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Sustainable production of aromatic chemicals
from lignin using enzymes and engineered
microbes

Victoria Sodré 2 and Timothy D. H. Bugg ‘= *

Lignin is an aromatic biopolymer found in plant cell walls and is the most abundant source of renewable
aromatic carbon in the biosphere. Hence there is considerable interest in the conversion of lignin, either
derived from agricultural waste or produced as a byproduct of pulp/paper manufacture, into high-value
chemicals. Although lignin is rather inert, due to the presence of ether C-O and C-C linkages, several
microbes are able to degrade lignin. This review will introduce these microbes and the enzymes that
they use to degrade lignin and will describe recent studies on metabolic engineering that can generate
high-value chemicals from lignin bioconversion. Catabolic pathways for degradation of lignin fragments
will be introduced, and case studies where these pathways have been engineered by gene knockout/
insertion to generate bioproducts that are of interest as monomers for bioplastic synthesis or aroma

rsc.li/chemcomm

1. Introduction

The petrochemical industry is the source of most of the
chemicals that we rely on for modern society, to make plastics,
solvents, pharmaceuticals and specialty chemicals, but
chemical production contributes to greenhouse gas (GHG)
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chemicals will be described. Life cycle analysis of lignin bioconversion processes is discussed.

emissions that must be reduced to meet global sustainability
targets. The use of plant biomass to generate both fuels and
chemicals is in principle a carbon-neutral strategy, since bio-
mass is ultimately derived from CO,, although in practice
energy demands for all production processes need to be
assessed carefully via life cycle analysis." Plant cell wall ligno-
cellulose contains three polymers: cellulose, hemi-cellulose,
and lignin. Cellulose and hemi-cellulose polysaccharides can
be converted via enzymatic saccharification into Cs and Cs
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sugars, which can then be converted via fermentation into
biofuels such as bioethanol or biobutanol or into aliphatic
carboxylic acids.>® Hence there is considerable interest in the
“biorefinery” concept of using plant biomass to make a range
of sustainable fuels and chemicals, as an alternative to
petrochemicals.>® The third polymer lignin is an aromatic
heteropolymer and is the most abundant renewable source of
aromatic carbon in the biosphere, comprising 15-25% of
lignocellulosic biomass; hence there is interest in lignin con-
version to chemicals. However, lignin is a much more refractory
polymer than cellulose and hemi-cellulose, for reasons that will
be explained, and in pulp/paper and biofuel industries that
generate lignin, it is often burnt to generate power.

As well as harvested biomass (e.g. wheat straw), there is a
large amount of agricultural waste from food production (e.g. corn
stover, sugarcane bagasse, and rice husks) that contains lignocel-
lulose, which could be used for biorefinery applications.* Lignin is
also produced in large quantities from pulp/paper manufacture
and as a by-product of cellulosic bioethanol production.” The use
of a waste or commercial byproduct improves the sustainability of
the process for renewable chemical production, termed the
“circular economy”.' Conversion processes using biocatalysis
such as enzymatic treatment or microbial bioconversion employ
less harsh reaction conditions and solvents, and hence they are
considered green technologies for biomass conversion.*” In this
article we will describe advances since 2010 in the enzymology of
lignin degradation and the use of metabolically engineered
microbial hosts for conversion of lignin to renewable chemicals,
featuring case studies from the author’s research group and
linking to research efforts around the world.

2. Introduction to lignin structure

Lignin is a high molecular weight heteropolymer, made up of
oxygenated aryl-C; units linked together via ether C-O bonds or
C-C bonds, linkages which are not susceptible to cleavage
using aqueous acid or alkali.*” Lignin is biosynthesised in
plants via radical polymerisation of three monolignol precursors
(p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol),
which are oxidised by peroxidase or laccase enzymes to form
phenoxy radical intermediates, which undergo radical poly-
merisation in different ways.®

Softwood lignin (e.g. pine) contains predominantly disub-
stituted G units derived from coniferyl alcohol; hardwood
lignin (e.g. oak and poplar) contains trisubstituted S and
disubstituted G units; and grass lignins (e.g. wheat straw and
miscanthus) contain a mixture of G, S and monosubstituted
H units. The most abundant type of linkage is the f-aryl ether
(B-O-4) linkage, in which the B-carbon of the C; alkyl sidechain
is linked via an ether bond to O-4 of the next aryl unit, which is
normally found in 45-60% of the linkages found in native
lignin.*” Biphenyl units (5-5 linkage) are found in 20-25% of
softwood lignin, but are much less abundant in hardwood
lignin. The phenylcoumaran (B-5) linkage and pinoresinol
(B-B) linkage both contain C-C bond linkages to the B-
position of the Cj; alkyl chain, with the former involving a fused
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Fig. 1 (A) Lignin sub-structures. (B) S, G and H units in polymeric lignin.
(C) Representative partial lignin structure.

dihydrofuran ring. The same group of substructures are found
in different types of plant biomass; therefore, depolymerisation
strategies often work with lignin from different types of plant
biomass. Grass lignins are acylated at the y-position with
ferulic acid and/or p-coumaric acid and ferulic acid, which
are also found in hemi-cellulose, and comprise 0.5-4% dry
weight of lignocellulose. The proportion of different substruc-
tures present in lignin preparations can be studied by 2D NMR,
which has been reviewed (Fig. 1).”

Literature studies on lignin bioconversion use different types
of feedstocks; in some cases milled lignocellulose is used and in
other cases an isolated lignin substrate is used. There are several
different types of lignin preparations, whose chemical composition
and physical properties vary. Organosolv lignin is prepared
from lignocellulose using organic solvent/organic acid treat-
ment at elevated temperature, and this preparation retains
much of the structure of native plant lignin® and is soluble
in organic solvents but has low water solubility; therefore, it
is usually not used for biocatalytic conversions. Soda lignin is
obtained by treatment of lignocellulose with sodium hydroxide,
followed by acidification to pH 7 and precipitation.®'®
The residual aqueous fraction from this process is termed
“alkali pretreated lignin”, although it contains mainly p-
hydroxycinnamic acids rather than lignin oligomers.*
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Kraft lignin is produced industrially by the Kraft process for
pulp/paper manufacture, involving treatment of lignocellulose
with H,S under alkaline conditions."> Although available
industrially (and commercially from Sigma-Aldrich), Kraft lig-
nin has a condensed structure resulting from loss of the o-
hydroxyl group,”'* to form a quinone methide intermediate,
which reacts with sulfide ions to form an a-thiol. However, the
quinone methide also reacts with adjacent aromatic units to
form “condensed” units containing additional C-C bonds or
eliminates to form stilbene units (see Fig. 2)."* The condensed
units are generally more difficult to depolymerise, so although
the use of Kraft lignin as an industrial waste would be advanta-
geous for sustainability reasons, conversion yields are generally
low."® Lignosulfonate is a by-product of the industrial sulfite
process for pulp/paper manufacture and is also chemically
modified with sulfonate groups, giving it high water
solubility.”® Unlike cellulose and hemi-cellulose preparations,
each type of lignin is structurally different and hence its
reactivity is different.'

3. Microbial enzymes for degradation
of lignin

The molecular structure of lignin described above explains why
lignin is inert towards depolymerisation, since its C-O ether
and C-C linkages are not susceptible to cleavage under acidic
or basic conditions. Lignin therefore degrades slowly in the
environment, but there are several lignin-degrading microbes
that produce remarkable enzymes to degrade lignin.
Microbial degradation of lignin was first elucidated in
Basidiomycete (white-rot) fungi, notably Phanerochaete chrysos-
porium, which produces an arsenal of extracellular peroxidases
to degrade lignin.'® Lignin peroxidase (LiP) is a heme-
containing peroxidase enzyme, which was shown to cleave
lignin model compounds via C,-Cp oxidative cleavage.'” The
P. chrysosporium genome contains 10 lignin peroxidase
genes, explaining its high activity for lignin breakdown.'®
This organism also produces an extracellular manga-
nese peroxidase (MnP), which oxidises Mn>" to Mn*" as a
diffusible oxidant to degrade polymeric lignin."® The major
cleavage reaction by fungal MnP is via aryl-C, cleavage, to give
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methoxyhydroquinone and methoxyquinone products.”® Other
lignin-degrading white-rot fungi such as Trametes versicolor
produce an extracellular laccase, containing four Cu centres,
which can oxidise lignin.>' Fungal laccase has been shown to
catalyse oxidation of the o-hydroxyl group present in lignin -O-
4 units, but also catalyses aryl-C,, cleavage.>” Hence different
types of oxidative cleavage reactions are possible, resulting in
different classes of products, which are summarised in Table 1.
A further type of oxidative cleavage observed using fungal LiP is
cleavage of the distal C-Og ether bond, to generate a Cj triol
product,* which has also been observed by NMR spectroscopy
during lignin processing by white-rot fungus Ceriporiopsis sub-
vermispora.”® The catalytic mechanisms of microbial lignin-
degrading peroxidases and laccases are thought to involve
one-electron oxidation of the phenolic rings present in lignin
and have been recently reviewed.*®

Although it was reported in the 1980s that certain soil
bacteria such as Streptomyces viridosporus had the ability to
depolymerise lignin,*® the identification of a bacterial lignin-
degrading enzyme was not reported until 2011, when a dye-
decolorizing peroxidase DypB was identified in Rhodococcus
Jjostii RHA1.”® This enzyme showed activity for oxidative clea-
vage of lignin model compounds and oxidation of Mn>*, and in
the presence of Mn>', it showed activity towards polymeric
lignin.>® A Dyp2 dye-decolorizing peroxidase has been identi-
fied in Amycolatopsis sp 75iv2, which shows high Mn** oxida-
tion activity,’® and a lignin-oxidising Dyp1B enzyme derived
from Pseudomonas fluorescens has also been characterised®®
and tested against a range of different lignin substrates.'®
Products arising from C,-Cg cleavage, aryl-C, cleavage, distal
aryl-Og cleavage, and Cp-Og cleavage were observed,'® which are
summarised in Table 1.

