liu, M.-Q. Shi, Z. Wang, S. Wang,
J. Zhang, C.-J. Gao, L. Chai and Y. Shi, ACS Sustainable
Chem. Eng., 2018, 6, 7969-7978.

Q. Zong, T. Xu, H. Liu, L. Xu, R.-K. Zhang, B.-Z. Li, Z. Liu
and Y. Yuan, Front. Microbiol., 2022, 13, 923664.

J. Arreola-Vargas, X. Meng, Y.-Y. Wang, A. ]J. Ragauskas
and J. S. Yuan, Green Chem., 2021, 23, 8226-8237.

Z.-H. Liu, S. Shinde, S. Xie, N. Hao, F. Lin, M. Li,
C. G. Yoo, A. ]J. Ragauskas and J. S. Yuan, Sustainable
Energy Fuels, 2019, 3, 2024-2037.

Z.-M. Zhao, S. Zhang, X. Meng, Y. Pu, Z.-H. Liu,
W. K. Ledford, S. M. Kilbey, B.-Z. Li and A. J. Ragauskas,
Green Chem., 2021, 23, 4697-47009.

C.-B. Luo, H.-C. Li, D.-Q. Li, H. Nawaz, T.-T. You and
F. Xu, Bioresour. Technol., 2022, 351, 126919.

M. Kavscek, M. Strazar, T. Curk, K. Natter and U. Petrovic,
Microb. Cell Fact., 2015, 14, 94.

Z. Liu, H. Moradi, S. Shi and F. Darvishi, Renewable
Sustainable Energy Rev., 2021, 143, 110907.

B. Schmelzer, M. Altvater, B. Gasser, M. Sauer and
D. Mattanovich, in Genetics and Biotechnology, ed.
J. P. Benz and K. Schipper, Springer International
Publishing, Cham, 2020, pp. 319-337. DOI: 10.1007/978-3-
030-49924-2_13.

A. Madhavan, K. B. Arun, R. Sindhu, ]J. Krishnamoorthy,
R. Reshmy, R. Sirohi, A. Pugazhendi, M. K. Awasthi,
G. Szakacs and P. Binod, Microb. Cell Fact., 2021, 20, 124.
Q. Ding and C. Ye, Microb. Cell Fact., 2023, 22, 20.

journal is © The Royal Society of Chemistry 2025

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

View Article Online

Critical Review

T. A. Leaf, M. S. Peterson, S. K. Stoup, D. Somers and
F. Srienc, Microbiology, 1996, 142, 1169-1180.

Y. Poirier, N. Erard and J. M. D. C. Petétot, Appl. Environ.
Microbiol., 2001, 67, 5254-5260.

B. Zhang, R. Carlson and F. Srienc, Appl. Environ.
Microbiol., 2006, 72, 536-543.

D. A. Abd-El-Haleem, Pol. J. Microbiol.,
37-41.

N. T. T. Thu, L. H. Hoang, P. K. Cuong, N. Viet-Linh,
T. T. H. Nga, D. D. Kim, Y. K. Leong and L. T. Nhi-Cong,
Sci. Rep., 2023, 13, 3137.

D. A. M. Abd-El-Haleem, M. R. Elkatory and G. M. Abu-
Elreesh, Sci. Rep., 2024, 14, 27162.

A. Ylinen, J. C. de Ruijter, P. Jouhten and M. Penttild,
Microb. Cell Fact., 2022, 21, 124.

G. R. Aristya, Y.J. Lin, J.-S. Chang, J.-J. Chang and
H.-W. Yen, Bioresour. Technol. Rep., 2022, 18, 101048.

R. Margesin, T. M. Ludwikowski, A. Kutzner and
A. O. Wagner, Microorganisms, 2022, 10, 515.

A. Yaguchi, A. Robinson, E. Mihealsick and M. Blenner,
Microb. Cell Fact., 2017, 16, 206.

A. Yaguchi, N. Franaszek, K. O'Neill, S. Lee, I. Sitepu,
K. Boundy-Mills and M. Blenner, J. Ind. Microbiol.
Biotechnol., 2020, 47, 801-813.

