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Lignin is a primary component of lignocellulosic biomass thatis an
underutilized feedstock in the growing biofuels industry. Despite
the fact that lignin depolymerization has long been studied, the
intrinsic heterogeneity of lignin typically leads to heterogeneous
streams of aromatic compounds, which in turn present significant
technical challenges when attempting to produce lignin-derived
chemicals where purity is often a concern. In Nature,
microorganisms often encounter this same problem during
biomass turnover wherein powerful oxidative enzymes produce
heterogeneous slates of aromatics compounds. Some microbes
have evolved metabolic pathways to convert these aromatic
species via ‘upper pathways’ into central intermediates, which
can then be funneled through ‘lower pathways’ into central
carbon metabolism in a process we dubbed ‘biological funneling’.
This funneling approach offers a direct, biological solution to
overcome heterogeneity problems in lignin valorization for the
modern biorefinery. Coupled to targeted separations and
downstream chemical catalysis, this concept offers the ability to
produce a wide range of molecules from lignin. This perspective
describes research opportunities and challenges ahead for this
new field of research, which holds significant promise towards a
biorefinery concept wherein polysaccharides and lignin are
treated as equally valuable feedstocks. In particular, we discuss
tailoring the lignin substrate for microbial utilization, host selection
for biological funneling, ligninolytic enzyme-microbe synergy,
metabolic engineering, expanding substrate specificity for
biological funneling, and process integration, each of which
presents key challenges. Ultimately, for biological solutions to
lignin valorization to be viable, multiple questions in each of these
areas will need to be addressed, making biological lignin
valorization a multidisciplinary, co-design problem.
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Introduction

Lignin is an aromatic heteropolymer that provides terres-
trial plants with strength and rigidity, facilitates water and
nutrient transport in plant tissues, and forms a heteroge-
neous, recalcitrant barrier to microbial attack. Lignin bio-
synthesis occurs via oxidative coupling reactions starting
from aromatic alcohols that differ in degree of methoxyla-
tion: p-coumaryl alcohol (H), coniferyl alcohol (G), and
sinapyl alcohol (S). In grasses and agricultural residues,
hydroxycinnamic acids also form a significant amount of
the available monolignols [1], thus enriching the hetero-
geneity of lignin. Recently, an additional natural mono-
lignol, caffeoyl alcohol, was discovered in seed coats of
several plant species [2], demonstrating that other naturally
occurring lignins may remain to be discovered. Moreover, a
substantial number of genetic modifications to lignin bio-
synthesis have been reported in the last several years,
towards the aim of reducing biomass recalcitrance, with
several prominent examples of either modifying the ratio of
monolignols or redesigning chemical linkage types via
expression of alternative monolignols [3°°,4,5°°,6].

Lignin valorization will be essential based on techno-
economic analyses of lignocellulosic biorefineries [7], but
current plant designs slate lignin for combustion to pro-
duce heat and power. With pioneer cellulosic ethanol
plants being commissioned around the world today, the
lack of broad lignin conversion technologies will become
more acute, especially considering that a typical bioetha-
nol plant will likely produce roughly 70,000 tons per year
of lignin based on a 2000 ton per day plant using corn
stover as a feedstock [7]. Lignin valorization has been
studied for many decades with a variety of catalytic,
thermal, and biological approaches to break it down to
its constituent monomers and oligomers and upgrade the
resulting monomers to fuels or chemicals [8—10]. With
very few exceptions, most lignin depolymerization tech-
nologies provide a heterogeneous slate of aromatic spe-
cies that depends on the feedstock and the approach used
to break down the lignin as well as contaminating species
from other biomass polymers. For fuels production, a
heterogenecous mixture of aromatic species is often ac-
ceptable [8,9]. However, for chemicals production, where
purity and high yields are of paramount importance, this
heterogeneity of lignin poses a major challenge.

In Nature, lignin is primarily broken down via the action of
peroxidases, laccases, and additional oxidative enzymes
from fungi and bacteria [10]. These enzymes generate
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aromatic radicals that cleave diverse lignin linkages
through non-enzymatic reactions [10], producing a large
slate of oxygenated aromatics during the turnover of lig-
nocellulose in the biosphere. As a result of this abundance
of aromatic carbon, microbes have evolved various cata-
bolic pathways and mechanisms to utilize aromatic species
[11]. Aerobic bacteria employ ‘upper pathways’ for con-
verting broad slates of aromatic compounds into a few
central intermediates, such as catechol and protocatechu-
ate [11]. Subsequently, ring-opening dioxygenases are able
to cleave the aromatic rings either via intra- or extra-diol
(ortho or meta) cleavage depending on the enzyme type
expressed. The ring-cleavage products are enzymatically
converted through ‘lower pathways’ to central carbon
metabolism, providing a carbon and energy source. A
relatively unexplored field for biotechnology purposes to
our knowledge is the aromatic catabolism of anaerobic
bacteria. In this case, dearomatization proceeds using
reductive CoA thioesters that destabilize the aromatic ring
structure and lead to common intermediates such as ben-
zoyl-CoA [11,12]. These intermediates can be further
reduced by ATP-dependent (facultative anaerobes) or
A'TP-independent (obligate anaerobes) reductases to fa-
cilitate ring-opening and subsequent [-oxidation-like
reactions to form central intermediates. As described be-
low, we will mainly focus in aerobic catabolism in the
current work.

