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Abstract

Terpenoids, as a class of natural products with extensive biological activities, hold broad
application prospects in the fields of medicine, food, materials, and energy, with the global
market scale projected to reach USD 10 billion by 2030. Traditional chemical synthesis and
plant extraction methods rely on petroleum and plant resources, suffering from problems
such as environmental pollution, cumbersome procedures, low yields from plant sources,
enantioselectivity, geographical constraints, and competition for resources. Biocatalytic
conversion of biomass feedstocks via microbial cell factories serves as an environmentally
friendly alternative for the synthesis of terpenoids, but current production mostly depends
on starch-based glucose, which triggers issues of food security and competition for arable
land and water resources. This review focuses on the biocatalytic conversion of non-food
alternative carbon sources (namely lignocellulose, acetate, glycerol, and waste oils) in the
microbial synthesis of terpenoids, systematically summarizing the current research status
and cutting-edge advances. These carbon sources exhibit potential for sustainable produc-
tion due to their low cost, wide availability, and ability to reduce resource competition,
but they also face significant technical bottlenecks. We systematically analyze the current
problems in the biocatalytic conversion process and put forward some available solutions.
It is hoped that this study will provide theoretical and technical suggestions for breaking
through the bottlenecks in the biocatalytic conversion of non-food carbon sources and
promoting the efficient and sustainable production of terpenoids.

Keywords: terpenoids; lignocellulose; acetate; glycerol; waste oils

1. Introduction
Terpenoids are a class of natural products with broad bioactivities and significant

application value, which are categorized into monoterpenes (C10), sesquiterpenes (C15),
diterpenes (C20), triterpenes (C30), and tetraterpenes (C40) [1]. Their structural diversity
and biological functions render them indispensable in pharmaceuticals, food, materials,
and energy [2–4]. For example, sesquiterpenes are usually considered the monomer in the
synthesis of natural rubber [5]. According to the Association of Natural Rubber Producing
Countries (ANRPC), global demand for natural rubber (polyisoprene) is projected to reach
15.6 million tons by 2025 [6]. In the field of pharmaceuticals, paclitaxel (a kind of diterpene)
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is a broad-spectrum anticancer drug with global annual sales exceeding USD 2 billion [7],
while artemisinin (a kind of sesquiterpene lactone) remains the core drug for malaria
treatment, with an annual demand of approximately 400 tons. The food and cosmetics
industries widely utilize limonene (a kind of monoterpene) as a natural flavoring agent, as
well as ganoderic acid (a kind of triterpene) as a functional additive. Due to the huge market
demand, the global terpenoid value is forecasted to reach USD 10 billion by 2030 [8,9].

Currently, the production methods for terpenoids mainly include chemical synthesis,
plant extraction, and biotransformation methods. Chemical synthesis methods involve com-
plex steps, generate numerous by-products, and rely heavily on non-renewable petroleum
resources, raising serious concerns about resource depletion and environmental pollu-
tion [10]. Plant extraction methods are limited by long production cycles, geographical
constraints, low compound yields, and competition for arable land, which makes it difficult
to conduct large-scale industrial production [10]. The biocatalytic conversion of renewable
biomass using microbial cell factories is an emerging approach developed in recent years for
the production of terpenoids, which exhibits various advantages, including mild reaction
conditions, environmental friendliness, low-carbon sustainability, and the use of renewable
feedstocks [11]. Compared with traditional plant extraction or chemical synthesis, the
production of terpenoids by microbial cell factories driven by renewable carbon sources
such as glucose has demonstrated advantages in terms of raw material and environmen-
tal protection costs: chemical synthesis requires multi-step protection/deprotection and
the use of toxic solvents, with equipment depreciation and the treatment of waste gas,
wastewater, and solid waste accounting for approximately 45–55% of the total cost. In
contrast, when microbial cell factories are used to produce artemisinic acid, squalane, and
other terpenoids in 50 m3 fermenters, the total production cost can be reduced to USD
11,000–14,000 per ton, which is 20–30% lower than that of the chemical method, with a
simultaneous reduction of approximately 60% in CO2 emissions [12].

The biosynthesis of terpenoids in microbes involves two distinct pathways: the meval-
onate (MVA) pathway in eukaryotes, and the methyl-D-erythritol-4-phosphate (MEP)
pathway in prokaryotes [8,13]. The MVA pathway primarily occurs in the cytoplasm, start-
ing with acetyl-CoA as the initial substrate and generating isopentenyl pyrophosphate (IPP)
and dimethylallyl pyrophosphate (DMAPP) through multiple enzymatic steps (Figure 1).
The key rate-limiting enzyme of the MVA pathway is 3-hydroxy-3-methylglutaryl-CoA re-
ductase (HMGR), which catalyzes the conversion of HMG-CoA to MVA [14]. The MEP path-
way starts with pyruvate and glyceraldehyde-3-phosphate (G3P), with methylerythritol-4-
phosphate (MEP) as the key intermediate converted to IPP and DMAPP (Figure 1). The key
rate-limiting enzymes of the MEP pathway are 1-deoxy-D-xylulose-5-phosphate synthase
(DXS) and reductoisomerase (DXR), catalyzing the first two steps in the pathway [15]. There
are many natural microorganisms that can synthesize terpenoids, including bacteria, yeast,
and filamentous fungi [15–17]. In current terpenoid biosynthesis research and industrial
practices, filamentous fungi are not commonly used as engineered hosts for terpenoid pro-
duction, because they often suffer from limitations such as complex genetic manipulation
and long culture cycles, which make their application far less widespread than that of
yeast and bacterial systems [17,18]. Thus, the most widely studied and practically appli-
cable microbial hosts are yeast and bacteria, such as Saccharomyces cerevisiae, Yarrowia
lipolytica, Ogataea polymorpha, Escherichia coli, Bacillus spp., and so on [15,19,20]. These
systems are preferred for terpenoid production due to their clear genetic backgrounds,
established genetic manipulation tools, rapid growth, and controllable metabolic flux. A
growing number of terpenoids have already been successfully synthesized via construc-
tion of various microbial cell factories, including artemisinic acid, valencene, β-carotene,
limonene, farnesene, and squalene [21–26].
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Figure 1. Synthesis pathways of different terpenoids from different carbon sources. The upper
section illustrates the MVA pathway, while the lower section depicts the MEP pathway. HMG-CoA,
3-hydroxy-3-methylglutaryl-CoA; IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophos-
phate; G3P, glyceraldehyde-3-phosphate; MEP, methylerythritol-4-phosphate; DXS, DOXP synthase;
DXR, DOXP reductoisomerase; ispD, MEP cytidylyltransferase; ispE, 4-diphophocytidyl-2-C-methyl-
D-erythritol kinase; ispF, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; ispG, HMB-PP
synthase; ispH, HMB-PP reductase.

