
Sustainable
Food Technology

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/1
1/

20
26

 1
0:

50
:3

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal
Systematic review
aSchool of Energy and Environment, City

Kowloon, Hong Kong. E-mail: carollin@city
bDepartment of Bioengineering, Imperial Co
cImperial College Centre for Synthetic Biolog

2AZ, UK
dThe Microbial Food Hub, Imperial College
eBezos Centre for Sustainable Protein, Impe
fState Key Laboratory of Microbial Met

Biotechnology, Shanghai Jiao Tong Universi

† These authors contributed equally to th

Cite this: DOI: 10.1039/d6fb00104a

Received 31st March 2026
Accepted 27th April 2026

DOI: 10.1039/d6fb00104a

rsc.li/susfoodtech

© 2026 The Author(s). Published b
on sustainable valorization of
food waste by Yarrowia lipolytica

Yunkai Tan,†a Huaimin Wang, †a Changyu Hu,b Jing Fu,bcde Rodrigo Ledesma-
Amaro, bcde Fatwa F. Abdi, a Hsien-Yi Hsu,a Xue Wang, a Hairong Chengf

and Carol Sze Ki Lin *a

The escalating generation of global food waste presents both a profound environmental liability and an

untapped resource for the circular bioeconomy. This systematic review evaluates the sustainable

valorization of heterogeneous food waste streams using the versatile oleaginous yeast Yarrowia

lipolytica. Following PRISMA guidelines, we analyze recent advancements (2006–2025) in feedstock

pretreatment, highlighting enzymatic hydrolysis as the optimal strategy for liberating bioavailable

monomers without generating the toxic byproducts associated with thermochemical methods. We detail

the unique dual-trophic metabolic capacity of Y. lipolytica to simultaneously assimilate hydrophilic

(glucose, glycerol) and hydrophobic (fatty acids) substrates, driving the synthesis of high-value

bioproducts ranging from microbial lipids and bulk organic acids to rare sugars. Furthermore, the review

synthesizes cutting-edge strain optimization techniques—including CRISPR/Cas9, Adaptive Laboratory

Evolution (ALE), and emerging Artificial Intelligence (AI) frameworks—that accelerate bioprocess design

and enhance inhibitor tolerance. Techno-Economic Analysis (TEA) and Life Cycle Assessment (LCA)

confirm the platform's viability, demonstrating significant reductions in global warming potential and land

use compared to conventional agricultural and petrochemical sources. Finally, we address current

bottlenecks, such as substrate toxicity and scale-up constraints, and propose future directions, including

synthetic microbial consortia and multi-product biorefineries, to solidify Y. lipolytica as a cornerstone of

zero-waste biomanufacturing.
Sustainability spotlight

Food waste remains a global challenge, contributing signicantly to environmental degradation and resource loss. This review highlights the sustainable
valorization of food waste through enzymatic hydrolysis integrated with Y. lipolytica fermentation, offering a robust pathway to high-value bioproducts. We
evaluate cutting-edge strategies to enhance food waste valorization sustainability, including recombinant strain engineering, the design of synthetic microbial
consortia, and the integration of AI technology for bioprocess optimization. These advancements directly support UN SDGS 9 (industry, innovation, and
infrastructure), 12 (responsible consumption and production), 13 (climate action), and 15 (life on land) by transforming waste streams into a circular bi-
oeconomy, reducing carbon footprints, and improving the economic viability of green manufacturing.
1. Introduction

The escalating generation of global food waste represents one of
the most pressing environmental and economic challenges of
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the 21st century.1 With approximately 1.3 billion tons of food
lost or wasted annually, conventional disposal methods such as
landlling and incineration have proven highly unsustainable,
contributing signicantly to anthropogenic greenhouse gas
emissions and the loss of valuable land resources.2–4 However,
within the framework of a circular bioeconomy, this immense
volume of organic waste is no longer viewed merely as an
environmental liability, but rather as a highly abundant,
carbon-rich feedstock.5 Comprising a complex matrix of
carbohydrates, proteins, and lipids, municipal and agro-
industrial food waste holds immense potential for bioconver-
sion into high-value biochemicals, biofuels, and
nutraceuticals.6

Despite its potential, the biochemical heterogeneity of food
waste presents formidable technical barriers for traditional
Sustainable Food Technol.
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microbial fermentation.7 The diverse and uctuating concen-
trations of starches, triglycerides, and lignocellulosic fractions
require sophisticated pretreatment strategies—such as hydro-
thermal, fungal, or enzymatic hydrolysis—to liberate bioavail-
able monomers.8 Furthermore, the resulting hydrolysates are
oen laden with microbial inhibitors, variable carbon-to-
nitrogen (C/N) ratios, and extreme osmotic pressures.9,10

Conventional industrial microbes frequently lack the metabolic
plasticity required to efficiently co-utilize these complex, mixed
hydrophilic and hydrophobic streams, leading to suboptimal
carbon recovery and economic inefficiencies.6,10

To overcome these metabolic bottlenecks, the non-
conventional, oleaginous yeast Y. lipolytica has emerged as
a premier microbial chassis for food waste valorization.11

Recognized for its ‘Generally Recognized as Safe’ (GRAS) status,
Y. lipolytica possesses a unique dual-trophic metabolism
capable of simultaneously assimilating hexoses, pentoses,
glycerol, and free fatty acids.12–14 Its robust secretome, rich in
extracellular lipases and proteases, allows it to thrive in non-
sterile, lipid-rich environments like waste cooking oils and
municipal organic fractions.15 By precisely modulating envi-
ronmental stressors such as nitrogen or phosphate limitation,
the carbon ux within Y. lipolytica can be directed toward the
accumulation of single-cell oils (SCOs), the secretion of bulk
organic acids (e.g., citric and succinic acid), or the synthesis of
specialized polyols and rare sugars.13,16,17

The transition of this ‘Waste-to-Value’ pipeline from
laboratory-scale proof-of-concept to industrial reality is being
rapidly accelerated by modern biotechnology.18,19 Precision
genome-editing tools like CRISPR/Cas9, combined with Adap-
tive Laboratory Evolution (ALE), are rewiring the yeast to
tolerate severe inhibitory conditions and maximize product
titers.19–21 Concurrently, the integration of Articial Intelligence
(AI) and machine learning into bioprocess design is shiing
metabolic engineering from iterative trial-and-error to highly
predictive, data-driven frameworks, optimizing everything from
enzyme secretion to real-time bioreactor dynamics.22

Therefore, the objective of this systematic review is to
comprehensively evaluate the sustainable valorization of food
waste using Y. lipolytica. Guided by the PICOS framework, this
review synthesizes recent literature (2006–2025) to critically
assess optimal pretreatment strategies, elaborate on the yeast's
complex substrate assimilation pathways, and highlight the
latest advancements in genetic and AI-driven strain engi-
neering. Finally, by integrating Techno-Economic Analysis
(TEA) and Life Cycle Assessment (LCA) metrics, this paper aims
to quantify the economic viability and environmental superi-
ority of the Y. lipolytica platform, ultimately charting the course
toward integrated, multi-product bioreneries in a zero-waste
future.

2. Material and methods
2.1. PICOS-based eligibility criteria

The selection of literature for this systematic review was guided
by the PICOS (Population, Intervention, Comparison, Outcome,
and Study design) framework to ensure a comprehensive yet
Sustainable Food Technol.
focused evaluation of food waste bioconversion.23 Specically,
the Population (P) encompassed diverse food waste streams,
ranging from municipal organic fractions to lipid-rich agro-
industrial residues. The Intervention (I) was strictly limited to
bioprocessing and valorization schemes centered on Y. lip-
olytica. Where data permitted, Comparisons (C) were made
against alternative microbial cell factories or conventional
chemical routes. Primary Outcomes (O) included quantitative
performance metrics (e.g., titer and productivity) as well as
sustainability indicators, including Life Cycle Assessment (LCA)
and Techno-Economic Analysis (TEA). Finally, the Study Design
(S) restricted the scope to original peer-reviewed research and
technical reports published within the 2006–2025 timeframe.

2.2. Literature search and study selection

A systematic search was conducted following the PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines to maintain transparency and
reproducibility.24,25

The primary search was executed via the Scopus database
using the boolean string: TITLE-ABS-KEY (‘food waste’) AND
TITLE-ABS-KEY (‘Yarrowia’). An initial screening of 109 records
was performed (Fig. 1). Titles and abstracts were rst vetted
against the inclusion criteria, followed by a rigorous full-text
evaluation to curate the nal database for synthesis.

2.3. Data extraction and synthesis

The data from the chosen studies were organized into
a systematic repository. Extracted parameters encompassed: (1)
strain and feedstock: Y. lipolytica strain types, feedstock
composition (particularly C/N ratio and free amino nitrogen
content), and requisite pretreatment procedures; (2) bioreactor
congurations (e.g., batch, fed-batch, or continuous) and
physicochemical parameters (e.g., volume); (3) target products:
production metrics for lipids, organic acids, polyols, and
proteins; and (4) sustainability indicators: environmental foot-
prints (greenhouse gas emissions, energy consumption) and
economic feasibility criteria.

3. Results and discussion
3.1. Sustainable feedstock utilization: diversity and
pretreatment

The transformation of food waste into a value-added product
typically involves hydrolysis, which functions as the initial stage
that converts insoluble organic matter—including starch,
proteins, and lipids—into bioavailable monomers like reducing
sugars, amino acids, and fatty acids.26,27 This biochemical
transformation is essential for disrupting the complex structure
inherent in food waste, thereby enhancing nutrient solubility
and facilitating more efficient downstream microbial conver-
sion into value-added bioproducts.28 Due to the extreme
heterogeneity and chemical diversity of food waste (Table 1),
sustainable utilization depends on identifying these specic
compositions to devise the downstream manufacturing
approach.29 Strategic pretreatment techniques, including
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The PRISMA process used for screening documents related to food waste valorization by Yarrowia lipolytica.
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hydrothermal and enzymatic methods, are essential for
addressing this diversity by surmounting inherent obstacles
such as rate limitations.30,31

3.1.1. Diversity of feedstock associated with food waste for
hydrolysis
Table 1 Diversity of food waste for hydrolysis

Feedstocks Specication

Municipal organic waste Kitchen waste, bakery waste, canteen waste, res
dairy, waste bread powder

Fish waste Pangasius (heads/ns/innards/bones), mixed (an
Agro-wastes/by-products Banana/orange/lemon/potato/papaya peels, app

Lignocellulosic biomass Sugarcane bagasse, wheat straw/corn stover hyd
Waste cooking oils/fatty
acids

Waste frying oil, canola/palm/soybean/rapeseed

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.1.1.1. Municipal organic waste. A principal category of food
waste for hydrolysis identied in these selected papers is mixed
organic waste, commonly known as kitchen waste, canteen
waste, or the organic fraction of municipal solid waste.32 These
feedstocks are intrinsically heterogeneous, generally
References

taurant waste, grains/eggs/dairy/meat/vegetables, spoiled 46–49

chovies/mantis/rose shrimps), waste sh oil 50–52
le pectin, brewers' spent grain, sugar beet molasses 47, 53 and