A. Rodriguez, D. Salvachua, R. Katahira, B. A. Black,
N. S. Cleveland, M. Reed, H. Smith, E. E. K. Baidoo,
J. D. Keasling, B. A. Simmons, G. T. Beckham and
J. M. Gladden, ACS Sustainable Chem. Eng., 2017, 5, 8171—
8180.

S.-Y. Zhu, S.-C. Liu, C.-X. Zhang, X. Xin, Z.-H. Liu,
L.-J. Zhang, B.-Z. Li and Y.-J. Yuan, Green Chem., 2024, 26,
5260-5272.

R.-K. Zhang, Y.-S. Tan, Y.-Z. Cui, X. Xin, Z.-H. Liu, B.-Z. Li
and Y.-J. Yuan, Green Chem., 2021, 23, 6515-6526.

X. Xin, R.-K. Zhang, S.-C. Liu, Z.J. He, R.-Y. Liu,
H.-N. Lan, Z.-H. Liu, B.-Z. Li and Y.-J. Yuan, Chem. Eng. J.,
2024, 485, 149815.

B.-T. He and B.-Z. Li, Appl. Microbiol. Biotechnol., 2025,
109, 26.

X. Xin, D.-F. Liu, S.-C. Liu, Z.-H. Liu, Y.-J. Yuan and
B.-Z. Li, JACS Au, 2025, 5, 1133-1145.

F. J. Putra, P. Kahar, A. Kondo and C. Ogino, Processes,
2022, 10, 2004.

G. Guirimand, N. Kulagina, N. Papon, T. Hasunuma and
V. Courdavault, Trends Biotechnol., 2021, 39, 488-504.

M. Zhao, J. Ma, L. Zhang and H. Qi, Microb. Cell Fact.,
2024, 23, 32.

M. S. D. Oso, M. Mauricio-Iglesias and A. Hospido, Chem.
Eng. J., 2020, 127687.

M. Mohandessi, K. Bandara and C. Wan, in Advances in
Bioenergy, ed. Y. Li, Elsevier, 2024, vol. 9, pp. 335-381.

M. H. Tran, T. R. Choi, Y. H. Yang, O. K. Lee and E. Y. Lee,
Int. J. Biol. Macromol., 2024, 257, 128687.

O. Psaki, L. Zoghbi, D. D. Galani, A. Giannoulis, I.-G.
I. Athanasoulia, E. Stylianou, D. Briassoulis, A. Koutinas
and D. Ladakis, Biochem. Eng. J., 2024, 213, 109526.

2009, 58,

Green Chem., 2025, 27, 5920-5946 | 5945


https://doi.org/10.1007/978-3-030-49924-2_13
https://doi.org/10.1007/978-3-030-49924-2_13
https://doi.org/10.1039/d5gc00370a

Published on 24 dubna 2025. Downloaded on 24.02.2026 9:40:19.

Critical Review

214

215
216
217

218

219

220

221

222

223

224

225

226

227

228

229

230

J. E. R. Gamero, L. Favaro, V. Pizzocchero, G. Lomolino,
M. Basaglia and S. Casella, Bioresour. Technol., 2018, 261,
176-181.

S. Begotti, U.S. Patent 9683076, 2017.

D. P. Martin and S. F. Williams, U.S. Patent 9480780, 2019.
A. F. Ugalde and P. A. Maldonado, U.S. Patent 11834552,
2023.

G. Salvatori, S. Alfano, A. Martinelli, M. Gottardo,
M. Villano, B. S. Ferreira, F. Valentino and L. Lorini, Ind.
Eng. Chem. Res., 2023, 62, 17400-17407.

F. A. Pavan, T. L. Junqueira, M. D. B. Watanabe,
A. Bonomi, L. K. Quines, W. Schmidell and G. M. F. de
Aragao, Biochem. Eng. J., 2019, 146, 97-104.

N. A. Manikandan, K. Pakshirajan and G. Pugazhenthi,
Chemosphere, 2021, 284, 131371.

N. Rajendran and J. Han, Bioresour. Technol., 2022, 348,
126796.

J. Ralph, C. Lapierre and W. Boerjan, Curr.
Biotechnol., 2019, 56, 240-249.

S. Wang, Q. Shen, S. Su, J. Lin and G. Song, Trends Chem.,
2022, 4, 948-961.

N. Kamimura, K. Takahashi, K. Mori, T. Araki, M. Fujita,
Y. Higuchi and E. Masai, Environ. Microbiol. Rep., 2017, 9,
679-705.

