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ABSTRACT

The increasing demand for sustainable energy has intensified research on lignocellulosic biomass as a
renewable feedstock for second-generation biofuel production. Among the available microbial hosts,
Saccharomyces cerevisiae remains the preferred industrial organism because of its robust fermentation
characteristics, well-characterized genetics, and ease of genetic manipulation. However, its inability to
efficiently utilize pentose sugars and cellulose-derived oligosaccharides limits its application in ligno-
cellulosic biorefineries. Recent advances in metabolic engineering have addressed these limitations
through the introduction of heterologous sugar transporters, cellulolytic enzymes, pentose assimilation
pathways, and carbon flux redistribution strategies, enabling efficient utilization of mixed sugars and
enhanced production of ethanol together with higher-value biofuels and biochemicals. In addition,
genome-editing technologies, adaptive laboratory evolution, and systems metabolic engineering have
accelerated strain improvement by enhancing substrate utilization, inhibitor tolerance, and fermentation
performance. Process integration strategies, including simultaneous saccharification and fermentation,
consolidated bioprocessing, and synthetic microbial consortia, have further improved biomass conver-
sion efficiency while reducing production costs. Despite these advances, challenges related to glucose
repression, metabolic burden, inhibitor toxicity, and industrial scalability continue to hinder commercial
implementation. This review summarizes recent developments in the metabolic engineering of S. cere-
visiae for dual biofuel production from lignocellulosic biomass, with emphasis on pathway optimiza-
tion, mixed-sugar fermentation, carbon flux engineering, and integrated bioprocessing strategies. It also
discusses current challenges and future research directions for developing economically viable and en-
vironmentally sustainable lignocellulosic biorefineries.

Keywords: Adaptive laboratory evolution, Consolidated bioprocessing, Dual biofuel production,
Metabolic engineering, Saccharomyces cerevisiae, Synthetic biology

1. Introduction

The increasing global demand for renewable energy, coupled with concerns over climate change, depletion
of fossil fuel reserves, and environmental pollution, has accelerated research into sustainable biofuel produc-
tion. Among various renewable resources, lignocellulosic biomass has emerged as an attractive feedstock be-
cause of its abundance, low cost, renewability, and non-competition with food crops. Agricultural residues,
forestry wastes, and dedicated energy crops represent valuable lignocellulosic resources that can be con-
verted into biofuels while simultaneously promoting waste valorization and reducing greenhouse gas emis-
sions (Sun ez al., 2021; Xu et al., 2024) [1. 2],

Lignocellulosic biomass is primarily composed of cellulose, hemicellulose, and lignin. Following suitable
pretreatment and enzymatic hydrolysis, cellulose and hemicellulose release fermentable sugars, mainly glu-
cose, cellobiose, and xylose. However, efficient conversion of these mixed sugars remains a major bottle-
neck because conventional fermentative microorganisms preferentially utilize glucose, resulting in incom-
plete pentose fermentation and reduced biofuel productivity. In addition, inhibitory compounds generated
during biomass pretreatment adversely affect microbial growth and fermentation efficiency, thereby limiting
large-scale commercialization (Ha ez al., 2011; Ko et al., 2019) [3: 41,

Among industrial microorganisms, Saccharomyces cerevisiae has long been recognized as the preferred host
for bioethanol production owing to its well-characterized genetics, rapid growth, high ethanol productivity,
and tolerance to industrial fermentation conditions. Nevertheless, its inability to naturally metabolize cel-
lobiose and xylose restricts its application in lignocellulosic biorefineries. To overcome these limitations, ex-
tensive metabolic engineering efforts have focused on introducing heterologous sugar transporters, pentose
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assimilation pathways, cellulolytic enzymes, and regulatory modifica-
tions that enable efficient mixed-sugar utilization and improve fer-
mentation performance (Jeffries et al., 2011; Yamada et al., 2013) [>-
0]