In the bioproduction of terpenoids, glucose is the commonly used carbon source,
playing an important role in the cultivation of microbial cell factories. Yet using glucose
as the feedstock leads to a significant issue in arable land and water occupation. Because
glucose is mainly derived from the starch hydrolysis of corn or wheat, approximately
1.2 tons of corn are consumed to produce 1 ton of industrial glucose [27]. Meanwhile, corn
cultivation consumes about 5000–9000 cubic meters of water per hectare, and the substantial
use of fertilizers and pesticides leads to soil degradation and water pollution [27–29]. Large-
scale utilization of glucose from starch-based feedstocks in the fermentation field would
intensify competition for food and water resources among humans.

Therefore, developing more sustainable biomass to replace glucose as the feedstock is
considered a potential way to produce high-value biochemicals, including terpenoids. So
far, some studies have explored the agricultural waste, lignocellulose, and industrial wastes
like acetate, glycerol, and waste oils as the feedstocks to produce terpenoids. However,
research on these alternative carbon sources remains relatively limited, and terpenoid
yields are generally lower than those achieved with glucose. This review summarizes
the current research status, cutting-edge advances, and key challenges in the field of
biocatalytic conversion of these alternative carbon sources for terpenoid synthesis. Some
current challenges and potential solutions are discussed, with the hope of guiding future
efforts to enhance the conversion efficiency of these feedstocks for terpenoids synthesis.
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2. Biocatalytic Conversion of Different Carbon Sources for
Terpenoids Production
2.1. Efficient Conversion of Starch-Based Glucose for Terpenoids Production

Glucose is a commonly used, efficient fermentable sugar in microbial cultivation
processes. It is metabolized through the Embden Meyerhof pathway (EMP) and the pentose
phosphate pathway (PPP), generating key precursors such as acetyl-CoA, pyruvate, and
glyceraldehyde-3-phosphate, which provide the foundation for terpenoids synthesis. In
recent years, researchers have focused on metabolically engineering various host strains to
enhance the production efficiency of terpenoids from glucose (Table 1).

Ginsenosides are a class of triterpenoids found exclusively in plants of the Panax genus,
which exhibit anti-tumor, neuroprotective, cardiovascular- and cerebrovascular-protective,
immunomodulatory, antioxidant, and anti-fatigue activities [30]. Gan et al. [31] first isolated
a dammarenediol synthase from Mugwort, and achieved the heterologous biosynthesis of
dammarenediol, a critical precursor of polyene-type ginsenosides, from glucose, which
was a critical precursor of polyene-type ginsenosides. Kong et al. [24] obtained the highest
reported yield of limonene, 2.63 g/L, in S. cerevisiae by dynamically regulating glucose and
galactose supply, employing mitochondrial compartmentalization engineering and toxicity
balancing strategies. Wu et al. [32] improved the production of geraniol to 2 g/L in E. coli us-
ing glucose as the carbon source by enhancing the precursor supply, modifying the activity
of key enzymes and regulating metabolic flux. Zhao et al. [21] optimized the synthesis path-
way and fermentation process, which efficiently led to a yield of artemisinic acid of up to
25 g/L using glucose as the carbon source. Chen et al. [33] increased the yield of valencene
to 539.3 mg/L in glucose-based fermentation by enhancing the mevalonate (MVA) pathway,
overexpressing key enzymes in the FPP synthesis pathway, and optimizing the expression
cassette for valencene synthase. Tao et al. [34] successfully increased patchoulol production
to 1.95 g/L from glucose by enhancing the MVA pathway, optimizing the acetyl-CoA
pathway and fermentation process. Zhou et al. [22] constructed an LsLTC2 (germacrene A
synthase)-Erg20 (FPP synthase) fusion protein connected by a linker peptide (GGGGS) to
form a “metabolic channel” to reduce the competitive consumption of FPP. Coupled with
the enhancement of cofactor and acetyl-CoA supply and downregulation of competing
pathways, the production of β-elemene reached 4.7 g/L for the engineered O. polymorpha
using glucose as the carbon source. Ge et al. [35] introduced an isopentenol utilization
pathway (IUP) in S. cerevisiae to promote the synthesis of militradiene. Combined with the
increase in the IPP/DMAPP pool and the modification of the key enzyme activities, the titer
reached 1.02 g/L in a 5 L fermenter using glucose as the carbon source. Chang et al. [36] also
constructed an artificial IUP in E. coli to increase the supply of the precursor geranylgeranyl
diphosphate (GGPP), which led to the efficient synthesis of geranyllinalool, and the titer
was up to 2.7 g/L in a 5 L fermenter. Zhou et al. [26] significantly increased squalene
production in Y. lipolytica using glucose as the carbon source by modifying the key enzymes
in the MVA pathway, applying the peroxisomal compartmentalization strategy, regulating
lipid metabolism to increase acetyl-CoA supply, and enhancing cofactor supply. The final
titer reached 51.2 g/L in a 5 L fermenter, which was the highest yield reported to date.
Zhu et al. [37] introduced α-amyrin synthase from Catharanthus roseus into S. cerevisiae
to achieve the synthesis of ursolic acid, and the titer was up to 8.59 g/L using glucose
as the carbon source after genetic optimization of the synthesis pathway, which was also
the highest yield so far. These studies demonstrate that the efficient synthesis of various
high-value terpenoids has been successfully achieved using glucose as the carbon source.
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Table 1. Efficient conversion of glucose for the production of high-value terpenoids by microbial cell
factories.