Several Streptomyces soil bacteria in the Actinobacteria phy-
lum produce small laccase enzymes that have activity for lignin
oxidation®” and show similar activities to fungal laccase
enzymes. S. coelicolor also contains extracellular peroxidase
enzymes, which have also been shown to be involved in lignin
breakdown.*® The two bacteria that have been used as hosts for
metabolic engineering of lignin degradation (described below)
are Rhodococcus jostii RHA1 and Pseudomonas putida KT2440,
both shown to break down polymeric lignin.***° R. jostii RHA1
contains two dye-decolorising peroxidases, of which DypB has
been shown to be active for lignin degradation,*® and this
microbe also contains three multi-copper oxidase genes, whose
overexpression has recently been shown to enhance the titre of
lignin degradation products.”' P. putida KT2440 contains a B-
type dye-decolorising peroxidase implicated in lignin
breakdown,*? and two CopA pseudo-laccases, which have been
shown to be active for lignin degradation.*® The presence of
multiple lignin-oxidising enzymes may explain the utility of
these microbes as lignin degradation hosts. Moreover, the
genomes of 10 lignin-degrading bacteria were shown to contain
either dye-decolorizing peroxidases or multi-copper oxidases,
or both, and most of them involved the B-ketoadipate pathway
for metabolism of protocatechuic acid, whose significance is
discussed below.**

This journal is © The Royal Society of Chemistry 2024
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Table 1 Products arising from different enzyme-catalysed oxidative bond cleavage processes for lignin degradation. The last column indicates the
downstream catabolic pathways in which these products are likely to be degraded (see Section 4)

CpOp
o Cp OH // distal aryl-Op
HOXY 5 O §
aryl-C, = HCO
OCH;
. . O
Types of bond cleavage observed in B-aryl ether units I _
for lignin-degrading enzymes demethylation
Bond cleavage Primary product Other related metabolites Enzyme Pathway
CHO R R=COH, Fungal LiP"’
CH,OH Bacterial DyP>*
C,-Cg cleavage MnSOD*’ PCA and BKA
OCH, OCHj
OH OH
OH o Fungal Mnp*°
Bacterial DyP"’
Aryl-C,, cleavage Laccases™ HQ
OCHg OCH; MnSOD*’
OH 0
OH OH Fungal Lip*>**
PfDyp1B'>?*
HO OH ° OH
Distal aryl-Og cleavage Not known
OCHg OCHg
OH OH
OH o Bacterial B-ether-ases®**
15
o PfDyp1B
Cp-Og cleavage BFD
OCH,
OCHs OH
OH
OH
Demethyl-ation MnSOD1%7%* HQ
OH
OH

Abbreviations: PCA, protocatechuic acid; BKA, beta-ketoadipate pathway; HQ, hydroxyquinol pathway; BFD, benzoylformate decarboxylase

pathway.

Other types of enzymes that can degrade lignin have also
been found in other bacterial lignin degraders. A class of
glutathione-dependent beta-etherase enzymes have been dis-
covered in Sphingobium SYK-6>°"> and Novosphingobium sp.*®
These bacteria are able to degrade B-aryl ether lignin dimers via
oxidation of the a-hydroxyl group to a ketone, via dehydrogen-
ase LigD, and via stereospecific nucleophilic cleavage of the -
ether bond by the thiol group of glutathione by LigE and
LigF.*"?? Glutathione is then removed by LigG to give an aryl
3’-hydroxypropiophenone product,*® as shown in Table 1. This
product has also been observed as a product of oxidative DyP-
catalysed reactions," for which a possible mechanism has been
discussed.” A LigE-type enzyme has been recently identified in
lignin-degrading Agrobacterium sp. that can attack the phenyl-
coumaran substructure in lignin, resulting in stilbene reaction
products.”® Lignin-degrading bacterium Sphingobacterium sp.
T2 has been shown to produce two extracellular manganese
superoxide dismutase enzymes that can degrade polymeric
lignin and lignin model compounds.””** Unlike normal

This journal is © The Royal Society of Chemistry 2024

manganese superoxide dismutase enzymes, these enzymes are able
to reduce hydrogen peroxide to the hydroxyl radical, which can
degrade lignin,””* and two mutations near the Mn centre have
been found to be essential for this unusual reactivity.>* The major
reaction catalysed by these enzymes is demethylation, but also aryl-
C,, oxidative cleavage is observed, as shown in Table 1. Recently a
thermostable catalase-peroxidase enzyme derived from Thermoba-
cillus xylanilyticus has been characterised, which can oxidise lignin-
derived phenolic compounds.”® A group of fungal polyphenol
oxidases have also been identified, which can hydroxylate lignin-
derived phenolic compounds.*”

In spite of the fact that a number of recombinant lignin-
degrading enzymes have been identified and studied, the use of
lignin-degrading enzymes in vitro for generation of monomeric
aromatic products generally does not result in high yield or
selectivity, for several reasons. Firstly, as shown in Table 1,
mixtures of different cleavage products are obtained from
enzyme-catalysed lignin oxidation. Secondly, lignin repolymer-
isation is observed in vitro, because the radical intermediates

Chem. Commun., 2024, 60, 14360-14375 | 14363
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formed in lignin oxidation can polymerise to form higher
molecular weight species, which are often the major products
of such reactions in vitro.'®*® However, this repolymerisation
phenomenon is generally not observed in lignin-degrading
microbes,'® so they must have mechanisms to combat this
problem. A flavin-dependent dihydrolipoamide dehydrogenase
derived from Thermobifida fusca has been identified, which can
prevent repolymerisation of lignin model compounds in vitro,*®
and combinations of bacterial DyPs with dihydrolipoamide
dehydrogenase enzymes have been shown to be more effective
for product generation from lignin,*® and hence there is inter-
est in the use of enzyme combinations for lignin conversion.

Another issue for lignin conversion in vitro is the supply of
hydrogen peroxide for lignin-oxidising peroxidase enzymes,
since peroxidases are often inactivated by millimolar concen-
trations of hydrogen peroxide. Accessory enzymes have been
identified in Basidiomycete fungi that can generate hydrogen
peroxide, of which aryl alcohol oxidase®® and glyoxal
oxidase®** are thought to be involved in lignin degradation.
A bacterial glycolate oxidase has been identified in Rhodococcus
Jostii RHA1 that can function effectively in combination with
bacterial DyPs in vitro.”?

In view of the technical problems described here for in vitro
conversion of polymeric lignin by enzymes, the alternative
approach is to use an engineered lignin-degrading microbe to
break down lignin, but produce a useful bioproduct. This
approach has the advantage that microbial lignin degradation
is convergent, transforming multiple oxidised metabolites into a
small number of key intermediates, which are then metabolised
by common degradation pathways, such as the B-ketoadipate
pathway. As described below, this approach has been successful
in generating several different types of bioproducts from break-
down of lignin, lignocellulose, or pretreated lignin.

4. Microbial hosts for lignin
valorisation

Degradation of lignin in Nature, while necessary for carbon
cycling, is only performed by a relatively small group of micro-
organisms, often working synergistically. The most conspicuous
microorganisms are probably basidiomycetes and filamentous
fungi such as white-rot and brown-rot fungi. These were the first
lignin degraders to be studied and to this day gain importance
due to the impressive catalytic activity of their secreted lignin-
degrading enzymes. However, the modification of fungal strains
for industrial lignin valorisation faces several challenges, such as
longer cultivation times, complex life cycles, and large and
convoluted genomes recalcitrant to engineering efforts, as well
as a paucity of genetic tools available to modify white-rot fungi
(reviewed in detail elsewhere®®), including the introduction of
selection markers and overexpression of heterologous proteins
that improved lignin degradation.

One alternative to engineering white-rot fungi would be the
use of yeasts, for which a plethora of genetic tools are available.
For instance, Yarrowia lipolytica is a non-conventional

14364 | Chem. Commun., 2024, 60, 14360-14375
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oleaginous yeast, ‘‘generally regarded as safe” (“GRAS”) for
industrial processes. This yeast is naturally capable of producing
lignin depolymerising enzymes such as laccases and has been
successfully engineered to overexpress a heterologous laccase
from the basidiomycete Pycnoporus cinnabarinus.” A new species
of red yeast, Rhodosporidium fluviale LM-2, was recently isolated
from a lignin-degrading microbial consortium and its metage-
nomic profiling revealed some lignin-degrading genes, such as
B-etherases, as well as genes for aromatic catabolism, such as
phenolic acid decarboxylases.’®>” The latter were successfully
applied to generate 4-vinyl guaiacol from ferulic acid in a
cofactor-independent manner.”” The overexpression of relevant
genes in non-lignolytic Saccharomyces cerevisiae has also been
employed to produce high-value molecules such as scopoletin,®®
vanillin,*® and protocatechuic acid® from lignocellulose-derived
p-hydroxycinnamic acids.

Compared to fungi, bacteria are easier to grow and are more
amenable to genetic modification. A number of bacteria known to
degrade aromatic compounds have been shown to be capable of
degrading lignin, including Rhodococcus jostii RHA1, Amycolatopsis
sp. 75iv2, Pseudomonas putida K12440, Pseudomonas fluorescens Pf-5,
Ochrobactrum sp., and Sphingobacterium sp. T2.**>*° While bacterial
aromatic catabolism had been studied for many years, the relatively
new understanding of lignin depolymerisation mechanisms
allowed the following two processes — depolymerisation of lignin
into lower molecular weight fragments and their catabolism by
upper aromatic degradation pathways — to be directed towards
lignin valorisation.

The use of lignin-degrading bacteria as hosts for metabolic
engineering for the production of high-value molecules from
lignin has been a particularly successful strategy, for the
following reasons: firstly, because these organisms act as
“biological funnels” by effectively converting the many differ-
ent lignin oxidised fragments arising from depolymerisation
into a few key metabolic intermediates, mainly protocatechuic
acid and catechol, partially overcoming the issue of lignin
heterogeneity. Secondly, the simultaneous depolymerisation
and biotransformation capacities of these bacteria allow for
“consolidated bioprocessing” of lignin and lignocellulosic
hydrolysates, which is a more cost-effective and direct biotech-
nological strategy. Finally, the targeted interruption of aromatic
catabolism via genetic engineering of downstream pathways
allows for accumulation of desirable intermediates, which may
be of high value themselves, or could be further converted into
other valuable compounds.

The bacterial hosts that are most commonly used for meta-
bolic engineering of lignin degradation are Rhodococcus
Jjostii RHA1 and Pseudomonas putida KT2440. Rhodococcus spe-
cies are well known for their ability to degrade a wide range of
xenobiotic compounds and tolerate harsh environmental
conditions.®" R. jostii RHA1 is a powerful degrader of polymeric
lignin and untreated lignocellulosic biomass, containing both
dye-decolorizing peroxidases and multi-copper oxidases
(see Table 2), and has been used for several case studies
described in Section 6. The genome of R. jostii RHA1 contains
15 gene clusters encoding aromatic catabolic pathways,®>

This journal is © The Royal Society of Chemistry 2024
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Table 2 Lignin-degrading enzymes found in lignin-degrading fungi and bacteria used for metabolic engineering of lignin degradation

Microbe Strain Peroxidases Laccases Other enzymes
Basidio-mycete fungi Phanerochaete chrysosporium Lip'®!” — Aryl alcohol oxidase™
MnPlQ,ZO
Trametes versicolor LiP Glyoxal oxidase®'>?
MnP Lec™!
Actino-bacteria Streptomyces coelicolor DypP*® SLAC*’ Glycolate oxidase®*
Rhodococcus jostii RHA1 DypA, DypB*® McoA, McoB, McoC*!
Amycolatopsis sp 75iv2 Dyp2°¢ SLAC®’
y-Proteo-bacteria Pseudomonas putida KT2440 DypB*%* CopA™® MnSOD1 and MnSOD2>7*

Bacteroides Sphingobacterium sp. T2 —

several of which are involved in the degradation of lignin frag-
ments, which will be discussed in Section 5. Genetic engineering
of Rhodococcus sp. has traditionally relied on homologous recom-
bination using suicide vectors, such as pKi8mobsacB,* and
E. coli-Rhodococcus shuttle vectors for protein expression, such
as the pNit/pTip plasmid series.”* In the past few decades, several
new molecular biology tools have been published for use in
Rhodococcus sp., including libraries of promoters, ribosome-
binding sites, reporter genes, and tools for gene expression
studies.®>®® New strategies for gene editing and expression con-
trol have also been published, including the use of viral recombi-
nases and the CRISPR/Cas9 system in R. ruber TH*® and
development of CRISPRi tools in R. opacus PD630.”°

Pseudomonas putida KT2440 is perhaps the lignin-degrading
bacterium with the most well-developed set of molecular biology
tools for metabolic engineering. This species is highly tolerant to
oxidative stress and capable of degrading polymeric lignin and
aromatic compounds and grows very effectively on “alkali pre-
treated lignin” derived from alkaline treatment of lignocellulose.
Moreover, this bacterium is capable of accumulating polyhydroxy-
alkanoate (PHA) under nutrient-limiting conditions.*° The genetic
toolbox available for this species includes I-Scel and CRISPR/Cas9
systems for targeted genome engineering,”"”* reduced genome
strains,”>””” and a library of plasmids, promoters, transposons
and viral recombinases.”®”® Several biosensors relevant to lignin
catabolism have been developed using P. putida KT2440, includ-
ing a PCA-catechol biosensor derived from Escherichia coli,** a
4-hydroxybenzoate biosensor,”® and several transcription
factors responsive to phenolic acids, which have been recently
characterised.®*

The actinomycete Amycolatopsis sp. 75iv2 (ATCC 39116) is also
a powerful lignin degrader that contains both dye-decolorizing
peroxidases and multi-copper oxidases (see Table 2) and has been
used in case studies described in Section 6.

