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Synopsis

Chapter 1

Lignin, being the third most prevalent biopolymer after cellulose and hemicellulose, has
significant potential as a replacement for petroleum-based products. Nevertheless, the
process of effectively and practically extracting value from lignin is still rather difficult.
This review focuses on recent studies that explore the utilization of yeast to convert lignin
into valuable products, including single-cell oils (SCOs), enzymes, and other chemical
compounds. While previous studies have also investigated the potential of
microorganisms for lignin valorization, this study specifically highlights the use of yeast
in this process. Yeasts have been discovered to be a feasible option for the biological
transformation of lignin and could offer useful insights for future studies aiming to create

a yeast strain capable of producing additional valuable chemical compounds from lignin.

Chapter 2

Lignin holds significant promise as a viable alternative to conventional petroleum-derived
products. Recently, there has been a growing interest in the biological conversion of lignin
into various value-added products, as it offers considerable potential for supporting future
bioeconomic endeavors. The oleaginous yeast Lipomyces starkeyi is particularly
noteworthy due to its inherent capability to tolerate and metabolize diverse lignin
monomer derivatives, along with its capacity to produce single-cell oil (lipids) within its
cells. In this investigation, we explored the concurrent abilities of lignin monomer
metabolism and lipid biosynthesis in L. starkeyi. We successfully converted three

representative lignin derivative aldehydes namely, 4-hydroxybenzaldehyde (H-lignin),

12



vanillin (G-lignin), and syringaldehyde (S-lignin) into their corresponding alcohol forms
(4-hydroxybenzyl alcohol, vanillyl alcohol, and syringyl alcohol, respectively), without
generating undesirable byproducts. Furthermore, each alcohol form was maintained
throughout the cultivation process. Notably, doubling the concentration of
syringaldehyde in individual lignin fermentation led to enhanced cell growth (17.01 g L~
1 and lipid accumulation (30.72% (w/w)). However, simultaneous fermentation of all
lignin aldehydes resulted in significant inhibition of cell growth. Consequently,
employing combined fermentation strategies involving a high initial inoculum size and
utilizing a medium with a high C:N ratio proved advantageous in improving fermentation
duration and increasing lipid production by up to 2.6-fold. Overall, this study offers a
pioneering perspective on the production of lignin alcohols and lipids from lignin

derivative aldehydes through the utilization of L. starkeyi.

Chapter 3

Efficiently transforming lignocellulosic biomass into valuable chemicals is crucial for
advancing sustainable practices in the bioeconomy. This study centers on a novel two-
step process aimed at converting oil palm empty fruit bunch (OPEFB) into lignin
monomeric alcohols and lipids. The process involves alkaline nitrobenzene
depolymerization followed by bioconversion using Lipomyces starkeyi. Initially, OPEFB
undergoes alkaline nitrobenzene depolymerization to break down complex lignin
structures into monomeric aldehydes. These derivatives then serve as substrates for
bioconversion by L. starkeyi, which efficiently metabolizes lignin-derived compounds

into higher-value lignin monomeric alcohols (syringyl, vanillyl, and 4-hydroxybenzyl
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alcohol) and lipids concurrently. The study outlines the optimization of depolymerization
conditions, including sodium hydroxide concentration, nitrobenzene effect, and reaction
time, to maximize the yield of depolymerized lignin suitable for bioconversion.
Subsequently, the bioconversion process involving cell growth, lipid production, and
fatty acid profiles in various fermentations by L. starkeyi was investigated. The highest
concentrations of syringaldehyde and vanillin obtained were up to 4.81 mM and 0.64 mM,
respectively. The process successfully yielded 3.57 mM and 0.40 mM of syringyl alcohol
and vanillyl alcohol, respectively, with a lipid titer of 5.86 g L™!. This study underscores
the potential of the integrated approach to convert OPEFB into valuable lignin-derived
biochemicals and lipids, thereby contributing to the efficient utilization of biomass

through alternative strategies.

Chapter 4

In this study, we employed an adaptive laboratory evolution (ALE) approach coupled
with untargeted metabolomics analysis to enhance the production of lignin derivative
alcohols and lipids from its monomeric aldehydes using Lipomyces starkeyi. Lignin, a
major component of plant biomass, offers a promising feedstock for biofuel and lipid
production. However, efficient conversion of lignin-derived compounds into high-value
products remains a challenge. Here, we subjected L. starkeyi to flask serial passaging
under selective pressure to adapt to syringaldehyde as lignin monomeric aldehyde.
Through ALE, we achieved significant improvements in the production of lignin-
derivative alcohols and lipids compared to the wild-type strain. Furthermore, untargeted

metabolomics analysis revealed metabolic pathways and key metabolites associated with
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enhanced lignin conversion. Our findings shed light on the adaptive mechanisms of L.
starkeyi in utilizing lignin-derived substrates and provide valuable insights for metabolic
engineering strategies aimed at enhancing lignin valorization for sustainable biorefinery

applications.

Chapter 5

In this chapter, we share the general conclusion from this study, starting from chapter 2
to chapter 4. We pointed out the future direction of the next work regarding the lignin

valorization and described the important aspects to be considered.
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Chapter 1

Introduction

1.1 Lignin structure and properties

Lignin, a natural macromolecule, consists of complex arrangements of methoxy
groups, phenolic hydroxyl groups, and a small number of terminal aldehyde groups.
The functional groups are connected to an intricate network of phenylpropanoid units,
which are the basic components of lignin [1]. The three primary phenylpropanoids
found in lignin are p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S). These types
are differentiated by the level of methoxylation on their aromatic rings, as shown in
Figure 1 [2]. The phenylpropanoid units found in lignin contain aromatic rings that
contribute to its antioxidant action [3]. The monolignols undergo random coupling
through different connections, resulting in a wide range of C-O-C and C-C linkages.
The links consist of a-O-4, -O-4, 4-O-5 (C-O-C), and B-B, B-1, B-5, 5-5 (C-C) [4,5].
B-O-4 is the main component responsible for the three-dimensional structure of lignin,
making up to 50% of all linkages [6,7]. In contrast to cellulose and hemicellulose,
which can be easily broken down into sugars [8], lignin, which is highly polymerized,
has a stiff structure that is resistant to chemical pretreatment [8]. Breaking the B-O-4
bond has been a key objective in techniques aimed at breaking down lignin. The
origin of biomass significantly impacts the arrangement and makeup of lignin.
Softwood lignin mostly consists of G units, making up 80-90% of its composition.
Hardwood lignin, on the other hand, is a combination of G units (25-50%) and S
units (50-70%). Grass lignin is a mixture of G units (25-50%), H units (10-25%), and

S units (25-50%) [6,9]. Consistently, lignin with a high content of S/G
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(syringyl/guaiacyl) units is favored in biorefining applications to maximize the
production of monomers. This is because S/G-rich lignin has the capacity to
minimize the formation of unreactive C-C bonds, which can result in the
development of condensed lignin that is not desirable during the process of lignin
depolymerization. The presence of a high amount of G and a low amount of S in
lignin might result in an increase in f-O-4 linkages, which in turn leads to the
formation of easily recombining monomers during fractionation [10,11].
Comprehending the structure of lignin and finding its original connections are crucial

for effectively converting it into renewable fuels, minerals, or chemicals (Figure 2).

OH OH OH
OMe MeO OMe
OH OH OH
p-coumaryl coniferyl synapyl
AnAA s T
OMe MeQ' Ohe
OH OH OH
p-hydroxyphenyl Guaiacyl Syringyl
H-unit G-unit S-unit

Fig. 1 Relative structures of group units of lignin.
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0%

Fig. 2 Lignin polymer structure and its main linkages.

1.2 Valorization of lignin and its derivatives by yeast

Over the past ten years, microorganisms have generated biofuels and valuable
substances such as lipids, vanillin, pyrogallol, cis, cis-mucoid acid, lactate, succinate,
ferulate, pyridine, and biopolymers (PHAs, monolignols) from lignin and its derivatives
[12—17]. The degradation of lignin is the first stage in the production of biofuels and
biomaterials. Enzymatic degradation, particularly by microbes, is crucial for acquiring
the chemicals necessary for lignin usage. This process has the potential to become a
promising and environmentally benign technology in the near future. Microorganisms
such as fungi, bacteria, and yeasts have the ability to create many enzymes that can
degrade lignin, including laccases, lignin peroxidases, manganese peroxidases,
multifunctional peroxidases, and dye-decolorizing peroxidases [18]. There have been
reports in recent years about the development of strains and their use as enzymes that can
break down lignin [19]. Lignin valorization specific to this study is shown in Fig. 3. In

producing lignin derivative alcohols and lipids simultaneously [20].
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Fig. 3 Lignin valorization by yeast to produce valuable products.

1.2.1 Lipids
A multitude of research have specifically investigated the generation of lipids, known
as single-cell oils (SCOs), by microbes [21]. SCOs are classified as the third
generation of biofuels. Research has been conducted on many microorganisms,
including bacteria, microalgae, fungi, and yeast, that have the ability to metabolize
lipids [22]. The majority of model microorganisms known to acquire lipids from
lignin and its derivatives are bacteria. The metabolism of lignin by Rhodococcus
opacus and R. rhodochrous has been extensively studied [23,24]. Microbial
metabolism, particularly that of yeast, is noteworthy for its capacity to effectively
process many aromatic chemicals due to its high cell tolerance [25]. In the future, it
may be able to produce biofuels and other chemicals on a large scale by converting
aromatic molecules into fatty acids. This process might utilize lignin and its

derivatives as raw materials [26]. Trichosporon has attracted considerable interest in
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recent years because of its capacity to generate significant amounts of lipids using
lignocellulosic substrates and its great resistance to different lignocellulosic
inhibitors [27-30]. The capacity of Trichosporon to thrive on lignin derivatives was
examined using 7. cutaneum. The yeast strain 7. cutaneum ACCC 20271 has been
observed to thrive on phenolic aldehydes produced from lignin, including 4-
hydroxybenzaldehyde, vanillin, and syringaldehyde. Studies have demonstrated that
T. cutaneum has superior tolerance to 4-hydroxybenzaldehyde at a concentration of
1.5 g/L, in comparison to vanillin at 0.1 g L'! and syringaldehyde at 0.5 g L. During
the fermentation process, it was discovered that 4-hydroxybenzaldehyde, which is a
kind of p-hydroxyphenyl or H lignin, can be effectively used as a substrate for T.
cutaneum to produce lipids. The lipid production yield was measured to be 16.6% or
0.85 g L°!. Simultaneously, the remaining phenolic aldehydes, namely vanillin and
syringaldehyde, underwent conversion into alcohols and acids. Next, the aldehyde
dehydrogenases of 7. cutaneum convert 4-hydroxybenzaldehyde into 4-
hydroxybenzoate. Subsequently, it is transformed into protocatechuate by
dioxygenases using oxygen as the substrate. The conversion of proto-catechuate
occurs through the B-ketoadipate pathway, resulting in the production of acetyl-CoA
and succinyl-CoA. Acetyl-CoA is either immediately employed for lipid synthesis or
first incorporated into the TCA cycle and then utilized as the primary precursor for
lipid synthesis [31]. 7. cutaneum ACCC 20271 and MP11 stains were found to
tolerate 4-hydroxybenzaldehyde (0.8 g L), 4-hydroxy-3-methoxybenzaldehyde (0.8
g L), and syringaldehyde (0.6 g L'!) in wheat straw hydrolysate. These aldehydes
were biodegraded by the stains, resulting in sufficient cell growth and a lipid

accumulation of 40.87% [32]. T. oleaginosus, a species belonging to the
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Trichosporon genus, has been documented to amass lipids on various aromatic
chemicals, including 4-hydroxybenzoic acid, phenol, and resorcinol. 7. oleaginosus
ATCC 20509 exhibits the ability to withstand and process aromatic substrates
through the use of ortho-cleavage aromatic metabolism pathways. Subsequently, the
feeding strategy of 7. oleaginosus in resorcinol using the fed-batch method resulted
in a lipid synthesis of 69.5% (1.64 g L") [33]. Several oily yeast species have shown
the capability to break down lignin aromatic molecules. The oily red yeast
Rhodotorula toruloides has the ability to metabolize p-coumaric acid, ferulic acid,
vanillic acid, and 4-hydroxybenzoic acid [34]. Lipomyces starkeyi has garnered
considerable interest as a producer of single cell oils (SCOs) because of its capacity
to accumulate lipids in nitrogen-limited mineral medium, reaching amounts as high
as 70%. The study also demonstrated the capacity to decrease lignin derivatives, such
as syringaldehyde and vanillin [35]. Another species of the Cutaneotrichosporon
genus, specifically C. guehoae, was shown to use 4-hydroxybenzoic acid as its
exclusive source of carbon [36]. Nevertheless, the aforementioned research failed to
provide a clear depiction of the relationship between lipid synthesis and the specific

yeasts involved.

1.2.2 Lignin degrading enzymes
Enzymes play a crucial role in converting lignin into its derivatives or aromatic
monomers, which serve as the fundamental components for creating important
chemical products. Researchers are now investigating the manufacture of appropriate
enzymes [37]. Enzymes that may break down lignin were first found approximately

a century ago in a type of fungus called Basidiomycota, specifically in a species
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called Phanerochaete chrysporium. These enzymes, known as peroxidases and
laccases, were discovered in a plant called Rhus vernicifera [38]. Subsequently, a
number of enzymes capable of breaking down lignin were discovered in fungi and
bacteria [39,40]. Lignin-degrading enzymes can be categorized into two classes,
namely laccases and peroxidases [41] (Fig. 4). These enzymes are utilized in vitro
for the purpose of breaking down lignin and its derivatives. Utilizing in vitro
enzymatic conversion offers advantages compared to directed-cell lignin conversion.
For instance, it can enhance the interaction between the substrate and enzyme,
decrease the time required for cultivation, and improve the imbalance of
ATP/NAD(P)H [42]. However, yeast also has a significant function in producing
enzymes that can degrade lignin. Various yeasts, including Saccharomyces
cerevisiae, Yarrowia lipolytica, Pichia pastoris, Pichia methalonica, Kluyveromyces
lactic, Kluyveromyces maxianus, and Cryptococcus sp., have been effectively
utilized to produce laccases and peroxidases. This is achieved by introducing genes
from external sources, not only from fungus-like Ascomycota and Basidiomycota
divisions, but also from plants like oomycote and bacteria [43]. Yeast offers several
benefits for enzyme synthesis, including as convenient cell handling, cost-effective
substrate for cultivation, fast growth, efficient genetic manipulation, and the ability
of cells to modify proteins by glycosylation, proteolytic, or disulfide mechanisms

[44-46].
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Fig. 4 Classification of lignin-degrading enzymes.

1.2.3 Other value-added products

Having a high tolerance to various chemicals generated from lignin can be
advantageous in studies focused on the valorization of lignin [47]. The mechanism
of funneling pathways (metha- and ortho-cleavages) has demonstrated the potential
of yeasts to transform lignin-derived molecules into other chemicals [48]. According
to reports, Trichosporon guehoae converts ferulic acid into vanillic acid through
fermentation [36]. T. cutaneum, a different strain of yeast, demonstrated the capacity
to transform lignin aldehyde compounds, specifically syringaldehyde (2 g L") and
vanillin (2 g L"), into their corresponding acids (vanillic acid and syringic acid) and
alcohols (syringyl alcohol and vanillyl alcohol) [31]. Several investigations have
demonstrated the pharmacological usefulness of vanillic and syringic acid,

showcasing their anti-inflammatory, anti-microbial, and anti-cancer properties [49].
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Moreover, vanillyl alcohol has potential use in the management of Parkinson's

disease [50].