Terpenoids Strains Titers (g/L) Fermentation Scale Application and Market Demand Reference

Limonene S. cerevisiae 2.63 3 L Bioreactor applied in cleaning and fragrances fields, with
a market demand of 68,200 tons [24]

Geraniol E. coli 2.0 Shake Flask applied in fragrances and insect repellents
fields, with a market demand of 18,000 tons [32]

Artemisinic acid S. cerevisiae 25 5 L Bioreactor applied in anti-malarial drug synthesis, with a
market demand of 7200 tons [21]

Valencene S. cerevisiae 0.54 3 L Bioreactor applied in citrus flavors and cleaning fields,
with a market demand of 1230 tons [33]

Patchoulol S. cerevisiae 1.95 5 L Bioreactor applied in perfumes and anti-inflammation
production, with a market demand of 7500 tons [34]

β-Elemene O. polymorpha 4.7 3–5 L Bioreactor applied in anti-tumor fields, with a Chinese
market demand of 12,970 tons [22]

Miltiradiene S. cerevisiae 1.02 5 L Bioreactor applied in cardiovascular drug synthesis, with
a Chinese market demand of 410 tons [35]

Geranyllinalool E. coli 2.7 5 L Bioreactor applied in flavor and anti-virus fields, with a
projected demand of 1720 tons [36]

Dammaradienol S. cerevisiae 1.04 3.6 L Bioreactor applied in liver protection and anti-aging fields,
with a market demand of 500–800 tons [31]

Squalene Y. lipolytica 51.2 5 L Bioreactor applied in moisturizers field, with a market
demand of 54,600 tons [26]

Ursolic Acid S. cerevisiae 8.59 5 L Bioreactor applied in anti-inflammation and anti-tumor
fields, with a market demand of 650 tons [37]

Although glucose exhibits high metabolic flux and yield as the carbon source for
terpenoids production, it also presents significant disadvantages. For instance, it eas-
ily triggers the Crabtree effect in microorganisms, leading to excessively high glycolytic
flux and diversion of substantial carbon flux towards by-products instead of the target
terpenoids. It thus requires genetic modification or fermentation regulation to balance
metabolic flux. Li et al. [38] demonstrated that using glucose as the carbon source resulted
in significant ethanol accumulation in S. cerevisiae, which led to the valencene yield and
carbon conversion efficiency being only one-third and one-fifth of those achieved with
mannitol, respectively. Furthermore, the terpenoid yield in wild-type S. cerevisiae is limited
by precursor flux competition (such as in sterol synthesis) and toxicity accumulation. The
authors finally achieved efficient valencene synthesis by substituting glucose with man-
nitol to enhance precursor supply, obtaining a maximum valencene yield of 5.61 g/L in
a mannitol-fed batch fermentation [34]. Moreover, terpenoid synthesis requires substan-
tial cofactors, NADPH and ATP. Glucose metabolism primarily generates NADH via the
glycolysis pathway, while NADPH regeneration relies on the pentose phosphate pathway
(PPP). The co-expression of cofactor-recycling enzymes is commonly used to modulate
cofactor balance, but simple enzyme co-expression often provides limited assistance to
the supply of cofactors. More regulation strategies need to be implemented to enhance
cofactor supply in the synthesis of terpenoids using glucose as the carbon source [39].
Additionally, due to the issue of the glucose effect, the utilization of other carbon sources
is inhibited when glucose is present, which limits the development of strategies for the
synergistic utilization of multiple carbon sources [40]. More importantly, glucose depen-
dence on starch-based materials entails resource competition. Therefore, some researchers
have focused on developing non-conventional fermentable carbon sources (such as acetate,
glycerol, lignocellulose hydrolysates, and waste oils) to overcome these bottlenecks.