Recent advances in synthetic biology, genome editing, and systems
metabolic engineering have significantly expanded the metabolic ca-
pabilities of S. cerevisiae. CRISPR/Cas9-mediated genome engineer-
ing, adaptive laboratory evolution, and pathway optimization have
improved sugar uptake, carbon flux distribution, inhibitor tolerance,
and product yield. Furthermore, engineering strategies now extend
beyond ethanol production to enable the co-production of higher alco-
hols, xylitol, microbial lipids, squalene, and other value-added bio-
chemicals, thereby enhancing the economic feasibility of integrated
lignocellulosic biorefineries (Lee ef al., 2022; Dixit et al., 2023) [8: 71,
In parallel, process integration approaches such as simultaneous sac-
charification and fermentation (SSF), consolidated bioprocessing
(CBP), and synthetic microbial consortia have further improved lig-
nocellulosic bioconversion by enhancing substrate utilization, reduc-
ing enzyme requirements, and increasing overall process efficiency
(Jayakody et al., 2018; Yan et al., 2023) 19 101, Despite these ad-
vances, challenges related to carbon catabolite repression, metabolic
burden, genetic stability, inhibitor tolerance, and industrial scalability
continue to limit commercial implementation (Wagner et al., 2023)
(1]

This review summarizes recent advances in the metabolic engineering
of Saccharomyces cerevisiae for dual biofuel production from ligno-
cellulosic biomass. Particular emphasis is placed on sugar transporter
engineering, pentose assimilation, carbon flux redistribution, syn-
thetic biology tools, process integration strategies, and the major chal-
lenges and future prospects for developing efficient and economically
sustainable lignocellulosic biorefineries.

2. Lignocellulosic biomass as a sustainable feedstock

Lignocellulosic biomass is considered one of the most sustainable
feedstocks for second-generation biofuel production because of its
abundance, renewability, and non-competitive relationship with food
crops. Agricultural residues such as rice straw, wheat straw, corn
stover, and sugarcane bagasse, together with forestry residues and
dedicated energy crops, represent inexpensive carbon sources that can
be converted into biofuels and value-added biochemicals. Their uti-
lization not only reduces dependence on fossil fuels but also promotes
waste valorization and supports the development of a circular bioe-
conomy (Sun et al., 2021; Ahuja et al., 2024) [1: 121,

Structurally, lignocellulosic biomass consists of cellulose (35-50%),
hemicellulose (20-35%), and lignin (10-25%), with composition
varying among feedstocks. Cellulose is the principal source of glu-
cose, whereas hemicellulose releases pentose sugars, mainly xylose
and arabinose, following hydrolysis. Lignin forms a complex aro-
matic network that protects structural carbohydrates from enzymatic
degradation, making biomass inherently recalcitrant to microbial con-
version (Yamada ez al., 2013) [6],

Conversion of lignocellulosic biomass into biofuels generally in-
volves pretreatment, enzymatic saccharification, microbial fermenta-
tion, and product recovery. Pretreatment disrupts the lignin—carbohy-
drate matrix, improving enzyme accessibility and increasing sugar re-
lease. However, harsh pretreatment conditions often generate in-
hibitory compounds such as furfural, 5-hydroxymethylfurfural
(HMF), acetic acid, and phenolic derivatives that impair microbial
growth and reduce fermentation efficiency (Ko et al, 2019) [4].
Furthermore, lignocellulosic hydrolysates contain mixed sugars, pre-
dominantly glucose and xylose, whose simultaneous utilization re-
mains one of the major challenges for industrial biofuel production
because native Saccharomyces cerevisiae preferentially metabolizes
glucose (Ha et al., 2011) B3],

Recent advances in metabolic engineering have substantially im-
proved the utilization of lignocellulosic hydrolysates by enabling effi-
cient uptake of mixed sugars, enhancing inhibitor tolerance, and redi-
recting carbon flux toward multiple biofuels. These developments
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have strengthened the role of S. cerevisiae as an industrial cell factory
and accelerated the transition from single-product ethanol fermenta-
tion to integrated biorefineries producing ethanol together with other
value-added biofuels and biochemicals (Lee et al., 2022; Zhao et al.,
2024) [8. 13],