54
rolysate, corn plant biomass 55–57
oil, waste sh oil, triolein, oleic acid 58–60
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comprising a complex mixture of carbohydrates (starch, cellu-
lose), proteins, and lipids.33,34 For example, the combinations
consisting of different proportions of potatoes, sh, cheese, and
fruits necessitate multi-enzyme systems for efficient solubili-
zation into fermentable sugars and free amino acids.35

3.1.1.2. Fruit, vegetable, and agro-waste. A variety of plant-
based residues, including fruit, vegetable, and agricultural
waste, can function as sustainable feedstocks for hydrolysis.36

For instance, green kiwi peel, pumpkin peels, and melon waste
are rich in pectin and lignocellulosic components, requiring
hydrothermal or enzymatic hydrolysis to release glucose and
other hexoses.37,38 Additionally, agro-waste, such as molasses,
okara (soybean residue), and corn steep liquor, is utilized as
a concentrated source of carbon and nitrogen.39 Lignocellulosic
biomass, including non-food residues like sugarcane bagasse,
wheat straw, and corn stover, can be hydrolyzed to generate
sugar-rich media that replicate conventional fermentation
substrates.40,41

3.1.1.3. Lipid-rich and hydrophobic feedstocks. Lipid-rich
feedstocks, such as waste cooking oils, are oen identied as
principal or auxiliary carbon sources for hydrolysis, which
transforms triglycerides into fatty acids and glycerol for biofuels
and chemicals.42,43 During enzymatic hydrolysis, lipases facili-
tate the breakdown of lipids into long-chain fatty acids (LCFA)
and glycerol.44 Moreover, hydrophobic feedstocks, including
trap greases, rendering fats, and soapstocks, can be hydrolyzed
using specialized hydrolase enzymes (e.g., EC 3.1.1.3), which
adsorb onto hydrophobic water–oil interfaces and effectively
catalyze the decomposition of hydrophobic substrates into fatty
acids and glycerol.45

Consequently, food waste exhibits a signicant biochemical
heterogeneity, which will fundamentally inuence the efficiency
of downstream valorization processes, such as hydrolysis.
Specically, the chemical variability in food waste, character-
ized by differing concentrations of carbohydrates, proteins, and
lipids, presents a considerable technical challenge in achieving
consistent product yields during hydrolysis, as the existing
enzymes may not align with the available substrate, resulting in
a decline in hydrolysis rates until the microbial population
adapts its secretion.61,62 To address these complexities, the
application of customized pretreatment strategies (Table 2) acts
as a crucial prerequisite for standardizing various feedstock
streams. These interventions promote the breakdown of resis-
tant organic structures, thereby improving nutrient bioavail-
ability and optimizing the efficacy of subsequent microbial-
based valorization systems.

3.1.2. Pretreatments for solubilizing food waste prior to
hydrolysis

3.1.2.1. Hydrothermal pretreatment. Hydrothermal pretreat-
ment (HTP), which is alternatively categorized as hydrothermal
carbonization or liquefaction depending on operational
severity, represents a versatile thermochemical platform for the
valorization of high-moisture food waste into energy-dense
carriers and platform chemicals.63 By leveraging pressurized
subcritical water as both a solvating medium and a reactive
species, HTP facilitates the rapid depolymerization of complex
organic matrices.7 This approach is particularly advantageous
Sustainable Food Technol.
as it obviates the energy-intensive dehydration steps required by
conventional thermal conversion technologies.64

A pivotal biochemical transformation during HTP involves
the solvothermal hydrolysis of the lipid fraction, wherein
triglycerides undergo nucleophilic attack to yield long-chain
fatty acids and glycerol.65 Under subcritical and supercritical
conditions, the signicantly elevated ionic product of water
enhances its autometabolic catalytic capacity, effectively shi-
ing the hydrolysis equilibrium toward maximal glycerol libera-
tion.66 The recovery of this glycerol is of particular interest in
a biorenery context, as it serves as a versatile biosynthetic
intermediate for the production of hydrogen, volatile organic
acids (e.g., lactic acid), or propanediols via downstream catalytic
or hydrothermal pathways.67 Furthermore, integrating HTP with
biological valorization—such as anaerobic digestion or micro-
bial fermentation—enhances nutrient bioavailability and
reduces substrate viscosity.68 This rheological improvement,
coupled with the potential for synergistic co-digestion of food
waste with crude glycerol, signicantly optimizes subsequent
bioenergy yields.

Despite these benets, the application of HTP is frequently
constrained by the formation of refractory byproducts and the
inherent thermochemical instability of liberated metabolites.30

High-temperature regimes inevitably trigger Maillard reactions
between hydrolyzed carbohydrates and proteinaceous nitrogen,
resulting in the formation of complex melanoidins and
nitrogenous heterocycles, such as pyrroles and pyridines.7

These recalcitrant compounds act as potent microbial inhibi-
tors, potentially impairing the efficiency of subsequent enzy-
matic hydrolysis and microbial fermentation stages.

3.1.2.2. Fungal pretreatment. Fungal pretreatment repre-
sents a cornerstone of the ‘myco-biorenery’ framework,
leveraging the complex secretomes of lamentous fungi to
homogenize and valorize heterogeneous food waste.69 This
biological strategy primarily utilizes the secretion of extracel-
lular lipases (triacylglycerol acyl hydrolases), which catalyze the
interfacial hydrolysis of ester bonds in triglycerides.70 Unlike
conventional chemical catalysis, fungal lipases operate under
mild environmental conditions and exhibit high chemo- and
regioselectivity.71 These attributes facilitate the efficient libera-
tion of glycerol and long-chain fatty acids from complex lipid-
rich streams, such as waste cooking oils and slaughterhouse
effluents, providing a rened substrate for subsequent enzy-
matic or microbial processes.72

Key fungal genera, including Aspergillus, Rhizopus, and
Penicillium, are utilized for their robust lipolytic activity and
operational stability under varied substrate conditions.70

Through solid-state fermentation, these microorganisms can
utilize agro-industrial residues as low-cost matrices to produce
crude enzymatic extracts in situ, thereby improving the
economic feasibility of the valorization chain.73 For instance,
specic strains of Rhizopus oligosporus and Aspergillus niger have
demonstrated the capacity to reduce the lipid content of organic
waste by over 90%, generating a hydrolysate enriched with
glycerol and free fatty acids that is highly bioavailable for
downstream yeast fermentation.74
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Pretreatments strategies for food waste hydrolysis

Strategy General process Glucose production Glycerol production Fatty acids production References

Hydrothermal
pretreatment

Food waste is subjected to
high temperatures (160–280
°C) and pressures to induce
organic dissolution and
macromolecular hydrolysis

Rapid starch/cellulose
hydrolysis to glucose occurs
at 100–175 °C, though
higher temperatures (>200 °
C) cause degradation into
furan compounds

Lipids are hydrolyzed into
glycerol and fatty acids,
primarily at temperatures
exceeding 280 °C or under
supercritical water
conditions

Bio-crude yields from HTL
can reach 27.5%, with total
fatty acid methyl ester
content ranging from 15–
37 wt%

81, 86 and
87

Fungal
pretreatment

Utilizes lamentous fungi
(e.g., Aspergillus spp.) to
secrete hydrolytic enzymes
in situ, decomposing waste
over several days

Efficient monomeric sugar
recovery is possible through
fungal enzymes, though the
process typically requires
longer reaction times
compared to other methods

Fungal lipases (e.g., from A.
oryzae) can release up to
17 g L−1 of glycerol from fat-
rich dairy substrates

Fungi facilitate the release
of free fatty acids from
complex lipids, which can
then be assimilated to
accumulate 41–57% lipid in
fungal biomass

68 and
88–90

Enzymatic
pretreatment

Direct application of
commercial or puried
hydrolytic enzymes
(amylases, lipases,
proteases) under mild
conditions (50–60 °C)

High recovery efficiency,
yielding up to 164 g L−1 of
reducing sugars from
kitchen waste or up to 95%
conversion efficiency in
optimized platforms

Lipase-mediated hydrolysis
effectively liberates glycerol;
two-step platforms can yield
a hydrolysate containing
3% glycerol prior to further
fermentation

Targeted lipase
pretreatment signicantly
enhances the dissolution of
vegetable oils and animal
fats, liberating long-chain
fatty acids for subsequent
bioconversion

61, 84 and
91
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Despite its high specicity, fungal pretreatment is con-
strained by protracted reaction kinetics, which necessitate
signicantly longer residence times compared to thermo-
chemical platforms.75 Operationally, the requirement for strin-
gent substrate sterilization to mitigate microbial competition
and the inherent susceptibility of fungal cultures to contami-
nation impose substantial energetic and economic burdens.76

Furthermore, the accumulation of metabolic intermediates,
such as liberated glycerol and organic acids, can trigger carbon
catabolite repression or induce deleterious pH shis, effectively
compromising enzymatic efficiency and net yields.77 Collec-
tively, these operational complexities and the high capital
expenditure required for specialized bioreactor infrastructure
represent critical techno-economic bottlenecks for large-scale
industrial implementation.

3.1.2.3. Enzymatic pretreatment. Enzymatic pretreatment
represents a high-precision biochemical platform for the
selective recovery of fermentable monomers, specically
glucose, glycerol, and free fatty acids (FFAs), from heteroge-
neous food waste.48 This approach employs a targeted consor-
tium of hydrolytic enzymes: amylases (notably a-amylase and
glucoamylase) for the saccharication of starch fractions into
glucose, and lipases for the interfacial hydrolysis of triglycerides
into glycerol and long-chain fatty acids.78,79 By operating under
mild thermodynamic conditions, enzymatic catalysis facilitates
the comprehensive deconstruction of complex organic matrices
into a bioavailable, nutrient-dense hydrolysate.48 Empirical
studies have demonstrated that a synergistic mixture of carbo-
hydrases, proteases, and lipases can effectively solubilize the
recalcitrant organic components of municipal kitchen waste.80

Furthermore, high-efficiency glucose recovery has been ach-
ieved using optimized glucoamylase dosages, yielding reducing
sugar concentrations as high as 186.2 g L−1.81 Such titers
signicantly enhance the volumetric productivity of down-
stream fermentation processes.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Compared to hydrothermal and fungal strategies, enzymatic
pretreatment emerges as the superior method for integration
with Y. lipolytica-based valorization for the following reasons:
(1) unlike hydrothermal pretreatment, which inevitably triggers
Maillard reactions and the formation of toxic dehydration
products such as furfural and hydroxymethylfurfural, enzymatic
pathways operate at temperatures that preclude the generation
of these recalcitrant byproducts, ensuring a ‘clean’ substrate,
preventing the metabolic repression of Y. lipolytica and main-
taining high cell viability;82,83 (2) while fungal pretreatment is
frequently hampered by protracted residence times (oen
requiring several days) and the risk of microbial contamination,
enzymatic hydrolysis offers rapid saccharication kinetics,
allowing for tighter integration into a continuous or fed-batch
biorenery workow, thereby signicantly increasing the over-
all space-time yield of the valorization plant;83,84 and (3) enzy-
matic pretreatment allows for the precise modulation of the
carbon-to-nitrogen (C/N) ratio in the resulting hydrolysate
through controlled proteolysis.83 Since Y. lipolytica requires
specic nitrogen-limited conditions to trigger de novo lipogen-
esis, the ability to liberate specic amounts of free amino
nitrogen alongside glucose and glycerol provides a level of
metabolic tunability that is unattainable with the relatively non-
selective hydrothermal or slow fungal methods.85 Consequently,
the superior selectivity, operational stability, and compatibility
of enzymatic pretreatment with the physiological requirements
of Y. lipolytica establish it as the optimal homogenization
strategy for translating diverse food waste streams into high-
value bioproducts.