G. de Gonzalo, D. I. Colpa, M. H. M. Habib and
M. W. Fraaije, J. Biotechnol., 2016, 236, 110-119.

H. Liu, Z.-H. Liu, R.-K. Zhang, J. S. Yuan, B.-Z. Li and
Y.-J. Yuan, Biotechnol. Adv., 2022, 60, 108000.

Z.-H. Liu, B.-Z. Li, J. S. Yuan and Y.-J. Yuan, Trends
Biotechnol., 2022, 40, 1550-1566.

F. Metz, A. M. Olsen, F. Lu, K. S. Myers, M. N. Allemann, J.
K. Michener, D. R. Noguera and T. J. Donohue, mBio,
2024, 15, e€01718-e01724.

Z. M. Zhao, X. Meng, Y. Pu, M. Lij, Y. Li, Y. Zhang, F. Chen
and A. ]. Ragauskas, Biomacromolecules, 2023, 24, 3996-4004.

J. M. Borrero-de Acuiia, 1. Gutierrez-Urrutia, C. Hidalgo-
Dumont, C. Aravena-Carrasco, M. Orellana-Saez,
N. Palominos-Gonzalez, J. B. J. H. van Duuren, V. Wagner,

Opin.

5946 | Green Chem., 2025, 27, 5920-5946

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

View Article Online

Green Chemistry

L. Glaser, J. Becker, M. Kohlstedt, F. C. Zacconi,
C. Wittmann and 1. Poblete-Castro, Microb. Biotechnol.,
2021, 14, 2385-2402.

M. Z. Nawaz, H. Shang, J. Sun, A. Geng, S. S. Ali and
D. Zhu, Chemosphere, 2023, 310, 136754.

Z. Xu, M. Xu, C. Cai, S. Chen and M. Jin, Bioresour.
Technol., 2021, 319, 124210.

M. Li, K. Eskridge, E. Liu and M. Wilkins, Bioresour.
Technol., 2019, 281, 99-106.

L. T. Nguyen, M. H. Tran and E. Y. Lee, Bioresour. Technol.,
2021, 338, 125563.

X. Wang, L. Lin, J. Dong, J. Ling, W. Wang, H. Wang,
Z. Zhang and X. Yu, Appl. Environ. Microbiol., 2018, 84,
€01469.

S. Tomizawa, J.-A. Chuah, K. Matsumoto, Y. Doi and
K. Numata, ACS Sustainable Chem. Eng., 2014, 2, 1106-1113.
A. M. Subramanian, S. E. Nanjan, H. Prakash,
L. Santharam, A. Ramachandran, V. Sathyaseelan,
D. P. Ravi and S. Mahadevan, Appl. Microbiol. Biotechnol.,
2020, 104, 1077-1095.

F. Ridella, 1. Marcet, M. Rendueles and M. Diaz, Bioresour.
Technol., 2025, 417, 131846.

Y-T. Song, N. Sitthikitpanya, N. Usmanbaha,
A. Reungsang and C.-Y. Chu, Biodegradation, 2025, 36, 14.
B. B. Salgaonkar, K. Mani and J. M. Braganca, J. Polym.
Environ., 2019, 27, 299-308.

S. A. Abdelrahman, O. S. Barakat and M. N. Ahmed,
Microb. Cell Fact., 2024, 23, 56.

R. G. Saratale, G. D. Saratale, S. K. Cho, D. S. Kim,
G. S. Ghodake, A. Kadam, G. Kumar, R. N. Bharagava,
R. Banu and H. S. Shin, Bioresour. Technol., 2019, 282, 75—
80.

S. S. Sawant, B. K. Salunke and B. S. Kim, Bioresour.
Technol., 2015, 194, 247-255.

D. H. Hur, J. Lee, S. J. Park and K. ]J. Jeong, Int. J. Biol.
Macromol., 2024, 281, 136411.

N. A. Manikandan, K. Pakshirajan and G. Pugazhenthi,
Bioresour. Technol., 2020, 307, 123247.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5gc00370a

	Button 1: 