2.2. Development of Processes Based on Non-Conventional Fermentable Feedstocks for the
Synthesis of Terpenoids
2.2.1. Lignocellulose

Lignocellulose is the most abundant renewable biomass resource on Earth, and has
gained significant attention in recent years as an inexpensive agricultural waste. Lignocellu-
lose consists of cellulose, hemicellulose, and lignin, forming a complex and highly ordered
structure that confers high stability and recalcitrance to degradation, making it difficult to
utilize directly [41]. Therefore, effective pretreatment of lignocellulose is necessary before
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subsequent biocatalytic conversion processes can occur. Currently, lignocellulose pretreat-
ment approaches mainly include chemical, biological, and physical methods [41,42]. Acid
pretreatment, as a commonly used chemical method, can destroy lignin, dissolve hemicel-
lulose, and degrade cellulose into glucose with high efficiency. However, the hydrolysates
contain many toxic by-products, which require additional detoxification treatment before
they can be used as carbon sources [43,44]. Biological pretreatment mainly uses enzymes to
decompose and transform lignocellulose, and the hydrolysates are relatively pure, with
low contents of toxic by-products. However, the price of enzymes is expensive, and this is
the bottleneck in the enzymatic conversion of lignocellulose [45].

So far, some studies have used lignocellulose hydrolysates as carbon sources to real-
ize the synthesis of terpenoids [25,46]. However, the low efficiency of xylose utilization
remains a bottleneck in the conversion of lignocellulose hydrolysates at present. Current
studies have enhanced the xylose oxidoreductase pathway by introducing exogenous
genes or strengthening endogenous pathways, thereby breaking the bottleneck of xylose
metabolism [47]. Jin et al. [48] engineered S. cerevisiae to utilize xylose and acetate from
lignocellulose hydrolysates of corn stover. Due to the inherently low utilization efficiency
of xylose in S. cerevisiae, xylose reductase (XR) and xylitol dehydrogenase (XDH) genes
from Scheffersomyces stipitis were introduced, and endogenous xylulokinase (XK) was
overexpressed to successfully achieve the efficient utilization of xylose. Wei et al. [46]
genetically engineered Y. lipolytica to synthesize β-ionone by introducing carotenoid cleav-
age dioxygenase (CCD) from Osmanthus fragrans and optimizing the mevalonate pathway.
Subsequently, a heterologous xylose oxidoreductase pathway was introduced, which en-
abled the engineered Y. lipolytica to produce β-ionone using xylose as the sole carbon
source. Meanwhile, the engineered strain was also found to have the potential for use of
lignocellulose hydrolysates as the carbon source, and the productivity of β-ionone reached
7.6 mg/g of dry cell weight (DCW). Tan et al. [25] metabolically engineered Y. lipolytica to
achieve efficient β-farnesene production using lignocellulose hydrolysates. Corn stover
was subjected to steam explosion pretreatment and enzymatic hydrolysis to produce hy-
drolysates containing 40.3 g/L glucose and 14.7 g/L xylose, and these were utilized as the
carbon sources to produce β-farnesene by the engineered Y. lipolytica. The titer reached
7.38 g/L in the fed-batch fermentation, which was the highest level reported to date for β-
farnesene production from lignocellulose hydrolysates. This demonstrated the capability of
the engineered Y. lipolytica in the conversion of lignocellulose hydrolysates into terpenoids.

Junko et al. [49] investigated the potential of the oleaginous yeast Rhodosporidium
toruloides as a platform organism for converting lignocellulose into terpenoids. They found
that R. toruloides could efficiently convert glucose and xylose generated from lignocel-
lulose hydrolysates into two non-native sesquiterpenes, bisabolene and amorphadiene.
James et al. [50] also explored the synthesis of bisabolene and 1,8-cineole from lignocellu-
lose hydrolysates by engineered R. toruloides, and the titers reached 2.2 g/L and 1.4 g/L,
respectively. Unlike many conventional hosts, R. toruloides exhibited preferable growth
and production efficiency in lignocellulose hydrolysates. Additionally, R. toruloides was
able to assimilate p-coumaric acid released from acetylated grassy lignin in hydrolysates,
and it could consume several aromatic compounds in the lignin fraction [49]. These results
demonstrate the significant potential of R. toruloides for the production of terpenoids from
lignocellulose raw materials.

Although lignocellulose, a renewable feedstock, has been successfully explored for the
synthesis of various terpenoids, it still faces multiple challenges. The “reinforced concrete”
structure formed by cellulose, hemicellulose, and lignin in lignocellulose results in strong
recalcitrance to degradation. Traditional chemical pretreatments easily cause cellulose
hornification, reducing enzymatic hydrolysis efficiency and generating inhibitors such as
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acetate, furfural, and phenolics. These inhibitors suppress microbial growth, leading to
a 30–50% decrease in terpenoid yield [51,52]. Furthermore, when S. cerevisiae was used
as the host, the metabolic efficiency of xylose derived from hemicellulose was low due
to the lack of efficient transporters, while the xylose reductase–xylitol dehydrogenase
pathway (XR-XDH) easily causes cofactor (NADP+/NAD+) imbalance, resulting in xylitol
accumulation and xylose residues reaching 20–40% [51,53]. Multi-dimensional improve-
ment strategies have been developed to address the above problems. For pretreatment,
Wang et al. [53] developed the Catalytic Lignin Aryl Functionalization (CLAF) technology,
which introduced highly nucleophilic phenolic compounds to directionally control lignin
arylation to prevent its disordered condensation, while co-producing high-purity dissolv-
ing pulp (purity >95%) and depolymerizable lignin-based bisphenols. This method can
improve the hydrolysis efficiency of cellulose and reduce the formation of by-products.
Moreover, to mitigate the inhibition caused by toxic by-products, some genetic modifica-
tions were explored, including the expression of glyoxylate reductase isozyme to convert
furfural to less toxic alcohols, the introduction of acetylating acetaldehyde dehydrogenases
to convert acetate to ethanol, screening tolerant strains through adaptive evolution, and
so on [48]. To address low xylose metabolic efficiency, the xylose isomerase (XI) pathway
was replaced by the XR-XDH pathway. Combined with the overexpression of xylulose-
5-phosphoketolase (XfpK), xylose could be efficiently converted to acetyl-CoA, directly
supplying terpenoid precursors [51,53] (Table 2).