The strategic integration of enzymatic pretreatment with the
non-conventional yeast Y. lipolytica establishes a highly efficient
and sustainable framework for the valorization of heteroge-
neous food waste into high-value bioproducts. As a robust
oleaginous host, Y. lipolytica exhibits signicant metabolic
plasticity, enabling the simultaneous or sequential assimilation
Sustainable Food Technol.
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of glucose, glycerol, and long-chain fatty acids—the primary
monomers liberated during enzymatic saccharication and
lipolysis.79,85 This metabolic versatility allows for the compre-
hensive utilization of carbon sources that would otherwise
remain recalcitrant or inhibitory to conventional microbial
hosts.85 Furthermore, the ability to modulate the nutrient
prole of the resulting hydrolysate ensures that the carbon ux
is precisely directed toward target biosynthetic pathways, such
as de novo lipogenesis or organic acid secretion.78 Consequently,
the following sections will provide a rigorous review of the
specic carbon assimilation mechanisms and the downstream
metabolic pathways utilized by Y. lipolytica to convert these
waste-derived substrates into marketable biocommodities.

3.1.3. Metabolic utilization of food waste-derived hydroly-
sates by Y. lipolytica. The strategic transition from Section 3.1.2
to the current discussion on Y. lipolytica underscores a sophis-
ticated ‘cradle-to-bioproduct’ valorization framework. As a non-
conventional, aerobic, and oleaginous ascomycete, Y. lipolytica
has emerged as a premier microbial chassis for the circular
bioeconomy.92,93 It is unique because it has a very adaptable
metabolism and a wide range of enzymes that can take in and
change the different monomers that are released during
pretreatment at the same time or one aer the other.78,94

Unlike many conventional industrial yeasts, Y. lipolytica
possesses the innate capability to thrive on the complex
‘nutrient broth’ resulting from food waste hydrolysis, which
typically comprises a mixture of hexoses, pentoses, glycerol, and
FFAs.83,94 This section delineates the metabolic pathways
through which these hydrolysis products act as carbon and
energy precursors, driving the synthesis of high-value-added
metabolites such as microbial oils (single-cell oils, SCOs),
organic acids, polyols, and specialized nutraceuticals.95,96

3.1.3.1. Metabolism of hydrophilic hydrolysis products. The
enzymatic saccharication of the carbohydrate fraction in food
waste predominantly yields glucose, alongside signicant titers
of galactose, mannose, and pentoses like xylose.83 Furthermore,
the hydrolysis of the lipid fraction (discussed in Section 3.1.2.3)
liberates substantial quantities of glycerol.

3.1.3.1.1. Hexose and pentose. Glucose remains the
preferred carbon source, entering the cell via high-affinity
hexose transporters and being processed through the
Embden–Meyerhof–Parnas (EMP) glycolytic pathway.13 The
resulting pyruvate ux is a critical junction; it can be directed
toward the tricarboxylic acid (TCA) cycle for biomass accumu-
lation or diverted toward de novo lipogenesis or citrate secretion
under nutrient-limited conditions.13,17,95 Notably, while wild-
type Y. lipolytica oen exhibits suboptimal pentose utilization
due to carbon catabolite repression (CCR), the glucose-rich
environment of food waste hydrolysates oen exceeding 50 g
L−1 provides sufficient initial ux to establish high cell densi-
ties. In engineered strains, the conversion of xylose from the
lignocellulosic components of food waste further enhances
carbon efficiency, ensuring that the entirety of the ‘sugar foot-
print’ is transformed into value-added products.83,84

3.1.3.1.2. Glycerol. The liberation of glycerol during enzy-
matic or hydrothermal lipolysis provides Y. lipolytica with
Sustainable Food Technol.
a highly reduced carbon source. Glycerol enters the central
metabolism via the glycerol-3-phosphate (G3P) or dihydroxyac-
etone (DHA) pathways.21,79 This substrate is particularly advan-
tageous for the production of organic acids, such as citric and
isocitric acids, and polyols like erythritol and mannitol.17,93,95

Because glycerol catabolism bypasses several regulatory bottle-
necks of glycolysis, it oen results in higher yields of acetyl-CoA,
the primary precursor for the synthesis of L-ergothioneine and
other high-value terpenoids.13,96

3.1.3.2. Metabolism of hydrophobic hydrolysis products. Y.
lipolytica is known for its unique ability to use hydrophobic
substrates, which are found in large amounts in municipal and
industrial food waste.94 Section 3.1.2 showed how pretreatment,
like enzymatic lipolysis, mix these lipids together to make
bioavailable FFAs and glycerol.79

The FFAs liberated from waste cooking oils or animal fats are
internalized through specialized transport mechanisms and
activated into fatty acyl-CoAs.12 Y. lipolytica can utilize these
through two distinct routes. In the ‘growth-centric’ route, fatty
acids undergo b-oxidation within the peroxisomes to generate
energy and acetyl-CoA; conversely, in the ‘valorization-centric’
route, the yeast performs ex novo lipid accumulation, where
extracellular fatty acids are directly incorporated into intracel-
lular triacylglycerols.13,79 This process is signicantly more
energy-efficient than de novo synthesis from sugars, as it
bypasses the complex cytosolic fatty acid synthase system. This
capability allows the yeast to upcycle low-quality waste fats into
high-value microbial oils with tailored fatty acid proles suit-
able for biolubricants or nutraceutical-grade Omega-3 fatty
acids.14,79

Beyond acting as a carbon source, the presence of hydro-
phobic hydrolysate in the fermentation medium serves as
a potent inducer for the secretion of extracellular lipases.78 This
creates a self-reinforcing bioconversion loop: the initial hydro-
lysis products stimulate the yeast to produce more enzymes,
which further deconstructs any residual complex lipids in the
waste stream.

3.1.3.3. Synergy of hydrolysate components in high-value
synthesis. The true power of using food waste hydrolysates as
a feedstock lies in the metabolic synergy between hydrophilic
and hydrophobic components. For example, the simultaneous
presence of glucose and FFAs allows the yeast to maintain high
glycolytic ux (providing NADPH and ATP) while simulta-
neously accumulating lipids.13,79 Recent research demonstrates
that engineered Y. lipolytica can convert the glucose and amino
acids found in food waste hydrolysates into complex secondary
metabolites like betanin (a natural red food colorant).97 In these
systems, the FAN liberated during the proteolytic pretreatment
of food waste acts as the essential nitrogen source for nitrogen-
containing pigments and antioxidants like L-ergothioneine.22

Titers for these products are signicantly enhanced when the
feedstock is a complex hydrolysate rather than a pure sugar,
likely due to the presence of trace minerals and micronutrients
inherent in organic waste.98,99

In conclusion, the products of food waste solubilization di-
scussed in Section 3.1.2 are not merely waste derivatives, they
are high-density metabolic fuels that prime Y. lipolytica for the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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synthesis of a diverse portfolio of bioproducts (Table 3). By
aligning the yeast's natural ‘hydrophobic–hydrophilic’ dual-
nature metabolism with the chemical complexity of food
waste, a scalable and sustainable biomanufacturing platform is
established (Fig. 2). The subsequent sections will detail how
these metabolic uxes are specically regulated to optimize the
titers and yields of target metabolites.
3.2. Metabolic pathways and genetic engineering strategies

3.2.1. Substrate assimilation: how the yeast breaks down
complex fats (b-oxidation pathway) and sugars. Y. lipolytica
exhibits remarkable metabolic plasticity in catabolizing diverse
carbon sources from food waste streams, operating through two
principal pathways: the ex novo lipid assimilation pathway for
hydrophobic substrates and the de novo biosynthetic pathway
for carbohydrate-rich feedstocks.

The b-oxidation pathway represents the cornerstone of Y.
lipolytica's capacity to valorize lipid-rich waste streams,
including waste cooking oil (WCO), crude glycerol from bi-
odiesel production, and fatty acid distillates.107 This multi-
compartment process initiates with extracellular lipase secre-
tion—principally Lip2p, Lip7p, and Lip8p—which hydrolyze
triglycerides into free fatty acids (FFAs) and glycerol.78 Notably,
lipid presence induces substantial upregulation of lipase
biosynthesis, with WCO supplementation demonstrating 5-fold
higher lipase activity compared to oil-free cultures (Fig. 3).108

Following hydrolysis, FFAs traverse cellular membranes via
transport proteins including Pxa1p, Pxa2p, and Ant1p, subse-
quently undergoing activation to fatty acyl-CoA esters. The
peroxisomal b-oxidation spiral then systematically processes
these activated fatty acids through the concerted action of six
acyl-CoA oxidase paralogs (POX1–POX6), multifunctional
Table 3 Metabolic utilization of food-waste-based hydrolysates by Y. lip

Feedstock Metabolic pathway Target product

Glucose Embden–Meyerhof–Parnas
(EMP) & pentose phosphate
pathway (ppp)

Primary energy so
biomass accumul
precursor for citri
de novo single cel

Xylose Pentose metabolism (via
xylitol/xylulose)

Auxiliary carbon s
utilized for secon
metabolite produ
late-stage ferment

Glycerol G3P & Dihydroxyacetone
(DHA) pathways

High-yield precur
polyols (erythritol
acetyl-CoA-derived
compounds

Free fatty acids b-oxidation & ex novo lipid
accumulation

Direct incorporati
intracellular triacy
induction of extra
lipases

Free amino nitrogen Proteolysis & amino acid
catabolism

Regulates the C/N
essential for nitro
metabolites (e.g.,

© 2026 The Author(s). Published by the Royal Society of Chemistry
enzyme MFE1, and 3-ketoacyl-CoA thiolase POT1.108 Each cata-
lytic cycle excises a two-carbon acetyl-CoA unit, generating (R)-3-
hydroxyacyl-CoA intermediates that may be diverted toward
product synthesis or further catabolized for energy
generation.107

The metabolic fate of b-oxidation-derived acetyl-CoA exhibits
substantial exibility. Under growth-associated conditions,
carbon enters the tricarboxylic acid (TCA) cycle to support
biomass accumulation. Conversely, pathway engineering
through deletion of b-oxidation genes (PEX10, MFE1, POT1)
dramatically expands fatty acyl-CoA pools available for redi-
recting toward lipid biosynthesis, terpenoid production, or
other acetyl-CoA-derived products.109 This blockade strategy has
proven particularly effective for a-bisabolene production,
wherein combined b-oxidation interruption and lipid droplet
engineering achieved titers of 1954.3 mg L−1—representing
a 96-fold improvement over control strains.