Figure 1
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Given the inherent heterogeneity of lignin, these upper
pathways that funnel multiple species to one or two inter-
mediates offer a potential biological solution for lignin
valorization to chemicals. This topic has only recently
gained traction in the lignin valorization community. As
such, here we review the last several years of research in
this topic and present our perspective on what the key
challenges are going forward to harness microbial catabo-
lism as a viable process for producing chemicals from lignin
via a biological approach. We separate this problem into the
lignin substrate, microbe selection, enzyme—microbe syn-
ergy, metabolic engineering and synthetic biology applica-
tions, and process integration with upstream and
downstream unit operations (Figure 1). A recent review
from Bugg ez a/. covers complementary aspects of this topic
in enzyme applications in this area [13].

Lignin as a substrate for microbes: how can

we break lignin down in a biorefinery context?
The composition of depolymerized lignin varies quite
significantly based on the source of the feedstock as well
as how that feedstock is processed. Typical biochemical
conversion processes employ a mild thermochemical pre-
treatment step coupled to enzymatic hydrolysis to convert
the polysaccharides in biomass to soluble sugars or sugar-
derived species [14]. For upgrading, lignin-enriched
streams will likely be available either from pretreatment
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Lignin can be recovered and depolymerized by natural ligninolytic or thermochemical pretreatment. Engineered microbes employ ‘biological
funneling’ to convert a heterogeneous mix of aromatic molecules to a single product such as muconate. Following separation, products can be
subjected to chemical catalysis to yield a multitude of functional and direct replacements of commodity chemicals.
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(upstream) as a solubilized, fractionated stream or as a
solid stream after polysaccharide hydrolysis (down-
stream). It is worth to point out that complete lignin
fractionation from whole biomass is challenging without
adversely affecting carbohydrate yields. Here we discuss
options for both upstream and downstream lignin isola-
tion and utilization.

Currently, there is a diverse portfolio of options for
biomass pretreatment available, some of which are able
to partially fractionate lignin and some that are not. Thus
far, hydrothermal, dilute-acid, and ammonia-based pro-
cesses are being deployed at the industrial scale and
multiple other methods are being scaled up now in pilot
and demonstration facilities. Many elegant bench-scale
approaches are being pursued, such as ionic liquids or
other solvent-based fractionations that are able to frac-
tionate lignin from whole biomass quite selectively
[15,16]. Another emerging approach, Reductive Catalytic
Fractionation (RCF), combines a redox-active catalyst in
reducing environments with whole biomass to selectively
cleave B-O-4 linkages [17,18°°,19°°,20°°]. RCF processes
have captured significant attention as they lead to a
narrow chemical slate of monomers and dimers at high
yields (~50%) on hardwoods such as birch. RCF remains
to be broadly deployed in a feedstock-agnostic manner,
performing most effectively on hardwoods where the
syringyl/guaiacyl (S/G) ratio is high, leading to an enrich-
ment in B-O-4 linkages. A very recent, exciting report
from Luo e7 a/. successfully demonstrated the RCF con-
cept on miscanthus with a yield of nearly 70% aromatic
products from lignin [21]. Lastly, high pH pretreatment
approaches, such as the use of NaOH, are able to partially
fractionate lignin from biomass, leading to lignin-
enriched streams [22-24], but which exhibit a very broad
molecular weight distribution from the monomer range to
oligomers up to O(10*) Da [25°]. Clearly, multiple tech-
nologies are being actively developed for a ‘lignin-first’
biorefinery approach, and detailed characterization of
these streams will be required using a battery of analytical
approaches to ascertain their ability to provide lignin
streams ideal for biological conversion.

Converse to solubilized lignin obtained during pretreat-
ment or fractionation, residual lignin isolated after poly-
saccharide hydrolysis will typically be a solid, lignin-
enriched substrate contaminated with biological and/or
chemical catalysts, depending on the upstream proces-
sing. T'o be amenable for biological utilization, the solid
stream will need to be depolymerized, either chemically
or biologically. Many catalytic approaches for depolymer-
izing residual or technical lignins have been reported over
the last century, and these studies are outside the scope of
this review; the reader is encouraged to see recent reviews
from others [9,26]. It is noteworthy that high severity
hydrolysis or deconstruction approaches aimed at poly-
saccharides will often chemically modify lignin, often

cleaving labile C-O linkages and reforming more recalci-
trant C—C linkages. Few, if any, studies to our knowledge
have been conducted to date on characterization of resid-
ual lignin-enriched solids from biomass processing with
an ultimate aim to produce chemicals biologically, so this
remains an area rich for research and development.