3. Metabolic engineering strategies in Saccharomyces
cerevisiae

Metabolic engineering has revolutionized the use of Saccharomyces
cerevisiae as a microbial cell factory for lignocellulosic biofuel pro-
duction. Although wild-type yeast efficiently ferments glucose into
ethanol, it lacks the ability to directly utilize cellobiose and pentose
sugars, thereby limiting its application in second-generation biore-
fineries. Advances in metabolic engineering have addressed these lim-
itations by introducing heterologous pathways, optimizing native
metabolic networks, and improving substrate utilization, enabling S.
cerevisiae to convert a broader range of lignocellulosic sugars into
biofuels and value-added products (Jeffries et al., 2011; Sun et al.,
2021) [3- 11,

Current engineering strategies focus on improving sugar uptake, en-
hancing pentose assimilation, redirecting intracellular carbon flux, in-
creasing tolerance to lignocellulosic inhibitors, and expanding the
spectrum of biofuel products. Heterologous expression of sugar trans-
porters and cellulolytic enzymes has enabled efficient utilization of
cellobiose and cellulose-derived oligosaccharides, while engineering
of xylose assimilation pathways has facilitated simultaneous fermen-
tation of glucose and pentose sugars (Ha et al., 2011; Yamada et al.,
2013) 3 61, In parallel, modifications in central carbon metabolism
have improved precursor availability for the synthesis of higher alco-
hols, microbial lipids, and other valuable biochemicals (Lee et al.,
2022) 81,

The emergence of CRISPR/Cas9 genome editing, multiplex gene in-
tegration, and adaptive laboratory evolution has further accelerated
strain development by enabling precise modification of multiple
metabolic pathways. These technologies have improved fermentation
efficiency, inhibitor tolerance, and genetic stability under industrial
conditions, thereby enhancing the commercial potential of engineered
yeast strains (Dixit et al., 2023; Wei et al., 2020) (7. 141 1n addition,
synthetic microbial consortia have been explored to distribute meta-
bolic functions among specialized strains, improving mixed-sugar uti-
lization and reducing metabolic burden associated with single-strain
engineering (Chen ef al., 2018; Shin et al., 2024) [15. 161,

The following sections discuss the major metabolic engineering
strategies employed to improve lignocellulosic biofuel production, in-
cluding transporter and cellulase engineering, pentose assimilation
pathways, carbon flux redistribution, genome engineering, and
process integration approaches.

3.1 Engineering of sugar transporters and cellulolytic
engymes

Efficient transport and hydrolysis of lignocellulose-derived sugars are
fundamental prerequisites for improving biofuel production in
Saccharomyces cerevisiae. Native yeast primarily transports glucose
through the hexose transporter (HXT) family and lacks the ability to
efficiently utilize cellobiose and other cellodextrins released during
cellulose hydrolysis. Consequently, engineering sugar transporters
and cellulolytic enzymes has become a key strategy for expanding
substrate utilization and improving lignocellulosic bioconversion
(Jeffries et al., 2011) [51,

A major breakthrough was the heterologous expression of the cel-
lodextrin transporter (CDT-1) and intracellular B-glucosidase (GH1-1)
from Neurospora crassa, which enabled direct uptake and intracellu-
lar hydrolysis of cellobiose. This strategy eliminated extracellular glu-
cose accumulation, reduced carbon catabolite repression, and facili-
tated simultaneous utilization of cellobiose and xylose, thereby im-
proving ethanol productivity from lignocellulosic hydrolysates (Ha et
al., 2011) [3]. Subsequent optimization of CDT-1 and CDT-2 trans-
porters further enhanced cellodextrin uptake, transporter stability, and
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fermentation efficiency under industrial conditions (Kretzer et al.,
2024) 171,

Besides transporter engineering, considerable efforts have focused on
introducing cellulolytic enzymes, including endoglucanases, cellobio-
hydrolases, and B-glucosidases, into S. cerevisiae. Co-expression of
these enzymes enables partial hydrolysis of cellulose into fermentable
sugars, thereby reducing dependence on externally added cellulases.
Improvements in codon optimization, promoter selection, and secre-
tion signals have significantly enhanced enzyme expression and activ-
ity, supporting the development of consolidated bioprocessing sys-
tems (Yamada ez al., 2013) [6],

Cell-surface display technology has further improved cellulose degra-
dation by anchoring cellulases directly onto the yeast cell wall, in-
creasing enzyme proximity to insoluble cellulose and minimizing en-
zyme loss into the fermentation medium. This strategy improves sub-
strate accessibility, enhances hydrolysis efficiency, and reduces en-
zyme costs, making it an attractive approach for industrial lignocellu-
losic biorefineries (Liu et al., 2016) [18].