Volatile fatty acids (VFAs) generated through food waste
acidogenesis constitute another critical substrate category. Y.
lipolytica demonstrates hierarchical consumption patterns,
preferentially assimilating acetic acid via direct conversion to
acetyl-CoA, followed by sequential utilization of propionic,
butyric, and longer-chain VFAs. This metabolic organization
enables efficient conversion of anaerobic digestate-derived
VFAs into storage lipids, with optimized C : N ratios (>200 : 1)
and acetic acid enrichment (6 : 1 acetic : hexanoic) supporting
lipid contents exceeding 43% w/w. The propionyl-CoA synthe-
tase SePrpE has been identied as a critical engineering target
for odd-chain fatty acid (OCFA) production, with overexpression
in PHD1-decient backgrounds achieving 60.4% OCFA enrich-
ment (Fig. 4).109

For carbohydrate-rich waste streams including food waste
hydrolysates, lignocellulosic biomass, and expired glucose, Y.
olytica

Signicance in food waste
valorization References

urce for
ation;
c acid and
l oil

High-titer availability
(∼54.2 g L−1) supports rapid
onset of high cell density

17, 83, 84 and 95

ink;
dary
ction in
ation

Ensures comprehensive
carbon recovery from
lignocellulosic fractions of
vegetable waste

83, 92 and 94

sor for
) and

Bypasses glycolytic
bottlenecks, enhancing ux
toward specialized
antioxidants like L-
ergothioneine

13, 17, 21, 93, 95 and 96

on into
lglycerols;
cellular

Enables upcycling of waste
fats into tailored lipids with
industrial-grade fatty acid
proles

12–14, 78, 79, 94 and 106

ratio;
genous
betalains)

Act as the ‘metabolic trigger’
for the shi from growth to
high-value product
accumulation

22 and 95–97
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Fig. 2 Integrated biorefinery platform for food waste valorization by hydrolysis and Y. lipolytica. Note: images in this figure are from
literature.100–105
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lipolytica deploys glycolysis and the pentose phosphate pathway
(PPP) with distinctive regulatory characteristics. The yeast's
Crabtree-negative nature constitutes a decisive advantage,
ensuring minimal ethanol overow metabolism and enabling
efficient co-utilization of mixed sugars without carbon loss to
byproduct formation. This trait proves particularly advanta-
geous for food waste hydrolysates containing varied sugar
compositions.110

Glucose metabolism proceeds through canonical glycolytic
conversion to pyruvate, with subsequent routing toward acetyl-
CoA for fatty acid synthesis or oxaloacetate for TCA cycle ana-
plerosis. Under nitrogen-limiting conditions characteristic of
lipid accumulation phases, mitochondrial citrate accumulation
triggers secretion to the cytoplasm, where ATP-citrate lyase
cleavage generates acetyl-CoA for fatty acid synthase (FAS)-
mediated de novo lipid synthesis.109 This nitrogen-responsive
regulatory switch enables lipid contents of 30–48% dry cell
weight from sugar-based feedstocks (Fig. 5).110,111

Glycerol assimilation exhibits notably faster kinetics than
glucose utilization, attributable to higher oxygen uptake rates
Sustainable Food Technol.
and the presence of three glycerol transport genes versus
a single hexose transporter. Biodiesel-derived crude glycerol
serves as an exceptional feedstock, with engineered strains
achieving lipid contents up to 38% DCW and erythritol titers of
178 g L−1 following pathway optimization (Fig. 5).112 However,
xylose metabolism remains limited by carbon catabolite
repression and insufficient pentose pathway ux, necessitating
engineering interventions for efficient lignocellulosic
valorization.

The metabolic interplay between lipid and sugar substrates
enables sophisticated process designs, including two-stage
fermentation systems where initial glucose-supported growth
transitions to VFAs or oil feeding for product accumulation.
This approach circumvents the nitrogen limitation typically
required for lipid accumulation while maximizing overall
carbon conversion efficiency.

3.2.2. The engineering toolbox: CRISPR/Cas9, TALENs, and
promoter engineering used to increase yields. Table 4 shows
modern metabolic engineering of Y. lipolytica has been trans-
formed by the development of precision genome-editing
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Lipid and hydrophobic matrix assimilation pathways (ex novo pathway and b-oxidation).

Review Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/1
1/

20
26

 1
0:

50
:3

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
platforms and sophisticated expression control systems,
collectively enabling rational redirection of carbon ux toward
target products.56
Fig. 4 Volatile fatty acids metabolic pathways.

© 2026 The Author(s). Published by the Royal Society of Chemistry
The establishment of CRISPR/Cas9 systems for Y. lipolytica—
exemplied by the EasyCloneYALI and pCAS1yl platforms—has
revolutionized strain construction through unprecedented
Sustainable Food Technol.
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Fig. 5 Glucose and glycerol metabolic pathways.
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editing efficiency and versatility.109 These systems leverage
direct tRNA-sgRNA fusions to enhance guide RNA processing,
enabling precise gene disruptions, integrations, and multi-
plexed modications.

Marker-free gene deletions constitute a primary application,
utilizing gRNA-assisted homologous recombination to elimi-
nate competing pathways without residual selection markers.
Critical deletions include: (a) Yl4HPPD: eliminates pyomelanin
formation, enhancing precursor availability for aromatic
compound synthesis;118 (b) b-glucosidases (YALI1_B18845g,
YALI1_B18887g): prevents betanin degradation, supporting
high-titer food colorant production (1271 mg L−1);55 (c) SDH5:
blocks succinate oxidation, diverting TCA ux toward succinic
acid accumulation (13-fold titer improvement);55,114 (d) PEX10/
MFE1/POT1: disrupts peroxisomal b-oxidation, forcing fatty
acyl-CoA accumulation for lipid or terpenoid production;119 (e)
PHD1: Inactivates 2-methylcitrate dehydratase, sensitizing cells
to propionic acid while redirecting carbon toward odd-chain
fatty acid synthesis.120
Sustainable Food Technol.
Pathway integration and optimization exploits specic
docking platforms (pBR322, AXP, POX4 locus) for stable
genomic insertion of heterologous biosynthetic operons. The
combinatorial assembly of betanin biosynthesis enzymes
(MjDOD, EvTYH, BvSGT2) with multiple copy integration
exemplies this approach, achieving record product titers.97

Similarly, carotenoid cleavage dioxygenase integration at the
POX4 locus enabled efficient b-ionone production from organic
waste hydrolysates.82

Feedback-resistant allele introduction addresses metabolic
bottlenecks through incorporation of deregulated enzyme
variants. The shikimate pathway enzymes YlARO4K221L and
YlARO7G141S, which are insensitive to aromatic amino acid
feedback inhibition, substantially enhance ux toward tyrosine-
derived products when combined with appropriate pathway
deletions.54

Fine-tuned gene expression regulation through promoter
engineering enables metabolic pathway optimization without
fundamental genomic reconguration. Y. lipolytica benets
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Engineering tools and functions

Tool Type Details References

Adaptive Laboratory Evolution (ALE) Evolutionary engineering Cultivating strains under selective
pressure over long periods to
naturally evolve tolerance and
enhanced utilization of complex
industrial wastes (e.g., cocoa fatty
acid distillate) without targeted
genetic modication

113

Targeted gene deletion/knockout Genetic engineering Inactivating specic native
pathways (e.g., deleting POX genes
to block b-oxidation) to prevent the
degradation of accumulated lipids
or to redirect carbon ux toward
organic acids like succinic acid

55, 109, 114 and 115

Heterologous pathway assembly Synthetic biology Introducing and expressing non-
native genes to enable the host to
synthesize novel, high-value
compounds such as b-ionone
aroma, pyomelanin, or odd-chain
fatty acids from organic residues

109

Microbial co-cultivation Bioprocessing Utilizing mixed cultures of different
Y. lipolytica strains to synergistically
enhance the bioconversion of mixed
agro-industrial by-products into
complex metabolites like 2-
phenylethanol

116

Computational metabolic modeling In silico/computational Using computational algorithms to
predict rational metabolic pathway
designs, balance redox cofactors,
and optimize precursor supply
before physical strain construction
begins

117
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from a diverse promoter repertoire spanning constitutive,
inducible, and hybrid architectures.56

Strong constitutive promoters drive high-level heterologous
expression: (a) hp4d: hybrid promoter carrying four UAS1B
elements derived from XPR2; exhibits robust activity without
carbon source repression, widely deployed for terpenoid and
lipid pathway engineering. (b) PTEF/PTEF1: translation elon-
gation factor promoter providing reliable constitutive expres-
sion. (c) PGPD2: glycerol-3-phosphate dehydrogenase promoter
effective for phospholipid pathway engineering.56

Inducible and condition-responsive promoters enable
dynamic metabolic control: (a) POT1 promoter: oleic acid-
inducible system facilitating oxygen-responsive SDH2 regula-
tion for succinic acid production enhancement (4.5-fold
improvement).55 (b) synthetic 4UASpTEF: customized hybrid
architecture for optimized expression strength.