Ideally, lignin streams for microbial conversion would be
water-soluble monomers that are able to be metabolized,
and obtainable at high concentration, similar to the 100—
200 g/L. sugar streams that one can obtain using common
polysaccharide deconstruction strategies. However, near-
term pretreatment and depolymerization approaches are
seldom able to produce this type of stream, instead
producing highly chemically and physically heteroge-
neous mixtures that are often in an organic oil phase.
Oxidative approaches, whether biological or catalytic,
potentially offer a means to produce a slate of water-
soluble, low molecular weight species from lignin. How-
ever most oxidative depolymerization of lignin conducted
to date has been focused on production of valuable
aldehydes such as vanillin or ring-opened dicarboxylic
acid mixtures [27]. Clearly, significant work needs to be
done at the interface between lignin depolymerization
and conditioning and biological lignin upgrading
approaches to produce streams that are ideal for biological
conversion to value-added chemicals, rather than the
byproducts of processes aimed solely at sugar upgrading.
From our perspective, this represents one of the primary
challenges in realizing this technology path for industrial-
scale use.

Host selection

Multiple microbes are able to utilize heterogeneous slates
of aromatic compounds as carbon and energy sources. To
date, four biological mechanisms have been elucidated to
catabolize aromatic compounds [11]. The most well char-
acterized mechanism is via upper pathways to central
intermediates such protocatechuate and catechol, which
are then cleaved via ring-opening dioxygenases and me-
tabolized further to enter the TCA cycle. Here, we focus
in particular on utilization of the classic aromatic catabolic
pathways via ring-opening dioxygenases.

The ideal microbe for biological lignin valorization will
exhibit the necessary aromatic substrate specificities for
the stream of interest, be genetically tractable, stress-
tolerant, and be able to be domesticated for use in
industrial bioreactors. Many candidates exist, and un-
doubtedly there is not one single best choice present
for all lignin streams, but rather the microbe should be
paired with and tailored to both the lignin-enriched
stream being supplied as substrate as well as with the
product being targeted.

Several microbes have been shown to date to be promising
for biological lignin valorization including Pseudomonads
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such as Pseudomonas putida K'T2440 [25°,28°°,29,30°°] and
Pseudomonas fluorescens [30°°], Rhodococci including R/o-
dococcus jostiit RHA1 [30°°,31] and Rhodococcus opacus [32], as
well as Acinetobacter baylyi ADP1 [33], Amycolatopsis sp.
75iv2 [30°°], and the well studied Sphingomonas sp. strain
SYK-6 [34-36]. Additionally, some oleaginous yeast exhibit
aromatic catabolic pathways, and may be excellent hosts.
Several of these microbes naturally accumulate carbon-
storage products such as triacylglycerides (TAGs) [31,32]
or polyhydroxyalkanoates (PHAs) [25°] in addition to
having broad aromatic catabolic capabilities, making
the wild type strains attractive starting hosts. Other
organisms, such basidiomycete fungi and in particular
white-rot fungi, have been shown to be the primary
organisms responsible for lignin catabolism in most nat-
ural environments, depolymerizing and mineralizing lig-
nin at very high yields, up to 80% [37]. However, genetic
tools for these organisms are still undeveloped which, to
date, hinders their use as platform host. A review from
Camarero ¢/ a/. summarizes the potential of fungi and
their ligninolytic enzymes (native and engineered) in
lignin-related biotechnologies [38°].

To date, we have found that P. putida K'T2440 offers
significant potential as a host for upgrading aromatic
compounds to targeted molecules and a huge body of
literature has been amassed on its physiology, metabo-
lism, and potential for domestication over the last several
decades [39]. Interestingly, de Lorenzo and co-workers
recently engineered genome-reduced strains of P. putida
KT2440 (EM42 and EM383) including 300 genes that
were deemed not necessary for domestication [40°°].
These strains exhibit enhanced properties over wild type
P. putida K'T2440 in every property reported, including
reduced lag times, increased biomass yield, higher growth
rates, improved heterologous protein expression, higher
tolerance to oxidative stress, and improved cell survival in
stationary phase [40°°,41]. These strains were reduced in
flagellar machinery, which is not necessary for stirred
bioreactor cultivation, four prophages, three components
of DNA restriction-modification systems, and two trans-
posons. Lieder ¢7a/. used the same domesticated strains to
show that heterologous protein expression was enhanced
by 40% in the engineered strain (using green fluorescent
protein as a model) [41]. Further domestication of P.
putida will likely continue to make it an attractive chassis
for metabolic engineering applications in biological lignin
valorization.

Three additional paradigms have more recently emerged
that employ aerobic or anaerobic mechanisms, as recently
reviewed by Fuchs e7 a/. [11]. To date, several species
have been described to accomplish aromatic catabolism
via anaerobic mechanisms, including Azoarcus sp. CIB
[42], Thauera aromatica |43), Aromatoleum aromaticum [44],
Rhodopseudomonas palustris [11], and others [45-47]. Cer-
tainly aromatic catabolism via anaerobic paradigms may
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ultimately be of interest for biotechnological purposes,
given the simpler, often cheaper processing conditions
required. More efforts here would be interesting to com-
pare aerobic and anaerobic aromatic catabolic microbes to
understand differences in substrate specificity, catabolic
rates, and potential target products.