1.3 Oxidative depolymerization of lignin

Understanding the mechanisms of lignin oxidation is essential for maximizing
its conversion into useful chemical compounds. The oxidation depolymerization of
lignin from LB is advantageous for the production of diverse useful aromatic
compounds, such as aromatic derivative monomeric aldehydes, aromatic acids, and
carboxylic acids. The oxidation process yields useful molecules, specifically p-
hydroxybenzaldehyde, vanillin, and syringaldehyde, which are lignin derivative
aldehydes. The oxidation depolymerization of lignin leads to the breaking of many
chemical connections, including the C-C bond, C-O-C bond, aromatic rings, f-O-4
bonds of lignin, and other linkages. This process involves the use of oxidizing agents
such as hydrogen peroxide (H20:2), oxygen (O), nitrobenzene, chlorine oxide, or
metal oxides [51-53]. Oxidants such as H202 and O: trigger several reaction
pathways through radical and electrophilic substitution in an alkaline environment.
Both pathways produce comparable products, including p-hydroxybenzaldehyde,
syringaldehyde, and vanillin as individual aldehydes, as well as p-hydroxybenzoic
acid, vanillic acid, and syringic acid as individual acids. Alkaline conditions promote
deprotonation and the formation of phenoxy radicals [54,55]. Oxidative
depolymerization often utilizes an alkaline solvent. Phenolic compounds undergo
deprotonation in alkaline conditions, resulting in the formation of negatively charged
phenolate anions. The process of deprotonation initiates further oxidation, mainly by

generating phenoxy radicals. Indirectly, these radicals can also form when peroxy

24



radicals, which are produced from dioxygen radicals, combine with phenolate anions,
resulting in the creation of peroxide anions. The peroxide anions, which are very
reactive, react with the carbon atom of the phenolate species through intramolecular
nucleophilic assault. This reaction ultimately results in the creation of dioxetane
intermediates, which play a crucial role in the following oxidative breakdown of
lignin [56]. The nitrobenzene oxidation process initiates with the activation of
nitrobenzene through the use of a potent base, commonly sodium hydroxide (NaOH),
resulting in the formation of a nitrobenzene radical anion. Subsequently, the
nitrobenzene radical anion donates an electron to a lignin phenolate anion, which is
an aromatic ring with a negative charge found in the lignin structure. The process
involves the oxidation of the phenolate anion to form a phenoxyl radical, while the
nitrobenzene radical anion is transformed back to its neutral form, nitrobenzene. The
phenoxyl radical experiences a sequence of cleavage and rearrangement processes,
which vary based on the particular structure of lignin. Typical routes of degradation
involve B-O-4 cleavage (breaking of the Ca-Cp bond next to the phenolic oxygen,
producing fragments with aldehyde groups), a-O-4 cleavage (breaking of the CB-Cy
bond, also resulting in fragments with aldehyde groups), and side-chain cleavage,
resulting in fragments with aldehyde groups. The aldehyde fragments have the ability
to undergo additional chemical reactions, specifically oxidation and decarboxylation,
resulting in the formation of the end products: vanillin (derived from guaiacyl units
in lignin) and syringaldehyde (derived from syringyl units in lignin). Although
aldehyde generation is the preferred reaction pathway in most cases, severe oxidation,
also known as overoxidation, can cause the aldehyde chain to break down further,

resulting in the creation of the corresponding aromatic acids [57-59]. During the

25



process of breaking down lignin, certain intermediate hydroxy acids can undergo
decarboxylation to produce aromatic acids. Additionally, certain side reactions with
these intermediates can also result in the formation of aromatic acids, although they
are produced in less quantities. Nitrobenzene shown superior performance in the
formation of lignin monomeric aldehydes and acids when compared to oxygen.
Nitrobenzene exhibited superior performance in the oxidation of oxygen compared
to NaOH at a concentration of 10% [60]. The impact of Cu (metal oxide) on the yield
of products in lanthanum cobaltite (LaCoO3) catalysts. Higher copper content leads
to the creation of additional reactive sites, resulting in an increase in the formation of
p-hydroxybenzaldehyde, vanillin, and syringaldehyde [61]. The utilization of
polyoxometalate catalysts. Although the presence of H3iPMo012040 in N2 results in
limited product formation due to catalyst reduction, the use of methanol as a
scavenger enhances conversion by inhibiting re-polymerization. Their research,
utilizing a mixture of 80% methanolic water and recycled catalysts, demonstrates a
maximum output of 7 wt% for combined vanillin and methyl vanillate [62]. Specific
oxidation reactions can be used to produce biopolymers, including adhesives, films,
and coatings. To selectively oxidize biopolymers, one can employ different oxidizing
agents, such as periodate, hypochlorite, or nitroxyl radicals, in a controlled manner.
This allows for the targeting of specific functional groups within the polymer
structure, such as -OH groups and C-C cleavages. An illustrative instance is the
process of oxidizing polysaccharides, such as starch, to generate biopolymer
derivatives that possess favorable characteristics. Insoluble soy flour can be

converted into soy flour adhesives through the process of sodium periodate oxidation.
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Not only starch, but also other sources such as protein, tannin, and lignin, can be

utilized as raw materials for the production of important products [53,63,64].

1.4 Adaptive laboratory evolution (ALE) for strain development

Microbial strains are the workhorses of various industries, with applications
ranging from biofuel production to bioremediation [65]. However, optimizing these
strains for specific tasks can be challenging due to the complex interplay of genes
and environment. Adaptive laboratory evolution (ALE) offers a powerful yet
convenient tool for addressing this challenge. ALE mimics natural selection in a
controlled laboratory environment. By subjecting a microbial population to a specific
selective pressure, such as a novel substrate, a stress condition, or a desired product
formation, ALE drives the emergence of beneficial mutations [66]. These mutations,
often arising randomly, enhance the fitness of the population within the imposed
selective pressure. Through repeated cycles of growth, selection, and propagation,
ALE allows the population to progressively accumulate these advantageous
mutations, leading to the development of strains with improved phenotypes. The key
strength of ALE lies in its ability to engineer strains without relying on detailed
knowledge of the underlying genetic pathways. This approach proves particularly
valuable for complex phenotypes or when the specific genes responsible remain
unidentified [67]. Additionally, ALE strains often exhibit broad-spectrum
adaptations, making them more robust and adaptable to unforeseen challenges in

industrial applications.
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1.5 Untargeted metabolomics as a tool for further strain development

Following the successful development of strains through adaptive laboratory
evolution (ALE), further optimization can be achieved through a powerful analytical
technique known as untargeted metabolomics. This approach provides a
comprehensive view of the entire metabolite profile within a cell, encompassing a
vast array of small molecules involved in cellular processes. Unlike targeted
metabolomics, which focuses on specific metabolites of interest, untargeted
metabolomics casts a wider net, capturing a rich tapestry of metabolic activity [68].
In the context of strain development, untargeted metabolomics serves as a valuable
tool for dissecting the physiological changes underlying the improved phenotypes
generated by ALE (Fig. 5) . By comparing the metabolic profiles of the evolved strain
with the parental strain, we can identify key metabolic alterations associated with the
desired trait [69]. This information provides crucial insights into potential
bottlenecks or limitations within the metabolic network, guiding further strain

manipulation strategies.

Untargeted metabolomics data, when coupled with bioinformatic tools, allows
for the identification of differentially regulated metabolic pathways. This knowledge
empowers researchers to target specific enzymes or genes within these pathways for
further optimization through genetic engineering or directed evolution approaches
[70]. Additionally, untargeted metabolomics can reveal the presence of novel or
unexpected metabolites, potentially leading to the discovery of new products or by-
products from the engineered strain. Overall, untargeted metabolomics acts as a
bridge between the phenotypic improvements achieved through ALE and the

underlying metabolic mechanisms. This deeper understanding facilitates the rational
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design of subsequent strain development strategies, ultimately leading to strains with

even greater efficiency and productivity.
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Fig. 5 Metabolomics position as an extension of the central dogma.

1.6 Current challenge

The first major challenge lies in the inherent complexity of lignin itself. Unlike
other biopolymers, lignin's structure varies depending on the source, such as the type
of wood it comes from. This heterogeneity makes it difficult to develop a
single,universally effective method for microbial conversion. Additionally, the
complex structure of lignin physically hinders microbes from accessing and breaking
down the valuable components they contain. Even after overcoming the initial
physical barrier, researchers face a second challenge: the presence of inhibitory
compounds. Depolymerization, the process of breaking down lignin into

smaller, more manageable units for microbes, can generate compounds that are toxic
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to these microorganisms. These inhibitory compounds can significantly reduce the
overall efficiency of the conversion process.

Finally, most naturally occurring microbes have a limited capacity to utilize
lignin compared to other carbon sources like glucose. This translates to low yields, or
titers, of the desired biofuels or bioproducts. While some microbes have evolved the
ability to degrade lignin, their natural capabilities often fall short of what's needed
for a commercially viable process. Researchers are actively developing strategies to
address these challenges and unlock the full potential of microbial lignin
valorization. One approach involves engineering microbial strains to improve their
tolerance to lignin-derived compounds and enhance their ability to break down and
utilize these molecules. Additionally, researchers are working on developing more
efficient depolymerization methods that produce a more uniform and microbe-
friendly mixture of products. Finally, there's ongoing research focused on identifying
and isolating highly effective lignin-degrading microbes from natural
environments. By overcoming these hurdles, we can pave the way for a more
efficient and cost-effective microbial conversion process, promoting a more

sustainable bioeconomy that utilizes this abundant and renewable resource.
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Chapter 2

The bioconversion of lignin derivative aldehydes into high-value

aromatic alcohols and lipids via Lipomyces starkeyi

2.1 Introduction

Lignocellulosic biomass exhibits vast potential as a renewable resource within
the realm of advancements in biorefining technology [71]. As a predominant
constituent of biomass and the most prevalent aromatic biopolymer on the planet,
lignin, estimated at around 300 billion metric tons, presents promising opportunities
for the production of biofuels and various chemical derivatives [72]. Its role in the
global economy and its potential to sustain future development are significant [73—
75]. Nevertheless, recent research indicates that a considerable portion of lignin is
degraded into low-value fuels upon burning, contributing to heat and air pollution
[76,77]. Lignin, a natural macromolecule comprising p-hydroxyphenyl (H), guaiacyl
(G), and syringyl (S) groups, undergoes depolymerization resulting in major
degraded monomer compounds such as 4-hydroxybenzaldehyde, vanillin, and
syringaldehyde, corresponding to the H, G, and S lignin groups, respectively [78—80]
[81,82]. The conversion of lignin into fuels and valuable chemicals through
biological means has emerged as an attractive avenue for its utilization, potentially
enhancing the feasibility of biorefineries within the global economy [83,84].
However, the scope of lignin valorization remains constrained due to the scarcity of

microorganisms proficient in efficiently utilizing various lignin monomers and
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producing value-added products [85]. Leveraging microorganisms, particularly
oleaginous yeast, for lignin valorization holds considerable promise in generating a
diverse range of valuable biochemical products and biofuels from lignin monomers.
Their adeptness in adapting to lignin-derived stressors facilitates the synthesis of
bioproducts [71]. Additionally, the single-cell oils or lipids produced by oleaginous
yeast represent a potential alternative feedstock for biodiesel industries, given their

fatty acid profiles akin to vegetable oils [35].
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Several investigations have highlighted the capability of oleaginous yeast to
transform lignin monomers into diverse valuable products. For instance,
Trichosporon oleaginosus demonstrated lipid accumulation on various lignin
compounds, including 4-hydroxybenzoic acid, phenol, and resorcinol, achieving the

highest lipid production of 1.64 g L-1 (69.5%) during the fermentation of resorcinol
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[33]. T. cutaneum ACCC 20271 utilized 4-hydroxybenzaldehyde to produce
microbial lipid, yielding approximately 0.85 g L-1 or 16.6% of body weight [86].
Moreover, 7. cutaneum exhibited the capability to convert vanillin and
syringaldehyde into vanillyl alcohol and syringyl alcohol, ultimately yielding vanillic
acid and syringic acid, respectively. Furthermore, in the fermentation process of T.
guehoae, ferulic acid was transformed into vanillic acid [36]. However, to date, no
experiment has explored the utilization of lignin derivative aldehyde monomers for
the production of lignin alcohols as the primary product using yeast, due to their
toxicity to most microorganisms and resistance to bioconversion. Given their
potential application in biomedicine, particularly in pharmacology, biocompatibility
is crucial [87,88]. Several studies have indicated the pharmacological benefits of
lignin derivative alcohols; for instance, 4-hydroxybenzyl alcohol exhibits anti-
inflammatory and antiasthmatic properties [89,90], while vanillyl alcohol holds
promise in treating Parkinson’s disease [91,92]. Additionally, syringyl alcohol, due
to its phenolic and benzylic hydroxyl units, serves as a common lignin model for
research [93].

Unlike other extensively studied oleaginous yeasts for lignin utilization, the
utilization of Lipomyces starkeyi as a model organism is relatively novel, despite its
potential for high microbial lipid production using lignocellulosic biomass and its
derived sugars, along with high tolerance to various lignocellulosic inhibitors [94].
In this investigation, we discovered that L. starkeyi could produce lignin alcohols
from lignin derivative aldehydes. Consequently, we explored the potential of L.
starkeyi to utilize three lignin derivative aldehydes, namely 4-hydroxybenzaldehyde,

vanillin, and syringaldehyde, to facilitate their conversion into their respective
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reduced products (alcohols) and to accumulate lipids (Fig. 6). Subsequently, the three
mixed lignin aldehydes were fermented using the strain under different fermentation
conditions, and their impact on lipid production was evaluated. This study presents
the first instance of bioproducing valuable lignin alcohols from lignin derivative
aldehydes using L. starkeyi while concurrently achieving high microbial lipid
production. Our findings contribute to the advancement of lignin valorization
through a bioconversion approach, enhancing the practical prospects of biorefinery

technology in the future.

2.2 Materials and methods
2.2.1 Yeast strain and reagents
In this study, Lipomyces starkeyi D35 (NBRC 10381) sourced from the NITE
Biological Resource Center (NBRC) at the National Institute of Technology and
Evaluation in Japan was utilized. The chemical compounds syringaldehyde, syringic
acid, vanillin, vanillic acid, 4-hydroxybenzaldehyde, and 4-hydroxybenzoic acid
were procured from Sigma—Aldrich. Additionally, syringyl alcohol was obtained
from Thermo Fisher Scientific, while vanillyl alcohol and 4-hydroxybenzyl alcohol

were purchased from Tokyo Chemical Industry.

2.2.2 Inoculum preparation
The yeast strain was preserved in 30% (w/w) glycerol at -80 °C and revived through
streaking on YMPG agar medium consisting of 3 g L! yeast extract, 3 g L*! malt
extract, 5 g L'! peptone, 10 g L' glucose, and 20 g L' agar. Following a 2-day

incubation at 30 °C, a single colony from the agar plate was transferred into a 100

34



mL Erlenmeyer flask containing 12 mL of YMPG liquid medium composed of 3 g
L! yeast extract, 3 g L*! malt extract, 5 g L'! peptone, and 50 g L' glucose as the
preculture. The flask was then placed inside an incubator shaker (BioShaker BR-
43FH MR, Taitec) and incubated at 30 °C and 190 rpm under aerobic conditions for

24 hours.