Translational optimization complements transcriptional
control through codon adaptation to Y. lipolytica usage prefer-
ences and Kozak sequence incorporation. These modications
have achieved 3.6-fold expression enhancement for PHA syn-
thase and substantial improvements for bacterial genes
including tNDPS1 and ldhA.121

Multi-copy integration strategies exploit defective marker
systems (ura3d4) and resistance cassettes (LEU, hygromycin) for
gene dosage amplication. The pINA1292 vector enables copy
© 2026 The Author(s). Published by the Royal Society of Chemistry
number variation through defective URA3 selection, with seven-
fold copy number increases correlating with proportional titer
improvements for polyhydroxyalkanoate production.56

The most impactful engineering outcomes emerge from
coordinated application of multiple tools. The ‘push–pull’
strategy for a-bisabolene production exemplies this integra-
tion: ‘push’ mechanisms overexpress rate-limiting mevalonate
pathway genes (HMG1, ABC-G1 transporter) to enhance
precursor supply, while ‘pull’ mechanisms expand lipid droplet
storage capacity through DGA1 and OLE1 overexpression,
creating intracellular reservoirs for lipophilic product accumu-
lation. This synthetic biology approach achieved the highest
reported a-bisabolene production in Y. lipolytica.1

3.2.3. Adaptive laboratory evolution (ALE): improving yeast
tolerance to inhibitors found in food waste. Food waste
hydrolysates present challenging chemical environments con-
taining organic acids, phenolic compounds, furan derivatives,
and variable ionic strength. ALE has emerged as a powerful
complementary strategy to rational engineering, selecting for
phenotypes that withstand these inhibitory conditions while
maintaining productive metabolism.55

Low-pH tolerance evolution addresses the economic burden
of neutralizing agent addition during organic acid production.
The evolutionary trajectory from PGC01003 through PSA02004
to PSA3.0 demonstrates progressive adaptation through
Sustainable Food Technol.
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repeated batch fermentation in an in situ brous bed bioreactor
(isFBB) under gradually decreasing pH. Selection at pH 3.0
yielded a strain exhibiting 4.8-fold increased succinic acid titer
under acidic conditions, abolished acetate production through
pyruvate decarboxylase and aldehyde dehydrogenase down-
regulation, 43% reduction in NaOH consumption, stable
phenotype maintenance without genetic dri.55

Glucose metabolism restoration in SDH-decient back-
grounds illustrates ALE's capacity to resolve engineered meta-
bolic deciencies. Immobilized-cell adaptive evolution using
absorbent cotton matrices enabled 14 transfers over 21 days,
increasing glucose consumption rates from 0.07 to 0.30 g L−1

h−1. The evolved strain PSA02004 achieved 87.9 g L−1 succinic
acid from food waste hydrolysate with 85% of theoretical yield—
2.3-fold higher productivity than the parental strain.122

Lipid production enhancement from inhibitory feedstocks
has been demonstrated through extended cultivation protocols.
Strain EVO1, derived from 79 passages on cocoa fatty acid
distillate containing growth-inhibitory caffeine (5% w/w),
exhibited >2-fold higher biomass and 3–4-fold increased lipid
titers (2.3 vs. 0.5 g L−1). Transcriptomic characterization
revealed metabolic rewiring: b-oxidation genes (POX2, POX3,
POT1) and intracellular lipases were downregulated at early
growth phases, while extracellular lipases (LIP2, LIP8) and fatty
acid activation genes (AAL9, FAA1) were upregulated—suggest-
ing enhanced exogenous lipid uptake and reduced
catabolism.113

Pre-adapted environmental isolates frequently outperform
laboratory-evolved strains, highlighting the efficacy of natural
selection in harsh waste environments. The V1 strain of Pichia
kudriavzevii—isolated from matured vinasse—exemplies this
principle with growth capacity at pH 2.0 and 45 °C, achieving
saturated OD values 2.6-fold higher than engineered Y. lipolytica
mutants on identical media. Whole-genome sequencing
revealed SNP enrichment in lipid metabolism genes (TAG
lipases, fatty acid elongases), indicating evolutionary adapta-
tion to stringent conditions.113

Y. lipolytica strain A-10, recovered from oil-contaminated
soil, demonstrates robust growth on raw rapeseed oil and
crude glycerol without prior laboratory evolution.123 Similarly,
marine-derived halotolerant strains tolerate up to 11% NaCl
while maintaining high lipase activity. These observations
suggest that environmental reservoirs harbor substantial
untapped genetic diversity for bioprocess applications.123

While formal ALE protocols remain underrepresented in the
literature, studies document adaptive mechanisms that mirror
evolutionary outcomes:

Membrane remodeling constitutes a primary tolerance
strategy. Fed-batch cultures with molasses hydrolysate induce
ergosterol production up to 60.16 mg g−1 oil, enhancing
membrane uidity and osmotic stress resistance.124 Ole1p-
mediated unsaturated fatty acid enrichment similarly
improves weak acid and alcohol tolerance.

C : N ratio manipulation alleviates short-chain fatty acid
inhibition through metabolic mode switching. Low C : N ratios
(∼80 : 1) prioritize nitrogen assimilation toward growth, while
high C : N conditions (>200 : 1) divert carbon to lipid storage—
Sustainable Food Technol.
demonstrating metabolic exibility that could be selected and
enhanced through directed evolution.125

Nutrient limitation adaptation reveals unexpected evolu-
tionary trajectories. Phosphate limitation (0 g L−1 KH2PO4)
proved superior to nitrogen limitation for SCFA-derived lipid
production, achieving 0.30 g g−1 yields—2.3-fold higher than
phosphate-replete conditions. This suggests phosphate starva-
tion activates evolutionary conserved stress responses that
rewire metabolism toward carbon storage.126

Process-parameter optimization can impose selective pres-
sure analogous to ALE. Controlled oxygen transfer coefficient
(kLa 16 h−1) maximized lipase activity (12 000 U per L) and lipid
accumulation (48% w/w) from WCO, while excessive aeration
(93 h−1) induced oxidative stress and protease release. This
oxygen sensitivity indicates potential for evolution under redox
stress.127

Explicit ALE protocols for Y. lipolytica remain limited
compared to bacterial and S. cerevisiae systems. Priority targets
include lignocellulosic inhibitor tolerance: systematic evolution
against furfural, 5-hydroxymethylfurfural (5-HMF), and
phenolic compounds prevalent in pretreated biomass hydroly-
sates; high substrate concentration robustness: progressive
adaptation to undiluted food waste hydrolysates exceeding
200 g L−1 glucose equivalents; co-culture compatibility: evolu-
tion for stable performance in synthetic consortia with bacteria
for integrated food waste bioconversion.128

The combination of natural isolation, rational engineering,
and directed evolution offers a powerful tripartite strategy for
developing industrial biocatalysts capable of thriving in the
complex, variable environments characteristic of food waste
valorization processes.

3.2.4. Accelerating bioprocess design for Y. lipolytica
through AI. The heterogeneous composition of food waste and
the complex metabolic regulation of Y. lipolytica pose signi-
cant challenges for conventional metabolic engineering strate-
gies.129 Traditional approaches oen rely on iterative design–
build–test cycles, which can be time-consuming when opti-
mising multiple genetic and process parameters
simultaneously.

In recent years, articial intelligence (AI) and machine
learning (ML) have emerged as powerful tools to accelerate
strain engineering, pathway design, and bioprocess
optimization.130

By integrating large-scale biological datasets with predictive
algorithms, AI-driven strategies enable more efficient identi-
cation of metabolic targets, improved enzyme engineering, and
real-time optimisation of fermentation processes. These
approaches offer promising opportunities to enhance the effi-
ciency and scalability of Y. lipolytica-based food waste valor-
isation systems (Fig. 6).

3.2.4.1. AI-assisted enzyme and strain engineering. To effec-
tively break down complex polymers found in food waste, such
as proteins and fat, Y. lipolytica oen requires expression of
heterologous enzymes.131 For traditional protein engineering,
methods like directed evolution are widely used for selection of
enzymes with optimal affinity and stability.132 However, these
methods oen require extensive screening and multiple rounds
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 AI-integrated metabolic engineering transforms Y. lipolytica development from traditional trial-and-error to a predictive framework. By
employing CNNs for genomic part optimization and ANNs as soft sensors for real-time monitoring of latent variables, this approach maximizes
metabolic flux and production titers. Furthermore, the implementation of RL for dynamic environmental control significantly reduces scale-up
challenges, effectively bridging the gap between laboratory-scale research and industrial-scale food waste valorization.
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of mutagenesis, which highlights the potential value of AI-
assisted approaches.

Recent advances in machine learning (ML) have enabled the
prediction of enzyme structure–function relationships, thereby
accelerating protein engineering efforts. Within the deep
learning (DL) framework, convolutional neural networks
(CNNs) are widely used architectures that process spatial and
structural data.133 CNNs are able to recognize local patterns and
hierarchical features, which allows CNNs to predict the impact
of mutations.134 These predictive tools allow researchers to
prioritise promising mutations before experimental validation,
signicantly reducing the experimental search space.

In Y. lipolytica, ML approaches have been applied to improve
heterologous protein secretion. For example, machine learning
has been applied to design N-terminal signal peptides in Y.
lipolytica, which play an important role in directing heterolo-
gous proteins to different secretory pathways.135 Through inte-
gration of directed evolution and ML, researchers achieved
approximately a 2.9-fold increase in secretion titers for enzymes
© 2026 The Author(s). Published by the Royal Society of Chemistry
such as PET hydroxylase and alpha-amylase.135 These results
highlight the potential of AI-assisted protein engineering to
accelerate the development of efficient enzymatic systems for
bioconversion of food waste.

3.2.4.2. AI-guided metabolic modelling and pathway optimi-
sation. In Y. lipolytica, AI-guided metabolic modelling has the
potential to transform bioprocess design from traditional ‘trial-
and-error’ engineering to more predictive AI frameworks. These
methodologies systematically address the yeast's complex
metabolic architecture to maximise the production of high-
value compounds from food waste.

Genome-scale metabolic models (GEMs), such as iNL895
and iYali21, provide the mathematical scaffolding for simu-
lating Y. lipolytica metabolism.136 AI can enhance these models
by integrating with historical data and ML algorithms. In one
study, a model trained on data frommore than 100 publications
predicted the production titers of various compounds in Y.
lipolytica. The model achieved an R2 of 0.87 for predicting titer
more than 1 g L−1.137
Sustainable Food Technol.
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The integration of AI with multi-omics data also has the
potential to revolutionize the metabolic engineering in Y. lip-
olytica by enabling the training of predictive models using high-
dimensional biological datasets. Since the data of multi-omics
data are high-dimensional and oen non-linear, traditional
statistical methods may struggle to extract meaningful rela-
tionships.138 AI approaches, particularly DL models, are capable
of identifying hidden patterns across multiple biological
layers.139

3.2.4.3. AI-enabled fermentation monitoring and process opti-
misation. The transition from lab-scale production to industrial
production can oen lead to problems because lab-scale shake
asks oen fail to translate to large-scale bioreactors. Conse-
quently, real-time monitoring and control of the fermentation
process are critical in the translation process. However, some
important indicators such as dry cell weight (DCW), substrate
concentration and lipid accumulation remain analytically
challenging during fermentation.