Enzyme-microbe synergy

Quite commonly in lignin depolymerization, it is challeng-
ing to produce solely monomeric aromatic species. For
example, alkaline extraction of lignin from biomass, which
is a simple process to obtain a stream of lignin-enriched
material, often results in a soluble fraction of lignin that
ranges from monomers to oligomers with molecular masses
well over 10° Da [23,24,25°]. Emerging processes, such
RCF, also produce dimeric and oligomeric compounds
that exhibit C-C linkages, which are difficult to break at
mild conditions in reductive or hydrolytic (non-oxidative)
environments. In light of high molecular weight species
being present in lignin-enriched streams, the concept of
bacterial ligninolytic activities has emerged only in the last
few years and enables extracellular turnover of lignin
oligomers to low molecular weight compounds. Both
new and traditional ligninolytic enzyme activities have
been discovered and characterized in microbes such as
R. jostit RHA1 [48-51], Bacillus subtilis, Amycolatopsis sp.,
and P. putida ME'T'94 [52-54]. Additionally, new, more
specific enzymes that target specific bonds in lignin, for
example B-O-4 linkages, are emerging [55°]. Further
enzyme discovery and characterization will be necessary
going forward to understand the full suite of bacterial
ligninolytic enzymes available. High-throughput screens
like that developed by Strachan er a/. will enable rapid
detection of additional activities from environmental sam-
ples relevant to lignin degradation [56°°,57].

Towards understanding how microbes break down high
molecular weight lignin in an extracellular fashion, Salva-
chua ¢z al. recently demonstrated that multiple aromatic
catabolic microbes actively secrete ligninolytic enzymes,
namely laccases and peroxidases, which leads to a signifi-
cant extent of depolymerization of soluble, high molecular
weight lignin [30°°], as illustrated in Figure 2. The resulting
lower molecular weight compounds were taken up and
converted to carbon storage products such as TAGs or
PHAs, depending on the microbe. The ability of a microbe
to secrete ligninolytic enzymes and uptake the resulting
low molecular weight aromatics is akin to the Consolidated
Bioprocessing (CBP) concept applied to polysaccharide
conversion to ethanol [58,59]. Subsequently, Yuan ez a/.
demonstrated the addition of exogenous, commercial lac-
case from Trametes versicolor to R. opacus growth on com-
mercial Kraft lignin, demonstrating a significant increase in

TAG vyield from 8 mg/L. to 145 mg/L [60°].

These initial demonstrations of microbes working in
concert with ligninolytic enzymes, either endogenous
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Gel-permeation chromatogram demonstrating that P. putida KT2440 is
able to both catabolize low molecular weight aromatic compounds
and simultaneously depolymerize high molecular weight (HMW) lignin
oligomers. Data adapted from Salvachuta et al. [30°°].

[30°°] or using exogenous commercial sources [60°],
presents exciting opportunities to more deeply under-
stand how microbes and ligninolytic enzymes work in
concert and to harness this potential for biological lignin
valorization. Although many studies have aimed to un-
derstand individual ligninolytic enzymes or aromatic
catabolism by individual microbes, many questions arise
at the interface in terms of how ligninolytic enzymes are
secreted, how they act on real lignin substrates, what low
molecular weight aromatics are produced, and how those
aromatic compounds are taken up and catabolized by the
microbe. Indeed, understanding the relative rates of
these likely separate processes will be critical for engi-
neering optimal biological solutions if ligninolytic
enzymes are a necessary component of a biological
system for depolymerizing high molecular weight lignin
oligomers in the extracellular milieu. Similar to work
done on CBP approaches applied to polysaccharides,
one can readily envision overexpressing endogenous
ligninolytic enzymes or introducing new enzymatic ac-
tivities for secretion. However, it is currently unclear
how much ligninolytic enzymes will be needed and what
the optimal mixtures of these enzymes will be, which
will likely highly depend on the lignin stream in ques-
tion. This challenge somewhat mirrors those faced in
cellulase cocktail development, wherein complex mix-
tures of complementary enzymes are required for cellu-
lose and hemicellulose depolymerization [61]. However,
with lignin, the enzyme activities are much less under-
stood, in many cases are not highly specific producing
simultaneous depolymerization and repolymerization of
aromatic compounds [62] and the substrate generally is
much more complex than polysaccharides. Combining

powerful biological — omics tools and advanced chemical
analytics to understand how natural systems utilize
these complex substrates offers an obvious starting point
for understanding and designing enzyme—microbe inter-
actions to optimally depolymerize lignin and catabolize
the resulting monomeric species to target compounds.

Expanding substrate specificity

Another key aspect of biological funneling involves a
chosen microbe being able to conduct efficient transport
and catabolism of a broad range of aromatic compounds
simultaneously. While undissociated aromatic acids are
capable of passively diffusing across bacterial cell mem-
branes, active transporters have been described and are
likely to be important in natural environments where
these molecules are present in low concentrations [63—
65]. Additionally, Michalska ¢z /. demonstrated that some
bacterial ATP-binding cassette (ABC) transporters are
able to transport a significant number of benzoate deri-
vatives including vanillic acid and 4-hydroxybenzoic acid
[66]. From this library, the authors were able to solve
seven crystal structures of solute-binding proteins (SBPs)
from ABC transporters with four aromatic ligands. Be-
yond monomeric aromatic compounds, it is not currently
established if higher molecular weight species (e.g.,
dimers) are able to cross cell membranes for intracellular
cleavage.