While using lignin-degrading bacteria for consolidated
bioprocessing of lignin certainly has its advantages, there
are challenges associated with the use of non-conventional
microorganisms. Actinobacteria such as R. jostii RHA1 and
Amycolatopsis sp. 75iv2 have less well developed genetic tools
for engineering and also have lower transformation and recom-
bination efficiencies, longer cultivation times, and a more
complex catabolism. Thus, non-lignolytic bacteria that can be
readily engineered and used for industrial-scale production
have also been explored for conversion of feedstock compounds
that can be generated from lignin degradation. Corynebacterium

This journal is © The Royal Society of Chemistry 2024

glutamicum is a biotechnological powerhouse well-known for its
industrial-scale production of amino acids. C. glutamicum lacks
lignin depolymerising enzymes; however it can degrade a wide
range of aromatic molecules, such as hydroxycinnamates, pro-
tocatechuate, catechol, benzoate, 4-hydroxybenzoate, 4-
hydroxyphenylpropionate, gentisate, phenol, and naphthalene,
among others,*®* and has been applied to the conversion of
chemically depolymerised lignin, as described in Section 6.

5. Pathways for degradation of
oxidised lignin fragments

If we wish to convert lignin into a high value chemical by
metabolic engineering of lignin catabolism, then we need to
understand the catabolic pathways used by lignin-degrading
microbes to mineralise the fragments generated from lignin
oxidation (see Table 1). Our knowledge of the intermediate
steps of lignin breakdown is still limited: we do not know what
size fragments are imported into microbes, nor exactly which
steps take place extracellularly vs. intracellularly. However, the
aromatic degradation pathways responsible for utilisation of
aromatic monomers are well understood, and information is
emerging about which pathways are responsible for conversion
of different types of lignin degradation fragments. We will
introduce the pathways that are known to degrade the different
types of fragments illustrated in Table 1. Some of these path-
ways have then been used to generate high-value products,
which will be described in Section 6.

5.1. Pathways for aryl C, fragments

As described in Section 3, C,~Cp oxidative cleavage of B-aryl
ether units found in G-type lignin generates vanillin and/or
vanillic acid. Vanillin is oxidised to vanillic acid, which is then
demethylated to form protocatechuic acid (PCA), a key inter-
mediate in lignin degradation. Protocatechuic acid can also be
generated from 4-hydroxybenzoic acid (formed by oxidation of
H-type lignin) by flavin-dependent 4-hydroxybenzoate hydroxy-
lase (pobA gene). PCA is then degraded via the B-ketoadipate
pathway, as shown in Fig. 3. This pathway proceeds via
intradiol cleavage of PCA catalysed by protocatechuate 3,4-
dioxygenase, to give carboxy-cis,cis-muconic acid, which is
converted via lactonization into B-ketoadipate. There is also a
related pathway from catechol to B-ketoadipate, as shown in
Fig. 3. The B-ketoadipate pathway gene cluster is found in the
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genomes of nearly all bacterial lignin degraders®* and appears
to be the major pathway used to degrade lignin fragments in
lignin-degrading bacteria. This pathway has been engineered to
generate high-value products, as will be described in Section 6.

S-lignin units found in hardwood are converted via C,-Cg
oxidative cleavage into syringic acid (3,5-dimethoxy-4-hydroxy-
benzoic acid), which is processed via the 3-O-methylgallate pathway
in certain bacteria, which will be discussed in Section 6.

The fate of the two-carbon fragment released from C,-Cg
oxidative cleavage has been studied in R. jostii RHA1 using
synthetic [B-'’C]-labelled DHP lignin as a substrate for
bioconversion.®> The formation of “*C-labelled oxalic acid was
observed, and a glycolate oxidase enzyme was identified that
can convert glycolaldehyde via successive oxidation to glycolic
acid, glyoxylic acid, and finally, oxalic acid.®

5.2. Pathways for aryl C; fragments

p-Hydroxycinnamic acids are attached to grass lignins (e.g. corn
stover and wheat straw) and hemi-cellulose via ester linkages and
can be released via treatment with aqueous alkali. The soluble
fraction remaining after neutralisation is termed “alkali pre-
treated lignin” and is used as a feedstock in some case studies
described in Section 6, especially using P. putida KT2440 as a
microbial treatment system.®® These p-hydroxycinnamic acids,
primarily ferulic acid (4-hydroxy-3-methoxycinnamic acid) and
p-coumaric acid (4-hydroxycinnamic acid), therefore represent a
valuable renewable feedstock for conversion to a range of high-
value products.®”

Generally, the catabolism of phenylpropanoids involves
shortening of the C; side chain, which can be performed via
a few different routes,®® as shown in Fig. 4:

(a) Cofactor-independent decarboxylation, resulting in the
corresponding styrenes, which are then converted to the respec-
tive 4-hydroxybenzaldehydes or 4-ethyl derivatives — present in
Bacillus sp., Cupriavidus sp. B-8, and several yeasts;®’
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(b) CoA-dependent B-oxidation, yielding the corresponding
hydroxybenzoic acids - present in R. jostii RHA1%® and C.
glutamicum ATCC 13032;%*

(c) CoA-dependent cleavage via hydration/retroaldol steps,
yielding the corresponding hydroxybenzaldehydes - present in
P. putida KT2440,”" Amycolatopsis sp. ATCC 39116,> and Sphin-
gobium sp. SYK-6.”

In routes (b) and (c), the end product is converted to
protocatechuic acid via the steps shown in Fig. 3 and then
metabolised via the f-ketoadipate pathway. Notably, the
enzymes responsible for these initial steps display some pro-
miscuity towards different hydroxycinnamates, which greatly
contributes to the “funnelling” capacity of these microorgan-
isms and could be an adaptation to the large number of
different aromatics arising from lignin depolymerisation.®***

It is uncertain how the fragments containing glycerol side-
chains (or oxidised versions) shown in Table 1 are metabolised,
but oxidation of the y-hydroxyl group to a carboxylic acid,
followed by B-oxidation, is feasible.

5.3. Pathways for aryl C, fragments

A pathway in R jostii RHA1 for the degradation of aryl-C,
oxidised lignin fragments arising from the cleavage of phenyl-
coumaran (B-5) and diarylpropane units has been verified
experimentally.”® These fragments were found to be oxidised
into substituted phenylglyoxals, which are further oxidised by
an FMN-dependent glycolate oxidase into the respective phe-
nylglyoxylic acids, such as 4-hydroxybenzoylformate and 4-
hydroxy-3-methoxybenzoylformate. The latter are then decar-
boxylated by a thiamine-diphosphate dependent decarboxylase
into vanillin or 4-hydroxybenzaldehyde, which are then oxi-
dised into vanillic acid or 4-hydroxybenzaldehyde by vdh, a
vanillate dehydrogenase, as shown in Fig. 5.°° Notably, this
glycolate oxidase was later found to oxidise a wide range of o-
ketoaldehyde and o-hydroxyacid substrates, with generation of
H,0,, which acts synergistically with lignin-degrading Dyp
peroxidases.®®

Feeding of *C-labelled DHP lignin to R. jostii RHA1 was
shown to generate *C-labelled 4-hydroxyphenylacetic acid and
4-hydroxy-3-methoxy-phenylacetic acid as metabolites.®® These

This journal is © The Royal Society of Chemistry 2024
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compounds were also used as substrates for R. jostii glycolate
oxidase, yielding the corresponding phenylglyoxylic acids,
which are then catabolised by the 4-hydroxybenzoylformate
pathway.®>%° Related gene clusters are present in P. fluorescens
Pf-5, Comamonas testosteroni, and Burkholderia multivorans.”®

5.4. A pathway for aryl C, fragments

An alternative pathway for the catabolism of PCA has been
verified in R. jostii RHA1, in which PCA is converted into
hydroxyquinol (benzene 1,2,4-triol) by the action of decarboxy-
lase and mono-oxygenase enzymes.”” Hydroxyquinol is then
cleaved by an intradiol catechol dioxygenase to yield maleyl-
acetate, which is converted to B-ketoadipate, as shown in
Fig. 6.°” Hydroxyquinol can also be formed by demethylation
of 4-methoxyhydroquinone, which is formed from aryl-C,, cleav-
age of lignin units (see Table 1) and from 1,4-hydroquinone.
The hydroxyquinol pathway gene cluster is also present in lignin-
degrading Agrobacterium sp.”” and has been identified in fungi
Aspergillus niger”® and Trametes versicolor.”® This pathway is there-
fore likely used by several lignin-degrading bacteria and fungi.

Pathways for degradation of other lignin substructures have
also been elucidated, as well as meta-cleavage pathways from
protocatechuic acid and catechol,*°® but in this article we will
focus on pathways that have been engineered to produce high-
value chemicals from lignin, which will be described in the
following section.

6. Conversion of lignin by engineered
microbes into high-value products

As shown in the previous section, the richness of aromatic
degradation pathways in lignin-degrading bacteria offers sev-
eral opportunities for valorisation. Aromatic bioproducts can
be obtained by interruption of upper catabolic pathways prior
to ring fission and occasionally by introducing further bio-
transformation steps. We will illustrate several case studies,
some from the author’s laboratory, considering first aromatic
bioproducts and then non-aromatic bioproducts. The produc-
tion of high-value molecules from lignin using engineered
microbes has also been reviewed recently by Weng et al.'*"
and Rosini et al.'*?