2.2.3 Medium and fermentation conditions

In this research, we employed two types of growth media: YMPG liquid medium,
characterized by a low carbon-to-nitrogen (C:N) ratio, and nitrogen-limited mineral
media (NMM), distinguished by a high C:N ratio. The NMM formulation consisted
of 50 g L' glucose as the sole carbon source, supplemented with 1.5 g L' yeast
extract and 0.25 g L' (NH4)2SO4 as nitrogen sources, along with 7 g L' KH2PO4 and
5 g L' Na2HPO4-2H20 as phosphate buffer. Additionally, it contained 1.5 g L-!
MgSO4-7H20 and various trace elements (0.1 g L' CaCl-2H20, 0.1 g L!
MnSO4-4H20, 0.08 g L' FeSO47H20, 0.002 g L' CoCl-6H20, 0.002 g L-!
CuS04-5H20), with the pH adjusted to 5. The preculture was transferred to 12 mL
of either YMPG or NMM medium supplemented with lignin derivatives at specified
concentrations. The inoculum size for the main culture was adjusted to an initial
optical density (OD600) of either 1 (low) or 40 (high) in a 100 mL flask. The cultures
were then incubated in an orbital shaker incubator at 30 °C and 190 rpm under aerobic

conditions.

35



2.2.4 Dry cell weight measurement
The dry cell weight (DCW) was determined gravimetrically using 0.5 mL of the
fermentation sample. The cell cultures were centrifuged for 5 minutes at 14,000 x g
to separate them, followed by two washes with deionized water. Subsequently, the
cells were dried overnight at -80 °C. Lyophilization, performed to eliminate water
content, was carried out using a freeze-drying system (FreeZone 4.5 L Freeze Dry

System Model 7750020, Labconco).

2.2.5 Glucose measurement

Glucose concentration during fermentation was assessed using a high-
performance liquid chromatography (HPLC-20AB) system combined with a
refractive index detector (RID-10A) from Shimadzu, equipped with an ICSep
Coregel-87H column (300 mm length, 7.8 mm inner diameter, provided by
Transgenomic). After centrifuging the samples for 5 minutes at 14,000 x g, the
supernatant was filtered through a 0.22 pum filter before analysis. A sample injection
volume of 20 pL was used, and the column oven temperature was set at 80 °C. The

mobile phase consisted of 5 mM H2SO4 with a flow rate of 0.6 mL min™! [95].

2.2.6 Quantification of lignin
The quantification of lignin derivatives was conducted using a high-performance
liquid chromatography (HPLC-20AB) system paired with a UV-Vis detector (SPD-
20A) manufactured by Shimadzu. An Ascentis C18 column (250 mm x 4.6 mm with
a 5 um particle size, supplied by Supelco 50537-U, Sigma—Aldrich) was employed

for separation. Supernatant samples were obtained by centrifugation at 14,000 x g
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for 5 minutes and filtered through a 0.22 pum filter before analysis. A 10 uL injection
volume was utilized, and the column oven temperature was set to 30 °C. The mobile
phase comprised methanol and ultrapure water in a 18:82 (v/v) ratio, with 0.2% acetic
acid. Analysis was performed at a flow rate of 1 mL min™!, with detection at a

wavelength of 280 nm [96].

2.2.7 Lipid determination via gravimetry analysis

Lipid accumulation was assessed using gravimetric analysis following the Folch
extraction method [95]. Freeze-dried cells (20 mg) were transferred into a 2 mL
micro vial with an O-ring sealed cap, along with zirconia beads. Lipid extraction was
carried out using 1.5 mL of extraction solvent (chloroform:methanol; 2:1 v/v ratio).
Cell pulverization was accomplished using a Shake Master Neo M10N21 from BMS
at 1500 rpm for 15 minutes. Subsequently, cells were centrifuged for 5 minutes at
14,000 x g, and the resulting pellets were washed twice with 1.5 mL of deionized
water. The cells were then dried at 60 °C until reaching a constant weight. The lipid
content was determined by the weight difference and expressed as a percentage of

the dry cell weight.

2.2.8 Lipid observation via BODIPY (493-503)

The lipid bodies were labeled using boron dipyrromethene, also known as
BODIPY 493-503. BODIPY is a highly UV-absorbing molecule that emits a
relatively narrow peak. As a lipophilic fluorescent dye, it was employed to visualize
lipid production within the cells. To prepare the BODIPY solution, 10 mg of the dye

stock was dissolved in 1 mL of ethanol. In brief, 100 uL of the sample culture was
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centrifuged at 12,000 x g for 1 minute and washed with 0.9% phosphate-buffered
saline (PBS). The cells were then resuspended in 45 pL of PBS, to which 5 uL of the
BODIPY stock solution was added (resulting in a final concentration of 1 mg mL").
Subsequently, the cells were incubated in the dark for 1 hour before being examined

under a digital inverted fluorescence microscope (Biorevo BZ-X800, Keyence) [97].

2.2.9 Fatty acid methyl ester analysis via GC-MS

The lipids obtained from the lyophilized cells underwent transesterification to
convert them into methyl esters following the procedure outlined in the fatty acid
methylation kit (Nacalai Tesque). The resulting fatty acid methyl esters (FAMEs)
were dissolved in hexane and subjected to analysis using gas chromatography—mass
spectrometry (Shimadzu GC-MS QP-2010). Caprylic acid (C8:0) served as the
internal standard. For analysis, a GC capillary column DB-23 (60 m by 0.25 mm
inner diameter, with a 0.25 mm film thickness, Agilent) was utilized. Helium gas was
employed as the carrier gas. The injection volume was set at 1 uL, and analysis was
performed under split injection conditions with the inlet temperature maintained at
250 °C. The oven temperature was initially held at 50 °C for 1 minute, then increased
at a rate of 25 °C per minute to 175 °C, followed by a further increase to 230 °C at a
rate of 4 °C per minute for 6 minutes. The mass spectrometer detector was set to
250 °C and scanned within the range of 40—500 m z-1 in scan mode. Fatty acids were
identified and quantified by comparing their retention time (RT) and fragmentation
pattern with a standard mixture of fatty acids (SUPELCOTM 37 component FAME

mixture, Sigma—Aldrich) [35,95,98].
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2.2.10 Gene expression analysis

Gene expression levels were assessed through quantitative PCR (qPCR) analysis.
L. starkeyi NBRC 10381 was cultivated in YPMG medium supplemented with
individual lignin derivative aldehydes (4-hydroxybenzaldehyde, vanillin, and
syringaldehyde) at 30 °C and 190 rpm. A control group consisting of the strain
cultured solely in medium was included. Samples were collected during the early log
phase (24 hours). Cells were harvested by centrifugation for 5 minutes at 14,000 x g
and 4 °C. Subsequently, the cells were resuspended in RA1 buffer from
NeoSpinRNA (Macherey-Nagel) and lysed using a Shake Master Neo M10N21 at
1500 rpm for 15 minutes. RNA extraction followed the protocol outlined in the
NucleoSpin RNA kit (Macherey-Nagel). For cDNA synthesis, total RNA was
reverse-transcribed using a RaverTra Ace qPCR RT Master Mix kit (Toyobo) and a
PCR Thermal Cycler Machine (Takara) under specific incubation conditions: 37 °C
for 15 minutes, followed by 50 °C for 5 minutes and then 98 °C for 5 minutes. The
concentration of cDNA was measured using a NanoDrop spectrophotometer
(NanoDrop One, Thermo Fisher Scientific). Gene expression analysis was conducted
in a 20 uL reaction mixture containing KOD SYBR qPCR mix and ROX from
Toyobo, along with 50 ng of DNA and 0.4 puL each of forward and reverse primers.
The Agilent Mx3005P qPCR system was utilized for analysis. The qPCR protocol
involved initial denaturation for 5 minutes at 98 °C, followed by 60 cycles of
amplification: 10 s at 98 °C, 11 s at 60 °C, and 30 s of elongation at 68 °C. Alpha-
tubulin (Tubl) served as the housekeeping gene. Gene expression levels were

quantified using the MxPro software (Agilent) and calculated as fold changes using
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the formula 2-(ACq), where ACq is the difference between the Cq values of the

sample and Tubl1. Primer sequences utilized in this analysis are provided in Table S1.

2.3 Results and discussion
2.3.1 Lignin aldehyde tolerance of L. starkeyi NBRC 10381
In this investigation, three specific lignin derivative aldehydes namely, 4-
hydroxybenzaldehyde, vanillin, and syringaldehyde were chosen to represent typical
lignin monomers from hydroxyphenyl (H-lignin), guaiacyl (G-lignin), and syringyl
(S-lignin) groups, respectively. Assessing the microbial cells' tolerance towards these
three lignin aldehydes was crucial to validate their potential for conversion.
Therefore, before investigating the conversion of lignin aldehydes via L. starkeyi
NBRC 10381, we conducted an evaluation at minimum inhibitory concentrations on
a fermentation scale (1 mL) in deep well plates at 30 °C for 72 hours. The aldehyde
concentrations ranged from 0 (control) to 32 mM, with increments at 0.5, 1, 2, 4, §,
16, and 32 mM, within YMPG medium containing 50 g L' of glucose. NBRC 10381
exhibited markedly different levels of tolerance towards these representative
aldehydes. Fermentation in syringaldehyde at concentrations of 8-16 mM showed
minimal inhibition of cell growth (refer to Fig. 7). Conversely, 16 mM 4-
hydroxybenzaldehyde completely halted cell growth, while vanillin displayed a
similar inhibitory effect on NBRC 10381. These results indicated a higher tolerance
level compared to previous research on L. starkeyi, where only 0.12 mM vanillin and

0.08 mM syringaldehyde were utilized [35].
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Fig. 7 Tolerance of L. starkeyi NBRC 10381 to lignin derivative aldehydes. Closed
bars represent 4-hydroxybenzaldehyde, shaded bars represent vanillin, and open bars
represent syringaldehyde. The results showed the average of three replicates of the
biological samples with error bars representing the standard deviation from the mean

value. *Statistical analysis was performed using Student’s t test (p value <0.05).

Based on these findings (refer to Fig. 7), 4-hydroxybenzaldehyde and vanillin
exhibited a more pronounced inhibitory impact compared to syringaldehyde,
potentially attributed to their lower molecular weights. Specifically, the molecular
weights of 4-hydroxybenzaldehyde, vanillin, and syringaldehyde are 122.12, 152.15,
and 182.17 g mol’!, respectively. The toxicity of phenolic compounds is closely
related to their hydrophobicity. Consequently, phenolic aldehydes with lower
molecular weights were observed to exert greater toxicity towards the cells compared

to those with higher molecular weights, as they could more readily permeate through
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cell membranes and consequently lead to more potent inhibition of carbon

assimilation [99,100].

2.3.2 Different lignin derivative aldehyde conversion and fermentation profiles

Microorganism cells typically exhibit tolerance by converting toxic inhibitors
into less harmful compounds through detoxification mechanisms [101,102].
Therefore, representative lignin aldehyde compounds 4-hydroxybenzaldehyde,
vanillin, and syringaldehyde were employed at concentrations of 8, 8, and 16 mM,
respectively, for individual 12 mL flask-scale fermentations, based on their
respective minimum inhibitory concentrations. A starting OD600 nm of 1
(representing low initial inoculum size) was utilized in YMPG medium containing
50 g L' glucose. The conversions of lignin aldehydes by NBRC 10381 are illustrated
in Fig. 8. Glucose consumption and cell growth of the NBRC 10381 strain in the
presence of various lignin aldehydes are depicted in Fig. 8a. For 4-
hydroxybenzaldehyde, glucose was completely depleted at 72 hours following
complete degradation into 4-hydroxybenzyl alcohol, without any accumulation of the
corresponding metabolite, 4-hydroxybenzoic acid (Fig. 8b). Vanillin exhibited a
similar pattern to 4-hydroxybenzaldehyde, with glucose exhaustion occurring at 72
hours post complete conversion into vanillyl alcohol, without accumulation of the
corresponding vanillin acid. In contrast, 16 mM syringaldehyde resulted in a reduced
glucose consumption rate (Fig. 8c), prolonging fermentation time. Syringaldehyde
was entirely depleted at 72 hours, being converted into syringyl alcohol rather than
syringic acid, with complete glucose consumption achieved at 96 hours of

fermentation. The high phenolic compound concentration in the fermentation notably
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extended the lag phase due to its inhibitory effect on the microorganism [103,104].
To gain deeper insights into NBRC 10381's ability to utilize lignin aldehydes in
fermentation, the growth, glucose consumption, and lignin depletion rates were
assessed during the logarithmic phase (24-48 hours), as depicted in Fig. 8c.
Fermentation in syringaldehyde displayed lower glucose consumption and cell
growth rates. Nevertheless, it exhibited a higher lignin depletion rate and relatively
greater production of dry cell weight in the final cell production (0.39 mM h-! and
17.01 g L', respectively) compared to other lignin aldehydes. This observation could
be attributed to syringaldehyde's inhibitory effect in prolonging the lag phase without

further impacting NBRC 10381's final cell production.
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Fig. 8 Different lignin derivative fermentation profiles of L. starkeyi NBRC 10831.
(a) Time courses for carbon source consumption (closed circles) and cell growth
(closed triangles) in YMPG medium with different lignin aldehydes. (b)
Biodegradation of lignin aldehydes (closed squares) into their alcohol (opened
circles) and acid derivatives (opened triangles). (¢) Growth, glucose consumption,
and lignin depletion rates in the fermentation of 4-hydroxybenzaldehyde (closed
bars), vanillin (shaded bars), and syringaldehyde (opened bars) at the logarithmic
phase. The results show the average of three replicates of the biological samples with

error bars representing the standard deviation from the mean value.

Table 1 The percentage yield of lignin derivative alcohols. ?

Type of substrate Type of product Time Percent yield
(h)
4-Hydroxybenzaldehyde 4-Hydroxobenzyl alcohol 96 90.1+0.30
Vanillin Vanillyl alcohol 96 97.6 £0.30
Syringaldehyde Syringyl alcohol 96 97.5+0.40

2 Results show the average of three replicates of the biological samples + standard

deviation from the mean value.
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Fig. 9 ATR-FTIR spectra analysis of lignin derivative alcohols. FTIR spectra were
recorded on a Bruker Alpha with ATR (attenuated total reflectance) attachment and

reported in wavenumbers (cm™).

In Fig. 8b, NBRC 10381 successfully converted all lignin aldehydes namely, 4-
hydroxybenzaldehyde, vanillin, and syringaldehyde into their corresponding lignin
derivative alcohols, including 4-hydroxybenzyl alcohol, vanillyl alcohol, and
syringyl alcohol, respectively. Notably, there was no accumulation of undesired
byproducts throughout the fermentation process, and the alcohols remained
predominant until the conclusion of fermentation. The percentage yields of these
lignin-derivative alcohols are detailed in Table 1, with 4-hydroxybenzyl alcohol,
vanillyl alcohol, and syringyl alcohol achieving high percentage yields of 90.1%,
97.6%, and 97.5%, respectively. In further support of these findings, we conducted
fermentations solely on lignin derivative alcohols, yielding similar outcomes (Fig.

10). This scenario holds potential industrial advantages as it ensures consistency in
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end-products without alterations to other compounds or reconversion to initial

substrates, which could disrupt the production process [105].
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Fig. 10 Different lignin derivative alcohols fermentation profiles of L. starkeyi
NBRC 10831. (a) Time courses for carbon source consumption (closed circles) and
cell growth (closed triangles) in YMPG medium with different lignin alcohols. (b)
Lignin aldehydes (closed squares), lignin alcohol (opened circles), and acid
derivatives (opened triangles). The results show the average of three replicates of the
biological samples with error bars representing the standard deviation from the mean

value.