To address these limitations, so sensors driven by Articial
Neural Networks (ANN) have been implemented to estimate
these variables. These models utilise real-time data, including
fermentation duration, dissolved oxygen (DO) concentration,
glucose levels, and pH, to predict complex parameters that are
difficult to monitor.140 Furthermore, Reinforcement Learning
(RL) agents can be employed for the dynamic regulation of
critical process parameters. RL-based control strategies can
potentially adjust parameters such as nutrient feeding strate-
gies and environmental conditions during fermentation based
on historical process data.141 Such data-driven control strategies
may help improve process robustness and reduce batch vari-
ability during large-scale fermentation by roughly 60%.142

3.2.4.4. Challenges and technical barriers. Although AI-
driven approaches offer distinct competitive advantages over
conventional methodologies (Fig. 7), their practical imple-
mentation remains constrained by several technical challenges.
High-precision model training relies on the availability of large
volumes of standardised, high-quality data sets which remains
notably sparse within the biomanufacturing sector.143 Addi-
tionally, complex architectures like deep neural networks oen
suffer from a lack of interpretability, effectively operating as
‘black boxes’ models.144 Future research should therefore focus
on integrating interpretable AI approaches with high-quality
biological datasets to improve the reliability and biological
insight of AI-driven metabolic engineering strategies. Conse-
quently, despite the signicant promise of AI in metabolic
engineering, its practical application has not yet been exten-
sively utilised in Y. lipolytica.
3.3. Value-added products and sustainability contributions

3.3.1. Advanced bioconversion of food waste into bulk
metabolites. The technical integration of selective enzymatic
hydrolysis with Y. lipolytica fermentation constitutes a sophis-
ticated ‘Waste-to-Value’ pipeline central to the modern circular
bioeconomy (Table 5). Unlike traditional chemical catalysis,
enzymatic liquefaction using optimized amylase, glucoamylase,
and lipase cocktails operates under mild thermodynamic
Sustainable Food Technol.
conditions (50–60 °C). This approach preserves the biochemical
integrity of the feedstock while liberating high titers of
fermentable sugars—reaching concentrations as high as 204.2 g
L−1 from heterogeneous kitchen waste.83,145

Y. lipolytica is uniquely suited for the primary valorization of
these streams due to its exceptional metabolic plasticity and
‘Generally Recognized as Safe’ (GRAS) status.146 Its robust sec-
retome, characterized by high-activity extracellular lipases (up
to 257.3 U per g DCW) and proteases, allows it to thrive in the
complex, non-sterile nutrient environments of food waste
hydrolysates.83,108,147 The yeast's ability to simultaneously
assimilate hydrophilic substrates (glucose, glycerol, and organic
acids) and hydrophobic compounds (long-chain fatty acids and
triacylglycerols) is facilitated by a specialized expansion of the
CYP52 cytochrome P450 family.94,148 This dual-trophic capability
is particularly relevant for valorizing oil-rich kitchen leovers,
where starch-derived glucose and lipid-derived glycerol can be
co-fermented to maximize total carbon recovery.78,94

Strategic process control—specically nitrogen limitation
and pH modulation—allows for the precise partitioning of
carbon ux toward desired bulk metabolic outputs.149,150 Under
nitrogen-limiting conditions at neutral pH, the citrate shuttle is
activated, enabling Y. lipolytica to accumulate single-cell oils
exceeding 50% of its dry cell weight or to secrete citric acid at
concentrations surpassing 100 g L−1.151–153 Furthermore, engi-
neered strains have demonstrated the capacity to produce
dicarboxylic acids, such as succinic acid, at titers of 140.6 g L−1,
providing renewable precursors for the polymer sector.154

Beyond these bulk acids, the platform effectively synthesizes
high-value terpenoids and pigments, such as b-ionone, from
crude waste streams.82 Finally, the residual yeast biomass,
characterized by a balanced amino acid prole and high protein
content (up to 57.9%), serves as a nutrient-dense single-cell
protein for the aquaculture and livestock sectors, ensuring
a zero-waste bioprocessing loop.49,155

3.3.2. Y. lipolytica-driven synthesis of specialized polyols
and rare sugars. While the previous section detailed the
conversion of food waste into bulk lipids and acids, the unique
metabolic architecture of Y. lipolytica allows for a secondary,
more sophisticated valorization of food waste-derived carbo-
hydrates into a suite of high-value polyols and rare sugars.56 Its
efficient pentose phosphate pathway (PPP) and native reductase
activities make it an ideal chassis for transforming the glucose
and xylose fractions of food waste into erythritol, mannitol, and
D-threitol.156,157

The primary stage of this specialized process involves the
assimilation of food waste hydrolysates under conditions where
Y. lipolytica exhibits high tolerance to inhibitory compounds
like furfural.158 By directing carbon ux from waste-derived
glucose toward the erythrose-4-phosphate intermediate, high
titers of erythritol are achieved.159,160 Furthermore, the synthesis
of specialized polyols like D-threitol has been achieved by
leveraging the yeast's native metabolism, effectively turning
a low-value waste stream into a functional food ingredient
valued for its low-caloric properties and high stability.161

The valorization potential is further amplied when Y. lip-
olytica is employed as a platform for ‘surface-display’ or
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The radar plot illustrates the distinct trade-offs between AI-integrated and traditional metabolic engineering. AI-driven methodologies
offer significant advantages in predictive accuracy, industrial scalability, and the ability to process complex non-linear biological data. Conversely,
traditional methods remain superior in mechanistic interpretability and pathway discovery, as they rely on well-defined biological principles
rather than the ‘black-box’ nature of deep learning.

Review Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/1
1/

20
26

 1
0:

50
:3

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
‘membrane-associated’ biocatalysis. Building on the character-
ization of membrane-bound enzymes—such as the sorbitol
dehydrogenases identied in recent SJTU studies—engineered
Yarrowia strains can perform regiospecic oxidations of the very
polyols they produce.162,163 For example, once the yeast has
converted food waste into sorbitol or mannitol, membrane-
associated enzymes facilitate the subsequent transformation
into rare sugars like L-xylo-3-hexulose.163

To ensure the economic sustainability of this platform,
advanced enzyme stabilization techniques are critical. The
application of multi-point covalent attachment and the forma-
tion of cross-linked enzyme aggregates (CLEAs) allow the
specic dehydrogenases required for rare sugar synthesis to
maintain activity across multiple batches of food waste hydro-
lysate.164,165 This stability is essential when dealing with the
variable pH and mineral content inherent in municipal organic
waste. Ultimately, moving beyond simple disposal to the
Table 5 Market valuation and representative academic leadership in Y. l

Product category Market price (est. USD per kg) Key scholars

Microbial lipids $1.60–$5.00 Ratledge, C (H
Citric & succinic acids $0.80–$2.50 Rymowicz, W
Erythritol & polyols $3.00–$7.00 Cheng, H (SJT
Rare sugars (e.g. threitol) $50.00–$200.00 Cheng, H (SJT
Single-cell protein $1.00–$2.50 Amaral, P (UF
Flavors (b-ionone) $300.00–$600.00 Stephanopoul

a The metrics of selecting key scholars are H-Index >40, titer record >10
portfolio.

© 2026 The Author(s). Published by the Royal Society of Chemistry
precision-engineering of high-margin nutraceuticals represents
the ‘highest tier’ of the food waste biorenery.

3.3.3. Techno-economic and life cycle perspectives on Y.
lipolytica bioreneries. The transition from a linear ‘take-make-
dispose’ model to a circular bioeconomy requires that food
waste valorization platforms demonstrate not only technical
feasibility but also clear economic viability and environmental
superiority over conventional disposal methods.182,183 For the Y.
lipolytica platform, sustainability is quantied through two
primary lenses: Techno-Economic Analysis (TEA) and Life Cycle
Assessment (LCA) (Table 6). These frameworks evaluate the
‘Waste-to-Value’ pipeline by accounting for the high heteroge-
neity of kitchen waste and the energy-intensive nature of
downstream processing.184

The economic sustainability of Y. lipolytica bioprocessing is
heavily inuenced by the raw material cost and the nal prod-
uct's market value.185,186 Conventional fermentation oen relies
ipolytica-driven bioproductsa
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Table 6 Sustainability and economic metrics for Y. lipolytica-driven food waste valorization

Assessment category Key parameters Benchmarks Sustainability contribution References

Techno-Economic (TEA) Feedstock cost −$40 to −$100 per ton
(tipping fees)

Converts waste liability into
a revenue-generating asset;
offsets OPEX

192 and 193

Lipid MSP $1.60–$2.10 per kg SCO Achieves price parity with
conventional vegetable oils
via waste-to-oil conversion

180 and 194

Internal Rate of Return (IRR) 15–25% Increase Enhanced by multi-product
streams (bulk + specialized
metabolites)

178

Life Cycle (LCA) Global Warming Potential
(GWP)

−0.5 to −1.2 kg CO2-eq per
kg waste

Net negative carbon
footprint by diverting waste
from methane-emitting
landlls

195

Land use efficiency ∼100× reduction vs. palm
oil

Preserves biodiversity (SDG
15) by decoupling oil
production from arable land

173

Energy demand 50–60 °C (enzymatic
hydrolysis)

Lower ‘cradle-to-gate’ energy
compared to thermo-
chemical liquefaction

177

Social & circularity Waste diversion ∼1.3 billion tons (global
scale)

Directly addresses SDG 12.3
(food waste reduction)

196

Resource recovery 25.1–57.9% protein content Provides sustainable Single-
Cell Protein (SCP) for the
aquaculture circular loop

179, 197

Process renement Green chemistry 40% toxicity reduction Transitioning to
supercritical CO2 or bio-
solvents for downstream
processing

177
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on rened glucose, which can account for up to 60–70% of total
operating expenditures (OPEX).186 By utilizing food waste
hydrolysates, the feedstock cost is effectively neutralized or even
turned into a revenue stream via tipping fees, which in
municipal settings can range from $35 to $100 per ton.185

TEA models for single-cell oil production by Y. lipolytica
suggest that at an industrial scale (e.g., 10 000 tons per year), the
minimum selling price of microbial lipids can be reduced to
approximately $2.10 per kg when integrated with waste-derived
nutrients.186 However, the true economic strength of the plat-
form lies in the ‘multi-product biorenery’ approach discussed
in Sections 3.3.1 and 3.3.2. By co-producing bulk citric acid with
high-margin specialized metabolites like D-threitol or L-ergo-
thioneine, the internal rate of return of a facility can increase by
15–25%.97,185,186 The recovery of single-cell protein from the
residual yeast biomass further offsets costs, providing
a balanced amino acid prole for the animal feed market at
a competitive price point of $1200 per ton, thereby closing the
economic loop.84,186

From an environmental perspective, the primary contribu-
tion of the Y. lipolytica platform is the signicant reduction in
Global Warming Potential (GWP) compared to landlling or
incineration.187 Landlling food waste is a major source of
anthropogenic methane (CH4), a greenhouse gas with a warm-
ing potential 25 times greater than CO2.84 LCA studies indicate
that diverted food waste utilized for yeast fermentation results
in a net negative carbon footprint, oen displacing 0.5 to 1.2 kg
CO2-equivalent per kg of waste processed.184,187
Sustainable Food Technol.
A critical parameter in these LCAs is the energy efficiency of
the enzymatic hydrolysis stage. As highlighted in Section 3.1,
operating at mild temperatures (50–60 °C) signicantly reduces
the ‘cradle-to-gate’ energy demand compared to thermo-
chemical liquefaction.83 Furthermore, when compared to
traditional vegetable oil production (e.g., palm oil), microbial
SCO produced from waste by Y. lipolytica circumvents the
environmental costs of land-use change and deforestation.188,189