Many metabolic pathways for single aromatic com-
pounds have been mapped to date in microbes such
as R. jostii RHA1, Sphingobium sp. Strain SYK-6 [34], P.
putida K'T2440, and other model aromatic-catabolic
microbes, especially for hydroxycinnamic acids (which
can be readily derived from herbaceous feedstocks) or
aromatics relevant to bioremediation and high severity
lignin depolymerization [67,68], as illustrated in
Figure 3. The conversion of phenol to catechol by
several different phenol hydroxylases have been de-
scribed [69-71], but catabolic pathways for several other
key lignin-derived substrates have not been fully eluci-
dated yet, limiting the ability to conduct metabolic
engineering to expand substrate specificities to some
common lignin-derived compounds. Guaiacol (2-meth-
oxyphenol), for example, is demethylated to catechol via
a cytochrome P450 enzyme [72-74], but the enzyme has
not been well characterized to date (Figure 3). As all
lignin, and especially that from softwoods, contain sub-
stantial amounts of G-type lignin, guaiacol utilization
represents an important target. Additionally, the specific
pathway for the biological utilization of syringol
(2,6-dimethoxyphenol) remains unknown, although this
could be a ubiquitous, if poor, natural mediator for some
laccases [75]. Generally, expanding the substrate speci-
ficities of aromatic catabolic microbes will require the
discovery of microbes able to utilize these compounds as
sole carbon sources and the subsequent discovery of new
enzymatic activities therein.
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Microbes capable of metabolizing aromatic monomers derived from
depolymerized lignin, such as p-coumarate, ferulate, 4-
hydroxybenzoate, vanillate, phenol, or guaiacol, convert these molecules
through ‘upper pathways’ to two central intermediates, protocatechuate
and catechol. Protocatechuate can be decarboxylated by AroY to form
catechol, which is then subjected to ring-opening to form cis—cis-
muconate by CatA, a catechol 1,2-dioxygenase. Subsequently, muconic
acid can be chemo-catalytically converted to (a) adipic acid via
hydrogenation, or (b) terephthalic acid via isomerization, Diels-Alder
reaction with ethylene, and dehydrogenation.
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Metabolic engineering and synthetic biology
in biological lignin valorization

The biological upgrading of lignin-derived aromatic com-
pounds provides the potential to produce several classes
of molecules including those that maintain the aromatic
ring [76], ring-opened species native to the aromatic
catabolic pathways, and products derived after the carbon
enters central metabolism. Outside of the obvious need to
produce a certain type of fuel or chemical, optimal target
selection will need to be tailored to the lignin stream for
upgrading, the host, and the ease of separation and
purification.

In terms of aromatic compound production, natural inter-
mediates in the upper pathways of lignin catabolism
could be produced by eliminating enzymes responsible
for their further metabolism [76]. In addition, routes to
direct biological conversion of aromatic molecules known
to be lignin monomers to other aromatic products, as
recently reviewed by Thompson e «/. [77], have been
described but are not numerous, presenting an interesting
opportunity for gene discovery and synthetic biology.
Unless the lignin-derived stream is already quite homo-
geneous, however, it will likely be difficult to produce a
single aromatic compound, other than targeted central
intermediates such as catechol or protocatechuate, in high
yields.

Oxidative aromatic ring cleavage is conducted via intra- or
extra-diol ring enzymes [78,79], the type of which differs
between hosts. For catechol, ring cleavage can be con-
ducted by two enzymes, a 1,2-catechol dioxygenase or a
2,3-catechol dioxygenase. For protocatechuate, this reac-
tion can be conducted via three enzymes, with specificity
in the 2,3 (meta), 4,5 (meta), and 3,4 (ortho) positions.
Interestingly, these enzymes give rise to distinct ring-
cleavage products that are then metabolized through
mostly non-overlapping pathways to funnel the aromat-
ic-derived carbon to the tricarboxylic acid cycle. These
pathways lead to both different carbon yields entering
central metabolism and different reducing equivalent
generation [29], which can be tuned towards product
yields and redox balance. Directed evolution as well as
rational protein engineering based on recent investiga-
tions into the structure—activity relationships of these
enzymes have lead to the development of ring-cleavage
dioxygenases with increased activity and altered substrate
specificity [80-86].