This journal is © The Royal Society of Chemistry 2024

View Article Online

ChemComm
OH
O-R
HO® OH
aryl-C, =>
cleavage
OCHg OCHg
3 _0 OH
: OH
hydroxyquinol hydroxyquinol
1,2-dioxygenase | COH
R. jostii RHA1
1001859 OH CO,H
001860 / OH l
COH B-ketoadipate 0
pathway
................. = oo~ coH
OH B-ketoadipic acid
OH
Fig. 6 Hydroxyquinol degradation pathway.
6.1. Aromatic bioproducts

6.1.1. Vanillin, a flavour/aroma chemical. The first exam-
ple of the production of a high-value aromatic product from
polymeric lignin and untreated lignocellulosic biomass was the
production of vanillin by engineered R. jostii RHA1.'% Vanillin
is an aroma compound used in the food/flavour industry,
traditionally obtained from the pods of the orchid Vanilla
planifolia — a labour-intensive process that greatly contributes
to the high market price of natural vanillin. In R. jostii, vanillin
is a product of B-aryl ether cleavage by peroxidase DypB, and an
intermediate in the catabolism of phenylcoumaran and diaryl
propane lignin-derived oxidised fragments.”> Importantly,
vanillin produced by biological routes is considered natural
vanillin, which is preferred by consumers over synthetic vanil-
lin (which can be produced from petrochemicals).'®* Aiming
for vanillin accumulation from wheat straw biomass, Sainsbury
and colleagues knocked-out the gene encoding vanillin dehy-
drogenase (vdh) in R. jostii RHA1.'” This interrupted the
conversion of vanillin into vanillic acid (and further metaboli-
zation towards PCA) in the Avdh strain and led to accumulation
of 96 mg L' vanillin after 6 days from minimal media
supplemented with 2.5% wheat straw lignocellulose (corres-
ponding to an overall yield of 1.9% from polymeric lignin), as
shown in Fig. 7.'% A lower titre of 13 mg L' vanillin was
obtained from minimal media supplemented with 0.5% (w/v)
Kraft lignin,'® but still significant as a proof-of-concept of
high-value molecule production from untreated polymeric
industrial lignin.

Zhao and colleagues recently produced vanillin from alka-
line lignin (soda lignin), prepared from dissolved corn stalks,
using a novel Arthrobacter sp. C2 strain.'®® The authors identi-
fied that catabolism of G-derived lignin units in this species
occurs via vanillyl alcohol, which is oxidised by alcohol dehy-
drogenase PchF to vanillin. Vanillin is then oxidised to vanillic
acid by vdh-like aldehyde dehydrogenase xyIC. Vanillic acid is
finally demethylated by LigM and VanAB homologues to yield
PCA. To promote vanillin accumulation, the authors knocked-
out xyIC and overexpressed PchF, achieving 57 mg L™ " vanillin
from cultivation in an alkaline lignin mineral salt medium.
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6.1.2. Pyrone- and pyridine-dicarboxylic acids as bioplastic
monomers. Aromatic dicarboxylic acids are of considerable
biotechnological interest as monomers for the production of
polyester bioplastics. The plastics PET (non-biodegradable, but
can be re-cycled) and PBAT (biodegradable) both contain ter-
ephthalic acid, which is derived from petrochemicals (see
Fig. 8A). The other components of PBAT, adipic acid and 1,4-
butanediol can both be produced by microbial production from
renewable feedstocks.'® Therefore, new routes to aromatic
dicarboxylic acid would enable the production of entirely bio-
based versions of PET and PBAT.

Mycroft et al. have successfully established the consolidated
bioproduction of pyridine-dicarboxylic acids (PDCAs) from
wheat straw and Kraft lignin."®” Preceded by studies that demon-
strated the generation of picolinic acids from hydroxymuconate
semialdehyde (generated from the meta-cleavage of catechol)
and ammonia,'®® the authors sought to apply this strategy to
carboxyhydroxymuconate semialdehyde precursors. The proto-
catechuate 4,5-dioxygenase LigAB derived from Sphingobium sp.
SYK-6 or the protocatechuate 3,4-dioxygenase PraA derived from
Paenibacillus sp. JJ-1b was overexpressed in R. jostii RHAL, to
generate new extradiol ring cleavage products from PCA. By
supplementing the culture medium with ammonium chloride,
the semialdehyde precursors cyclised into 2,4- or 2,5-PDCA.
Using 2.5 L bioreactors, a total of 125 mg L' 2,4-PDCA was
obtained by the LigAB-expressing strain after 9 days from
1% (w/v) wheat straw, and 53 mg L™ " from 0.5% (w/v) Kraft lignin.
Likewise, the PraA-expressing strain produced 106 mg L™*
2,5-PDCA after 9 days from 1% (w/v) wheat straw (corresponding
to an overall yield of 4.0-6.3% from polymeric lignin)."””

Further genetic modification of R. jostii RHA1 showed
improvements in PDCA production.'® Firstly, deletion of the
pcaHG genes, responsible for PCA ortho-cleavage, was performed,
re-routing PCA catabolism towards the heterologous meta-
cleavage pathway. Secondly, this gene deletion was achieved by
successfully knocking-in the ligAB genes under the control of the
constitutive promoter Py,s, allowing stable and robust expres-
sion of LigAB. Finally, lignin depolymerisation was enhanced by
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overexpressing the dyp2 peroxidase from Amycolatopsis sp. 75iv2.
The final strain presented improved yields of 2,4-PDCA, with a
maximum of 330 mg L™ after only 40 hours from minimal
media supplemented with 1% wheat straw (corresponding to an
overall yield of 16% from polymeric lignin) and 240 mg L™" from
1% Green Value Protobind lignin (GVPL), a soda lignin obtained
from wheat straw and sarkanda grass biomass."® Overexpression
of dyp2 also reduced the time for peak PDCA production (40 h),
improving the productivity by >10-fold. Further improvement in
PDCA titre has been reported recently by overexpression of R. jostii
mcoA or mcoC genes.*" Pellis et al. have shown that 2,4-PDCA and
2,5-PDCA can be converted into polyester bioplastics with similar
material properties to commercial Ecoflex plastic.*

More recently, 2,4-PDCA production was achieved in engi-
neered P. putida KT2440 resting cells.""" The engineered strain
had the ligAB genes, under the control of the lacI repressor and
the P, promoter, knocked-in to replace the pcaG gene, effec-
tively re-routing PCA ortho-cleavage to meta-cleavage. Further-
more, the authors overexpressed a PCA transporter, Pcak, to
increase the uptake of aromatics by the cell. The final strain
was able to produce a maximum of 0.24 mM (0.04 ¢ L™ ") 2,4-
PDCA from minimal media supplemented with 1.5% GVPL
after 20 hours. The productivity of PDCA in P. putida was
>10-fold higher than in wild-type R. jostii RHA1, but the titre
was slightly lower.""

A pyrone dicarboxylic acid bio-product has also been gener-
ated microbially. In Sphingobium sp. SYK-6 and N. aromaticivor-
ans, the 4,5-extradiol dioxygenase LigAB catalyses the ring
fission of PCA into 4-carboxy-2-hydroxy-cis,cis-muconate-6-
semialdehyde (CHMS), which spontaneously cyclises into the
hemiacetal form, as shown in Fig. 9. The latter is then oxidised
by the NADP'-dependent dehydrogenase LigC to yield 2-pyrone-
4,6-dicarboxylic acid (PDC). PDC is converted into 4-
oxalomesaconate (OMA) by hydrolase Ligl, which undergoes
further reactions to yield pyruvate. Additionally, LigAB1 and
LigAB2 (in N. aromaticivorans) and DesZ (Sphingobium sp.
SYK-6) also catalyse the ring fission of 3MGA, ultimately con-
verging into PDC.

This journal is © The Royal Society of Chemistry 2024
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Working with N. aromaticivorans, Perez and collaborators
performed modification of its catabolic pathway by knocking-
out ligl and successfully accumulating PDC from the PCA 4,5-
meta-cleavage branch.''” Furthermore, the desC and desD
genes, responsible for conversion of the LigAB1/2 ring cleavage
product into a different product, were also knocked-out. These
genetic modifications allowed the engineered strain to produce
PDC from the parallel catabolism of S-; G- and H-lignin units
and led to production of 0.49 mM PDC from a chemically
depolymerised poplar lignin stream.'™* In a recently published
follow-up study, the production of PDC using the engineered
N. aromaticivorans strain was dramatically increased by using
high-density cultures and flow-through membrane bioreactors,
resulting in a maximum PDC productivity of 1.53 g L' h™"
from alkaline-pretreated poplar hydrolysates.'™

PDC production has also been achieved in P. putida
PpY1100, a strain that is capable of degrading low-molecular
weight aromatic compounds. This bacterium was engineered to
heterologously express all the genes required to convert vanil-
lin, vanillic acid, and ferulic acid into PDC from Sphingobium
sp. SYK-6. This allowed production of PDC from kraft, Japanese
cedar (Cryptomeria japonica), and birch (Betula platyphylia)
lignin extracts.''* More recently, the engineered strain was also
successfully applied to produce PDC from desulphonated and
depolymerised lignosulfonate extracts.'"

6.1.3. 4-vinyl guaiacol, an aroma chemical. 4-Vinyl guaiacol
(4VG) can be produced by the decarboxylation of ferulic acid
and has applications as an aroma and flavouring agent in food
and cosmetic products. Williamson et al have successfully
generated 4-VG and 4-vinyl phenol from lignin-derived ferulic
and p-coumaric acid, respectively, using an engineered P. putida
KT2440 strain.’'® The authors knocked-out the ech gene, which
encodes an enoyl-CoA hydratase/lyase that catalyses the second
step in hydroxycinnamate catabolism in this species, as shown
in Fig. 10. In its place, the padC gene encoding phenolic acid
decarboxylase from Bacillus subtilis was inserted. Interestingly,
the ech gene is located within an operon regulated by repressor
ferR, which is inactivated in the presence of feruloyl-CoA, allow-
ing expression. Thus, expression of PadC was independent of the
addition of external inducers and instead responded adequately
to the presence of ferulic acid (and consequently, feruloyl-CoA)
in the medium. The engineered strain was able to produce a
maximum of 62 mg L™ 4VG from minimal media supplemented
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with 10% GVPL. Furthermore, the authors demonstrated the
polymerisation of 4VG and 4-vinyl catechol, generated in vitro by
PadC, to biopolystyrenes, catalysed by Trametes versicolor laccase.*

Ferulic acid has also been converted successfully to 4VG
in the lignolytic yeast Rhodosporidium fluviale LM-2,>® and p-
coumaric acid has been converted in high yield to 4-vinylphenol
in Corynebacterium glutamicum.""’

