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Abstract
With the rapid development of synthetic biology and metabolic engineering technologies, yeast has been generally con-
sidered as promising hosts for the bioproduction of secondary metabolites. Sterols are essential components of cell mem-
brane, and are the precursors for the biosynthesis of steroid hormones, signaling molecules, and defense molecules in the 
higher eukaryotes, which are of pharmaceutical and agricultural significance. In this mini-review, we summarize the recent 
engineering efforts of using yeast to synthesize various steroids, and discuss the structural diversity that the current steroid-
producing yeast can achieve, the challenge and the potential of using yeast as the bioproduction platform of various steroids 
from higher eukaryotes.
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Introduction

Sterols are essential membrane components that regulate 
membrane fluidity and permeability in eukaryotic organ-
isms [1]. Animals generally synthesize cholesterol, fungi 
produce ergosterol, and plants utilize an array of sterols with 
β-sitosterol and campesterol as the most common ones [1]. 
Despite the essential roles in membrane modulation, sterols 
also exhibit important bioactivities. For example, due to the 
structural similarity to cholesterol, phytosterols can reduce 
cholesterol absorption in digestive system and reduce the 
risk of heart disease [2, 3]. In higher eukaryotes, sterols are 
also precursors to a wide array of specialized metabolites 
with broad structural diversity and biological activities. 
In insects, cholesterol is converted into insect steroid hor-
mones, such as ecdysteroids that can be potentially utilized 
as anabolic steroids [4]. In human, cholesterol is the precur-
sor to an array of steroid hormones such as progesterone and 
vitamin D [5, 6]. In plants, campesterol is the main precursor 
of the ubiquitous phytohormone brassinosteroids [7]; cho-
lesterol, although exhibits very low abundance in plants, is 
the precursor to a broad spectrum of phytochemicals, such 

as the medicinally important steroidal alkaloids and steroidal 
saponins [8].

Intriguingly, some phytosteroids exhibit promising anti-
viral activities via different mechanisms, which make them 
intriguing lead structures for novel antiviral drug discovery 
and development [9–12]. Plants also produce ecdysteroid 
analogs, phytoecdysteroids, as natural defense mechanism 
against phytophagous insects [4]. Moreover, steroids are 
an important pharmaceutical medication, with the global 
steroid market projected to reach $17 billion in 2025 [13]. 
Steroid drugs generally fall into two categories: anabolic 
and corticosteroids. Anabolic steroids are involved in the 
treatment of muscle loss or late puberty [14]; while corti-
costeroids can be used as anti-inflammatory drugs or allergic 
treatment [15]. During the recent outbreak of COVID-19, 
methylprednisolone (median price $16.03/80 mg [16]), 
a corticosteroid, was reported to have positive effects on 
a faster improvement of the clinical symptoms caused by 
COVID-19 [17]. More recently, another corticosteroid, 
dexamethasone (median price $12.30/4 mg from www.
GoodR x.com), has been found to able to reduce the death 
by roughly one-third of the patients on ventilators [18].

However, most of these specialized steroids are not 
natively produced at a high level, due to the nature of their 
biological functions. Similar to other specialized metabo-
lites, the structural complexity also makes the chemical 
synthesis of these compounds challenging and expensive 
[19]. Recent development of synthetic biology provides an 
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alternative sourcing strategy of these molecules through bio-
technological production in the fast-growing, fermentable 
microorganisms, such as yeast and Escherichia coli. The 
structural and biosynthetic similarity of ergosterol in yeast 
to the other eukaryotic sterols highlights the potential of 
using yeast as the bioproduction host for sterols and deriva-
tives [20]. The previous metabolic engineering efforts in 
establishing steroid production in yeast have been very well 
reviewed in Wriessnegger’s 2013 review [20]. In this review, 
we will mainly discuss the efforts in engineered steroid bio-
production in yeast since 2013 and focus on the metabolic 
engineering strategies, and the challenges and potential bio-
synthetic capacities of yeast-based steroid bioproduction.

Ergosterol biosynthesis in yeast

Ergosterol, similar to cholesterol in animals and phytosterols 
in plants, is the most abundant sterol in fungi and plays an 
essential role in maintaining physicochemical properties of 
plasma membrane and involves in protein sorting and pro-
tein receptor regulation [21]. The biosynthesis of ergosterol 
exists in almost all yeast species and is well characterized, 

especially in the model organism Saccharomyces cerevi-
siae. The biosynthesis of ergosterol in S. cerevisiae can be 
divided into three modules [22]: (1) biosynthesis of meva-
lonate (MVA) from acetyl-CoA, (2) conversion of MVA into 
farnesyl pyrophosphate (FPP) and 3) ergosterol biosynthesis 
from FPP. The third module can be further divided into (3-1) 
lanosterol biosynthesis from FPP, (3-2) zymosterol biosyn-
thesis from lanosterol and (3-3) ergosterol biosynthesis from 
zymosterol. Ergosterol, cholesterol, and the major phytos-
terols, campesterol and β-sitosterol, are different in three 
aspects: saturation of C7–C8 bond in B-ring, saturation of 
C22–C23 bond, and the alkane group at C24 in the side 
chain (Fig. 1).