Multiple products have been produced to date from ring-
opening reactions from lignin in engineered hosts. The
most obvious intermediate to produce is ¢zs,cis-muconate,
the ortho-cleavage product of catechol. ¢is,cis-Muconate
can in turn be readily separated and catalytically hydro-
genated to adipic acid (Figure 3). Much of the initial work
for producing muconate has focused on using sugars as a
substrate wherein aromatic amino acid biosynthesis is
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linked to protocatechuate, which can be converted to
catechol via expression of a protocatechuate decarboxyl-
ase [87,88]. Recently, Vardon er /. demonstrated that
cis,cis-muconate can be produced in an engineered strain
of P. putida K'I'2440 from lignin-derived aromatics such
as p-coumarate and ferulate as well as the common model
aromatic compound, benzoate [28°°]. Several metabolic
bottlenecks exist in this particular strain and more gen-
erally in pathways to produce ¢is,cis-muconate. In partic-
ular, the accumulation of protocatechuate, resulting from
insufficient activity of the decarboxylase that converts
this molecule to catechol, has been observed in and is
central to strategies to produce cis,cis-muconate from
both sugars and lignin-derived aromatics molecules
[28°°,89,90°,91]. Sonoki ¢z al. recently published a study
that will likely help overcome this protocatechuate de-
carboxylase bottleneck [90°]. Namely, they demonstrat-
ed that co-expression of additional genes that are
naturally co-expressed with homologous decarboxylases
leads to enhanced conversion to c¢is,cis-muconate from
vanillin [90°]. The functions of these additional proteins
have not been entirely elucidated, and represent a target
for further engineering. Beyond the protocatechuate
decarboxylase, Vardon ez a/. revealed substantial accu-
mulations of 4-hydroxybenzoate (4-HB), when muconate
was produced from p-coumarate, and vanillate, when the
substrate was ferulate, indicating insufficient activity of
the 4-HB hydroxylase (PobA) and vanillate demethylase
(VanAB), respectively. Interestingly, Sonoki ez a/. also
observed an accumulation of vanillate when producing
muconate from vanillin, another intermediate in the
ferulate pathway, in an Escherichia coli-based production
strain. The manifestation of this bottleneck in an unre-
lated, heterologous host lacking endogenous regulation
suggests that muconate might act on the vanillate
demethylase directly. This hypothesis was further sup-
ported by the authors’ finding that vanillate did not
accumulate in their E. co/i system when catechol was
the end product. Further investigation will be needed to
elucidate and overcome such bottlenecks in order to
enable the efficient production of ¢zs,cis-muconate from
lignin-derived aromatic molecules.

Beyond c¢is,cis-muconate, other products have been pro-
duced that fall in the lower pathways between the central
aromatic intermediates and central carbon metabolism,
including 2-pyrone-4,6-dicarboxylic acid (PDC) [92,93],
pyridine 2,4-dicarboxylic acid, pyridine 2,5-dicarboxylic
acid [94°°], muconolactone [95°°], B-ketoadipate [95°°],
2-hydroxymuconic semialdehyde [96], and 3-carboxymu-
conate [97]. These targets represent novel intermediates
not readily obtained from sugars, except through the
shikimate pathway via amino acid biosynthesis [87].
PDC in particular has been studied in great detail by
Shigehara ef a/. in terms of its polymer properties. Cer-
tainly other intermediates exist in these pathways with
significant chemical functionality, representing novel

building blocks that can be derived from lignin-derived
aromatic compounds with high atom efficiency.

Products from central carbon metabolism include those
naturally produced by a given strain, such as PHAs or
"TAGs, both of which have been demonstrated on lignin-
derived streams [25°,30°°,32,60°]. Additionally, one could
envision producing virtually any target molecule derived
from central metabolism, including fatty-acid pathway
derived products, isoprenoid pathway-derived products,
alcohols, short-chain acids, or myriad other species of
interest [98]. This enables leveraging the massive body
of work conducted to date in metabolic engineering from
sugar, glycerol, or other conventional substrates. Johnson
et al. demonstrated the production of pyruvate and L-
lactate as examples of such products [29]. Importantly,
this work also demonstrated that the lower pathways of
catechol and protocatechuate metabolism are inter-
changeable and that, because they differ in carbon yield,
cofactor regeneration, and the form in which they ulti-
mately enter the T'CA cycle (i.e. combinations of acetyl-
CoA, pyruvate, and/or succinate), the pathway employed
can have a profound effect on product yield. Given the
rapid expansion of this field, it is likely that many more
products will be targeted in the near future.

Biological lignin valorization and process
integration

Microbial upgrading of lignin to a specific chemical will
require a significant amount of a priori consideration of
process feasibility and integration. As described above,
lignin streams for microbial conversion would ideally
consist of a liquor with high monomeric species content.
However, to date, monomeric species in lignin streams
are still in the range of few g/L. units [25°,30°°]. This
significantly limits the achievable titers of target mole-
cules from aromatic compounds via biological funneling.
Thus, enhanced lignin solubilization strategies or con-
centration methods are key for further process integra-
tion. Once an ideal lignin liquor production process has
been achieved, the toxicity of the different aromatic
molecules in the liquor must also be considered. For
instance, it has been reported that benzoate concentra-
tions higher than 50 mM (~7 g/L.) is toxic to P. putida
K'T2440 [99]. Consequently, different fermentation strat-
egies must be developed to feed the bioreactors at the
highest catabolic rate, without reaching toxicity limits.
Moreover, it has been suggested that high glucose con-
centrations can provoke catabolic repression, which hin-
ders aromatic consumption [100]; however, glucose in
lignin streams can be quite variable so every case must
be evaluated separately considering the detailed liquor
composition, bacterial host, and target compound. As an
example, some of the feeding strategies used to produce
cis,cis-muconate from pure aromatics, such as benzoate or
catechol, are based on DO-stat fed batch, pH-stat
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fed-batch, or fed-batch by pulses [99,101,102] to avoid
both toxicity and catabolite repression.