Recent advances in multiplex genome editing have enabled simulta-
neous integration of transporter genes and cellulase expression cas-
settes into the yeast genome, resulting in strains with improved cellu-
lose utilization, enhanced genetic stability, and superior fermentation
performance. Such engineered strains represent an important step to-
ward efficient consolidated bioprocessing, where enzyme production,
biomass hydrolysis, and fermentation occur within a single micro-
organism (Dixit ez al., 2023) [7]. Nevertheless, balanced expression of
transporters and cellulases, efficient protein secretion, and minimiza-
tion of metabolic burden remain critical challenges requiring further
optimization before large-scale industrial application.

3.2 Engineering of pentose assimilation pathways

Efficient utilization of xylose is essential for maximizing lignocellu-
losic biofuel production because hemicellulose contributes a substan-
tial proportion of fermentable sugars released during biomass hydrol-
ysis. However, Saccharomyces cerevisiae lacks a native xylose assim-
ilation pathway, making metabolic engineering necessary for efficient
pentose fermentation (Jeffries et al., 2011) 3], Consequently, exten-
sive efforts have focused on introducing heterologous pathways and
optimizing endogenous metabolism to improve xylose conversion and
overall fermentation efficiency.

Two major pathways have been engineered for xylose metabolism in
S. cerevisiae: the xylose reductase—xylitol dehydrogenase (XR—XDH)
pathway and the xylose isomerase (XI) pathway. The XR—XDH path-
way, derived from Scheffersomyces stipitis, converts xylose into xylu-
lose through sequential reduction and oxidation reactions before entry
into the pentose phosphate pathway. Although this pathway supports
rapid xylose assimilation, differences in cofactor requirements be-
tween XR and XDH often result in intracellular redox imbalance and
xylitol accumulation (Zha et al., 2013) [1°]. Alternatively, the XI path-
way directly converts xylose into xylulose without requiring redox
cofactors, thereby reducing by-product formation, although further
optimization is required to improve enzyme activity in yeast (Sun et
al., 2021) 1,

Engineering the pentose phosphate pathway (PPP) has further en-
hanced xylose utilization. Overexpression of XKS1, TKL1, TALI1,
RPE1, and RKI1 increases carbon flux through the PPP, improving
ethanol yield and reducing carbon loss during pentose metabolism. In
addition, adaptive laboratory evolution has generated strains with en-
hanced xylose uptake, improved mixed-sugar co-consumption, in-
creased inhibitor tolerance, and higher fermentation efficiency under
industrial conditions (Papapetridis et al., 2018; Wei et al., 2020) [20-
14]

Another important challenge is glucose-mediated carbon catabolite
repression, which delays xylose utilization until glucose is depleted.
Engineering sugar transporters, modifying regulatory networks, and
optimizing promoter activity have enabled simultaneous fermentation
of glucose and xylose, thereby increasing substrate utilization effi-
ciency and shortening fermentation time (Wei et al., 2015). Recent
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studies have also combined CRISPR/Cas9 genome editing with path-
way engineering to precisely regulate genes involved in pentose me-
tabolism, leading to improved carbon conversion efficiency and
greater genetic stability (Dixit ez al., 2023) [7].

Despite considerable progress, complete and rapid utilization of
mixed sugars remains a major challenge because of redox imbalance,
transporter limitations, and metabolic burden associated with heterol-
ogous pathway expression. Future engineering strategies should inte-
grate systems biology, dynamic pathway regulation, and computa-
tional metabolic modelling to achieve efficient co-fermentation of lig-
nocellulosic sugars while supporting simultaneous production of mul-
tiple biofuels and value-added biochemicals.