The presumed pathway for lignin alcohol accumulation by NBRC 10381 from
its derivative aldehydes was inferred based on the relative quantification of gene

expression using qPCR (as depicted in Fig. 11a). Three key genes associated with
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lignin aldehyde conversion were chosen for analysis: alcohol dehydrogenase (ADH),
aldehyde-ketone reductase (AKR), and aldehyde dehydrogenase (ALDH). Since
lignin conversion, cell growth, and glucose consumption were most active during the
logarithmic phase, gene expression analysis was conducted at the onset of this phase
(24 hours). The findings are illustrated in Fig. 11b. Notably, the AKR gene exhibited
high expression levels across all fermentations. AKR is recognized for its role in
reducing lignin aldehydes to alcohols [106]. However, the fermentation of
syringaldehyde demonstrated a comparatively lower expression level of AKR
compared to 4-hydroxybenzaldehyde and vanillin. This observation may be
attributed to the inhibitory effects of high syringaldehyde concentrations during the
early logarithmic phase. The ALDH gene, responsible for oxidizing lignin aldehydes
into acids [107], showed no expression in any of the fermentations. Interestingly, all
fermentations exhibited a consistent pattern for the ADH gene. The ADH gene
demonstrated its capacity to oxidize lignin alcohols back into their corresponding
aldehydes [108]. These findings align with the understanding that NBRC 10381
predominantly converts lignin aldehydes into alcohols rather than acids.

Subsequently, once produced, the lignin alcohols remained unchanged in the medium.
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Bioconversion by L. starkeyi NBRC 10381
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Fig. 11 Metabolic pathway for lignin monomers and their gene expression. (a)
Metabolic pathway for lignin derivative aldehydes into derivative alcohols via L.
starkeyi NBRC 10381. (b) Quantitative gene expression of L. starkeyi NBRC 10381
in the cultivation in lignin derivative aldehydes, namely, 4-hydroxybenzaldehyde
(closed bars), vanillin (shaded bars), and syringaldehyde (opened bars). ADH,
alcohol dehydrogenase; AKR, aldehyde-ketone reductase; ALDH, aldehyde

dehydrogenase. Log> FC (fold change) represents transcriptional genes compared to
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the expression level of the TUB1 gene as a housekeeping gene. The results show the
average of three replicates of the biological samples with error bars representing the
standard deviation from the mean value. *Statistical analysis was performed using

Student’s t test (p value <0.05).

2.3.3 Lipid accumulation and fatty acid profile during fermentation of the
different lignin aldehydes

The lipid production of NBRC 10281 during fermentation with various
aldehydes is outlined in Table 2. Following 96 hours of culture in 4-
hydroxybenzaldehyde, the dry cell weight and lipid content reached 15.58 g L-'and
27.79% (w/w), respectively. Comparable lipid accumulation was observed in the
fermentation of vanillin as with 4-hydroxybenzaldehyde. The highest cell mass and
lipid accumulation were achieved with NBRC 10831 in syringaldehyde, reaching
17.01 g L-'and 30.72%, respectively (Student's t-test, p < 0.05). Syringaldehyde was
converted into syringyl alcohol by aldehyde-ketone reductase, generating one
NAD(P)" (as illustrated in Fig. 11a). Given that the concentration of syringaldehyde
exceeded that of other aldehydes, the additional NAD(P)* supplied through syringyl
alcohol production could potentially be utilized for the conversion of malate to
pyruvate via NAD(P)H release in the cytosol [109]. Subsequently, pyruvate could be
directed to the TCA cycle, with NAD(P)H then utilized by fatty acid synthase,

essential for fatty acid biosynthesis [110,111].
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Table 2 Biomass and lipid production of L. starkeyi NBRC 10381 for different lignin

aldehydes.?

Initial Final Initial lipid Final lipid

Type of lignin Time Lipid titer
DCW DCW content content
m (L) €L)  Gww)  Ceww) (gL

Control 96 0.61+£0.04 1436+0.11 9.04+1.30  24.07+043 3.46 < 0.00
4-Hydroxybenzaldehyde ~ 96 0.58+0.05 15.58+0.14 9.04+130  27.79+1.60 4.33 % 0.00
Vanillin 96  0.55+0.06 1579021 9.04+1.30  26.95+226 4.26+0.00
Syringaldehyde 96 0.65+0.05 17.01+£0.11 9.04+130  30.72+1.52 523 +0.00

2 Results show the average of three replicates of the biological samples + standard

deviation from the mean value.
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Fig. 12 Profiles of fatty acids produced during fermentation of different lignin
derivative aldehydes. 4-hydroxybenzaldehyde (closed bars), vanillin (shaded bars),
syringaldehyde (opened bars), and control (dotted bars). The results show the average
of three replicates of the biological samples with error bars representing the standard

deviation from the mean value.

The fatty acid composition of lipids produced in each fermentation using
different aldehydes is depicted in Fig. 12. Predominantly, the lipids consisted of fatty
acids containing 16 and 18 carbon atoms, notably palmitic acid (C16:0), palmitoleic
acid (C16:1), stearic acid (C18:0), oleic acid (C18:1), and linoleic acid (C18:2).
These fatty acid profiles closely resembled those found in most vegetable oils [45].
Across all aldehyde fermentations, C18:1 emerged as the primary fatty acid,
constituting over 45% of the total fatty acids, followed by C16:0, which accounted

for more than 30%. The substantial proportion of C18:1 suggests that NBRC 10381
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could potentially be classified as a biodiesel producer in industrial applications [112].
Notably, Lipomyces starkeyi NBRC 10831 exhibited the highest production of C18:1
among other strains of oleaginous yeast groups [95]. Moreover, the fatty acid
composition remained consistent across all lignin aldehydes, indicating that specific
aldehydes did not influence certain fatty acid productions. This observation aligns

with previous studies of Lipomyces starkeyi, even in the absence of lignin aldehydes

[113,114].

2.3.4 Effect of the mixed lignin aldehyde on lipid production under different
fermentation conditions

After assessing the ability of NBRC 10381 to efficiently convert various lignin
aldehydes while producing lipids under conditions of low carbon-to-nitrogen (C:N)
ratio and low initial inoculum size, a fermentation experiment involving mixed lignin
aldehydes under three different conditions was conducted to evaluate its impact on
lipid production. The mixture of lignin aldehydes comprised 4 mM 4-
hydroxybenzaldehyde, 4 mM vanillin, and 8 mM syringaldehyde (half the
concentration utilized in the fermentation of individual lignin aldehydes).
Subsequently, the mixed lignin aldehyde was cultivated under three scenarios: low
initial inoculum size on a low C:N ratio medium (low OD600 YMPG), high initial
inoculum size on a low C:N ratio medium (high OD600 YMPG), and high initial
inoculum size on a high C:N ratio medium (high OD600 NMM). As showed in Fig.
13a, the mixed lignin aldehyde significantly impeded cell growth when the initial
inoculum size was low. The lag phase of NBRC 10381 was extended until 72 hours

before growth resumed. The combined presence of phenolic compounds exerted a
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synergistic inhibitory effect on cell metabolism, causing a considerable delay in cell

growth and a reduction in the final dry cell weight [115].
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Fig. 13 Mixed lignin derivative aldehyde fermentation profile of L. starkeyi NBRC
10831. (a) Time courses for carbon source consumption (closed circles) and cell
growth (closed triangles) under different fermentation conditions. (b) Biodegradation
of mixed lignin aldehydes (4-hydroxybenzaldehyde (closed squares), vanillin (closed
circles), syringaldehyde (closed triangles)) into their alcohol (4-hydroxybenzyl
alcohol (shaded squares), vanillyl alcohol (shaded circles), syringyl alcohol (shaded
triangles)), and acid derivative ((4-hydroxybenzoic acid (opened squares), vanillic
acid (opened circles), syringic acid (opened triangles)). The results show the average
of three replicates of the biological samples with error bars representing the standard

deviation from the mean value.
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On the contrary, NBRC 10381 cells exhibited accelerated growth in both high-
OD YMPG and NMM fermentations, leading to a significant reduction in
fermentation duration compared to low-OD YMPG conditions (up to 120 hours). The
conversion of aldehydes to lignin alcohols corresponded directly with sugar
consumption and lignin degradation (Fig. 13), with a higher initial inoculum size
enhancing NBRC 10381's performance in the fermentation process. Augmenting the
initial inoculum size intensified the active cell fraction, increasing the likelihood of
more cells adapting and thriving in the stressed environment [116]. Consequently,
this facilitated efficient lignin alcohol production. All mixed lignin aldehyde
fermentations displayed a consistent trend with individual lignin aldehydes, wherein
all aldehydes were transformed into alcohols, and these produced alcohols persisted
until the culmination of fermentation without any formation of undesirable
byproducts (Fig. 13b). NBRC 10831 facilitated the concurrent assimilation of all
lignin aldehydes and glucose rather than sequential assimilation across all
fermentation conditions. This simultaneous utilization of lignin and glucose holds
significance in utilizing lignocellulosic biomass to mitigate costs associated with
lignin alcohol and lipid production. In the bioprocess industry, simultaneous
utilization offers cost-effectiveness advantages [117,118]. The potential applications
extend beyond pharmaceutical industries for lignin alcohol usage; the lipids produced
also hold promise for biodiesel industries due to their biochemical and

physicochemical properties [§9—94].
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Table 3 Biomass and lipid production of L. starkeyi NBRC 10381 for mixed lignin

aldehydes.?
Initial Final Initial lipid  Final lipid
Type of lignin ~ Time Lipid titer
DCW DCW content content
M @gL)  @gLl)  Ceww)  (ww) (gL

Low OD YMPG 168 0.55+0.08 18.68+0.22 847+1.64 30.02+0.56 5.61 +0.00

High OD YMPG 96 9.42+0.09 26.85+0.89 10.22+0.72 33.09 +3.29 8.88 £ 0.03

HighODNMM 96  9.05+0.21 2697+1.18 9.26+1.48 54.72+1.95 14.76 £ 0.02

2 Results show the average of three replicates of the biological samples + standard

deviation from the mean value.
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Fig. 14 Profiles of fatty acids produced on mixed lignin derivative aldehydes and
single-cell oil visualization. (a) Fatty acid profiles under different fermentation
conditions. Low ODesoo YMPG (opened bars), high ODsoo YMPG (shaded bars), and
high ODsoo NMM (closed bars). The results show the average of three replicates of
the biological samples with error bars representing the standard deviation from the

mean value. (b) Bodipy lipid visualization of L. starkeyi NBRC 10381.

The lipid accumulation resulting from the fermentation of mixed lignin
aldehydes is detailed in Table 3. In low OD600 YMPG and high OD600 YMPG
conditions, the lipid content measured 30.02% and 33.09% (w/w), respectively.
However, the lipid production titer was notably higher in the high OD600 YMPG
condition (8.88 g L") compared to the low OD600 YMPG condition (5.61 g L') due
to the greater amount of DCW generated by the end of fermentation (p <0.05). Mixed
lignin aldehydes impacted both cell growth and lipid content in the low OD600
YMPG condition. The combined inhibition from phenolic compounds decreased the
lipid content production in NBRC 10381 [119]. Additionally, the highest lipid
content was attained in the high OD600 NMM condition at 54.72% (w/w), with lipid
production reaching up to 14.76 g L-'. A medium with a high C:N ratio substantially
enhanced lipid accumulation in NBRC 10381 compared to a low C:N ratio medium
(up to 2.6-fold). Restricted nitrogen availability within cells resulted in heightened
adenosine monophosphate (AMP) deaminase activity to produce ammonium ions
(NH4") (essential nitrogen supply for cell growth) by cleaving AMP into inosine

monophosphate (IMP) while inhibiting the formation of isocitrate dehydrogenase
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(IDH). This process facilitated the transfer of citrate into the cytosol for lipid
production [120,121]. All lipids produced from mixed lignin aldehyde fermentations
predominantly consisted of C18:1 and C16:0 fatty acids (Fig. 14a), indicating that
different fermentation conditions did not induce major changes in the fatty acid
composition of this strain. The primary fatty acids, particularly C18:1 and C16:0,
were also identified in previous studies [122—124]. BODIPY 493-503 was employed
in this study to visualize the accumulation of triacylglycerides within lipid bodies
inside NBRC 10381 cells grown under various fermentation conditions and time
intervals (Fig. 14b). The results indicated an increase in lipid bodies from 0 h to 48
h of fermentation in high OD600 YMPG and high OD600 NMM conditions.
Conversely, fermentation under low OD600 YMPG conditions exhibited different
outcomes due to the prolonged lag phase induced by mixed lignin aldehydes in
NBRC 10381. The stained results confirmed that lipid production in NBRC 10381

on NMM was superior to that on YMPG.

2.4 Conclusions

This study introduces a novel biorefinery approach for converting lignin
derivative aldehydes into both lignin alcohols and high-value lipids. The findings
suggest that the oleaginous yeast L. starkeyi NBRC 10381 can efficiently generate
lignin alcohols specifically, 4-hydroxybenzyl alcohol, vanillyl alcohol, and syringyl
alcohol from corresponding lignin derivative aldehydes: 4-hydroxybenzaldehyde,
vanillin, and syringaldehyde, respectively. The conversion of these aldehydes into
alcohols via NBRC 10381 not only stimulated cell growth but also facilitated lipid

accumulation. However, the combined inhibitory effect of mixed lignin aldehydes
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significantly impeded cell growth. Therefore, employing strategies such as a high
inoculum size and a medium with a high C:N ratio enhanced the fermentation process.
This resulted in a reduction of bioconversion time by 5 days and a 2.6-fold increase
in lipid production. Overall, L. starkeyi NBRC 10381 exhibited promising
performance in producing lignin alcohols from lignin derivative aldehydes while
simultaneously generating high-value single-cell oil with potential applications in

biorefinery settings.
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Chapter 3

Production of lignin monomeric alcohols and lipids from oil palm empty
fruit bunch by a combination of alkaline nitrobenzene depolymerization

and Lipomyces starkeyi bioconversion

3.1 Introduction

As widely acknowledged, the expansion of palm oil production is fueled by
increasing demand for its versatile applications, directly correlating with rapid
growth in the oil palm industry. This growth carries potential negative environmental
impacts [125,126]. Indonesia, being the largest producer of crude palm oil,
contributes approximately 59% of global production, yielding over 46 million tons
annually and generating more than two oil palm empty fruit bunches (OPEFB)
[127,128]. Consequently, it's crucial to incorporate biorefinery practices into the
production process of this commodity to ensure its sustainability. To achieve
environmental friendliness and optimize profits, OPEFB should be maximally
utilized to produce valuable chemical feedstock from each biomass component
(lignin, hemicellulose, and cellulose) for various applications [129,130]. Lignin,
being one of the primary lignocellulosic constituents in biomass, is the most abundant
aromatic substance of biopolymers globally, estimated at over 300 billion tons [71].
This abundance presents promising opportunities for the production of various value-
added biochemicals and biofuels, making a significant contribution to sustainable

development and the global economy in the foreseeable future [131,132]. However,
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recent research highlights a challenge: much lignin is considered worthless fuel upon
decomposition, leading to environmental pollution [19,133]. Lignin, an organic
macromolecule, comprises three phenylpropanoid types: syringyl (S-lignin),
guaiacyl (G-lignin), and p-hydroxyphenyl (H-lignin), with common degraded
monomer compounds such as syringaldehyde, vanillin, and 4-hydroxybenzaldehyde

representing these respective lignin groups [134,135].
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Fig. 15 Graphical abstract of study chapter 3.