Beyond fermentation, downstream separations of target
molecules will play a key role in determining the industrial
viability of chemicals produced biologically from lignin.
Separation of biologically derived metabolites can be
broadly grouped into three product categories: (1) intracel-
lular products, (2) extracellular water-soluble products, and
(3) extracellular phase-separating products. Recovery of
intracellular metabolites (e.g., TAGs, free fatty acids, car-
otenoids, PHASs) typically involves removing cells from the
aqueous growth media for solvent extraction, or rupturing
cell walls # situ via chemical, enzymatic, or mechanical
means [103,104]. The dilute nature of cell cultures makes
dewatering and cell wall rupturing energy intensive, ne-
cessitating high culture titers. With regards to lignin utili-
zation, residual lignin-derived monomeric and oligomeric
species may problematic if they are carried over during
product recovery, requiring costly cleanup steps. Recovery
of extracellular water-soluble products, such as substrates
derived from lignin via oxidative ring-opening pathways
(e.g., muconate, catechol, protocatechuate, vanillin) or
metabolites from the TCA cycle (e.g., short-chain acids,
alcohols, polyols), requires overcoming the target molecu-
le’s hydrophilicity. Separation strategies must be tailored to
the molecule of interest that incorporate technologies such
as membranes, chromatography, reactive distillation, crys-
tallization, or solvent extraction [104]. The key challenge is
to recover the product selectively in the presence of other
water-soluble species, such as non-target metabolites, broth
additives, biomass deconstruction impurities, and residual
lignin-derived species. Ideally, the target molecule will
possess physico-chemical properties (e.g., solubility with
temperature or pH, boiling point, solvent partitioning
coefficient) that greatly differentiate its behavior from
non-target species. Lastly, recovery of extracellular
phase-separating products, such as long-chain fatty acids,
fatty acid derivatives (e.g., fatty alcohols, fatty esters, long-
chain hydrocarbons), and isoprenoids derivatives (e.g.,
isoprene, farnesene, bisabolene), invokes the target mole-
cule’s hydrophobicity to avoid extensive downstream unit
operations. However, emulsion formation is still a concern
when separating hydrophobic liquid products due to inter-
actions with broth salts, polar lipids, proteins, polysacchar-
ides, and colloidal particles [105]. With regards to lignin,
residual oligomers may also increase emulsion formation,
necessitating effective lignin depolymerization strategies
via chemical, mechanical, or biological means. Overall,
separation strategies for lignin-derived chemicals must
account for the energy, operational, and capital costs in
an economically and environmentally positive manner to
warrant further development and scale-up beyond the
bench.

In addition to direct biological processing, hybrid biolog-
ical and chemo-catalytic approaches to lignin valorization
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can leverage the ability of microorganisms to reduce
substrate heterogeneity and chemo-catalysis to facilitate
continuous, high-throughput chemical transformations of
target metabolites. For substrates derived biologically
from lignin via oxidative ring-opening pathways, direct
petrochemical replacements can be targeted via catalysis,
such as adipic acid [28°°,87] and terephthalic acid [106]
(Figure 3), as well as novel derivatives that do not have
petrochemical analogues. This offers exciting opportu-
nities to utilize the aromaticity and oxygen content of
lignin for conducting atom efficient transformations to
diversify the chemical products derived from biomass.
For biological substrates derived from lignin via the TCA
cycle, advances in catalysis for sugar-based feedstocks can
be leveraged, ideally accelerating development in both
areas [107-109]. As noted above, impurities associated
with lignin streams and biological conversion processes
will also need to be taken into account due to their
potential impact on catalyst activity, selectivity, and
stability [110]. However, as technology advances in the
areas of both biological and chemo-catalytic processing,
unique synergies may be afforded for lignin-derived
chemicals.

Transformative technologies for lignin
valorization

As the field of biological lignin valorization advances, the
development of technologies capable of fractionating
lignin from biomass into a process stream ideal for micro-
bial conversion becomes critical. As mentioned above, the
objective function of pretreatment approaches for ligno-
cellulosic material are focused on generating sugars for
conversion to chemicals and fuels [14,111,112]. Pretreat-
ment approaches in future biorefineries that utilize both
lignin and sugars from lignocellulosic feedstocks will
need to meet two objective functions of (1) generating
high sugar yields in one process stream and (2) yielding
high concentrations of low molecular weight lignin deg-
radation products in a separate process stream. Given the
inherent heterogeneity of chemical bonds within lignin
polymers and substantial differences in the chemical
makeup of lignin between feedstocks, the development
of a single pretreatment approach to fulfill both of these
objectives becomes very challenging. However, genetic
modification of the lignin polymer in the starting feed-
stock as a means to increase the homogeneity of chemi-
cally labile inter-unit linkages is poised to make great
advances in achieving these goals (Figure 4). Lignin
biosynthesis has been studied for decades and, more
recently, genetic manipulations of these pathways have
been employed in the context of increasing pulping
efficiency [113,114] or in the context of a biorefinery to
increase saccharification yield [115,116]. These feed-
stocks containing engineered lignins have been shown
to meet the objective function of increasing saccharifica-
tion yields, but they have not been yet extensively
studied with the aim of producing lignin degradation
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Figure 4

(a) Wild type lignin (b)

Engineered ferulated lignin (c)