3.3 Carbon flux redistribution for dual biofuel production
Efficient production of multiple biofuels from lignocellulosic biomass
requires redistribution of intracellular carbon flux from native ethanol
fermentation toward alternative biosynthetic pathways. In wild-type
Saccharomyces cerevisiae, pyruvate generated through glycolysis is
predominantly converted to ethanol, limiting the synthesis of other
valuable biofuels. Metabolic engineering strategies therefore focus on
redirecting metabolic intermediates such as pyruvate and acetyl-CoA
towards higher alcohols, lipids, and other value-added compounds
while maintaining efficient carbon utilization (Lee ef al., 2022) (81,
Acetyl-CoA is a central metabolic intermediate linking glycolysis
with numerous biosynthetic pathways. Engineering enzymes involved
in acetyl-CoA generation and reducing carbon loss through competing
pathways has significantly enhanced the production of advanced bio-
fuels, including n-butanol, isobutanol, and lipid-derived biofuels.
Simultaneous optimization of precursor availability and cofactor bal-
ance has further improved carbon conversion efficiency and product
yields (Khan e al., 2022; Promdonkoy et al., 2020) [21- 221,

Besides higher alcohols, metabolic pathway engineering has enabled
the co-production of ethanol with industrially important compounds
such as xylitol, 2,3-butanediol, and squalene. Balanced expression of
xylose reductase (XR) and xylitol dehydrogenase (XDH) facilitates
controlled partitioning of carbon towards both ethanol and xylitol,
whereas engineering the acetolactate pathway promotes simultaneous
synthesis of ethanol and 2,3-butanediol from lignocellulosic sugars.
Likewise, partial suppression of ERGI redirects carbon through the
mevalonate pathway, increasing intracellular squalene accumulation
without severely affecting ethanol production (Zha et al., 2013; Nan
et al., 2014; Hull et al., 2014) [19-24. 23],

Recent advances in systems metabolic engineering have enabled dy-
namic regulation of carbon flux through multiplex genome editing,
synthetic promoters, and computational metabolic modelling. These
approaches facilitate coordinated expression of multiple biosynthetic
pathways, reducing metabolic burden while improving precursor
availability and product formation. Such integrated engineering
strategies are expected to play a crucial role in developing economi-
cally viable biorefineries capable of simultaneously producing
bioethanol and high-value biofuels from lignocellulosic biomass
(Dixit et al., 2023; Ravn et al., 2024) [7- 23],

3.4 Process integration strategies for enhanced dual biofuel
production

The successful commercialization of lignocellulosic biofuels depends
not only on strain engineering but also on the integration of efficient
bioprocessing strategies. Conventional biofuel production involves
separate pretreatment, enzymatic hydrolysis, and fermentation steps,
which increase operational complexity and production costs.
Consequently, integrated process configurations have been developed
to improve sugar conversion efficiency, reduce enzyme consumption,
and enhance overall process economics (Jayakody ez al., 2018) [°1,
Simultaneous saccharification and fermentation (SSF) is one of the
most widely adopted strategies, in which enzymatic hydrolysis and
microbial fermentation occur in a single reactor. This approach mini-
mizes end-product inhibition of cellulases by continuously converting
released glucose into ethanol, thereby improving substrate conversion
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and reducing contamination risks. However, differences in the opti-
mal temperatures for cellulase activity and yeast fermentation remain
a major limitation (Song et al., 2018) [26],

Another promising strategy is consolidated bioprocessing (CBP),
where enzyme production, cellulose hydrolysis, and fermentation are
integrated into a single microbial system. Engineering Saccharomyces
cerevisiae to express cellulolytic enzymes and efficient sugar trans-
porters has significantly improved cellulose utilization while reducing
the requirement for externally added enzymes. Although cellulase se-
cretion efficiency and enzyme balance remain challenging, CBP of-
fers considerable potential for lowering production costs and simpli-
fying industrial biofuel production (Yamada et al., 2013; Minnaar et
al., 2023) [6:27],