Table 2. Biocatalytic conversion of lignocellulose for the production of terpenoids by the engineered
microbes.

Products Strains Titer (g/L) Fermentation Scale Application and Market Demand Reference

β-Ionone Y. lipolytica 0.12 Shake Flask
applied in fragrances and vitamin A

synthesis, with a global market demand
of approximately 2500 tons

[46]

Bisabolene R. toruloides 0.68 2 L Bioreactor
applied in biofuels and cosmetics fields,

with a global market demand of
approximately 1800 tons

[49]

Amorphadiene R. toruloides 0.036 Shake Flask
applied as an artemisinin precursor, with

a global market demand of
approximately 1200 tons

[49]

α-Bisabolene R. toruloides 2.6 2 L Bioreactor
applied in anti-inflammation and food
additives fields, with a global market

demand of approximately 800 tons
[50]

1,8-Cineole R. toruloides 1.4 2 L Bioreactor
applied in pharmaceuticals and

fragrances fields, with a global market
demand of approximately 35,000 tons

[50]

β-Farnesene Y. lipolytica 7.38 2 L Bioreactor
applied in insect attractants and skin care
fields, with a global market demand of

approximately 1500 tons
[25]

Furthermore, future work can be focused on the integration of catalysis science,
synthetic biology, and process engineering: (1) constructing an in vitro Multi-enzyme
Coordinated Expression and Self-recycling System (iMECS) integrating Cell-Free Pro-
tein Synthesis (CFPS) modules [54]; (2) developing Lytic Polysaccharide Monooxyge-
nase (LPMO)-cellulase fusion proteins to penetrate lignin barriers; (3) developing ma-
chine learning-optimized multi-parameter models for pretreatment–enzymatic hydrolysis–
fermentation; and (4) constructing artificial microbial consortia with specialized roles for
inhibitor degradation and terpenoid synthesis.

2.2.2. Acetate

Acetate is a major product of syngas (CO2 and H2) bioelectrocatalysis, and it is also a
main by-product in anaerobic fermentation and lignocellulose hydrolysates. Its utilization
helps reduce environmental pollution and resource waste. Acetate can be directly converted
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to acetyl-CoA to synthesize high-value acetyl-CoA-derived biochemicals. Compared to
glucose, acetate has a shorter metabolic path to acetyl-CoA, thus exhibiting significant
advantages for acetyl-CoA derivative production [55].

There have been some reports on the synthesis of terpenoids in microbes using ac-
etate as the carbon source. Xu et al. constructed a mevalonate biosynthesis pathway in
recombinant E. coli, and 1.06 g/L mevalonate was produced in a 5 L bioreactor using
acetate as the carbon source [56]. You et al. [57] explored squalene synthesis in Candida
glycerinogenes using acetate as the sole carbon source. They found that acetate exhibited
toxicity to microbial growth. High concentrations of acetate (>5 g/L) disrupted microbial
cell membranes, inhibited enzyme activity, and reduced growth rates. Therefore, they
overexpressed HOG1 (high-osmolarity glycerol pathway kinase) to enhance strain toler-
ance to acetate toxicity, alleviating growth inhibition. Simultaneously, acetate gradient
feeding and pH self-regulation strategies were applied to achieve high squalene yield.
Lu et al. [58] metabolically engineered S. cerevisiae to obtain a chassis strain with high
acetyl-CoA accumulation. Then, directed evolution was performed on β-caryophyllene
synthase (CPS) to enhance its affinity for acetyl-CoA-derived precursors FPP (Kcat/Km

increased by 35.5%). Meanwhile, a two-stage culture strategy was employed: the first stage
used glucose to promote biomass accumulation and the second stage switched to acetate
as the carbon source to induce terpenoid synthesis. Ultimately, the β-caryophyllene yield
reached 594.05 mg/L.

As a promising biomass-derived carbon source, acetate can enable efficient terpenoid
transformation through the design of engineered strains with efficient acetate metabolic
pathways and high acetate tolerance based on synthetic biology. However, there are
currently few studies on the biocatalytic conversion of acetate into terpenoids via microbial
cell factories, and some problems still remain. For example, acetate has low energy efficiency
and its ATP yield is only one-third that of glucose. However, terpenoid synthesis requires a
large amount of ATP and the cofactor NADPH. The deficiency in energy supply constitutes
a bottleneck, restricting the efficient conversion of acetate into terpenoids. In the future,
more effective strategies can be developed to address the energy supply issue, including the
construction of dual-substrate co-utilization systems and the enhancement of the respiratory
chain energy conversion rate so as to improve the conversion efficiency of acetate.

2.2.3. Glycerol

Crude glycerol, a waste by-product of the biodiesel industry, poses growing environ-
mental challenges due to its excessive accumulation, with land and water contamination
being particularly prevalent [59]. The market value of crude glycerol (80% purity) was
as low as USD 0.04–0.09 per pound, while pure glycerol is USD 0.27–0.41 per pound [60].
Accordingly, the utilization of low-cost crude glycerol or glycerol as a viable feedstock
for bioconversion has garnered significant global attention, as this not only reduces the
production costs of biochemicals but also mitigates environmental pollution [61].