6.1.4. Coniferyl alcohol. An efficient bioconversion of
biomass-derived ferulic acid to coniferyl alcohol has also been
engineered.''® The biocatalyst of choice was E. coli, overexpres-
sing a carboxylic acid reductase from Nocardia iowensis
(Ni-CAR) and an aldo-keto reductase from lower termite Copto-
termes gestroi (Cg-AKR), which allowed the production of
coniferyl alcohol from ferulic acid via coniferyl aldehyde (see
Fig. 10). Since E. coli is not capable of depolymerising lignin or
lignocellulosic biomass, the authors expressed and purified the
chimeric xylanase/feruloyl esterase XynZ from Clostridium ther-
mocellum, which was applied to release ferulic acid from wheat
straw. The final cascade containing XynZ and whole-cell bioca-
talyst expressing Cg-AKR and Ni-CAR was able to produce a
maximum of approximately 25 mg L™" coniferyl alcohol from
wheat straw biomass.'"®

6.2. Non-aromatic bioproducts

6.2.1. Cis,cis-muconic acid, a bio-privileged molecule. cis,-
cis-Muconic acid (MA) is a product of catechol ortho-cleavage in
species such as R. jostii RHA1, P. putida KT2440, Amycolatopsis
sp. ATCC 39116, and C. glutamicum ATCC 13032%% and is
considered a “bio-privileged molecule” due to its potential
use as a chemical building block for an extensive list of
molecules relevant to biomaterial production, such as adipic
acid, caprolactam, unsaturated polyesters, hexamethylene dia-
mine, caprolactone, terephthalic acid, and 3-hexenedioic
acid.'™ vardon and colleagues demonstrated one of the first
microbial engineering efforts to produce MA from an alkaline
pretreated liquor (APL) from corn stover.'”® Using P. putida
KT2440, the authors first redirected the aromatic catabolism
from PCA towards catechol by replacing the PCA 3,4-
dioxygenase gene pcaHG by the aroY gene from Enterobacter
cloacae encoding a PCA decarboxylase, which redirected meta-
bolic flux into PCA towards catechol and MA (see Fig. 11). The

engineered strain was cultivated in minimal media
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supplemented with alkali pretreated lignin, containing signifi-
cant levels of p-coumarate and ferulate, which were converted
into 0.7 g L' MA after 24 h, representing a molar yield of
67%."%° The authors then converted MA, produced from a fed-
batch cultivation with p-coumarate, into adipic acid via cataly-
tic hydrogenation using a Pd/C catalyst."”*® Other works have
creatively addressed some of the bottlenecks associated with
MA production in P. putida, including PCA decarboxylase
activity and catabolite repression,'*! catechol sensitivity and
substrate range,"** and hydroxylation of 4-hydroxybenzoic acid
into PCA and the resulting nicotinamide cofactor ratios.'*

While P. putida is the host of choice for MA production in
several studies, other microorganisms have the potential to
produce MA, notably from modified native pathways. In a
recent work, Vilbert and colleagues investigated a pathway for
MA production in N. aromaticivorans.'** They verified that this
strain catabolises PCA not only via 4,5-meta-cleavage (initiated
by LigAB1 and LigAB2), but also through decarboxylation
towards catechol, catalysed by the gene products of the novel
NadBCD gene cluster. Overexpression of the native NadCD
proteins was achieved by placing new copies of the genes in
the ligAB1 locus, simultaneously disrupting the PCA meta-
cleavage pathway and promoting the conversion of accumulated
PCA into catechol. Finally, the authors replaced the xylE gene,
which encodes a catechol 2,3-dioxygenase, by an additional copy
of the native catA gene. The genes catB and catC, which promote
further MA degradation towards the B-ketoadipate pathway, were
also knocked-out, effectively accumulating MA. The final strain,
engineered using only native genes and promoters, had the same
conversion efficiency as that of the N. aromaticivorans strain
engineered using foreign homologues. Furthermore, the engi-
neered strains were able to produce MA from poplar alkaline
pretreated lignin streams, in quantitative yield.">*

MA has been successfully produced by an engineered
Amycolatopsis sp. ATCC 39116 strain, which is capable of
tolerating and utilising a wide range of lignin-derived
aromatics, notably guaiacol, but also catechol, phenol,
toluene, p-coumarate, and benzoate.'*® The authors deleted
two catB genes encoding muconate cycloisomerases, and
the double knockout strain produced 3.1 g L' MA from
guaiacol in 96% yield. Furthermore, the strain successfully
converted a hydrothermally-depolymerised softwood Kraft
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lignin (IndulinAT) stream into MA at 72% yield, as well as o-
cresol into methyl-MA."**

Similarly, the elimination of the muconate cycloisomerase
catB gene and constitutive overexpression of catA in C. glutamicum
led to 85 ¢ L' MA being produced from catechol in 60 h. The
authors also tested the same hydrothermally-depolymerised Indu-
linAT lignin stream with the engineered strain C. glutamicum
MA-2, obtaining as much as 1.8 g L MA."*® In a follow-up study,
this strain was further modified to convert vanillin and vanillate —
obtained in high amounts from the catalytic alkaline oxidation of
softwood lignin - into MA."*” Using a systems metabolic engineer-
ing approach, the authors performed extensive modifications in
the C. glutamicum MA-2 strain, such as: (i) eliminating the
reductive vanillin catabolic branch; (ii) promoting the oxidative
vanillin catabolism by overexpressing native vdh; (iii) de-
repressing and overexpressing the vanABK operon, which encodes
vanillate O-demethylase VanAB and vanillate/PCA transporter
VanK; (iv) and finally, screening different aroY-homologues and
overexpressing the most efficient catalyst (E. cloacae aroY and its
two associated proteins EcdBD) in the pcaG gene locus. The final
strain, named C. glutamicum MA-9, produced stoichiometric
amounts of MA from vanillin, including vanillin derived from
alkaline-oxidised softwood lignin. Using this substrate, the MA-9
strain produced 0.35 mmol g * h™* MA."*’

6.2.2. Polyhydroxyalkanoate bioplastics. Certain species of
lignin-degrading bacteria, such as P. putida KT2440, are cap-
able of accumulating storage compounds known as medium
chain length polyhydroxyalkanoates (mcl-PHAs). PHAs are
stored as intracellular inclusion bodies under nutrient limiting
conditions. Generated via the fatty acid biosynthesis pathway,
these molecules have diverse applications as biothermoplastics
and adhesives and can be further valorised into fuels and
chemicals. Since the B-ketoadipate pathway leads to the TCA
cycle, it is possible to generate PHAs from lignin-containing
feedstocks (see Fig. 12). mcl-PHAs have been produced in
P. putida KT2440 from corn stover alkaline pretreated lignin
(APL), which consists mostly of a mixture containing aromatic
monomers such as p-coumaric acid, ferulic acid, vanillic acid,
acetate, and trace amounts of glucose.'®® The strain accumu-
lated 0.252 g L™ " mcl-PHAs from undiluted APL, the equivalent
of 32% cell dry weight (CDW). The produced compounds were
extracted and subjected to thermal depolymerisation, yielding
alkenoic acids, which were further processed via catalytic
deoxygenation to produce fuel-range hydrocarbons.'*®

mcl-PHA accumulation was increased in P. putida KT2440 by
knocking-out the phaZ gene encoding a PHA depolymerase and
fadBA1 and fadBA2 B-oxidation genes.*® Carbon flux was
further enhanced towards mcl-PHAs by promoting chromosomal
overexpression of genes involved in PHA biosynthesis, such as
phaH, phaG, alkK, phaC1, and phaC2. The final strain P. putida
AG2162 had a 100% yield improvement compared to the parental
strain, with a final mcl-PHA production of 116 & 35 mg L™ from
depolymerised lignin liquor (containing mostly p-coumarate,
some ferulates, and some high molecular weight lignins)."*®

Another study engineered the peripheral aromatic cata-
bolism of P. putida strain H to enhance the conversion of

This journal is © The Royal Society of Chemistry 2024
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lignin-derived monomers towards acetyl-CoA and, ulti-
mately, malonyl-CoA - the main precursor for PHA
biosynthesis."*® The P. putida H strain had both ortho-
cleavage and meta-cleavage pathways for catechol, initiated
by two catechol 1,2-dioxygenases and one catechol 2,3-
dioxygenase, respectively. Knocking-out one of the catechol
1,2-dioxygenases, catA2, resulted in improved PHA production
from aromatic sources. The authors devised a fed-batch strategy
using as the substrate an IndulinAT Kraft lignin hydrolysate,
consisting mainly of catechol (50 mM), with feed addition of pure
catechol, which, elegantly, was coupled to oxygen demand resulting
from the action of catechol dioxygenases, to prevent catechol
overload and cell toxicity. Under this regime, up to 1.4 g L " PHA
was produced, consisting mainly (78%) of polymerised C;, units of
3-hydroxydecanoate."*

6.2.3. Triacylglycerols from lignin feedstocks. Certain olea-
ginous bacteria accumulate triacylglycerol lipids as storage
compounds, which are also biosynthesised by fatty acid bio-
synthesis (see Fig. 12). Triacylglycerols (TAGSs) are precursors
for biodiesel, so accumulation of TAGs by lignin-degrading
microbes would offer a potential route from biorefinery lignin
to biodiesel.

Among lignin degraders, Rhodococcus sp. are well-known
lipid producers, with the potential of accumulating TAGs
simultaneously from carbohydrates and lignin-derived carbon
present in lignocellulosic hydrolysates. Production of TAGs
from lignin aromatic monomers such as 4-hydroxybenzoic acid
(4-HBA) and vanillic acid has been shown in R. opacus strains
DSM 1069 and PD630,"*" as well as from oxygen-pretreated
Kraft lignin."*® R. opacus NRRL B-3311 accumulated up to
32 mg L' lipids from lignin obtained from ammonia fiber
expansion (AFEX) pretreatment of corn stover.'** By simulta-
neously utilising sugars and aromatics present in a pine
organosolv pretreatment effluent as a substrate, R. opacus
DSM 1069 accumulated a maximum of 26.9% of its CDW as
oleic, palmitic, and stearic fatty acids.’** In another study,
R. opacus PD630 accumulated a maximum of 1.3 g L™ lipids,
corresponding to 42% CDW, from a hydrolysate obtained from
a multi-stage pretreatment process of corn stover biomass,
which included firstly a mild alkaline pre-extraction process,
followed by an alkali-hydrogen peroxide post-extraction
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process.”*® The generated TAGs were successfully transesteri-
fied to yield biodiesel.**

A novel lignin-degrading species, Rhodococcus pyridinivorans
CCZU-B16, identified from screening of environmental sam-
ples, accumulated 0.52 g of lipids per g CDW using a commer-
cial alkali lignin at 4 ¢ L' as a sole carbon source."®
Employing an innovative co-culture strategy, He and colleagues
produced lipids from dilute alkali corn stover lignin. The co-
culture consisted of R. jostii RHA1 VanA™, which degraded
lignin and accumulated vanillate and lipids, and R opacus
PD630, which used the accumulated vanillate to generate
lipids. An incremental lignin loading of up to 10 g L™ " led to
a lipid production of 0.39 g lipid/CDW using the co-
fermentation strategy."”

7. Life-cycle assessment of processes
for high-value chemical production
from lignin feedstocks

While the environmental impact of using a renewable source of
aromatics instead of petrochemicals seems obvious, there are
only a limited number of published life-cycle assessments
(LCAs) that address lignin valorisation processes.