C-lignin

Current Opinion in Biotechnology

(a) Representation of a wild type lignin structure, adapted from [118]. Pink highlights indicate ester linkages that are readily cleaved under alkaline
conditions. (b) Representation of engineered ferulated lignin reported by Wilkerson et al. in [5°°], here too pink highlights are used to denote the
increase in ester linkages in this lignin from wild type lignin. (c) A representation of recently discovered C-lignin from the seed coats of some
Vanilla and Cactaceae species reported in [2,117]. Blue highlights indicate labile ether linkages.

products that are readably catabolized by microorganisms.
From what we currently know about the metabolic path-
ways in the microorganisms discussed above, hydroxycin-
namates (p-coumarate and ferulate), vanillate, guaiacol,
and other aromatic compounds can be readily metabolized.
Genetic modifications of lignin to include aromatic com-
pounds that are able to be easily metabolized within the
lignin polymer would likely be an attractive means to
produce a stream of lignin degradation products rich in
key aromatic species that can be biologically valorized. In
fact, some of these modification approaches already exist.
For example, recent work by Wilkerson ez a/. [5°°] incor-
porated increased amounts of ferulate into the lignin
polymer within poplar (Figure 4b). Incorporating more
ferulate monomers inherently increases the amount of
ester linkages, which are readily cleaved under mild alka-
line pretreatment. Presumably, lignin of this nature would
yield significantly increased amounts of ferulate into the
black liquor stream, which could be an ideal substrate for
microbial conversion. We also note that some naturally
occurring lignins in certain plant species contain uncom-
mon chemical makeups that may produce much more
homogenous slates of lignin degradation products better
suited for microbial catabolism. One possible example is
the recently discovered C-lignin that is composed of caffeyl
alcohol in the seed coats of some Vanilla and Cactaceae
species [2,117], shown in Figure 4c. With the discovery of
this atypical C-lignin, more advances in lignin modifica-
tions are expected as prospecting for other unique lignins
continues. These new lignin discoveries will likely enable
more novel lignin modifications that could playa keyrole in
a future biorefinery that utilizes lignin.

Major advancements are also needed in analytical tech-
nologies to quantify and track the conversion of lignin

degradation products within real lignin-enriched process
streams. These tools are crucial in assessing the overall
effectiveness microbes have on the conversion of lignin,
for ensuring process reproducibility, and for understand-
ing the metabolic behavior each microorganism exhibits
in a chemically complex matrix. Most analytical techni-
ques for lignin are aimed at elucidating the native struc-
ture of the lignin polymer through controlled chemical
deconstruction (e.g., derivitization followed by reductive
cleavage) [119°°]. However, process streams rich in lignin
degradation products need to be preserved throughout
analysis in order to assess the changes occurring during
biological conversion. These streams are inherently com-
plex containing a variety of low and high molecular
weight lignin degradation products with a wide range
of chemical functionalities, sugar degradations products,
extractives, and will also likely contain particulates. As a
result, these solutions tend to be relatively metastable
where changes to pH or the addition of solvents during
analytical workup causes further reactions and maintain-
ing sample integrity throughout an analytical procedure
becomes quite challenging. One commonality between
various lignin rich process streams (e.g., black liquors,
pyrolysis oils, pyrolytic lignins, etc.) is their stability in
high pH aqueous environments. To that end, older tech-
niques that have found somewhat niche applications in
the pulp and paper industry for identifying low molecular
weight compounds in high pH kraft black liquors could be
adapted to monitor lignin based fermentations. For ex-
ample, a derivatization method originally reported in
1986 by Niemeld and Sjostrom [120] for use in identifying
low molecular weight aromates and aliphatic acids in kraft
black liquors has been recently adapted to quantify and
track the catabolism of aromates and the production of
muconic acid during the growth of engineered P. putida
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K'T2440-CJ103 in alkaline pretreatment liquor (APL)
from corn stover [28°°]. Additionally, this method
achieved good results in tracking a large slate of chemical
species during the growth of a variety of microorganisms
in corn stover derived APL and yielded much information
on the metabolic differences between species [30°°].
Capillary electrophoresis is another promising technique
that has found use in the pulp and paper industry for
online monitoring of kraft black liquor composition
[121,122] and could likely be adapted for online monitor-
ing occurring in lignin-enriched solutions. Cutting edge
electrophoretic techniques such as Gradient Elution
Moving Boundary Electrophoresis (GEMBE) also hold
much promise for monitoring biological lignin conversion
processes [123]. GEMBE appears to be remarkably
adapted for online monitoring of these lignin conversion
processes because it is comprised of low cost components,
can handle particulates in the feed, and can be set up in
multidimensional modes to achieve excellent resolution
of compounds in complex matrices [124]. These techni-
ques will likely find widespread use in monitoring bio-
logical conversion of lignin as the field progresses.

Conclusions

Biological strategies for lignin valorization hold significant
promise for overcoming the heterogeneity of lignin,
which is the primary challenge in upgrading this complex
substrate to value-added chemicals. Effectively harnes-
sing the intrinsic capabilities of biology to valorize lignin
will require a substantial research and development effort
going forward in understanding how to co-design lignin
solubilization strategies for biological conversion and
design microbial biocatalysts optimized for both the feed
stream and targeted product. Certainly significant re-
search and development opportunities and challenges
remain to ascertain the viability of this new approach.
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