Recent studies have also explored synthetic microbial consortia to im-
prove lignocellulosic bioconversion. By distributing metabolic func-
tions among specialized microorganisms, co-culture systems enhance
mixed-sugar utilization, reduce metabolic burden, and improve toler-
ance to inhibitory compounds. Such division of labour has demon-
strated superior substrate conversion efficiency compared with mono-
culture fermentations, particularly when processing complex lignocel-
lulosic hydrolysates (Chen et al., 2018; Yan et al., 2023) [15: 10],
Integration of advanced pretreatment technologies with engineered
yeast strains has further improved biofuel productivity. Pretreatment
methods that maximize sugar recovery while minimizing inhibitor
formation enhance downstream fermentation performance and in-
crease overall process efficiency. Coupled with advances in metabolic
engineering and process optimization, these integrated strategies are
expected to play a crucial role in establishing economically viable lig-
nocellulosic biorefineries for simultaneous production of multiple
biofuels and value-added biochemicals (Prado et al., 2025; Pereira et
al., 2024) [29: 28],

4. Challenges and future perspectives

Despite remarkable progress in the metabolic engineering of
Saccharomyces cerevisiae, several biological and technological chal-
lenges continue to limit its industrial application for dual biofuel pro-
duction. One of the primary constraints is the incomplete and asyn-
chronous utilization of lignocellulose-derived mixed sugars, particu-
larly glucose and xylose, due to carbon catabolite repression and inef-
ficient pentose metabolism. In addition, heterologous expression of
transporters and biosynthetic enzymes often imposes a significant
metabolic burden, reducing cell growth, fermentation efficiency, and
overall product yield (Wei et al., 2020; Wagner et al., 2023) [14. 111,
Another major challenge is the presence of fermentation inhibitors,
including furfural, 5-hydroxymethylfurfural (HMF), acetic acid, and
phenolic compounds, which are generated during biomass pretreat-
ment. These compounds impair cell viability, alter redox balance, and
reduce biofuel productivity under industrial conditions. Furthermore,
achieving stable expression of cellulolytic enzymes, maintaining ge-
netic stability of engineered strains, and balancing multiple biosyn-
thetic pathways remain critical obstacles for large-scale commercial-
ization (Ko ef al., 2019; Zhao et al., 2024) [4 131,

Future research should focus on integrating systems biology, synthetic
biology, and artificial intelligence-assisted metabolic modelling to de-
sign robust yeast strains with improved substrate utilization, stress
tolerance, and carbon conversion efficiency. Advanced genome-edit-
ing technologies, dynamic metabolic regulation, and machine learn-
ing-guided pathway optimization are expected to accelerate strain de-
velopment while minimizing metabolic burden. In parallel, combining
engineered yeast with efficient pretreatment technologies, consoli-
dated bioprocessing, and synthetic microbial consortia will further
improve lignocellulosic biomass conversion and support economi-
cally viable biorefineries capable of producing multiple biofuels and
value-added biochemicals (Dixit et al., 2023; Shin et al., 2024) [7, 16],
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5. Conclusion

Metabolic engineering has transformed Saccharomyces cerevisiae
into a promising microbial platform for the sustainable production of
dual biofuels from lignocellulosic biomass. Advances in sugar trans-
porter engineering, cellulolytic enzyme expression, pentose assimila-
tion, and carbon flux redistribution have substantially improved the
utilization of mixed sugars and expanded the production of ethanol
alongside higher-value biofuels and biochemicals. Furthermore, the
integration of genome-editing technologies, adaptive laboratory evo-
lution, and process optimization has enhanced fermentation efficiency
and strain robustness, bringing lignocellulosic biorefineries closer to
industrial implementation.

Despite these advances, challenges associated with mixed-sugar uti-
lization, inhibitor tolerance, metabolic burden, and process scalability
continue to limit commercial application. Addressing these limitations
will require integrated approaches combining systems metabolic engi-
neering, synthetic biology, computational modelling, and advanced
bioprocess design.

Overall, continued innovations in metabolic engineering and process
integration are expected to accelerate the development of economi-
cally viable and environmentally sustainable lignocellulosic biore-
fineries. Such advances will not only improve renewable biofuel pro-
duction but also support the broader transition towards a circular
bioeconomy and reduced dependence on fossil-based energy
resources.
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