Kylili et al. performed a review of studies published in the
past few decades regarding lignin valorisation LCAs, in
the context of a circular bioeconomy - a concept that exists at
the interface of circular economy and bioeconomy models and
focuses on sustainably generating bio-based products, while
effectively “closing the loop” to minimise waste and reuse and
recycle the biomass.'*® The authors highlighted several chal-
lenges associated with LCAs of lignin valorisation processes,
including: (1) a lack of consistency in the LCA methodologies
used in different studies; (2) difficulties in modelling processes
involving powder vs. liquid lignin streams at the industrial
scale; (3) undefined market value of possible products; and (4)
confidentiality issues around life cycle inventories. While each
process had their specific bottlenecks, the most common
sources of negative environmental impacts were: high energy
consumption (for production and transportation of materials,
as well as processes requiring high pressure/temperature) and
use of solvents and harsh chemicals (and subsequent disposal).
Accordingly, this review highlighted that lignin-derived pro-
ducts, while achieving small improvements in greenhouse gas
(GHG) emissions, global warming mitigation, fossil fuel deple-
tion, and ecotoxicity, may in some cases present increased
environmental burden, compared with routes based on
petrochemicals.'®® A similar observation was made in a recent
report on processes for chemical production from biomass."

Conversely, a review of 42 LCAs for lignin-based products
found that, in most cases, lignin valorisation presents a better
environmental impact than fossil-based processes, especially
regarding climate change.'*® Moretti et al also identified that
the assessment of the environmental impact is hindered by a
lack of standard LCA methodologies. Furthermore, the hetero-
geneity of lignin percentage and composition, as well as the
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question of which fuel should replace lignin (in biorefineries
that use lignin for energy generation), was also highlighted.
Based on their analysis, the authors outlined ten ‘“lessons
learned” and respective recommendations going forward for
new LCA analyses for lignin valorisation.'*°

Corona et al. have performed a LCA for their previously
described bio-based production of adipic acid from
lignin."*>**° The conventional petrochemical route for adipic
acid production generates 0.3 kg of N,O per kg of adipic acid.
Worryingly, N,O generates 300-fold higher greenhouse gas
emissions compared with CO,."*° The new process for produc-
tion of renewable adipic acid was proposed in the context of a
lignocellulosic ethanol biorefinery, where lignin can be sourced
from the solid residue obtained after ethanol fermentation. The
authors proposed that the lignin residue, named HLFB (high
lignin fermentation by-product), is depolymerised into aro-
matic monomers in NaOH at 2 wt% at 160 °C. The resulting
mixture is separated by filtration, where the liquid stream is
sent for microbial biotransformation, and the solids are sent to
the boiler to generate heat and electricity. The microbial
biotransformation step is performed at 32 °C using an engi-
neered P. putida KT2440 strain'®® capable of accumulating
cis,cis-muconic acid (MA) in stoichiometric amounts. The fer-
mentation broth is filtered, and MA is precipitated from the
liquid fraction by the addition of sulfuric acid at 5 °C, 1 atm.
The residual broth is neutralised with NaOH and recycled by
anaerobic digestion in the in-house wastewater treatment facility,
while the resulting sodium sulphate salts are sent to landfill. The
recovered MA is dissolved in ethanol and subjected to catalytic
hydrogenation at 33 bar and 75 °C, with the ethanol and hydrogen
being partially recycled. The LCA for this process revealed sub-
stantial improvements compared to petrochemical-based adipic
acid across all analysed impact categories, except for respiratory
effects. Hotspot analysis identified NaOH consumption and heat-
ing costs as the highest burdens of the process.'*

Van Duuren and colleagues performed a limited LCA for a
different process for production of lignin-derived adipic acid
using microbial biotransformation."*" Using pyrolysis, soft-
wood lignin is depolymerised into a biphasic bio-oil containing
aromatic monomers and oligomers. A hydro-deoxygenation
step is applied to the bio-oil, aiming to convert guaiacol into
catechol and phenol. The bio-oil aqueous fraction, containing
high amounts of catechol, is used as the substrate for the
biotransformation step, performed using an engineered P.
putida KT2440-BN6 strain. The resulting MA is purified using
steam distillation and hydrogenated to yield adipic acid. The
authors propose that byproducts, including NaOH and HCI,
can be recycled through bipolar membrane electrodialysis and
that the organic fraction from the bio-oil can be valorised into
other products, such as phenol-formaldehyde resins. The lim-
ited LCA revealed that the proposed process can reduce CO,-
equivalent emissions by 58% compared to the traditional
petrochemical route and decrease energy consumption by
23%. The main environmental burdens were high energy use,
especially during fermentation and rectification steps, use of
hydrogen, which could present a negative environmental
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impact if obtained from fossil fuels, and the use of harsh
chemicals, such as NaOH and HCI, and toxic byproducts, such
as phenol and guaiacol.***

A recent work on production of vanillin using a recombinant
Arthrobacter sp. C2 performed a LCA of their laboratory-based
process, and compared it to other lab-scale vanillin bioproduc-
tion processes.'® Vanillin was produced from corn alkaline
lignin by an engineered Arthrobacter sp. C2 strain, which was
then isolated from the medium by extracting into ethyl acetate
and rotary evaporation. The LCA revealed that the major
environmental impact is “human toxicity” (55%), which con-
sists mainly of electricity consumption (98%). More than half
(57%) of the electricity demand of the process was consumed
during microbial biotransformation. Thus, the authors stress
the importance of using renewable electricity to power this
bioprocess.'>

Choice of lignin feedstock is an important consideration for
future lignin-based processes. Although the use of industrial
Kraft lignin is attractive, since it is a by-product of an existing
industrial process: (1) its condensed structure makes it much
more difficult to valorise and (2) Kraft lignin has a calorific
value of 26.5 MJ kg™', which is used to power biorefinery
boilers, and hence whatever high-value chemical is produced
from a new process, it must have added value, compared with
use of lignin as a fuel."*> A report from an academic-industrial
consortium in The Netherlands in 2016 highlighted the need to
consider the full value chain from plant biomass to products,
so that all components of the lignocellulosic biomass can be
utilised effectively for chemical production.'*® Often processes
that are optimised for cellulose production generate low-quality
lignin that cannot be effectively valorised for chemical produc-
tion (e.g. Kraft lignin and lignosulfonates), whereas processes
optimised for high quality lignin production (e.g. organosolv
lignin) are not commercially viable in the current climate. New
types of biomass pretreatment may be able to deliver both high
quality lignin and sugar streams.'*® Alternatively, lignin-
degrading microbes could be engineered to utilise cellulose
as well as lignin, which was recently reported for R. jostii
RHA1,"** which may in the future allow chemical production
from both lignin and cellulose fractions.

8. Conclusions

In this Feature Article, we highlight the potential of using
engineered lignin-degrading microbes for the production of a
range of high-value molecules. As our understanding of the
catabolic pathways for lignin degradation improves, new routes
to different high-value products emerge, using polymeric lignin
and biomass as substrates for biotransformation, which are
important proof-of-concepts towards consolidated bioproces-
sing of raw lignin and lignocellulose. Importantly, as high-
lighted by the LCAs above, the use of energy-intensive
processes, harsh chemicals, and a large volume of solvents
greatly contributes to the negative environmental impacts of
some lignin valorisation processes. At least some of these
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impacts could be alleviated by novel biotechnologies using
microbes directly in untreated lignin streams, circumventing the
need to purify and depolymerise lignin prior to valorisation.
Accordingly, research efforts could be directed towards the dis-
covery and improvement of microbial lignin-based cell factories
with increased lignin depolymerisation capacities, efficient aro-
matic catabolic flux, tolerance towards high concentrations of
potential inhibitors, and shorter cultivation times.

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

Research on lignin valorisation conducted by the authors’
group is supported by the BBSRC research grant BB/Y004027/1.

References

1 “Carbon for Chemicals: how can biomass contribute to the defos-
silisation of the chemicals sector?”” Report by SuperGen Bioenergy
and Biomass Biorefinery Network, 2024, ISBN: 978-1-85449-820-5.

2 P. N. R. Vennestrgm, C. M. Osmundsen, C. H. Christensen and
E. Taarning, Angew. Chem., Int. Ed., 2011, 50, 10502-10509.

3 G. Fiorentino, M. Ripa and S. Ulgiati, Biofuels, Bioprod. Biorefin.,
2017, 11, 195-214.

4 M. S. Rishikesh, S. Harish, S. M. Prasanth and D. G. Prakash,
Biomass Convers. Biorefin., 2023, 13, 5533-5556.

5 P. Sivagurunathan, T. Raj, C. S. Mohanta, S. Semwal, A. Satlewal,
R. P. Gupta, S. K. Puri, S. S. V. Ramakumar and R. Kumar, Chemo-
sphere, 2021, 268, 129326.

6 J. Ralph, K. Lundquist, G. Brunow, F. Lu, H. Kim, P. F. Schatz,
J. M. Marita, R. D. Hatfield, S. A. Ralph, J. Holst Christensen and
W. Boerjan, Phytochem. Rev., 2004, 3, 29-60.

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

8 X. Pan, J. F. Kadla, K. Ehara, N. Gilkes and J. N. Saddler, J. Agric.
Food Chem., 2006, 54, 5806-5813.

9 S. Constant, H. L. J. Wienk, A. E. Frissen, P. de Peinder, R. Boelens,
D. S. van Es, R. ]J. H. Grisel, B. M. Weckhuysen, W. J. J. Huijgen,
R. J. A. Gosselink and P. C. A. Bruijnincx, Green Chem., 2016, 18,
2651-2665.

10 C. Zhao, J. Huang, L. Yang, F. Yue and F. Lu, Ind. Eng. Chem. Res.,
2019, 58, 5707-5714.

11 E. M. Karp, B. S. Donohoe, M. H. O’Brien, P. N. Ciesielski, A. Mittal,
M. J. Biddy and G. T. Beckham, ACS Sustainable Chem. Eng., 2014,
2, 1481-1491.

12 F. S. Chakar and A. ]J. Ragauskas, Ind. Crops Prod., 2004, 20,
131-141.

13 T. Tang, J. Fei, Y. Zheng, J. Xu, H. He, M. Ma, Y. Shi, S. Chen and
X. Wang, ChemistrySelect, 2023, 8, €20220491.

14 C. Crestini, H. Lange, M. Sette and D. S. Argyropoulos, Green
Chem., 2017, 19, 4104-4121.

15 C. S. Lancefield, G. M. M. Rashid, F. Bouxin, A. Wasak, W.-C. Tu,
J. Hallett, S. Zein, J. Rodriguez, S. D. Jackson, N. J. Westwood and
T. D. H. Bugg, ACS Sustainable Chem. Eng., 2016, 4, 6921-6930.

16 T. K. Kirk and R. L. Farrell, Annu. Rev. Microbiol., 1987, 41, 465-505.

This journal is © The Royal Society of Chemistry 2024

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

View Article Online

ChemComm

M. Tien and T. K. Kirk, Proc. Natl. Acad. Sci. U. S. A., 1984, 81,
2280-2284.

A. Levasseur, F. Piumi, P. M. Coutinho, C. Rancurel, M. Asther,
M. Delattre, B. Henrissat, P. Pontarotti, M. Asther and E. Record,
Fungal Genet. Biol., 2008, 45, 638-645.