Pretreatment technology plays a vital role in lignocellulosic biorefineries.
Chemical oxidative depolymerization during pretreatment has been demonstrated to
effectively break down complex lignin polymers into low molecular weight
aromatics, such as monomers, surpassing alternative methods [81,136]. Nitrobenzene
oxidation has shown promise as a depolymerization method for producing lignin
monomers when compared to other techniques like direct oxygen oxidation, cutinase

hydrolysis enzyme, and manganese peroxidase (MnP) enzyme oxidation [60]. Thus,
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there is a need to develop efficient depolymerization methods under mild conditions.
Additionally, the possibility of biologically converting lignin monomeric aldehydes
into fuels and valuable chemicals has emerged as an attractive strategy for enhancing
the economic viability of biorefineries globally [83,137]. However, the potential for
lignin valorization is hindered by the limited availability of microorganisms capable
of efficiently metabolizing various lignin monomers and producing high-value
products [138]. Previous studies have highlighted the ability of certain
microorganisms, such as Trichosporon yeasts, to transform lignin monomeric
aldehydes into diverse biochemicals. For instance, 7. guehoae has demonstrated its
capability to convert ferulic acid into vanillic acid [36], while T. cutaneum
successfully converted syringaldehyde and vanillin into syringyl and vanillyl alcohol,
respectively, yielding vanillic acid and syringic acid as final products [86]. However,
to date, only Lipomyces starkeyi has been reported to efficiently convert lignin
monomeric aldehydes into valuable monomeric alcohols while also producing lipids
as a by-product [139]. Several studies have highlighted the pharmacological benefits
of lignin monomeric alcohols. For example, 4-hydroxybenzyl alcohol has emerged
as an antiasthmatic and anti-inflammatory agent [89,90], while vanillyl shows
promise in Parkinson's disease research, and syringyl is commonly used as a lignin
model in research due to its benzylic hydroxyl and phenolic structures [91,93].
Nonetheless, no study has been conducted utilizing palm industry waste like OPEFB
to simultaneously produce valuable lignin monomeric alcohols and lipids via alkaline

oxidative depolymerization and yeast bioconversion.
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Fig. 16 Pathway of combinatory strategy for lignin monomeric alcohols and lipid
production from OPEFB using alkaline nitrobenzene oxidation and bioconversion of

Lipomyces starkeyi.

In this study, we integrate both chemical and biological methods to efficiently
generate lignin monomeric alcohols (syringyl, vanillyl, and 4-hydroxybenzyl
alcohol) and lipids from OPEFB (Fig. 16). Initially, we extract lignin monomeric
aldehydes from OPEFB through NaOH nitrobenzene depolymerization.
Subsequently, these aldehydes are transformed into lignin monomeric alcohols and

lipids using L. starkeyi. We also explore the potential of enhancing lipid production
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in L. starkeyi through bioconversion. To enhance the conversion process, we
investigate the impacts of NaOH concentration, nitrobenzene addition, and reaction
time on the yield of monomeric compounds from the chemical oxidation of OPEFB
lignin. This study provides a fresh perspective on the production of valuable lignin
alcohols and lipids from OPEFB by combining alkaline nitrobenzene
depolymerization with L. starkeyi bioconversion. Additionally, it presents a crucial
methodology for maximizing lignin utilization through chemical biology approaches,
contributing to a better understanding of future biorefinery technologies essential for

industrial advancement.

3.2 Material and methods

3.2.1 Strain preparation

In this study, Lipomyces starkeyi D35 (NBRC10381), obtained from the National
Institute of Technology and Evaluation Biological Resource Center, Japan, was used
as the model organism. To maintain the yeast strain, it was stored in a 30% (w/w)
glycerol solution at -80 °C. The L. starkeyi culture was initially grown on Potato
Dextrose Agar (PDA) medium. Subsequently, for further experimentation, the yeast
was transferred to a Yeast Malt Peptone Glucose (YMPG) agar medium containing
20 g L—1 agar, 10 g L1 glucose, 5 g L—1 peptone, 3 g L—1 malt extract, and yeast

extract. Incubation was carried out for 2 days at 30 °C.
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3.2.2 Raw material, reagents, medium, and fermentation conditions

The original Oil Palm Empty Fruit Bunch (OPEFB) was sourced from Indonesia,
provided by an oil palm plantation in Sukabumi, Indonesia. The OPEFB underwent
crushing into small flakes (0.7 mm mesh) and was subsequently dried in a plastic
beaker covered with aluminum foil at 80 °C overnight (for at least 20 hours),
followed by a cooling period of 30 — 45 minutes. Before analysis and pretreatment,
the biomass was stored in a sealed bag at room temperature. Commercial lignin
monomers, such as syringaldehyde, vanillin, 4-hydroxybenzaldehyde, syringic acid,
vanillic acid, 4-hydroxybenzoic acid, and hydroxycinnamic acids like ferulic acid
and p-coumaric acid, were obtained from Sigma Aldrich Co. LLC. 4-hydroxybenzyl
and vanillyl alcohol were acquired from Tokyo Chemical Industry Co. Ltd (Japan),
while syringyl monomer alcohol was sourced from Thermo Fisher Scientific Inc.
(USA). Sodium hydroxide, nitrobenzene, sulfuric acid, ethyl acetate, and methanol
were procured from Nacalai Tesque (Japan). For fermentation, a single colony was
transferred into YMPG-50 (12 mL) liquid medium (with 50 g L™! glucose, 5 g L!
peptone, 3 g L' malt extract, and yeast extract) within a 100 mL Erlenmeyer flask
for pre-culture overnight. The pre-culture was then transferred to a new 12 mL
YMPG-50 medium supplemented with three different groups of lignin monomers as
the main culture. These groups included aldehydes medium (consisting of 4.81 nM
syringaldehyde, 0.64 nM vanillin, and 0.05 mM 4-hydroxybenzaldehyde),
aldehydes-acids medium (with 4.81 nM syringaldehyde, 0.64 nM vanillin, 0.05 mM
4-hydroxybenzaldehyde, 0.54 mM syringic acid, 0.12 mM vanillic acid, and 2.25
mM 4-hydroxybenzoic acid), and OPEFB, which was dried lignin monomeric

powder obtained from NaOH nitrobenzene oxidative depolymerization. Inoculation
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was done using a specific optical density (ODeoo) value of 1 in a 100 mL flask and
subjected to incubation in a BioShaker BR-43FH MR orbital incubator shaker (Taitec

Corp., Japan) at 190 rpm and 30 °C under aerobic conditions.

3.2.3 Alkaline nitrobenzene oxidative pretreatments

The pretreatment procedure, involving alkaline nitrobenzene oxidation, was
applied to 0.2 g of dried treated OPEFB mixed with 0.5 mL of nitrobenzene (PhNO2)
in solutions containing 1, 5, and 10% wt. of sodium hydroxide (NaOH) in 10 mL
volumes. A control group, lacking nitrobenzene, was included for comparison. The
oxidation reaction was carried out using a laboratory-scale thermostirrer (LT) HHE-
19G-UP (Koike Precision Instruments, Kawasaki, Japan), which combines a heater
and magnetic stirrer. The LT was programmed to gradually increase the temperature
to the desired level at a rate of around 4 °C per minute. The samples were treated at
180 °C for varying durations of 30, 60, 120, and 180 minutes. Following treatment,
30 mL of chloroform was added to the mixture to eliminate excess nitrobenzene and
its reduced byproducts, which were then separated through centrifugation at 3000
rpm for 5 minutes, yielding a bottom layer. Concentrated sulfuric acid was utilized
to adjust the pH to 1-2 for the extraction of oxidation products. Subsequently, three
rounds of extraction were performed using 10 mL of ethyl acetate (EtOAc), and the
solvent was evaporated using a rotary evaporator. This pretreatment process is
illustrated in Figure 17. Finally, the dried oxidation products were dissolved in 1 mL

of methanol for further analysis using HPLC-UV/Vis [60].
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3.2.4 Determination of cell growth

A gravimetric method was utilized to ascertain the Dry Cell Weight (DCW) by
employing 0.5 mL of the cultivation samples. The cells were separated via
centrifugation at 14,000 x g for 5 minutes. Subsequently, the cells were washed with
sterilized water and then subjected to overnight lyophilization at a freezing
temperature of -80 °C using a freeze dryer (Freeze Dry, FreeZone from Labconco,
USA) to eliminate any residual moisture. The DCW was then determined based on
the weight of the dried cells. The growth rate of the cells within the initial 24 hours

was calculated using Equation 1.

L. starkeyi growth rate (g DCW L' h'!)

Total increment of cell number (g DCW L™1)

= (1)

Total time of increment (h)

3.2.5 Glucose quantification by HPLC-RID

Throughout the fermentation process, glucose concentration was determined
using an HPLC (high-performance liquid chromatography) system (Shimadzu,
Japan) coupled with a RI (refractive index) detector. This setup featured an ICSep
Coregel-87H column (7.8 mm i.d. and 300 mm length, supplied by Transgenomic).
Prior to analysis, the samples underwent centrifugation at 14,000 x g for 5 minutes,
followed by filtration using a 0.22 um filter to prepare the supernatant. The analysis
involved injecting a 20 pL. sample volume, with the column oven maintained at 80

°C. A mobile phase comprising 5 mM H2SO4 was used, with a flow rate of 0.6 mL
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min—1 [140]. The glucose consumption rate during fermentation within the initial 24

hours was calculated using Equation 2.

Glucose consumption rate (g L' h!)

Total glucose consumed by L.starkeyi (g L™1)

2)

" Total time of glucose consumed by L.starkeyi (h)

3.2.6 Lignin monomers quantification by HPLC-UV/Vis

The quantification of lignin derivatives was conducted using an HPLC-20AB
system (Shimadzu, Japan), outfitted with an ultraviolet-visible spectroscopy
(UV/Vis) detector SPD-20A. Analysis was performed employing a C18 column (250
mm length x 4.6 mm, Sum particle size) obtained from Supelco Ascentis (Merck
KGaA, Darmstadt, Germany). Supernatant samples were prepared for analysis by
centrifugation at 14,000 x g for 5 minutes followed by filtration using a 0.22 pm
filter. Each measurement involved injecting 10 pL of sample, and the column
temperature was maintained at 30 °C for 45 minutes. The mobile phase consisted of
a mixture of methanol and ultra-pure water in a ratio of 18:82 v/v with the addition
of 0.2% (v/v) acetic acid, flowing through the column at a rate of 1 mL min-1.
Analyte measurements were conducted at a wavelength of 280 nm [139]. The product

yield of lignin monomers produced from OPEFB was calculated based on Equation

3.

Lignin monomeric product yield (%)

lignin monomer produced (g L™1)
" Initial OPEFB (gL~1) used in pretreatment

x 100 (3)
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3.2.7 Single-cell oil measurement

The quantification of single-cell oil (lipid) production was conducted using a
gravimetric method, following the procedure outlined by Floch [95]. Freeze-dried
samples weighing 20 mg were placed into 2 mL O-ring cap-sealed micro vials
(Watson, Japan). Zirconia balls were added to aid in extraction. An extraction solvent
comprising a chloroform:methanol mixture in a 2:1 v/v ratio, totaling 1.5 mL in
volume, was used for lipid extraction. The cells were then pulverized at 1500 rpm
for 15 minutes using a Master Neo pulverizer (Bio Medical Science, Japan).
Subsequently, the cells underwent centrifugation at 14,000 x g for 5 minutes. The
resulting cell pellets were washed with sterilized water and dried at 60 °C until
reaching a constant weight. The lipid content was determined by the difference in
weight before and after drying and expressed as a percentage of the Dry Cell Weight

(DCW).

3.2.8 Fatty acid methyl esters quantification by GC/MS

The fatty acid methyl esters (FAMEs) derived from the lipids of the lyophilized
samples were obtained via a transesterification process outlined in the FAMEs kit
mix (Nacalai Tesque, Japan). The resulting FAMEs were dissolved in hexane and
analyzed using GC/MS (gas chromatography-mass spectrometry) QP-2010
(Shimadzu, Japan). To provide a reference, an internal standard, C8:0 (caprylic acid),

was added to the sample. Analysis was conducted using a capillary GC column DB-
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23 (0.25 mm i.d. 60 m length, 0.25 mm thickness) (Agilent), with helium serving as
the carrier gas. A sample injection volume of 1 uL was utilized, and the analysis
employed split injection with an inlet temperature of 250 °C. The oven temperature
program began at 50 °C for 1 minute, followed by a gradient increase at 25 °C min—
1 until reaching 175 °C, then further elevated to 230 °C at a rate of 4 °C min—1, and
held for 6 minutes. The MS detector operated at 250 °C and scanned the 40 to 500
m/z range. Identification and quantification of fatty acids were accomplished by
comparing retention times (rt) and m/z patterns with a fatty acid standard, SUPELCO

37 FAME mix (Sigma—Aldrich) [95].

3.3 Results and discussion
3.3.1 Monomeric aldehydes production via alkaline nitrobenzene oxidation
In this study, we derived lignin monomeric aldehydes from OPEFB lignin using
a combination of sodium hydroxide and nitrobenzene oxidative depolymerization
(Fig. 17). Subsequently, these aldehydes were utilized in the synthesis of valuable
lignin alcohols employing L. starkeyi. The quantity of monomeric compounds
generated from lignin nitrobenzene oxidation was affected by the concentration of
sodium hydroxide and the duration of the reaction, as depicted in Fig. 18. The
production encompassed three primary lignin aldehydes: syringaldehyde, vanillin,
and 4-hydroxybenzaldehyde. However, given the source was raw biomass, it was
anticipated that not only lignin aldehydes but also monomeric acids (such as vanillic,
syringic, and 4-hydroxybenzoic acid) and related hydroxycinnamic acids (HCAs)

like p-coumaric acid and ferulic acid would be formed during the reactions (Fig. 18c¢).
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The occurrence of HCAs from lignin polymer took place at relatively low
temperatures during the initial reaction in the alkaline nitrobenzene oxidation
process, involving the breakdown of ester bonds and specific ether linkages
[141,142]. These characteristic monomeric compounds had also been identified in
prior research employing alkaline nitrobenzene oxidation [60,143]. The outcomes
(Fig. 18) revealed a consistent trend in the production levels of all monomeric
compounds, indicating that the presence of nitrobenzene in the oxidation process
resulted in higher yields compared to those obtained without it. Nitrobenzene acted
as a potent oxidizing agent in the sodium hydroxide solution, generating a
nitrobenzene radical anion that facilitated the cleavage of major lignin linkages,
including a-O-4 and B-O-4 [144]. Additionally, increasing the concentration of
NaOH in the reaction contributed to significant enhancements in the production of
monomeric compounds. The findings indicated that the optimal titer of all
monomeric lignin productions was achieved when using a 10% NaOH concentration
in the reaction. It has been demonstrated that alkalinity plays a crucial role in the
nitrobenzene oxidation of lignin, as it facilitates the cleavage of ether and ester
linkages, accelerates oxidation reactions leading to retro-aldol cleavage of Ca-Cp
bonds in the phenylpropane units (B-O-4), promotes hydrolysis, and stabilizes
intermediates, ultimately creating conditions conducive to efficient depolymerization

and yielding the desired monomeric compounds [144].
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Fig. 17 The workflow of lignin monomeric productions via alkaline nitrobenzene

oxidative depolymerization from oil palm empty fruit bunch.

The highest produced aldehyde was syringaldehyde (3.49 mM at 60 min) that
overpassed 4-hydroxybenzaldehyde (1.11 mM at 60 min), while vanillin is achieved
to 4.81 mM at 60 min. The holding time of the reaction is another considerable
parameter of enhancing titer yield. Increasing the reaction time after the reaching
optimal time, 60 min, led to a decrement of syringaldehyde (3.66 mM at 180 min)
and vanillin (0.43 mM at 180 MM) titer. The longer reaction time may make primary
aldehydes to be over-oxidized to further convert to acid form, syringic acid [145].
Different molecular structures have various susceptibilities to oxidative degradation,
which induce producing different aromatic products during the nitrobenzene

oxidation [144]. The different optimum time of the highest titer of all the oxidation
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Fig. 18 Effect of sodium hydroxide concentration and reaction time on the titer of (a)
lignin monomeric aldehydes, (b) lignin monomeric acids, and (c¢) hydroxycinnamic
acids productions. The results presented the mean of three biological replicate
samples with error bars illustrating the standard deviation from the mean value in the

dataset.