In microbes, glycerol is phosphorylated by glycerol kinase to form 3-phosphoglycerol,
which is then oxidized to dihydroxyacetone phosphate involving in the glycolytic
pathway to generate acetyl-CoA, providing precursors for the synthesis of acetyl-CoA
derivatives [62]. Meanwhile, glycerol metabolism generates dihydroxyacetone phosphate
(DHAP) accompanied by NADH/NADPH formation, which can support the rate-limited
steps catalyzed by HMG-CoA reductase in the MVA pathway and improve the synthesis of
terpenoids [63]. Therefore, glycerol was considered a suitable feedstock for the production
of terpenoids, and there have been a number of studies on the conversion of glycerol to
terpenoids by the microbial cell factories [64–66].
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Wang et al. [64] achieved the synthesis of linalool by engineered E. coli using glycerol
as the carbon source by introducing an efficient linalool biosynthetic enzyme coupling
geranyl diphosphate synthase with linalool synthase (LIS) from Mentha aquatica. Based
on the optimization of the exogenous MVA pathway and the regulation of central carbon
flux, the titer of linalool reached 1.07 g/L and 4.16 g/L in shake-flask and fed-batch
fermentation, respectively, which were the highest linalool yields reported in E. coli to date.
Julie et al. [67] proposed an artificially designed non-natural terpenoid synthesis pathway,
the Isoprenoid Alcohol Pathway (IPA), and glycerol was used as the carbon source for
efficient synthesis of terpenoid precursors, ultimately achieving a monoterpenoid yield of
0.6 g/L. Sun et al. engineered Y. lipolytica to produce betulinic acid from glycerol. They
found that glycerol was superior to glucose in terpenoid biosynthesis due to the enhanced
acetyl-CoA and metabolic flux, and the titer of the betulinic acid reached 26.53 mg/L when
using glycerol as the carbon source [66]. Liu et al. [68] achieved the synthesis of trans-
nerolidol in Y. lipolytica, and the highest titer reached 11.1 g/L in the fed-batch fermentation
through the implementation of three strategies: (1) rational design of nerolidol synthase to
enhance catalytic efficiency; (2) overexpression of carnitine acetyltransferase (CAT2) and
compartmentalization of the MVA pathway within peroxisomes to increase the supply of
acetyl-CoA and FPP; (3) carbon-restricted feeding to reduce the formation of metabolic
by-products. These works indicated that glycerol was also a potential low-cost feedstock
for the production of terpenoids.

Additionally, when glucose is used as the carbon source, the content of cyclic adenosine
monophosphate (cAMP) in cells decreases, which leads to a reduction in the transcription
of some enzymes [69]. Meanwhile, the problem of the glucose effect will also hinder the co-
utilization of other fermentable sugar feedstocks [40]. However, as a kind of unconventional
feedstock, no inhibitory effect has been observed when glycerol was used as the carbon
source, which provides conditions for the construction of a system for the synergistic
utilization of multiple carbon sources. Tan et al. [65] introduced nerolidol synthase (NES)
from strawberries into E. coli and employed a glucose-lactose-glycerol co-utilization system:
glucose provided rapid growth energy, lactose induced pathway gene expression, and
glycerol provided a high content of NADPH. The synthesis of nerolidol was significantly
enhanced, and the titer reached 3.3 g/L in shake flasks. This demonstrated the advantage
of glycerol as a carbon source in constructing a multi-carbon source co-utilization system,
which is a strategy that could be applied to improve the synthesis of terpenoids and other
high-value biochemicals in the future.

Glycerol exhibits huge potential as a low-cost carbon source. However, there are also
some issues in the utilization of glycerol: (1) the uptake rate of glycerol is lower than that
of glucose; and (2) high concentrations of glycerol inhibit growth, leading to a slowdown
in metabolic rate. In future work, the glycerol uptake rate can be increased by enhancing
the glycerol transport system. For example, overexpressing the glpFK operon (containing
the glycerol uptake facilitator gene, glpF, and the glycerol kinase gene, glpK) in E. coli
can increase the uptake rate by 50% [23]. Furthermore, ultraviolet mutagenesis can be
used to screen for highly active transporters to enhance glycerol absorption efficiency.
To address the problem of low tolerance, more hosts with high glycerol tolerance can
be developed, such as Y. lipolytica, while laboratory adaptive evolution (LAE) strategies
or room temperature plasma (ARTP) mutagenesis methods can be employed to screen
for highly tolerant mutant strains [70]. On this basis, a multi-carbon-source synergistic
utilization system can be constructed to improve the carbon source utilization rate, enhance
the growth and metabolic level of cells, and thereby increase the synthesis efficiency
of products.
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2.2.4. Waste Oils

Waste oil refers to oil substances that have lost their original use value and are unsuit-
able for direct reuse in food processing or consumption. It has a wide range of sources,
including catering waste oil (such as frying waste oil from restaurants and home kitchens,
oil residues from food processing, and floating oil in sewers), industrial waste oil (such as
industrial-grade waste oil from food processing plants and slaughterhouses, and process
waste oil from the cosmetics and pharmaceutical industries), as well as agricultural and
other sources (such as waste oil from animal processing and oil in expired food) [71]. The
global annual output exceeds 100 million tons, of which about 60% comes from the catering
industry [72]. As a major catering country, China produces about 10–15 million tons of
waste oil every year, with catering waste oil alone reaching more than 8 million tons [72].
Due to the imperfect recycling system, about 30% of the waste oil is not properly treated.