Quantiable data shows that microbial oil production requires
roughly 100 times less land area than palm oil for the same
yield, directly contributing to the United Nations Sustainable
Development Goal (SDG) 15: Life on Land.186,188,190

Despite the metabolic advantages, the sustainability of the
process is oen challenged by the energy requirements of
downstream recovery.191 Intracellular products like lipids and
certain polyols require cell disruption (e.g., high-pressure
homogenization or bead milling) and solvent extraction.
Current research into ‘green solvents’ and the use of the yeast's
native secretome to facilitate autolysis is critical.186 LCA data
suggests that shiing from hexane-based extraction to super-
critical CO2 or bio-based solvents can reduce the environmental
toxicity index of the process by up to 40%.191

The integration of enzymatic hydrolysis and Y. lipolytica
fermentation serves as a multi-valent tool for sustainable
development: (a) SDG 12 (responsible consumption and
production): by transforming 1.3 billion tons of annual global
food loss into industrial precursors, the platform exemplies
target 12.3 (reducing food waste);97,183 (b) SDG 9 (industry,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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innovation, and infrastructure): the development of high-
stability biocatalysts, such as the multi-point immobilized
enzymes discussed in our research, provides a blueprint for
resilient and sustainable industrialization;145,164 and (c) SDG 13
(climate action): the displacement of petroleum-based succinic
acid and palm-based lipids provides a low-carbon alternative for
the chemical and food industries.150,188

In conclusion, the sustainability of the Y. lipolytica food
waste biorenery is rooted in its ability to decouple industrial
growth from resource depletion. While the TEA conrms that
high-value specialized metabolites are necessary to ensure
nancial self-sufficiency, the LCA conrms that the platform is
a vital strategy for mitigating the environmental impact of
municipal organic waste. Future developments in integrated
‘one-pot’ hydrolysis and fermentation will likely further opti-
mize these parameters, solidifying the role of non-conventional
yeasts in a zero-waste future.
3.4. Key limitations and sustainability bottlenecks

Transitioning the oleaginous yeast Y. lipolytica from laboratory-
scale experiments to industrial bioreneries represents
a cornerstone of the modern circular bioeconomy. While this
versatile microorganism excels at converting diverse, low-cost
waste streams into high-value bioproducts like lipids, organic
acids, and specialty chemicals, realizing its full commercial
potential requires overcoming signicant hurdles. Looking
further to the intricate dynamics of process scale-up, metabolic
engineering, and substrate toxicity, we can better understand
the current frontier of this research area and the innovative
strategies being developed to push it forward.

3.4.1. Substrate toxicity and pretreatment dilemmas.
Utilizing complex industrial and agricultural waste—such as
crude glycerol, olive mill wastewater, or anaerobically digested
food waste—is environmentally ideal but chemically treach-
erous. These substrates are oen laden with microbial inhibi-
tors, heavy metals, and high salinity. For instance, pretreatment
methods like hydrothermal carbonization or steam explosion
are frequently necessary to solubilize solid matrices like spent
coffee grounds or cocoa fatty acid distillates. However, these
harsh interventions inadvertently generate potent microbial
inhibitors such as furfurals and Maillard reaction products,
which severely stunt yeast growth.49,198

Furthermore, some inhibitory compounds directly inhibit
enzymes involved in the synthesis of products of interest,
thereby reducing the ux through the pathway and ultimately
lowering productivity. In order for yeast cells to cope with and
respond to these adverse environmental conditions, sophisti-
cated membrane remodeling strategies were applied. Furan
derivatives such as furfural are known to inhibit dehydroge-
nases and elevate reactive oxygen species, while simultaneously
increasing plasma membrane permeability.199 In response, the
engineered yeast strains modify their lipidome by increasing
the saturation of fatty acids and elevating ergosterol levels to
rigidify and stabilize the lipid bilayer.200 Furthermore, inte-
grated phospholipidomics reveals that yeast adjusts the fatty-
acyl-chain length of phosphatidylcholine and
© 2026 The Author(s). Published by the Royal Society of Chemistry
phosphatidylinositol as a compensatory mechanism to coun-
teract the uidizing effects of these inhibitors.201,202

Beyond physical pretreatments, the biological breakdown of
waste introduces its own chemical hurdles. Anaerobically di-
gested wastes provide abundant VFAs, but their toxicity to the
yeast is highly dependent on the specic acid prole. While
acetic acid is easily assimilated, higher-chain acids like pro-
pionic and butyric acids severely inhibit cellular replication.
This delicate dynamic necessitates strict alkaline pH control or
complex two-stage feeding strategies to maintain cell
viability.203,204 Furthermore, utilizing seawater or sh processing
brine to offset freshwater usage introduces extreme osmotic
stress.205 This triggers the high osmolarity glycerol (HOG)
signaling pathway, which facilitates the intracellular accumu-
lation of glycerol to balance osmotic pressure.206 Structurally,
yeast adapts to high salinity by increasing the concentration of
complex sphingolipids and very-long-chain fatty acids, which
promotes a thicker and less permeable membrane barrier.207

Additionally, the yeast remodels its membrane by increasing
the concentration of complex sphingolipids and adjusting the
unsaturated/saturated fatty acid (UFA/SFA) ratio to prevent
potential-induced depolarization and cellular collapse.208 These
multifaceted adaptations are supported by its superior lipid-
synthetic machinery underscore the resilience of Y. lipolytica
in converting toxic food waste streams into high-value
bioproducts.

3.4.2. Metabolic burden and genetic instability. In the
realm of metabolic engineering, Y. lipolytica has been success-
fully rewired to synthesize complex, non-native molecules
ranging from a-bisabolene to odd-chain fatty acids (OCFAs).
However, this extensive genetic manipulation comes at a steep
biological cost. When the yeast is engineered to accumulate
high-value volatile compounds or medium-chain-length poly-
hydroxyalkanoates (PHAs), the target products oen prove toxic
to the host cell itself. This phenomenon, known as product
toxicity, damages the cell membrane and disrupts native
metabolic uxes, creating a frustrating paradox where pushing
for higher industrial yields directly leads to premature cell
death.85,209

Compounding this issue is the impairment of primary
metabolism. Extensive genetic modications designed to over-
produce specic biochemicals can unintentionally cripple the
yeast's native ability to metabolize primary carbon sources like
glucose. This massive metabolic burden leads to sluggish
growth rates and reduced overall cellular tness. Consequently,
researchers frequently have to perform secondary rounds of
engineering simply to restore basic metabolic functions,
a requirement that adds immense complexity and time to the
strain development pipeline.122

3.4.3. Scale-up constraints and bioreactor dynamics.
Moving from a controlled laboratory ask to a massive indus-
trial bioreactor amplies physical constraints, particularly
concerning mass transfer and oxygen solubility. Valorizing
dense or hydrophobic substrates, such as solid soybean okara
or waste cooking oil, creates a highly viscous fermentation
broth. This viscosity severely limits oxygen availability, which is
Sustainable Food Technol.
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an absolute critical requirement for this obligate aerobe to
efficiently accumulate lipids or secrete organic acids.210

Furthermore, inducing the yeast to accumulate these valu-
able lipids requires delicate and precise nutrient starvation.
While nitrogen limitation is the traditional trigger, recent
ndings emphasize the equally critical role of phosphate limi-
tation. Balancing these dual starvation parameters in hetero-
geneous, nutrient-rich waste streams demands highly
sophisticated, real-time bioreactor controls. If phosphate star-
vation is applied too early or too severely, it completely halts
cellular replication, making industrial-scale optimization an
incredibly delicate balancing act.126
3.5. Strategies to enhance sustainability and future
opportunities

The transition of Y. lipolytica from a laboratory-scale model to
an industrial cornerstone of the circular bioeconomy necessi-
tates a shi from simplied batch fermentations to integrated,
multi-stage bioprocesses.182,211 The inherent heterogeneity of
food waste presents signicant rheological and metabolic
challenges; however, as evidenced by recent advancements,
these obstacles provide unique opportunities for engineering
biological and mechanical synergies that enhance both techno-
economic viability and environmental sustainability.145,212

A primary strategy for enhancing sustainability involves the
transition toward consolidated bioprocessing (CBP) and
synthetic microbial consortia.76,213 Current limitations in food
waste valorization oen stem from the metabolic specialization
of single strains. Future opportunities lie in the design of
mutualistic microbial communities—for instance, pairing
recombinant Y. lipolytica with cellulolytic or amylolytic species
like Bacillus amyloliquefaciens.214 Such systems facilitate the
simultaneous liquefaction of complex polysaccharides and the
conversion of liberated monomers into high-value fatty acids
and lipopeptides, effectively reducing the energy footprint
associated with external enzyme supplementation.

Furthermore, the integration of ‘inter-kingdom’ synergies
represents a frontier in sustainable waste management. The
pairing of Y. lipolytica fermentation with Black Soldier Fly (BSF)
larvae rearing offers a compelling solution to the energy-
intensive hurdle of downstream biomass recovery.74 By
utilizing the yeast to pre-digest complex lipids and enrich the
waste stream with high-quality microbial protein, the bioavail-
ability of the substrate for BSF larvae is signicantly enhanced.74

This integrated approach bypasses conventional, carbon-heavy
separation techniques like high-speed centrifugation, as the
larvae act as biological ‘harvesters’ that convert yeast-enriched
waste into high-value insect protein and chitin.74,215

On a molecular level, future sustainability is tethered to the
advancement of CRISPR-Cas9 and other high-efficiency genetic
toolkits to broaden the substrate range of Y. lipolytica.19,216

Engineering strains capable of ‘co-utilization’ (the simulta-
neous consumption of glucose, xylose, and volatile fatty acids) is
essential to minimize residual carbon in the effluent and
improve overall process yields.19,216,217 Moreover, the develop-
ment of robust, ‘inhibitor-tolerant’ phenotypes will reduce the
Sustainable Food Technol.
need for intensive detoxifying pretreatments, which are
currently a major driver of GWP (Global Warming Potential) in
biorenery life cycles.156,158

Finally, the future of Y. lipolytica sustainability lies in the
‘Multi-Product Biorenery’ concept.185 Rather than targeting
a single metabolite, future facilities must be designed to frac-
tionate the fermentation broth into a portfolio of products—
ranging from bulk biofuels and organic acids to high-tier
specialized nutraceuticals.97,145,185 By maximizing the value
extracted from every kilogram of food waste, the economic
‘tipping point’ for sustainable biomanufacturing can be
reached.186,218 This holistic approach, blending advanced
genetic engineering with creative bioprocess integration,
ensures that Y. lipolytica will fulll its potential as a primary
engine for environmental remediation and sustainable resource
recovery.
4. Conclusions and future strategic
perspectives

This review has systematically synthesized the multifaceted
potential of Y. lipolytica in the valorization of food waste. While
laboratory-scale successes in producing lipids, organic acids,
and functional metabolites are well-documented, the eld must
now transcend iterative strain engineering to embrace a more
holistic, systems-level integration for industrial viability.