The alkaline nitrobenzene oxidation of biomass often yields lignin monomeric
aldehydes, with vanillin and syringaldehyde being the most frequent ones. The
presence of these aldehydes is indicated by the amount of the guaiacyl and syringyl
unit groups in the lignin [146]. On the contrary, our investigation yielded two primary
lignin monomers: syringaldehyde and 4-hydroxybenzoic acid. According to the
previous study, the lignin in OPEFB fiber was shown to have the largest proportion
of syringyl groups [147]. The highest concentration of syringaldehyde was mostly
derived from the oxidation of syringyl units in OPEFB. Under alkaline conditions,
the ester bonds that connect phenolic acids can be easily broken at low temperatures.
However, the cleavage of phenolic B-aryl ethers requires high temperatures and
oxidizing agents. Therefore, when nitrobenzene is used as an oxidant, the amount of
syringaldehyde produced from the breakdown of syringyl units increases
dramatically, especially in highly alkaline conditions. In the context of a significant
increase in the formation of 4-hydroxybenzoic acid, Sun et al. [148] conducted a
study that revealed a significant amount of esterified p-hydroxybenzoic acid present
in the OPEFB lignin. The conversion of p-coumaric acid to 4-hydroxybenzaldehyde
was then transformed into hydroxybenzoic acid. This conversion was facilitated by

the high alkalinity environment and the presence of nitrobenzene, which acted as a
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powerful oxidant. These factors contributed to the high concentration of 4-
hydroxybenzoic acid [141,149]. As a result, the concentration of p-coumaric acid

decreases significantly with longer reaction time, as shown in Figure 18c.

3.3.2 Fermentation profile of L. starkeyi under various lignin derivatives

The lignin monomeric aldehydes, such as syringaldehyde, vanillin, and 4-
hydroxybenzaldehyde, were obtained from OPEFB through alkaline nitrobenzene
oxidative depolymerization. These monomeric derivatives were then utilized as a
substrate to produce valuable lignin alcohols through bioconversion using L. starkeyi
NBRC 10381, as shown in Fig. 16. The fermentation process utilized the most
concentrated amount of lignin aldehydes created through the oxidation of alkaline
nitrobenzene, specifically using a 10% NaOH solution with nitrobenzene for a
reaction duration of 60 minutes (Table 4). In order to assess the ability of L. starkeyi
to convert monomeric aldehydes derived from OPEFB into monomeric alcohols, a
simulated fermentation medium was created using commercially available chemicals
that had a comparable composition as shown in Table 4. The study included three
distinct medium profiles: OPEFB (comprising lignin monomeric derivatives from
OPEFB in YMPG-50), aldehydes (consisting solely of monomeric aldehydes from
commercial chemicals in YMPG-50), and aldehydes-acids (comprising monomeric
aldehydes and acids without HCAs from commercial chemicals in YMPG-50). The

control group consisted of YMPG-50 without any lignin.
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Table 4 Lignin monomeric compounds produced in 10 % of NaOH with nitrobenzene for

60 min.?
Monomer lignin Concentration Production yield
(mM) (%)
Aldehydes
4-Hydroxybenzaldehyde 0.05+£0.01 0.03£0.01
Vanillin 0.64 +£0.10 0.49 +0.08
Syringaldehyde 481 +£0.21 439+0.19
Acids
4-Hydroxybenzoic acid 2.25+0.04 1.55+0.03
Vanilllic acid 0.12+0.03 0.10+0.03
Syringic acid 0.54 +0.10 0.53+0.10
HCAs
p-Coumaric acid 0.06 +£0.01 0.05+0.01
Ferulic acid 0.22 £0.01 0.21 £0.01

2 The reported results provide the mean of three biological replicate samples with error

bars illustrating the standard deviation from the mean value in the dataset.
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Fig. 19 Fermentation profiles of L. starkeyi

under different mediums. (a) Time

courses for cell growth and glucose consumption in different mediums. (b) Growth

and glucose consumption rates in different medium fermentation. The results
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presented the mean of three biological replicate samples with error bars illustrating
the standard deviation from the mean value in the dataset. *The statistical analysis

employed Student’s t-test, with significance set at a p-value < 0.05.

Based on the fermentation profile data, the growth of L. starkeyi on the
aldehydes, aldehydes-acids, and OPEFB medium outperformed no lignin medium
(Fig. 19a). The highest DCW produced was on the aldehydes fermentation that
reached up to 19.94 g L', followed by aldehydes-acids at 18.17 g L! and OPEFB at
17.54 g L—1. On the other hand, growth on no lignin media only acquired up to 14.38
g L-!. Growth on no lignin likewise reaches a stationary phase and plateau after 48 h
of fermentation. Meanwhile, the rest of the fermentation profiles grew until 72 h
before entering the stationary phase, even though the presence of the lignin
derivatives in the fermentation could impede the cells from developing. L. starkeyi
was discovered to have the ability not only to tolerate diverse phenolic aromatic
compounds but also to utilize them and create additional molecules [139,150,151].
In the previous work, the L. starkeyi NBRC 10381 was found to be able to convert
all types of monomeric aldehydes and create useful lignin monomeric alcohols by
using the AKR (aldehyde-ketone reductase) enzyme intracellularly. The conversion
of a lignin monomeric aldehyde to alcohol by AKR releases one NAD(P)" generation
that is potentially employed for the conversion from malate towards pyruvate by
releasing cytosolic NAD(P)H. This pyruvate is possibly connected to the Krebs cycle
for cell development [139,152] and also for triacylglyceride (TAG) lipid synthesis
(Fig. 16). This explains why the fermentation on no lignin shows a higher growth

rate and glucose consumption rate compared to others. The L. starkeyi grows quicker
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during the log phase at first 24 h (Fig. 19b) because the cell could be only
concentrated on generating cells by utilizing glucose instead of converting the lignin

derivatives.

3.3.3 Conversion of lignin monomeric aldehydes to valuable alcohols

The measured products included monomeric alcohols (syringyl, vanillyl, 4-
hydroxybenzyl alcohol) derived from monomeric aldehydes, as well as all other
monomeric aldehydes and acids. Figure 20 shows the conversion of lignin
monomeric aldehydes by L. starkeyi. Syringaldehyde underwent conversion to
syringyl alcohol within a fermentation period of 24 hours in the aldehydes-only
medium. Vanillin underwent a conversion to vanillyl alcohol, along with a minor
quantity of 4-hydroxybenzaldehyde, which was also turned into its alcohol
counterpart (4-hydroxybenzyl alcohol) without the occurrence of any undesired
lignin monomeric acids. A comparable trend was also seen in the fermentation
process of aldehydes-acids and OPEFB. All aldehydes derived from lignin
monomers present in the culture, such as syringaldehyde, vanillin, and 4-
hydroxybenzaldehyde, were transformed into their corresponding alcohols, namely
syringyl alcohol, vanillyl alcohol, and 4-hydroxybenzyl alcohol. At the start of the
medium, there are many types of lignin monomeric acid, such as syringic acid,
vanillic acid, and 4-hydroxybenzoic acid. There is no apparent evidence of any
significant impact on the cells of L. starkeyi. However, all the individual units of

lignin acid were still present on the medium.
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Fig. 20 Biodegradation of lignin monomeric aldehydes into monomeric alcohols
during fermentation. (a) Aldehydes (monomeric aldehydes-only). (b) Aldehydes-
acids (monomeric aldehydes and monomeric acids). (c) OPEFB (all lignin
monomeric derivatives from OPEFB). The results presented the mean of three
biological replicate samples with error bars illustrating the standard deviation from

the mean value in the dataset.
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Fig. 21 Depletion of hydroxycinnamic acids in OPEFB during fermentation. The
results presented the mean of three biological replicate samples with error bars

illustrating the standard deviation from the mean value in the dataset.

Three essential genes are involved in the bioconversion of lignin monomeric
aldehydes. The genes AKR, ADH (alcohol dehydrogenase), and ALDH (aldehyde
dehydrogenase) are included in this list [86]. In the previous work, the expression of
the AKR gene was significantly upregulated in the presence of the phenolic chemical
during fermentation. AKR is renowned for its ability to convert monomeric

aldehydes into alcohols by means of reduction [106]. In contrast, the ALDH gene,
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which is responsible for the conversion of aldehydes into acids, and the ADH gene,
which is responsible for the conversion of alcohols into aldehydes, were found to be
inactive [107]. The evidence reveals that L. starkeyi exhibits a predilection for
converting monomeric aldehydes into monomeric alcohols rather than monomeric
acids. After the production of all the individual alcohol molecules, they remained
unchanged in the external environment without undergoing any more chemical
reactions. The acids present in the aldehydes-acids and OPEFB mediums persist
throughout the fermentation process.

Regarding the presence of HCAs in the OPEFB, L. starkeyi was capable of
metabolizing both p-coumaric acid and ferulic acid without any detrimental effect on
its cells (Fig. 21). Hydroxycinnamic acids, such as p-coumaric acid and ferulic acid,
are known to be toxic to various microorganisms. This toxicity arises from their
ability to disrupt the integrity of microbial membranes, interfere with cellular
metabolism, and induce oxidative stress by generating reactive oxygen species
(ROS). These effects ultimately hinder the growth and survival of the
microorganisms [153]. Figures 19a and 20 indicate that L. starkeyi is capable of
simultaneously absorbing monomeric aldehydes and glucose, in contrast to the
sequential assimilation found in other situations. The simultaneous usage of lignin
monomers and glucose has great potential for improving the efficiency of converting
lignocellulosic biomass, which could lead to reduced costs associated with lignin
alcohol and lipid synthesis. This technique is well-suited to the cost-effective goals
of the bioprocess industry, offering a valuable opportunity to improve efficiency and

economic sustainability [117].
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3.3.4 Intracellular lipid accumulation and fatty acid profiling

Monomeric alcohol has numerous advantages for pharmaceuticals, and the
intracellular lipids collected by L. starkeyi also show potential for biofuel production
because of their physicochemical and metabolic features. L. starkeyi is known for its
ability to accumulate a significant amount of lipids (up to 70%) within its cell bodies
[111]. In Table 5, the lipid production of L. starkeyi was determined at 96 hours
during the fermentation of several lignin monomeric media. The fermentation of
OPEFB resulted in a lipid content of 33.40% (w w™!) and a dry cell weight of 17.54
g L', The lipid content reached 35.78% (w w!) and the dry cell weight was 18.17 g
L' when grown on aldehydes-acids medium. The lipids attained their maximum
production, with a cell mass of 39.38% (w w!) and 19.94 g L', when the aldehydes-
only medium was used. The findings obtained from the no-lignin fermentation were
significantly lower than these results, as shown by a student's t-test (p < 0.05). The
AKR enzyme catalyzes the conversion of monomeric aldehydes into alcohols,
resulting in the production of extra NAD(P)*. The surplus of NAD(P)* could
potentially be used for converting malate to pyruvate by releasing cytosolic
NAD(P)H [152]. Pyruvate may be connected to the Krebs cycle, and subsequently,
NAD(P)H is utilized for FAS (fatty acid synthase), which is crucial for the
manufacture of fatty acids [110,111]. The medium containing only aldehydes
resulted in the maximum lipid accumulation and dry cell weight, followed by the
medium containing both aldehydes and acids, and the fermentation of OPEFB. It is
possible that the presence of lignin monomeric acids and hydroxycinnamic acids
during fermentation could hinder cell productivity. The antibacterial capabilities of

lignin monomeric acids can potentially disrupt cellular processes within microbes,
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leading to harm to the cell [48]. HCAs, similar to lignin monomeric acids, have been
recognized for their cytotoxicity due to their ability to induce oxidative stress. They

achieve this by generating reactive oxygen species (ROS) that disrupt cellular

metabolism [153].

Table S Dry cell weight and lipid production of L. starkeyi in.?

Conditions Time Initial DCW  Final DCW Initial lipid content Final lipid content  Lipid titer

(h) (gL™ (gL™ (%6, ww™) (%, ww™) (gL™
No lignin 96  0.60+0.07 1438+1.76  10.06+0.67 31.55+2.17  4.54+0.04
Aldehydes 96 0.65+0.07 19.94+0.65  10.06+0.67 39.38+2.67  7.85+0.02
Aldehydes-acids 96~ 0.65+0.11 18.17+0.26  10.06+0.67 35.7840.56  6.50 +0.00
OPEFB 96  0.67+020 17.54+0.41  10.06+0.67 3340+ 1.68  5.86+0.01

2 The reported results provide the mean of three biological replicate samples with error

bars illustrating the standard deviation from the mean value in the dataset.
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Fig. 22 Fatty acids profiles produced during the fermentation of different mediums.
(a) Percentage of major FAME in the lipids. (b) Percentage of minor FAME in the
lipids. The results presented the mean of three biological replicate samples with error

bars illustrating the standard deviation from the mean value in the dataset.

Figure 22 displays the lipid content obtained from several fermentations. The
lipids were primarily composed of long-chain fatty acids (LCFAs), specifically
C16:0 (palmitic acid) and C18:1 (oleic acid), which are commonly found in various
vegetable oils [154]. Significantly, oleic acid was found to be the main fatty acid in
all fermentations, making up more than 40% of the total fatty acids. This was
followed by palmitic acid, which accounted for approximately 30%. The substantial
amount of oleic acid found in L. starkeyi indicates that it has the potential to be a
major contributor to large-scale biodiesel production. Out of all the different types of
oily yeast groups, L. starkeyi showed the greatest amount of oleic acid production
[95]. Some fatty acids, including myristic acid (C14:0), pentadecanoic acid (C15:0),
and gamma-linolenic acid (C18:3), exhibit a decrease in fermentation when lignin
monomers are present. This decrease is also observed in palmitic acid and linolelaidic
acid, which are significant fatty acids (Fig. 22a). In contrast, there is a large increase
in oleic acid. Inhibitors, such as phenolic chemicals, may hinder the increase of long-
chain fatty acids (LCFAs) in microorganisms by disrupting the process of fatty acid
production. The inhibition of specific enzymes, such as B-ketoacyl carrier protein
(ACP) synthases (KSs) or acetyl-CoA carboxylase, can disrupt the elongation and
initiation steps of fatty acid synthesis. This disruption leads to a reduction in the

systematic production of long-chain fatty acids (LCFAs) and an imbalanced profile
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of fatty acids [155,156]. However, this phenomenon can serve as a beneficial means
of regulating the synthesis of lipids, particularly those rich in specific long-chain fatty

acids (LCFAs) such as oleic acid, for diverse biotechnological purposes.