J. K. Glenn and M. H. Gold, Arch. Biochem. Biophys., 1985, 242,
329-341.

U. Tuor, H. Wariishi, H. E. Schoemaker and M. H. Gold, Biochem-
istry, 1992, 31, 4986-4995.

R. Bourbonnais, M. G. Paice, I. D. Reid, P. Lanthier and
M. Yaguchi, Appl. Environ. Microbiol., 1995, 61, 1876-1880.

K. E. Hammel, M. Tien, B. Kalyanaraman and T. K. Kirk, J. Biol.
Chem., 1985, 260, 8348-8353.

K. Miki, V. Renganathan and M. H. Gold, Biochemistry, 1986, 25,
4790-4796.

G. van Erven, R. Hilgers, P. de Waard, E.-J. Gladbeek, W. J. H. van
Berkel and M. A. Kabel, ACS Sustainable Chem. Eng., 2019, 7,
16757-16764.

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

M. Ahmad, J. N. Roberts, E. M. Hardiman, R. Singh, L. D. Eltis and
T. D. H. Bugg, Biochemistry, 2011, 50, 5096-5107.

G. M. M. Rashid, C. R. Taylor, Y. Liu, X. Zhang, D. Rea, V. Fiilop and
T. D. H. Bugg, ACS Chem. Biol., 2015, 10, 2286-2294.

R. Rahmanpour and T. D. H. Bugg, Arch. Biochem. Biophys., 2015,
574, 93-98.

E. Masai, Y. Katayama, S. Nishikawa, M. Yamasaki, N. Morohoshi
and T. Haraguchi, FEBS Lett., 1989, 249, 348-352.

E. Masai, Y. Katayama, S. Kubota, S. Kawai, M. Yamasaki and
N. Morohoshi, FEBS Lett., 1993, 323, 135-140.

E. Masai, A. Ichimura, Y. Sato, K. Miyauchi, Y. Katayama and
M. Fukuda, J. Bacteriol., 2003, 185, 1768-1775.

D. L. Gall, H. Kim, F. Lu, T. J. Donohoe, D. R. Noguera and J. Ralph,
J. Biol. Chem., 2014, 289, 8656-8667.

P. Picart, M. Sevenich, P. Dominguez de Maria and A. Schallmey,
Green Chem., 2015, 17, 4931-4940.

G. M. M. Rashid, X. Zhang, R. C. Wilkinson, V. Fiilép, B. Cottyn,
S. Baumberger and T. D. H. Bugg, ACS Chem. Biol., 2018, 13,
2920-2929.

M. Ramachandra, D. L. Crawford and D. Hertel, Appl. Environ.
Microbiol., 1988, 54, 3057-3063.

M. E. Brown, T. Barros and M. C. Y. Chang, ACS Chem. Biol., 2012,
7, 2074-2081.

S. Majumdar, T. Lukk, J. O. Solbiati, S. Bauer, S. K. Nair,
J. E. Cronan and J. A. Gerlt, Biochemistry, 2014, 53, 4047-4058.

H. Pupart, P. J6éul, M. I. Bramanis and T. Lukk, Energies, 2023,
16, 1557.

M. Ahmad, C. R. Taylor, D. Pink, K. Burton, D. Eastwood,
G. D. Bending and T. D. H. Bugg, Mol. BioSyst., 2010, 6, 815-821.
D. Salvachua, E. M. Karp, C. T. Nimlos, D. R. Vardon and
G. T. Beckham, Green Chem., 2015, 17, 4951-4967.

G. M. M. Rashid, V. Sodré, J. Luo and T. D. H. Bugg, Biotechnol.
Bioeng., 2024, 121, 1365-1369.

Z. Xu, B. Peng, R. B. Kitata, C. D. Nicora, K. K. Weitz, Y. Pu, T. Shi,
J. R. Cort, A. J. Ragauskas and B. Yang, Biotechnol. Biofuels, 2022,
15, 117.

R. S. Granja-Travez and T. D. H. Bugg, Arch. Biochem. Biophys.,
2018, 660, 97-107.

R. S. Granja-Travez, G. F. Persinoti, F. M. Squina and T. D. H. Bugg,
Appl. Microbiol. Biotechnol., 2020, 104, 3305-3320.

G. M. M. Rashid, G. N. Riviére, B. Cottyn-Boitte, A. Majira,
L. Cézard, V. Sodré, R. Lam, J. A. Fairbairn, S. Baumberger and
T. D. H. Bugg, ChemBioChem, 2024, 25, €202400132.

I. Fall, Q. Czerwiec, S. Abdellaoui, B. Doumeche, M. Ochs,
C. Rémond and H. Rakotoarivonina, Appl. Microbiol. Biotechnol.,
2023, 107, 201-217.

C. O. G. de Silva, P. Sun, K. Barrett, M. G. Sanders, W. J. H. van
Berkel, M. A. Kabel, A. S. Meyer and J. W. Agger, Angew. Chem., Int.
Ed., 2024, 63, €202409324.

R. Rahmanpour, L. D. W. King and T. D. H. Bugg, Biochem. Biophys.
Res. Commun., 2017, 482, 57-61.

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

A. Hernandez-Ortega, P. Ferreira and A. T. Martinez, Appl. Environ.
Microbiol., 2012, 93, 1395-1410.

Chem. Commun., 2024, 60, 14360-14375 | 14373


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cc05064a

Open Access Article. Published on 12 de novembre 2024. Downloaded on 13/3/2026 5:35:58.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

51

52
53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

14374 |

M. Daou and C. B. Faulds, World J. Microbiol. Biotechnol., 2017,
33, 87.

P. J. Kersten, Proc. Natl. Acad. Sci. U. S. A., 1990, 87, 2936-2940.
A. Alruwaili, G. M. M. Rashid and T. D. H. Bugg, Green Chem., 2023,
25, 3549-3560.

T. Kijpornyongpan, A. Schwartz, A. Yaguchi and D. Salvachua,
iScience, 2022, 25, 104640.

C. Madzak, L. Otterbein, M. Chamkha, S. Moukha, M. Asther,
C. Gaillardin and ].-M. Beckerich, FEMS Yeast Res., 2005, 5, 635.
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.

N. Vilela, G. Tomazetto, T. A. Gongalves, V. Sodré, G. F. Persinoti,
E. C. Moraes, A. H. Cavalcante de Oliviera, S. Nemesio da Silva,
T. P. Fill, A. Damasio and F. M. Squina, Biotechnol. Biofuels
Bioprod., 2023, 16, 5.

C. H. Zhao, R. K. Zhang, B. Qiao, B. Z. Li and Y. J. Yuan, Biochem.
Eng. J., 2020, 160, 107634.

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.

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.

K. C. Yam, R. van der Geize and L. D. Eltis, in Biology of
Rhodococcus, Microbiology Monographs 16, ed. H. M. Alvarez and
A. Steinbiichel, Springer-Verlag, Berlin, Germany, 2010, pp. 133-
169.

M. P. McLeod, R. L. Warren, W. W. L. Hsiao, N. Araki, M. Myhre,
C. Fernandes, D. Miyazawa, W. Wong, A. L. Lillquist, D. Wang,
M. Dosanjh, H. Hara, A. Petrescu, R. D. Morin, G. Yang, J. M. Stott,
J. E. Schein, H. Shin, D. Smailus, A. S. Siddiqui, M. A. Marra,
S.J. M. Jones, R. Holt, F. S. L. Brinkman, K. Miyauchi, M. Fukuda,
J. E. Davies, W. W. Mohn and L. D. Eltis, Proc. Natl. Acad. Sci. U. S. A.,
2006, 103, 15582-15587.

A. Schéfer, A. Tauch, W. Jéiger, J. Kalinowski, G. Thierbach and
A. Piihler, Gene, 1994, 145, 69-73.

N. Nakashima and T. Tamura, Appl. Environ. Microbiol., 2004, 70,
5557-5568.

D. M. DeLorenzo, W. R. Henson and T. S. Moon, ACS Synth. Biol.,
2017, 6, 1973-1978.

D. M. DeLorenzo and T. S. Moon, Sci. Rep., 2018, 8, 6019.

S. Jiao, H. Yu and Z. Shen, New Biotechnol., 2018, 44, 41-49.

J. W. Round, L. D. Robeck and L. D. Eltis, ACS Synth. Biol., 2021,
10, 2383.

Y. Liang, S. Jiao, M. Wang, H. Yu and Z. Shen, Metab. Eng., 2020, 57,
13-22.

D. M. DeLorenzo, A. G. Rottinghaus, W. R. Henson and T. S. Moon,
ACS Synth. Biol., 2018, 7, 727.

H. Meng, S. Kébbing and L. M. Blank, Microb. Biotechnol., 2024,
17, e14531.

T. Aparicio, V. de Lorenzo and E. Martinez-Garcia, Biotechnol. J.,
2018, 13, 1700161.

S. Z. Tan, C. R. Reisch and K. L. J. Prather, J. Bacteriol., 2018,
200, e00575.

J. Sun, Q. Wang, Y. Jiang, Z. Wen, L. Yang, J. Wu and S. Yang,
Microb. Cell Fact., 2018, 17, 41.

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

S. Lieder, P. I. Nikel, V. de Lorenzo and R. Takors, Microb. Cell Fact.,
2015, 14, 23.

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.

E. Martinez-Garcia and V. de Lorenzo, Curr. Opin. Biotechnol, 2017,
47, 120.

K. R. Choj, J. S. Cho, L. J. Cho, D. Park and S. Y. Lee, Metab. Eng.,
2018, 47, 463.

R. K. Jha, J. M. Bingen, C. W. Johnson, T. L. Kern, P. Khanna,
D. S. Trettel, C. E. M. Strauss, G. T. Beckham and T. Dale, Metab.
Eng. Commun., 2018, 6, 33-38.

R. K. Jha, N. Narayanan, N. Pandey, J. M. Bingen, T. L. Kern,
C. W. Johnson, C. E. M. Strauss, G. T. Beckham, S. P. Hennelly and
T. Dale, ACS Synth. Biol., 2019, 8, 775.

E. Augustiniene, I. Kutraite, E. Valanciene, P. Matulis, I. Jonuskiene
and N. Malys, New Biotechnol., 2023, 78, 1-12.

Chem. Commun., 2024, 60, 14360-14375

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101
102

103

104

105

106
107

108

109

110

111

112

113

114

View Article Online

Feature Article

X. H. Shen, N. Y. Zhou and S. J. Liu, Appl. Microbiol. Biotechnol.,
2012, 95, 77-89.

N. Kallscheuer, M. Vogt, J. Kappelmann, K. Krumbach, S. Noack,
M. Bott and J. Marienhagen, Appl. Microbiol. Biotechnol., 2016, 100,
1871-1881.

A. Alruwaili, G. M. M. Rashid, V. Sodré, J. Mason, Z. Rehman, A. Menaketh,
S. P. Brown and T. D. H. Bugg, RSC Chem. Biol., 2023, 4, 47-55.