Traditional treatment methods for waste oils include chemical conversion and in-
cineration. Chemical conversion mainly depends on the acid–base neutralization and
transesterification, a process in which the triacylglycerols in waste oils are converted into
fatty acid methyl esters for the production of biodiesel, as well as soap and other chemical
products [73]. The incineration method depends on the burning of waste oils at high tem-
peratures, which can be used for power generation or heating [74]. However, both methods
pose significant environmental pollution risks. With the development of biotechnology, the
emerging biocatalytic conversion method is more environmentally friendly and valuable
in resource utilization, and it uses microorganisms to convert waste oils into high-value
biochemicals [75–77].

Triacylglycerols in waste oils can be hydrolyzed by lipase into glycerol and free fatty
acids, both of which can be utilized as carbon sources by microbes [78]. Since the fatty
acids can generate acetyl-CoA via the β-oxidation pathway, waste oils have been explored
as low-cost carbon sources to produce a large amount of acetyl-CoA-based biochemicals,
including terpenoids [78]. Qi et al. [75] targeted α-humulene synthase (HumS) to per-
oxisomes in Y. lipolytica, leveraging the high acetyl-CoA concentration characteristic of
this organelle to enhance terpenoid precursor supply. Transcriptome-guided metabolic
regulation was employed and enabled efficient α-humulene synthesis using waste cooking
oil as the carbon source. A total of 5.9 g/L of α-humulene was achieved in a 5 L bioreactor,
setting the current record for microbial α-humulene synthesis. Zhu et al. [76] used a similar
approach by targeting farnesyl diphosphate synthase and α-bisabolene synthase to the
mitochondria so as to utilize the high concentration of acetyl-CoA in mitochondria to
enhance precursor supply. They further overexpressed the mitochondrial fusion-related
protein Mgm1p, a factor that maintains a constant mitochondrial fusion state and sus-
tains a continuously high ATP supply, to increase mitochondrial metabolic capacity for
α-bisabolene production. α-bisabolene production reached 1058.1 mg/L in a 5 L bioreactor
when using fed-batch fermentation with waste oil as the carbon source, which was the
highest yield of α-bisabolene in Y. lipolytica to date. Liu et al. [77] enhanced precursor
supply by strengthening acetyl-CoA supply and optimizing the MVA pathway by knocking
out the acyltransferase to inhibit lipid accumulation and blocking competing pathways.
Simultaneously, a heterologous malic enzyme from Mucor circinelloides was introduced
and polyphosphate kinase was overexpressed to achieve ATP/NADPH regeneration. Ulti-
mately, the β-farnesene yield reached 31.9 g/L in a 5 L bioreactor when using waste oil as
the feedstock (Table 3).
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Table 3. Production of terpenoids from acetate, glycerol, and waste oils by microbial cell factories.

Products Carbon Sources Strains Titers (g/L) Fermentation Scale Application and Market Demand Reference

Squalene Acetate C. glycerinogenes 1.83 5 L Bioreactor
applied in cosmetics and health

products fields, with a global
demand of approximately 8000 tons

[57]

β-Caryophyllene Acetate S. cerevisiae 0.594 5 L Bioreactor

applied in food flavors and
anti-inflammatory drugs fields, with
a global demand of approximately

2500 tons

[58]

Linalool Glycerol E. coli 4.16 5 L Bioreactor

applied in fragrances and
antibacterial agent fields, with a
global demand of approximately

55,000 tons

[64]

Nerolidol Mixture of glucose,
lactose and glycerol E. coli 3.3 Shake Flask

applied in perfumes and repellents
fields, with a global demand of

approximately 1200 tons
[65]

Trans-nerolidol Glycerol Y. lipolytica 11.1 5 L Bioreactor
applied as an anticancer synergist,

with a global demand of
approximately 300 tons

[68]

Betulinic acid Glycerol Y. lipolytica 0.027 Shake Flask

applied in antiviral applications and
melanoma treatment fields, with a
global demand of approximately

150 tons

[66]

α-Humulene Waste oils Y. lipolytica 5.9 5 L Bioreactor
applied in cosmetics and health

products fields, with a global
demand of approximately 8000 tons

[75]

α-Bisabolene Waste oils Y. lipolytica 1.06 5 L Bioreactor

applied in food flavors and
anti-inflammatory drugs fields, with
a global demand of approximately

2500 tons

[76]

β-Farnesene Waste oils Y. lipolytica 31.9 5 L Bioreactor

applied in fragrances and
antibacterial agent fields, with a
global demand of approximately

55,000 tons

[77]

Although waste oils have significant advantages in the synthesis of terpenoids, the
current research on this topic is still in the preliminary stage, and some issues remain to
be further addressed. For example, waste oils contain free fatty acids, glycerides, and
aldehyde–ketone oxides, which inhibit the growth of microorganisms. Moreover, the
accumulation of long-chain fatty acids (such as oleic acid) can damage the integrity of
the cell membranes of most microorganisms. In the future, pretreatment methods such
as activated carbon adsorption and enzymatic hydrolysis can be developed for waste
oils. More oleaginous species similar to Y. lipolytica, which possess high tolerance and
efficient oil utilization efficiency, can be developed and applied to the conversion of waste
oils [79,80]. Meanwhile, microorganisms naturally prefer fermentable sugar carbon sources.
It is necessary to strengthen the expression of related enzymes to broaden the metabolic
pathways for the reuse of waste oils, and dynamic regulatory gene circuits can be further
developed to improve carbon conversion efficiency.