3.4 Conclusion

This study presents a new and innovative method for converting OPEFB lignin
into useful monomeric alcohols using an integrated biorefinery approach and specific
techniques. The initial application of OPEFB was the exploitation of alkaline
nitrobenzene oxidative depolymerization. This process successfully yielded all lignin
monomeric  aldehydes, such as syringaldehyde, wvanillin, and 4-
hydroxybenzaldehyde. The maximum concentration of vanillin and syringaldehyde
was obtained by reacting a 10% NaOH solution with nitrobenzene at a temperature
of 180 °C for a duration of 60 minutes. In the second application, lignin monomeric
aldehydes were converted into monomeric alcohols using L. starkeyi. This process
successfully produced syringyl, vanillyl, and 4-hydroxybenzyl alcohol in all
fermentation variations. The conversion of monomeric increased lipid production as
a by-product is compared to the control fermentation. Therefore, the existence of
lignin monomeric acids in the fermentation process involving aldehydes and acids,
as well as the presence of lignin monomeric acids and HCAs in OPEFB, may hinder
cell productivity when compared to fermentation involving only aldehydes. In
summary, L. starkeyi has shown great promise as a means of exploiting lignin
biomass, such as OPEFB, through the process of alkaline nitrobenzene oxidation.
This process yields valuable lignin monomeric alcohols with a high single-cell oil

content, which holds significant potential for use in biorefinery applications.
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Chapter 4

Adaptive laboratory evolution of Lipomyces starkeyi for high production
of lignin derivative alcohols and lipids with comparative untargeted

metabolomics-based analysis

4.1 Introduction

Lignocellulosic biomass represents a promising renewable resource for the
sustainable production of biofuels and biochemicals, offering a potential solution to
the world's growing energy and environmental challenges [131,157,158]. Among its
constituents, lignin, a complex and abundant polymer, is particularly intriguing due
to its potential as a feedstock for biofuel production. However, the valorization of
lignin remains a considerable challenge, primarily due to its recalcitrant nature and
the complex chemistry involved in its breakdown [71]. In recent years, significant
efforts have been directed toward harnessing lignin-derived monomeric aldehydes as
material substrates for the production of valuable bioproducts, including valuable
alcohols and lipids. Lipomyces starkeyi, anon-conventional oleaginous yeast species,
has emerged as a promising candidate for this purpose, owing to its remarkable
ability to metabolize a wide range of carbon sources, including lignin-derived
compounds in specific aldehydes [139]. However, achieving high yields of target
products from lignin monomers using L. starkeyi necessitates overcoming various
metabolic and regulatory hurdles inherent in its natural physiology. Adaptive

Laboratory Evolution (ALE) presents a powerful approach for developing
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microorganisms to adapt to specific environmental conditions or substrates through
iterative cycles of growth and selection [66]. By subjecting L. starkeyi (WT) to
gradually increasing selective lignin derivative aldehydes, like syringaldehyde, ALE
allows for the emergence of desired traits, such as enhanced substrate utilization,
metabolic efficiency, and product synthesis. In the context of lignin valorization,
ALE holds great promise for optimizing microbial strains towards improved
conversion of lignin-derived aldehydes into target bioproducts, including alcohols

and lipids.

This study aims to explore the potential of ALE as a strategy to enhance the
production of lignin-derivative alcohols and lipids from syringaldehyde by L.
starkeyi. Through systematic evolution experiments coupled with comprehensive
phenotypic and metabolic characterization, we seek to elucidate the adaptive
mechanisms underlying enhanced substrate utilization and product synthesis in L.
starkeyi. Additionally, untargeted metabolomics analysis was employed to identify
important metabolites that may play a pivotal role in the metabolic rewiring of the
evolved strain. Furthermore, we aim to evaluate the performance of evolved strains
in terms of productivity, yield, and substrate specificity, with the ultimate goal of
developing robust microbial platforms for cost-effective and sustainable biorefining
of lignocellulosic biomass. By leveraging the inherent adaptability of microbial
systems through ALE, coupled with advanced metabolomics techniques, this
research endeavors to contribute to the ongoing efforts towards unlocking the full
potential of lignin as a renewable feedstock for the production of advanced biofuels

and biochemicals, thereby advancing the transition towards a bio-based economy.
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4.2 Materials and methods
4.2.1 Mutants development by serial flask cultivation

Commercial syringaldehyde was acquired from Sigma Aldrich Co. LLC.
Syringyl alcohol was from Thermo Fisher Scientific Inc. (USA). Methanol and
chloroform were purchased from Nacalai Tesque (Japan). Lipomyces starkeyi D35
(NBRC10381) was employed as a model organism in this study, obtained from the
National Institute of Technology and Evaluation Biological Resource Center, Japan.
Yeast was maintained in a 30 % (w w') of glycerol solution at -80 °C. The yeast was
then prepared by inoculating it onto a PDA (Potato Dextrose Agar) medium.
Afterward, one colony was transferred to a YMPG (Yeast Malt Peptone Glucose)
agar medium containing 20 g L~! agar, 10 g L ™! glucose, 5 g L! peptone, 3 g L! malt
extract, and yeast extract. Incubation was conducted for 2 days at 30 °C. For
fermentation, a single colony was transferred into YMPG-50 (12 mL) liquid medium
(50 g L! glucose, 5 g L! peptone, 3 g L™! malt extract, and yeast extract) within a
100 mL Erlenmeyer flask as a pre-culture overnight. Subsequently, the pre-culture
was transferred to a new 12 mL YMPG-50 supplemented with 8 mM syringaldehyde
as the main culture in the 100 mL flask. The inoculation used for the fermentation in
the main culture was set at 1 unit (ODecoo). The flask was then subjected to incubation
in a BioShaker BR-43FH MR orbital incubator shaker (Taitec Corp., Japan) and
maintained the condition at 190 rpm at 30 °C in aerobic conditions. The strain was
evolved through serial transfer in shake flasks containing YMPG-50 medium with
controlled increment syringaldehyde. Starting with 1 unit (ODeoo) of wild-type L.
starkeyi D35 as a parental strain, cultured in 12 mL YMPG-50 medium supplemented

with 8 mM syringaldehyde. The growth OD was measured frequently and when the
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cell growth reaches more than 30 units, the cells are then transferred to a new medium
with a similar concentration of syringaldehyde. Cells were only transferred to a
higher concentration of syringaldehyde when the growth rate reached 0.62 units

(ODéo0o) h.

4.2.2 Measurement of cell growth
To determine the DCW (Dry Cell Weight), a gravimetric method was employed
using 0.5 mL of fermentation samples. The cell was separated by centrifugation for
5 min at 14,000 x g. Right after, the cells were washed with sterilized water and
lyophilized overnight to completely expel all of the water content. The lyophilization
was using a freeze dryer (Freeze Dry, FreeZone from Labconco, USA). Afterward,

DCW was determined based on the weight of the dried cells.

4.2.3 Glucose consumption measurement by HPLC-RID

During the fermentation, glucose concentration was determined by employing
an HPLC (high-performance liquid chromatography) (Shimadzu, Japan) connected
to a RI (refractive index) detector. This system was equipped with a column of ICSep
Coregel-87H (7.8 mm i.d. and 300 mm length, supplied by Transgenomic). Prior to
analysis, the samples were prepared by 14,000 x g centrifugation for 5 min, followed
by a filtration filter (0.22 mm) to prepare the supernatant. The analysis involved the
injection of a 20 uL sample volume, with the column oven maintaining a temperature
of 80 °C. The analysis was carried out using a mobile phase consisting of 5 mM

H2S04, with a mobile phase flow rate of 0.6 mL min~' [140].
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4.2.4 Lignin monomers measurement by HPLC-UV/Vis

Quantification of lignin derivatives was carried out using an HPLC-20AB
system (Shimadzu, Japan), equipped with an ultraviolet-visible spectroscopy
(UV/Vis) detector SPD-20A. The analysis utilized a C18 column (250 mm length x
4.6 mm, Sum particle size) sourced from Supelco Ascentis (Merck KGaA,
Darmstadt, Germany). Supernatant samples were prepared for analysis by
centrifuging for 5 min of 14,000 x g, followed by a filtration filter (0.22 mm). For
each measurement, 10 pL of sample was injected, and the column oven was
maintained at a temperature of 30 °C for 45 min. The mobile phase used was a
mixture of methanol and ultra-pure water in a ratio of 18:82 v v~! with an addition of
0.2 % (v v!) acetic acid, which was propelled through the column at 1 mL min™!

flow rate with measurement of analytes was achieved at a wavelength of 280 nm

[139].

4.2.5 Lipid measurement

The quantification of single-cell oil (lipid) production was carried out using a
gravimetric approach, adhering to the method from Floch [95]. The freeze-dried
samples were weighed 20 mg into a 2 mL O-ring cap-sealed micro vial (Watson,
Japan). To facilitate the extraction, zirconia balls were introduced into the micro vial.
The extraction solvent of 1.5 mL volume, consisting of chloroform:methanol mixture
in a 2:1 v v—1 ratio, was used to extract the lipids. The cells were then subjected to
pulverization at 1500 rpm for 15 min employing a Master Neo pulverizer (Bio
Medical Science, Japan). Following this, the cells underwent centrifugation at 14,000

x g for 5 min. Subsequently, the cell pellets were rinsed with sterilized water. Drying
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of the cells was performed at 60 °C until a plateau weight was achieved. The content
of lipids was determined based on the difference in weight before and after drying

and expressed as a percentage of the DCW.

4.2.6 Fatty acid methyl esters profiling by GC/MS

The fatty acid methyl esters or FAME:s of the lipids from the lyophilized samples
were obtained through a transesterification process following the outlined in the
FAMEs kit mix (Nacalai Tesque, Japan). Resulting FAMEs were then resurrected in
hexane and subjected to analysis employing GC/MS (gas chromatography-mass
spectrometry) QP-2010 (Shimadzu, Japan). An internal standard, a C8:0 (caprylic
acid), was added to the sample for reference. The analysis was carried out using a
capillary GC column DB-23 (0.25 mm i.d. 60 m length, 0.25 mm thickness)
(Agilent), with a carrier gas of helium. The sample injection volume of 1 pL was
applied, and the analysis was conducted in the split injection with a temperature of
inlet at 250 °C. The temperature of the oven program was initiated for 1 min at 50
°C, followed by a gradient at 25 °C min™! until it reached 175 °C, and a subsequent
increase to 230 °C (4 °C min™!), lasting for 6 min. The MS detector operated at 250
°C and operated the 40 to 500 m z ! range with the scan mode. The identification and
measurement of fatty acids were achieved by comparing the retention times (rt) and
the m z! pattern with a fatty acid standard, SUPELCO 37 FAME mix (Sigma—

Aldrich) [95].
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4.2.7 Fast filtration, extraction, and derivatization of intracellular metabolites

Sampling for intracellular metabolome analysis by fast filtration method was
performed. The cells were collected at the logarithmic phase (24 h) (5 units of ODsoo)
with a 0.45 um pore size, 25 mm diameter nylon membrane filter (Millipore, USA).
The cells were quenched in liquid nitrogen with the aim of stopping the metabolism
rapidly and stored at —80 °C prior to extraction. Extraction of the metabolites was
performed using 3 mL of extraction solvent (methanol:ultra-pure water:chloroform;
5:2:2 v v'! of ratio) containing 10 pg/L of ribitol as an internal standard in thawing
incubation condition. Thawing was conducted at —80 °C for 1 h and then —30 °C for
30 min (three times). Afterward, 1 mL of supernatant was transferred to a new
microtube and mixed with 200 pL of ultra-pure water. The sample was then
centrifuged at 10,000 x g for 10 min at 4°C, and 950 uL of the upper polar phase was
collected. The sample was concentrated by using a spin dryer for 2 h and lyophilized
in the freeze-drier overnight. Derivatization prior to GC/MS analysis was conducted
through oximation and trimethylsilylation. The first derivatization was performed by
adding methoxiamine hydrochloride (100 pL, 20 mg/ml in pyridine) for 90 min at 30
°C. MSTFA (N-methyl-N-(trimethylsilyl)trifluoroacetamide) was added to the
mixture as the second derivatization agent (50 pL) and incubated for 30 min for 37

°C.

4.2.8 Analysis of intracellular untargeted metabolites by GC/MS
Untargeted analysis of intracellular metabolites was carried out using gas
chromatography mass spectrometry (GC/MS). GC/MS QP2010 and AOC-20i

autosampler (Shimadzu, Kyoto, Japan) equipped with a 0.25 mm x 30 m x 0.25 um

94



inert Cap 5 MS/NP column (GL Science Inc., Tokyo, Japan). The derivatized sample
(1 uL) was subjected to GC/MS in split mode with an injection temperature of 230
°C. Helium was used as the carrier gas at 1.12 mL min™! with a linear velocity of 39
cm/s. The temperature of the column was held at 80 °C for 2 min and increased by
15 °C/min to 330 °C, then held for 6 min. The transfer line and ion source in the MS
part were 250 and 200 °C, respectively. The EI (electron ionization) generated ions
at 0.93 kV. The spectra were recorded at 10,000 u/s over the mass range m/z (mass
to charge ratio) 85-500. The terminal alkane standard mixture (Cs—Cao), as a retention

index calibration, was injected for tentative identification.

4.2.9 Metabolome data and multivariate analysis

The data produced from GC/MS were exported into ANDI files (cdf) using
Shimadzu GCMS Solution software (Kyoto, Japan). Then, it was converted into ABF
format using Reifycs Analysis Base File software. Subsequently, MS-DIAL v. 3.9.22
(Riken, Kanagawa, Japan) was employed to correct the baseline, detect the peaks,
and align the peak retention times. Detected peaks were then annotated based on the
retention time and mass spectrometry information to the public metabolite library,
GL-Science database shared by RIKEN. The patterns of data were searched based on
differences and similarities by multivariate analysis using MetaboAnalyst
6.0 (https://www.metaboanalyst.ca) for PCA (Principal Component Analysis)
without data transformation. The relative intensity of each metabolite was
normalized by comparison with the internal standard (ribitol) as an explanatory

variable. The data was auto-scaled to reduce the masking effect of total metabolites.
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4.3 Results and discussion
4.3.1 Evolved phenotypic changes

We employed adaptive laboratory evolution (ALE) to increase the bioconversion
capacity of Lipomyces starkeyi to convert lignin aldehyde into valuable lignin alcohol
and lipids by constantly alternating the medium substrates. The parental strain of
wild-type L. starkeyi D35 (NBRC10381) was used. The evolution of the strain within
shake flasks in YMPG-50 medium, punctuated by incremental additions of
syringaldehyde. The initial inoculum size used in the fermentation was 1 (ODeoo).
The growth OD was measured routinely and when the cells reached 30 units, the cells
transferred to a new medium with a similar concentration of syringaldehyde. The
higher concentration of syringaldehyde was only added in the medium when the
growth rate reached 0.62 (ODsoo) h!. The highest syringaldehyde concentration used
was 24 mM after 26 transfers. However, effective bioconversion of L. starkeyi to
convert syringaldehyde to produce syringyl alcohol and lipids simultaneously was in
a 22 mM concentration of syringaldehyde at 20 transfers. The culture evolved for §1
days and at the endpoint of the adaptive evolution, the evolved L. starkeyi that was
able to convert 22 mM of syringaldehyde, called DALE 22.

Fermentation of DALE 22 and WT (D35) in the presence of 22 mM
syringaldehyde, DALE 22 outperformed WT in every way. Fig. 23 shows that DALE
22 successfully produced 18.74 mM of syringyl alcohol from 22.28 mM
syringaldehyde after 96 h with 41.87 % of lipid content (5.41 g L") (Table 6). In
contrast, the parental strain could not grow and lost its ability to convert
syringaldehyde into syringyl alcohol. A high concentration of syringaldehyde present

in the medium may be resulting severe cell damage to the WT even at the beginning
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of the fermentation, so the cells not only lose the conversion ability but also cannot
grow. Lignin monomeric compounds such as syringaldehyde are considered
inhibitors for some living organisms [159]. Harnessing the adaptive evolution (merit

of ALE to enhance the native capability).
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Fig. 23 Fermentation profile of DALE-22 and WT in the 22 mM concentration of
syringaldehyde. (a) Growth curve and glucose consumption. (b) Syringaldehyde

conversion and syringyl alcohol production. (¢) Lipid content. The results presented
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the mean of three biological replicate samples with error bars illustrating the standard

deviation from the mean value in the dataset.

Table 6 Dry cell weight and lipid production of L. starkeyi in 22 mM syringaldehyde.?

Type of lignin  Time  Initial DCW Final DCW Final lipid content Lipid titer

(h) (gL (gL (w w! %) (gL
WT 96  055+£007  0.77+0.02 0.00 + 0.00 0.00 £ 0.00
DALE 22 96  0.79£0.17  12.93+0.72 41.87+4.57 5.41+0.03

2 The reported results provide the mean of three biological replicate samples with error

bars illustrating the standard deviation from the mean value in the dataset.