A. Rodriguez, D. Salvachta, 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.

R. Tramontina, I. Ciancaglini, E. K. B. Roman, M. Chacon,
T. L. R. Corréa, A. R. Damasio, N. Dixon, T. D. H. Bugg and
F. M. Squina, Appl. Microbiol. Biotechnol., 2023, 107, 4165-4185.
F. Weiland, M. Kohlstedt and C. Wittmann, Metab. Eng., 2022, 71,
13-41.

S. Mishra, A. Sachan, A. S. Vidyarthi and S. G. Sachan, Rev. Environ.
Sci. Biotechnol., 2014, 13, 377-385.

H. Otani, Y. E. Lee, I. Casabon and L. D. Eltis, J. Bacteriol., 2014,
196, 4293-4303.

R. Plaggenborg, J. Overhage, A. Steinbiichel and H. Priefert, Appl.
Microbiol. Biotechnol., 2003, 61, 528-535.

S. Achterholt, H. Priefert and A. Steinbiichel, Appl. Microbiol.
Biotechnol., 2000, 54, 799-807.

E. Masai, K. Harada, X. Peng, H. Kitayama, Y. Katayama and
M. Fukuda, Appl. Environ. Microbiol., 2002, 68, 4416-4424.

J. R. Van Der Meer, W. M. De Vos, S. Harayama and
A. J. B. Zehnder, Microbiol. Rev., 1992, 56, 677-694.

Z. Wei, R. C. Wilkinson, G. M. M. Rashid, D. Brown, V. Fiilop and
T. D. H. Bugg, Biochemistry, 2019, 58, 5281-5293.

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

E. M. Spence, H. T. Scott, L. Dumond, L. Calvo-Bado, S. Di Monaco,
J. J. Williamson, G. F. Persinoti, F. M. Squina and T. D. H. Bugg,
Appl. Environ. Microbiol., 2020, 86, e01561.

R. J. M. Lubbers, A. Dilokpimol, M. Peng, ]J. Visser, M. R. Mikel,
K. S. Hildén and R. P. de Vries, ACS Sustainable Chem. Eng., 2019, 7,
19081-19089.

C. del Cerro, E. Erickson, T. Dong, A. R. Wong, E. K. Eder,
S. O. Purvine, H. D. Mitchell, K. K. Weitz, L. M. Markillie,
M. C. Burnet, D. W. Hoyt, R. K. Chu, J. F. Cheng, K. J. Ramirez,
R. Katahira, W. Xiong, M. E. Himmel, V. Subramanian, J. G. Linger
and D. Salvachaa, Proc. Natl Acad. Sci. U. S. A, 2021,
118, €2017381118.

T. D. H. Bugg, M. Ahmad, E. M. Hardiman and R. Rahmanpour,
Nat. Prod. Rep., 2011, 28, 1883-1896.

C. Weng, X. Peng and Y. Han, Biotechnol. Biofuels, 2021, 14, 84.
E. Rosini, F. Molinari, D. Miani and L. Pollegioni, Catalysts, 2023,
13, 555.

P. D. Sainsbury, E. M. Hardiman, M. Ahmad, H. Otani, N. Seghezzi,
L. D. Eltis and T. D. H. Bugg, ACS Chem. Biol., 2013, 8, 2151-2156.
R. Ciriminna, A. Fidalgo, F. Meneguzzo, F. Parrino, L. M. Ilharco
and M. Pagliaro, ChemistryOpen, 2019, 8, 660-667.

X. Zhao, Y. Zhang, H. Jiang, H. Zang, Y. Wang, S. Sun and C. Li,
Bioresour. Technol., 2022, 347, 126434.

R. Sheldon, Green Chem., 2014, 16, 950-963.

Z. Mycroft, M. Gomis, P. Mines, P. Law and T. D. H. Bugg, Green
Chem., 2015, 17, 4974-4979.

Y. Asano, H. Yamada and Y. Yamamoto, Biosci., Biotechnol., Bio-
chem., 1994, 58, 2054-2056.

E. M. Spence, L. Calvo-Bado, P. Mines and T. D. H. Bugg, Microb.
Cell Fact., 2021, 20, 15.

A. Pellis, J. W. Comerford, S. Weinberger, G. M. Guebitz, J. H. Clark
and T. J. Farmer, Nat. Commun., 2019, 10, 1762.

H. Goémez-Alvarez, P. Iturbe, V. Rivero-Buceta, P. Mines,
T. D. H. Bugg, J. Nogales and E. Diaz, Bioresour. Technol., 2022,
346, 126638.

J. M. Perez, W. S. Kontur, M. Alherech, J. Coplien, S. D. Karlen,
S. S. Stahl, T. J. Donohue and D. R. Noguera, Green Chem., 2019, 21,
1340-1350.

B. Kim, J. M. Perez, S. D. Karlen, J. Coplien, T. J. Donohue and
D. R. Noguera, Green Chem., 2024, 26, 7997-8009.

Y. Qian, Y. Otsuka, T. Sonoki, B. Mukhopadhyay, M. Nakamura,
J. Jellison and B. Goodell, BioResources, 2016, 11, 6097-6109.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cc05064a

Open Access Article. Published on 12 de novembre 2024. Downloaded on 13/3/2026 5:35:58.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Feature Article

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

Y. Suzuki, Y. Okamura-Abe, M. Nakamura, Y. Otsuka, T. Araki,
H. Otsuka, R. R. Navarro, N. Kamimura, E. Masai and Y. Katayama,
J. Biosci. Bioeng., 2020, 130, 71-75.

J. J. Williamson, N. Bahrin, E. M. Hardiman and T. D. H. Bugg,
Biotechnol. J., 2020, 15, 1900571.

A. Rodriguez, J. A. Meadows, N. Sun, B. A. Simmons and
J. M. Gladden, Microb. Cell Fact., 2021, 20, 181.

R. Tramontina, J. Galman, S. R. Derrington, T. D. H. Bugg, N. J. Turner,
F. M. Squina and N. Dixon, Green Chem., 2020, 22, 144-152.

B. H. Shanks and P. L. Keeling, Green Chem., 2017, 19, 3177-3185.
D. R. Vardon, M. A. Franden, C. W. Johnson, E. M. Karp,
M. T. Guarnieri, J. G. Linger, M. J. Salm, T. J. Strathmann and
G. T. Beckham, Energy Environ. Sci., 2015, 8, 617-628.

D. Salvachua, C. W. Johnson, C. A. Singer, H. Rohrer, D. J. Peterson,
B. A. Black, A. Knapp and G. T. Beckham, Green Chem., 2018, 20,
5007-5019.

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. Wittman, Metab. Eng., 2018,
47, 279-293.

E. Kuatsjah, C. W. Johnson, D. Salvachua, A. Z. Werner, M. Zahn,
C. ]J. Szostkiewicz, C. A. Singer, G. Dominick, I. Okekeogbu,
S. J. Haugen, S. P. Woodworth, K. J. Ramirez, R. ]J. Giannone,
R. L. Hettich, J. E. McGeehan and G. T. Beckham, Metab. Eng.,
2022, 70, 31-42.

A. C. Vilbert, W. S. Kontur, D. Gille, D. R. Noguera and
T. ]J. Donohue, Appl. Environ. Microbiol., 2024, 90, e01660.

N. Barton, L. Horbal, S. Starck, M. Kohlstedt, A. Luzhetskyy and
C. Wittmann, Metab. Eng., 2018, 45, 200-210.

J. Becker, M. Kuhl, M. Kohlstedt, S. Starck and C. Wittmann,
Microb. Cell Fact., 2018, 17, 115.

F. Weiland, N. Barton, M. Kohlstedt, J. Becker and C. Wittmann,
Metab. Eng., 2023, 75, 153-169.

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.

D. Salvachta, T. Rydzak, R. Auwae, A. De Capite, B. A. Black,
J. T. Bouvier, N. S. Cleveland, J. R. Elmore, J. D. Huenemann,

This journal is © The Royal Society of Chemistry 2024

130

131

132

133
134

135

136

137

138

139

140

141

142

143

144

View Article Online

ChemComm

R. Katahira, W. E. Michener, D. ]. Peterson, H. Rohrer,
D. R. Vardon, G. T. Beckham and A. M. Guss, Microb. Biotechnol.,
2020, 13, 290-298.

J. M. Borrero-de Acuiia, I. Gutierrez-Urrutia, C. Hidalgo-Dumont,
C. Aravena-Carrasco, M. Orellana-Saez, N. Palominos-Gonzalez,
J. B. J. H. van Duuren, V. Wagner, L. Gléser, F. C. Zacconi,
C. Wittmann and I. Poblete-Castro, Microb. Biotechnol., 2021, 14,
2385-2402.

M. Kosa and A. J. Ragauskas, Appl. Microbiol. Biotechnol., 2012, 93,
891-900.

Z. Wei, G. Zeng, F. Huang, M. Kosa, D. Huang and A. J. Ragauskas,
Green Chem., 2015, 17, 2784-2789.

Z. Wang, N. Li and X. Pan, Fuel, 2019, 240, 119-125.

T. Wells, Z. Wei and A. J. Ragauskas, Biomass Bioenergy, 2015, 72,
200-205.

R. K. Le, T. Wells, P. Das, X. Meng, R. J. Stoklosa, A. Bhalla,
D. B. Hodge, J. S. Yuan and A. ]J. Ragauskas, RSC Adv., 2017, 7,
4108-4115.

G. G. Chong, X. J. Huang, J. H. Di, D. Z. Xu, Y. C. He, Y. N. Pei,
Y. J. Tang and C. L. Ma, Bioprocess Biosyst. Eng., 2018, 41, 501-510.
Y. He, X. Li, H. Ben, X. Xue and B. Yang, ACS Sustainable Chem.
Eng., 2017, 5, 2302-2311.

A. Kylili, M. Koutinas, P. Z. Georgali and P. A. Fokaides, Int.
J. Renewable Sustainable Energy, 2023, 42, 1008-1027.

C. Moretti, B. Corona, R. Hoefnagels, I. Vural-Giirsel, R. Gosselink
and M. Junginger, Sci. Total Environ, 2021, 770, 144656.

A. Corona, M. ]J. Biddy, D. R. Vardon, M. Birkved, M. Z. Hauschild
and G. T. Beckham, Green Chem., 2018, 20, 3857-3866.

J. B. ]J. H. van Duuren, P. J. de Wild, S. Starck, C. Bradtmoller,
M. Selzer, K. Mehlmann, R. Schneider, M. Kohlstedt, I. Poblete-
Castro, J. Stolzenberger, N. Barton, M. Fritz, S. Scholl, J. Venus and
C. Wittmann, Biotechnol. Bioeng., 2020, 117, 1381-1393.

E. Bernier, C. Lavigne and P. Y. Robidoux, Int. J. Life Cycle Assess.,
2013, 18, 520-528.

P. Bruijnincx, B. Weckhuysen, G.-J. Gruter and E. Engelen-Smeets,
“Lignin valorisation: the importance of a full value chain
approach”, 2016, https://edepot.wur.nl/384443.

R. Yasin, G. M. M. Rashid, 1. Ali and T. D. H. Bugg, Heliyon, 2023,
9, €19511.

Chem. Commun., 2024, 60, 14360-14375 | 14375


https://edepot.wur.nl/384443
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cc05064a