To address the chronic challenge of feedstock variability that
plagues industrial bioprocessing, future research should move
beyond static genetic interventions. Digital-twin-enabled bi-
oprocess control would be the cornerstone of this transi-
tion.219,220 By integrating dynamic metabolic models with real-
time fermentation telemetry, the system can autonomously
reconcile metabolic ux in response to compositional uctua-
tions, thereby ensuring the batch-to-batch consistency essential
for large-scale operations.

From a macro-logistical perspective, the inherent perish-
ability and high transport costs of food waste suggest that
modular and decentralized biorenery units offer signicant
strategic advantages over centralized facilities. This ‘in-situ
valorization’ model facilitates a shorter carbon footprint and
aligns more closely with the circular economy's requirement for
localized resource recovery, enhancing the overall resilience of
the supply chain.

Furthermore, to bolster economic competitiveness, the
strategic focus must shi from single-product outputs toward
cascading, multi-stream valorization architectures. A ‘zero-
waste’ renery that sequentially recovers high-value proteins,
converts residual fractions into specialized lipids via Y. lip-
olytica, and ultimately upgrades biomass into biochar, will
fundamentally redene the TEA of microbial waste
management.

In conclusion, Y. lipolytica should not be viewed merely as
a waste-mitigation tool, but as a central hub for high-value bi-
omanufacturing. By bridging the gap between synthetic biology,
process engineering, and socio-economic assessments, this
yeast platform is poised to spearhead the transformation of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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food waste from an environmental liability into a strategic asset,
driving the global transition toward a carbon-neutral
bioeconomy.
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H. Zhang and X. Yuan, Green Chem., 2024, 26, 1790–1805.

2 P. K. Sarangi, P. Pal, A. K. Singh, U. K. Sahoo and P. Prus,
Resources, 2024, 13, 164.

3 M. S. Mia, M. M. Ahmed and W. Zzaman, Discover Food,
2025, 5, 275.

4 Y. M. Wang, Z. W. Yuan and Y. Tang, Resour., Environ.
Sustainability, 2021, 4, 100023.

5 I. Berzina and K. Spalvins, Environ. Clim. Technol., 2023, 27,
639–653.

6 P. Torabi, N. Hamdami, N. Soltanizadeh, O. Farhadian and
A. Le-Bail, Cleaner Mater., 2024, 13, 100269.

7 X. Zhang, Q. Qin, X. Sun and W. Wang, Front. Nutr., 2022, 9,
986705.

8 G. Wu, J. W. R. Chong, K. S. Khoo, D. Y. Y. Tang and
P. L. Show, Biotechnol. Biofuels Bioprod., 2025, 18, 74.

9 J. d. V. Moreira, PhD thesis, Université Paris-Saclay, 2019.
10 A. Soni, S. Patil, A. Ghosalkar, S. Nandi and P. Kumbhar, J.

Pure Appl. Microbiol., 2024, 18, 2095–2112.
11 C. Li, K. L. Ong, Z. Cui, Z. Sang, X. Li, R. D. Patria, Q. Qi,

P. Fickers, J. Yan and C. S. K. Lin, J. Hazard. Mater., 2021,
401, 123414.

12 C. M. Bauer, C. Schmitz and M. F. Landell, Biotechnol. Res.
Innovation, 2022, 6, e2022001.
© 2026 The Author(s). Published by the Royal Society of Chemistry
13 M. Kavscek, G. Bhutada, T. Madl and K. Natter, BMC Syst.
Biol., 2015, 9, 72.

14 D. Xie, E. N. Jackson and Q. Zhu, Appl. Microbiol.
Biotechnol., 2015, 99, 1599–1610.

15 A. F. Abdala, A. P. Gallardo, L. G. Olvera and E. M. Silva,
Bioresour. Bioprocess., 2017, 4, 5.

16 J. Cescut, B. Portelli and C. Molina-Jouve, Presented in Part
at the European Congress of Chemical Engineering - ECCE
2015, Nice, France, 2015.

17 W. Sabra, R. R. Bommareddy, G. Maheshwari,
S. Papanikolaou and A. P. Zeng, Microb. Cell Fact., 2017,
16, 78.

18 C. Holkenbrink, J. Beder and M. I. Dam, Presented in Part at
the Metabolic Engineering 11, Awaj, Japan, 2016.

19 T. Q. Shi, H. Huang, E. J. Kerkhoven and X. J. Ji, Appl.
Microbiol. Biotechnol., 2018, 102, 9541–9548.

20 J. Dahlin, PhD thesis, Technical University of Denmark,
2020.

21 A. Tsirigka, E. Theodosiou, S. I. Patsios, A. Tsoureki,
A. Andreadelli, E. Papa, A. Aggeli, A. J. Karabelas and
A. M. Makris, Microb. Cell Fact., 2023, 22, 62.

22 M. E. Jach, T. Baj, M. Juda, R. Swider, B. Mickowska and
A. Malm, AMB Express, 2020, 10, 35.

23 D. Jobson, G. G. Karunasena, N. Nabi, D. Pearson and
E. Dunstan, Sustainability, 2024, 16, 1963.

24 Z. Wang, X. Li, Y. Li, H. Liu, C. S. Ki Lin, J. Sun and Q.Wang,
Environ. Pollut., 2024, 361, 124901.

25 M. J. Page, J. E. McKenzie, P. M. Bossuyt, I. Boutron,
T. C. Hoffmann, C. D. Mulrow, L. Shamseer, J. M. Tetzlaff,
E. A. Akl and S. E. Brennan, Br. Med. J., 2021, 372.

26 Z. Y. Liu, T. S. P. de Souza, B. Holland, F. Dunshea,
C. Barrow and H. A. R. Suleria, Processes, 2023, 11, 840.

27 R. Kumari, A. Singh, R. Sharma and P. Malaviya, Environ.
Chem. Lett., 2024, 22, 1759–1790.

28 Z. Wang, X. Li, H. Liu, C. S. K. Lin and Q. Wang, Renewable
Sustainable Energy Rev., 2025, 224, 116086.

29 A. Sarker, R. Ahmmed, S. Ahsan, J. Rana, M. K. Ghosh and
R. Nandi, Sustainable Food Technol., 2024, 2, 48–69.

30 N. Dutta, M. Usman, G. Luo and S. C. Zhang, Sustainable
Chem., 2022, 3, 35–55.

31 J. Chen, X. Ma, M. Liang, Z. Guo, Y. Cai, C. Zhu, Z. Wang,
S. Wang, J. Xu and H. Ying, Waste, 2024, 2, 451–473.

32 C. F. T. Baptista, R. P. Rodrigues and M. J. Quina,
Sustainability, 2024, 16, 4368.

33 A. Singh, P. Prajapati, S. Vyas, V. K. Gaur, R. Sindhu,
P. Binod, V. Kumar, R. R. Singhania, M. K. Awasthi and
Z. Zhang, Bioenergy Res., 2023, 16, 105–122.

34 I. V. Dos Anjos, N. Coelho, H. Duarte, D. N. Proenca,
M. F. Duarte, R. Barros, S. Raposo, S. Goncalves,
A. Romano and B. Medronho, Polymers, 2025, 17, 2251.

35 Y. Y. Yao, Y. Ye, K. Xiong, S. C. Mao, J. W. Jiang, Y. Q. Chen,
X. Li, H. B. Liu, L. C. Liu, B. Cai and S. Song, Foods, 2026, 15,
402.

36 S. Plakantonaki, I. Roussis, D. Bilalis and G. Priniotakis,
Processes, 2023, 11, 1580.
Sustainable Food Technol.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6fb00104a


Sustainable Food Technology Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/1
1/

20
26

 1
0:

50
:3

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
37 R. Venugopalan, A. Negi, P. Balasubramanian, S. Chandra,
S. Paramasivam and J. A. Moses, Curr. Res. Nutr. Food Sci.,
2025, 14.

38 R. C. Ray, S. S. Behera, O. Awogbemi, B. S. Sooch, H. Thatoi,
S. Rath and N. Aguilar-Rivera, AIMS Microbiol., 2025, 11,
462–500.

39 S. Maan, A. Abdelhafez, A. S. Ahmed and E. Hassan, Arab
Univ. J. Agric. Sci., 2022, 30, 43–53.

40 P. Kumar, in Biomass-Based Green Technology for Circular
Economy, CRC Press, Boca Raton, USA, 1st edn, 2025, pp.
278–294.

41 M. Jahangeer, M. U. Rehman, R. Nelofer, M. Nadeem,
B. Munir, W. Smułek, T. Jesionowski and S. A. Qamar,
Top. Catal., 2025, 68, 929–950.

42 M. Pabba, A. M. Shah, M. H. Salim, S. Mettu,
M. M. R. Talukder and S. R. Puniredd, Ind. Eng. Chem.
Res., 2026, 65, 3027–3048.

43 X. Wang, Y. Wang, L. Zuo, S. Guo, P. Song, W. Kong and
B. Shen, Biomass Convers. Bioren., 2025, 15, 75–97.

44 Y. Y. Lee, T. K. Tang, E. S. Chan, E. T. Phuah, O. M. Lai,
C. P. Tan, Y. Wang, N. A. Ab Karim, N. H. Mat Dian and
J. S. Tan, Crit. Rev. Food Sci. Nutr., 2022, 62, 4169–4185.

45 F. Schermer, PhD thesis, University of Regensburg, 2023.
46 Y. Li, H. Zhu, F. Zhou, Y. Zheng, Y. Zhang and Y. Zheng, Sci.

Rep., 2025, 15, 16497.
47 N. O. Ezeh, T. N. T. Nwagu, O. C. Amadi, B. Okolo,

A. Moneke and R. Agu, Biocatal. Agric. Biotechnol., 2023, 47.
48 J. H. Mou, W. Yan, Z. H. Qin, M. A. Haque, Y. H. Miao,

F. X. Xin, X. Wang, P. Fickers and C. S. K. Lin, Chem. Eng.
J., 2024, 481, 148408.

49 W. A. Rasaq, B. Matyjewicz, K. Swiechowski, Z. Lazar,
P. Kupaj, T. Janek, M. Valentin and A. Bialowiec, J.
Cleaner Prod., 2024, 456, 142385.

50 A. Abun, K. Haetami, D. Rusmana and R. F. Ramdhan,
Microbiologyopen, 2025, 14, e70040.

51 B. Zieniuk, M. Woloszynowska, E. Bialecka-Florjanczyk and
A. Fabiszewska, Sustainability, 2020, 12, 1–18.

52 D. Gottardi, M. Ciccone, L. Siroli, R. Lanciotti and
F. Patrignani, Fermentation, 2022, 8, 708.
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