4.3.2 Fermentation profile of evolved strain in mild syringaldehyde

To investigate important metabolites that may play an important role in the
evolved strain compared to the parental strain, we fermented the lower concentration
of syringaldehyde (4 mM), which is suitable for the parental strain to grow. We then
later examined the intracellular metabolite employing untargeted metabolomics
analysis by using a GC/MS system. Cells are incredibly complex, with many
regulations happening at once in a short period of time, especially metabolites. By
keeping the fermentation at the same condition, the specific role of the regulation in
the cells can be obtained [160].

Based on the results of fermentation profiling (Fig. 24), the growth patterns of
evolved and wild-type strains seem comparable. However, the higher cells produced
were found from evolved strains (18.21 g L'!) compared to parental stains (17.10 g

L") with a growth rate of 0.40 DCW h'! L' and 0.31 DCW h! L! at the logarithmic

98



state, respectively (Table 7). These results showed that DALE-22 has a better
tolerance than wild-type even in the similar condition of fermentation. The
syringaldehyde was depleted after 24 h of fermentation and successfully produced
3.19 mM and 3.18 mM syringyl alcohol for evolved strains and parental strains,
respectively. The syringyl alcohol was found to be a valuable lignin monomeric
compound and commonly used in lignin model research. The latest report, syringyl
alcohol, shows the impressive catalytic performance in carbon nanotubes as a probe
[161]. The lipid content of DALE-22 was found to be higher compared to the parental
strain (Fig. 24c). These results indicated that a higher adaptive level of DALE-22
affected the better production of by-products, like lipids.

The fatty acid profiles resulting from fermentation activities in 4 mM syringaldehyde
are shown in Figure 25. The main fatty acid composition of the lipids (Fig. 25a) was
made up of long-chain fatty acids (LCFAs), such as C16:0 (palmitic acid) and C18:1
(oleic acid), which are comparable to the prevalent compositions of many vegetable
oils [154]. Remarkably, in both fermentations, oleic acid constituted over 40% of the
total fatty acids and was the main fatty acid. Approximately 30% of the total fatty
acids in WT were composed of palmitic acid. Conversely, DALE-22 is notably lower.
Owing to its high oleic acid content, DALE-22 could eventually be a key component
in the commercial production of biodiesel. Among the oleaginous yeast strains, L.
starkeyi species exhibited the highest oleic acid synthesis [95,162], although DALE-
22 was even able to produce at a greater level than its wild-type strain. It was
discovered that the DALE-22 had higher levels of the main fatty acids C18:2
(linolelaidic acid), C18:1 (oleic acid), and C18:0 (stearic acid). However, C16:1 and

C16:0 fatty acids (oleic acid). A rise in WT is seen in minor fatty acids, such as C14:0
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(myristic acid) and C15:0 (pentadecanoic acid) (Fig. 25b). Inhibitors such phenolic
compounds may affect the rise in LCFAs in the bacteria by blocking the synthesis of
fatty acids. By targeting important enzymes such as acetyl-CoA carboxylase or 3-
ketoacyl carrier protein (ACP) synthases (KSs), it may inhibit the elongation and
initiation steps of fatty acid synthesis, respectively. This would lessen the systematic
production of LCFAs and the ensuing imbalance profile of fatty acids [155,156]. This
suggests that DALE-22 produces more C18 LCFAs than WT because it exhibits a

greater tolerance to syringaldehyde.
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Fig. 24 Fermentation profile of DALE-22 and WT in the 4 mM concentration of
syringaldehyde. (a) Growth curve and glucose consumption. (b) Syringaldehyde
conversion and syringyl alcohol production. (¢) Lipid content. The results presented
the mean of three biological replicate samples with error bars illustrating the standard

deviation from the mean value in the dataset.

101



Percentage (%, w w)

- fﬂ B | e ae F & Hﬂ

Clad Cle:1 CIEd Cl8:1 Cl8:2 [STE] Cl159 C174 17 C183 né (75

Major fatty acid Minor fatty acid

Fig. 25 Profiles of fatty acids produced during the fermentation of DALE-22 and WT in
4 mM concentration of syringaldehyde. (a) Major fatty acid percentage in lipids. (b)
Minor fatty acid percentage in lipids. The data displayed represents the average of three

biological replicate samples, with error bars showing the standard deviation from the

mean.

Table 7 Dry cell weight and lipid production of L. starkeyi in 4 mM syringaldehyde.?

Type of lignin Time  Initial DCW Final DCW Final lipid content Lipid titer

(h) (gL (gL (w w' %) (gL
WT 72 054+0.10  17.10+0.14 29.87+3.18 5.11=0.00
DALE 22 72 039£0.02  1821£0.10 39.38 + 3.66 7.17 £0.00

4 The reported results provide the mean of three biological replicate samples with error

bars illustrating the standard deviation from the mean value in the dataset.

4.3.3 Untargeted metabolomics analysis of evolved strain
Intracellular metabolites during the logarithmic phase of both DALE-22

(evolved strain) and WT (parental strain) were carried out with untargeted GC/MS.
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After identification was conducted, 73 metabolites belonging to amino acids, organic
acids, nucleoside phosphate, nucleoside, sugars, sugar phosphate, and other
compounds were successfully annotated in DALE-22 and WT (Fig. 26). The relative
intensity of each metabolite was obtained by normalization with ribitol as an internal
standard. Ribitol was used as an internal standard for the analysis as it is not present
in any biological samples, especially in the L. starkeyi cells and is reported to be a
stable chemical in the extraction solvent until analysis occurred [163]. The
multivariate analysis was used for 73 metabolites. PCA (Principle component
analysis) of the GC/MS dataset showed that two principal components (PC)
described 79.8 % of the total variance (Fig. 26).

Considering that glucose consumption, growth, lipid production as well as
bioconversion of lignin monomeric are most active during the logarithmic phase,
analysis and monitoring of the metabolite during this phase may best reflect the
phenotype state of the cells during bioconversion. As such, a detailed PCA was
conducted for the logarithmic phase. The results showed that DALE-22 and WT were
separated along PC 1, accounting for 61.9 % of the total variance (Fig. 26). These
results might indicate the relation between the conversion capacity and tolerance
phenotype from the two strains. DALE-22 is notably different in growth,

bioconversion capacity, and lipid production.
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Fig. 26 Principal component analysis (PCA) of the DALE-22 and WT. (a) Score plot.

(b) Loading plot. (c) Total metabolites detected. The results presented the mean of
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three biological replicate samples with error bars illustrating the standard deviation

from the mean value in the dataset.
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Fig. 27 The volcano plots illustrate the distinct metabolites in DALE-22 in

comparison to WT. The x-axis represents the binary logarithm of fold changes, while

the y-axis represents the negative common logarithm of the p-value derived from

pairwise student t-tests.
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molecules. (b) Osmolytes and cellular water balance. (¢) Amino acid breakdown and
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with error bars illustrating the standard deviation from the mean value in the dataset.
To be more detailed, differential analysis was used to further observe the differences
in the metabolites. The volcano plot illustrated the metabolites that were significantly
upregulated (Fig. 27). When comparing DALE-22 and WT, metabolites that were
significant with p-values lower than 0.05 were shown with points above the line. The
dots were located above the value of minus log10 t-test p-values of 1.746. To describe
how much of the quantity changes in metabolites, the log2 fold change values were
used. A log2 fold change of 1 means the metabolite on the right side with a red dot
increased twice in DALE-22 compared to the subsequent measurement, whereas a
log2 fold change of 2 means a metabolite on the right side with the red dot is 4 times
larger. On the other hand, negative values of log2 fold change correspond to a
decrease of metabolites in DALE-22 compared to a subsequent measurement. It was
represented with purple dots. Compared to the parental strain, 2-aminobutyric acid
was the most abundant compound found in DALE-22 (Fig. 28). This metabolite,
known as GABA, can act as a protective molecule during stress conditions in
microorganisms. A cell with the ability to produce more GABA during stress (as a
response product of the cells) might have improved tolerance [164]. Additionally,
allantoin was known as an oxidative stress protectant abundantly found in the DALE-
22. Allantoin is a by-product of purine catabolism (breakdown of purine nucleotides).
While not directly involved in stress response, this metabolite is a potent antioxidant.
Cells with higher levels of allantoin might show better tolerance to oxidative stress
[165]. On the other hand, 2-amino ethanol (ethanolamine) and 4-hydrophenethyl
alcohol were found higher in the parental strain compared to DALE-22. These

metabolites can contribute to osmotic balance or act as a signaling molecule. Cells
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that have a better ability to utilize these compounds might have improved to specific
environment stresses [166—168]. Along with it, tryptophan and 5-amino valeric acid
were lower in the DALE-22. Tryptophan is an essential amino acid used for protein
synthesis. It can be broken down through different pathways depending on the cell's
needs and the enzymes present. An incomplete breakdown of tryptophan can
generate byproducts that might be toxic at high concentrations. A cell with a more
efficient pathway to utilize or eliminate these byproducts might have better tolerance
[169]. In the case of 5-amino valeric acid, these are produced during the breakdown
of other amino acids, including lysine and glutamate. Similar to tryptophan by-
products, their accumulation can be toxic. Cells with better tolerance, such as DALE-
22, might have better activity of enzymes that metabolize or export these

intermediates [170].

4.4 Conclusion

In this study, flask-scale adaptive laboratory evolution (ALE) was applied to
obtain novel evolved Lipomyces starkeyi strained named DALE-22 after 81 days of
consecutive fermentation. The results indicated that the oleaginous yeast L. starkeyi
DALE-22 shows significantly better performance in terms of bioconversion capacity
up to 22 mM of syringaldehyde, cell growth, and by-products such as syringyl
alcohol and lipid production compared to WT, known as the parental strain. Since
DALE-22 shows a better phenotype than WT. Untargeted-based metabolomics
analysis was performed to see the compound regulation and find key metabolites that
may be important in the cells during bioconversion of lignin monomeric aldehydes,

syringaldehyde. Six important metabolites that might play an important role in the
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DALE-22 corresponding to the cell tolerance were identified. This finding might give
some perspective in the future for further cell development with even higher
bioconversion capability. Overall, this study demonstrated the promising potential of
ALE in the improvement of L. starkeyi DALE-22 with better tolerance and
bioconversion capacity. This study also provides important information regarding the
important metabolites that can be beneficial for further cell development and carry

promising prospects for biorefinery applications in the future.
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Chapter 5

General conclusion and future direction

Overall, this study investigated the potential of Lipomyces starkeyias a
microbial platform for lignin valorization and the production of wvaluable
biochemicals. The research successfully demonstrated that L. starkeyi can be a
promising biological platform to utilize lignin to become various valuable
biochemicals including syringyl alcohol, vanillyl alcohols, 4-hydroxybenzyl alcohol,
and lipids. This finding suggests that L. starkeyiis a promising candidate for the
sustainable conversion of lignin waste into valuable products. Key findings from our

study include:

- Feasibility of Lignin Valorization. Novel biorefinery platform for bioconversion
of lignin derivative aldehydes, such as syringaldehyde, vanillin, and 4-
hydroxybenzaldehyde to produce valuable lignin monomeric alcohols, including
syringyl alcohol, vanillyl alcohol, and syringyl alcohol, respectively.

- Conversion of lignin aldehydes into alcohols promotes not only cell growth but
also lipid content in the L. starkeyi.

- Major fatty acids found in the lipids product were C18:1 (oleic acid) and C16:0
(palmitic acid).

- Aldehyde-ketone reductase enzyme was found to be an important enzyme to
convert the aldehydes to alcohols and by releasing NAD(P)" that potentially be
used for malate to pyruvate conversion via NAD(P)H release in the cytosol.
Pyruvate could be channeled to the TCA cycle, and NAD(P)H could then be

used for fatty acid synthase, which is needed in fatty acid biosynthesis.
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- Implementing fermentation strategies of high initial inoculum size could be
beneficial to reducing the inhibition effect toward the presence of lignin
monomeric mixtures. While high C:N ratio was approved to boost the lipid
content in the cells.

- A novel integrated biorefinery strategy approach was demonstrated in
converting OPEFB (lignocellulosic biomass) lignin into monomeric alcohols
and lipids.

- A mixture of 10 % NaOH with nitrobenzene at 180 °C for 60 min successfully
produced the highest titer of syringaldehyde and vanillin.

- L. starkeyi has successfully converted the lignin aldehydes from OPEFB to
lignin alcohols and enhanced lipid production.

- A novel strain of L. starkeyi named DALE-22 was obtained from parental strain
D35 by harnessing the adaptive laboratory evolution (ALE) and showed better
performance at converting higher levels of lignin aldehyde (22 mM) to alcohol.

- Six compounds that might play an important role in the better phenotypic
conversion of DALE-22 that corresponds to cell tolerance were identified,
including 2-amino butyric acid, allantoin, 4-hydroxyphenethyl alcohol, 2-amino

ethanol, tryptophane, and 5-amino valeric acid.

Future direction of the next work is required to push the potential of “greener”
biochemical products (syringyl alcohol, vanillyl alcohol, 4-hydroxybenzyl alcohol,
and lipids) from lignocellulosic waste for commercialization of renewable chemicals,
fuels, and polymer products. To address the hope, integrated and innovative

approaches are surely necessary. A key area of the future work includes:
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Optimization of lignin conversion: Future research could focus on optimizing
the efficiency of lignin degradation and conversion by Lipomyces starkeyi. This
could involve genetic engineering of the yeast strain to enhance its lignin-
degrading capabilities or improve fermentation conditions for higher product
yields.

Diversification of product portfolio: Exploring the potential of L. starkeyi to
produce a broader range of value-added biochemicals from lignin could be a
promising direction. This could involve screening for additional metabolic
pathways or engineering the yeast for the synthesis of specific target compounds.
Scale-up and Industrial Application: Transitioning from lab-scale (flask)
experiments to industrial-scale (bioreactor) production will be crucial for
realizing the commercial potential of lignin valorization by L. starkeyi. Future
research may focus on scaling up the fermentation process, optimizing
downstream purification techniques, and assessing the feasibility of large-scale
production.

Environmental Impact Assessment: Conducting a comprehensive environmental
impact assessment of lignin valorization using Lipomyces starkeyi will be
essential for evaluating the sustainability of this approach. Future studies could
investigate factors such as energy consumption, greenhouse gas emissions, and
potential ecological implications to ensure that the process aligns with broader

sustainable development goals (SDGs).
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By addressing these future directions, this study can contribute significantly to
the development of sustainable and efficient methods for lignin valorization and the
production of valuable biochemicals from this abundant renewable resource. Overall,
the dissertation lays the groundwork for utilizing Lipomyces starkeyi as a microbial
platform for lignin valorization, with future research directions focusing on

optimization, diversification, scale-up, and sustainability considerations.
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Supplementary information

Primer list for qPCR of Lipomyces starkeyi NBRC 10381 (Chapter 2)

No | Genes | Forwards (F), 5°—3" Reverse (R), 5'—3°
1 TUB1 | CTACGGCAAGAAGTCCAAG | GCGTGCTCCAATGTAGTAT
TT GA

2 | ADH | ACGAGCGAGAATGGATGG | TGAGACTTGCCTGATTGAA
CA

3 | ALDH | CGGACTGGAAGGCTATCG CCTCGTGTTGTATGCTATT
GGA

4 AKR GCAGTATCCAAGTGACGGT | TGGCAATGGCTCAAGAAG

ATC G

TUBI: Alpha-tubulin, ADH: Alcohol dehydrogenase, ALDH: Aldehyde dehydrogenase, AKR:

Aldehyde-ketone reductase
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