3. Summary and Perspectives
Terpenoids, with their rich variety and diverse biological activities, have demon-

strated enormous application potential and market value in multiple fields [81]. As the
global demand for natural products has continued to grow, traditional chemical synthesis
methods and plant extraction methods have struggled to meet the needs of large-scale
industrial production due to issues like cumbersome procedures, environmental pollution,
resource dependence, and limited yields [82]. As emerging production platforms, micro-
bial cell factories have shown significant advantages of high efficiency, sustainability, and
environmental friendliness. The application of these platforms involves the metabolic engi-
neering modification of eukaryotic or prokaryotic microorganisms to efficiently synthesize
terpenoids based on their endogenous basic metabolic pathways, incorporated with the
introduction of terpenoid synthase [83]. So far, a variety of microbial chassis have been
developed for the synthesis of terpenoids, including S. cerevisiae, E. coli, Y. lipolytica, and O.
polymorpha [84]. However, the carbon sources they rely on are mainly fermentable sugars
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derived from starch, which leads to issues including the utilization of arable land and water
resource occupation, as well as food supply problems [85]. Non-food-based alternative
carbon sources are actively developed for terpenoid production, such as lignocellulose,
acetate, glycerol, and waste oils. These biomass carbon sources not only feature low cost
and wide availability but also offer the advantages of reducing environmental pollution
and resource competition [65,75]. Specifically, the production costs of terpenoids vary
significantly depending on the carbon source and the target molecule. The use of conven-
tional starch-based glucose typically results in higher substrate costs, which can account for
30–50% of the total production expenses, thereby limiting the economic feasibility of bulk
terpenoid production. In contrast, non-food carbon sources such as lignocellulose, acetate,
glycerol, and waste oils offer substantial cost advantages due to their low prices and abun-
dant availability. For instance, the production of α-humulene and β-farnesene using waste
oils has demonstrated a significant reduction in raw material costs, potentially decreasing
the overall production cost by 20–40% compared to glucose-based processes [75,77]. Never-
theless, current research on the utilization of these unconventional carbon sources is still in
its preliminary stage, facing numerous challenges, such as the cumbersome chemical or en-
zymatic pretreatment of lignocellulose leading to high production costs and a large number
of inhibitors in the hydrolysates, cytotoxicity and low energy efficiency in the utilization
of acetate, low absorption rate and growth inhibition at high concentrations of glycerol,
the cytotoxicity of impurities, and hydrophobicity limitations of waste oils [86]. Moreover,
economic benefits are often counterbalanced by challenges including the requirement for
extensive pretreatment, lower microbial conversion efficiency, and higher downstream
processing costs.

With the continuous development and interdisciplinary integration of synthetic biol-
ogy, metabolic engineering, and systems biology, as well as the wide application of new
gene-editing tools, high-throughput screening technologies, and computational simulation
methods, a variety of integrated strategies can be adopted to solve the above problems [87].
For the pretreatment issues of lignocellulose, low-cost and high-efficiency enzyme prepara-
tions or microbial co-cultivation strategies can be developed, which can significantly reduce
pretreatment costs and the production of toxic by-products [88]. Microorganisms with high
cellulase production as the chassis can be developed to construct microbial cell factories
that synchronously saccharify and convert lignocellulose into biochemicals. To address
problems such as the cytotoxicity of acetate and low energy efficiency, microorganisms can
be modified through metabolic engineering to enhance their tolerance and assimilation
capacity for acetate. Meanwhile, developing a multi-carbon source co-utilization system,
first using other carbon sources for cell growth and generating abundant cofactors, then
switching to acetate for product synthesis, can effectively alleviate the problem of insuffi-
cient energy supply from acetate. Regarding issues like the low absorption rate of glycerol
and growth inhibition, the expression of glycerol transporters can be modified to improve
the absorption rate of glycerol [89]. At the same time, laboratory adaptive evolution or
genetic engineering strategies can be developed to improve the cell growth and metabolic
capacity of microorganisms in high-concentration glycerol cultivation. For the high content
of toxic impurities and hydrophobicity limitations of waste oils, efficient pretreatment
technologies can be developed to remove impurities and reduce their inhibitory effects on
microbial growth. Additionally, new oil emulsification technologies and microbial surface
display technologies can also be developed to improve the dispersibility of waste oils
in fermentation broth and the conversion efficiency of waste oils. Furthermore, a novel
fermentation system capable of synergistically converting multiple carbon sources can be
established, enabling microbial hosts to simultaneously utilize glycerol and free fatty acids
in waste oils, thus enhancing the overall utilization efficiency of carbon sources.
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Moreover, the titer of terpenoids is generally low, while the fermentation broth contains
a large number of impurities (such as proteins and structurally similar terpenoid precursors).
Traditional separation technologies struggle to efficiently distinguish these components,
resulting in the recovery rates of target products often being below 60% [90]. The separation
and purification process consumes significant amounts of solvents and energy, which leads
to a high downstream cost, accounting for 50–80% of the total cost [91]. Therefore, in
addition to using metabolic engineering to modify the cell factories and reduce impurity
formation, technologies such as “in situ extraction–adsorption coupling” and “aqueous
two-phase extraction–chromatography combination” can be integrated into the separation
and purification process so as to simplify the procedure and improve the efficiency of
separation and purification, thereby achieving the goal of cost reduction [92].

It is believed that the efficient, sustainable, and low-cost microbial production of
terpenoids can be achieved in the future through the aforementioned interdisciplinary
technological innovations and targeted solutions.
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