Sterol biosynthesis is highly conserved in eukaryotes 
[23]. The synthesis of ergosterol, cholesterol, and phytos-
terols diverges from lanosterol, and shares a number of 
downstream intermediates. For example, zymosterol and 
episterol in the ergosterol synthesis (submodule 3-3) can 
also be found in animals and plants, respectively [8, 24]. 
The convergency of the eukaryotic sterol structures and bio-
synthesis makes it possible to redirect the biosynthesis of 
ergosterol to cholesterol and phytosterols in yeast. The late-
stage biosynthesis of ergosterol from zymosterol (module 

Fig. 1  Ergosterol synthesis 
and sterols from mammals 
and plants. The endogenous 
ergosterol biosynthesis in yeast 
is highlighted in yellow. The 
three different sheds of yellow 
represented three modules of 
ergosterol synthesis. Major 
phytosterols that have been 
synthesized or possibly synthe-
sized in yeast are highlighted 
in green, and cholesterol is 
highlighted in blue. The char-
acteristic structural features of 
sterols from different eukaryotic 
organisms are highlighted in 
pink. The enzymes marked 
in red represent the ones that 
require NADPH/NADP+, and 
the ones that require ATP are 
marked in blue
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3-3) involves five ERG enzymes, ERG2-6. ERG6 is the 
∆24-sterol C-methyltransferase, converting zymosterol into 
fecosterol [25]. Fecosterol is then converted into episterol by 
ERG2 through the isomerization of C8–C9 double bond to 
C7–C8 position [25]. ERG3 is the C5 desaturase that con-
verts episterol into ergosta-5,7,24(28)-trienol [25]. ERG5 
is the C-22 sterol desaturase that catalyzes the conversion 
from ergosta-5,7,24(28)-trienol to Ergosta-5,7,22,24(28)-
tetraenol [25]. ERG4 is the ∆24-sterol reductase that reduces 
C24–C28 double bond to synthesize ergosterol [25]. The 
corresponding genes (erg2-6) are all identified as nones-
sential genes to yeast viability [26]. Previous investigations 
on the effects of erg gene deletions suggest that ERG2-6 
enzymes can accept a broad range of sterol structures, which 
indicates the broad substrate promiscuities of ERG2-6 and 
that these enzymes may not follow a specific order to afford 
the synthesis of ergosterol [27]. For example, the disruption 
of erg6 accumulates not only zymosterol, but also cholesta-
7,24-dienol, cholesta-5,7,24-trienol and cholesta-5,7,22,24-
tetraenol, which indicates that ERG2, ERG3 and ERG5 can 
keep functioning sequentially on zymosterol in the absence 
of ERG6 [28]. Different combinations of erg gene deletions 
result in various sterol compositions. More detailed sterol 
composition can refer to the review published by Johnston 
et al. very recently [27]. The versatility of yeast ergosterol 
biosynthesis implicates the potential of yeast to synthesize 
diversified sterol structures through ergosterol biosynthesis 
engineering and heterologous pathway reconstitution.

To utilize yeast as the steroid bioproduction platform, 
ergosterol biosynthesis needs to be disrupted and thus, it 
is necessary to understand the effects of erg gene deletions 
on yeast. Generally, among single deletion of erg2-6, Δerg6 
and Δerg4 exhibit the most evident effects on the response of 
yeast to antifungal drugs (e.g., hygromycin B, tetramethyl-
ammonium), cations and heat [29–31]. Inactivation of erg6 
or erg4 also results in a crucial deficiency on plasma mem-
brane integrity, leading to strong deviation from the wild 
type in respect of membrane potential and tolerance to LiCl 
[30, 31]. On the other hand, inactivation of erg5 from S. 
cerevisiae does not change the membrane potential and the 
tolerance to cations (such as  Li+,  K+ and  Na+) and hygro-
mycin B as much [30]. The phenotypes of other erg mutants 
have been carefully summarized and discussed in the recent 
reviews by Johnston et al. and Sokolov et al. [21, 27].

Steroid bioproduction in yeast 
through biotransformation

Biotransformation of steroid drugs usually requires hydrox-
ylation and dehydrogenation at different positions of the 
sterane skeleton, and is normally catalyzed by cytochrome 
P450s and hydroxysteroid dehydrogenases (HSDs) [32]. 

Steroid hydroxylation usually involves 7α-, 11α-, 11β-, 
14α-hydroxylases, while dehydrogenation is generally 
catalyzed by 3β-, 5α-HSDs. Biotransformation of andros-
tenedione (AD) to testosterone (TS) by S. cerevisiae was 
discovered as early as in 1937 [33], with the same function 
discovered in Schizosaccharomyces pombe later [34]. The 
biotransformation of steroid drugs by microbial strains was 
intensively studied in the 1990s, but limited to strain min-
ing without comprehensive enzyme characterizations [32, 
35]. However, the wild-type strains are limited to specific 
types of reactions, which cannot be utilized to catalyze 
biotransformation beyond native catalytic capacity. For 
example, although S. cerevisiae was reported to be able 
to catalyze the reduction at C3, C20 and C17 of C21 and 
C19 steroids [36], it cannot catalyze the desired hydroxyla-
tion of steroids for the synthesis of hydrocortisone, which 
requires the C11-hydroxylation. It is important to charac-
terize the enzymes responsible for the bioconversion in the 
corresponding microbial strains, and thus enable the estab-
lishment of programmable bioproduction of steroids using 
biotransformation strategy. More information about the 
microbial biotransformation in all types of microbes can be 
found in an earlier comprehensive review by Donova et al. 
[37]; here, we will only discuss the biotransformation efforts 
established in yeast (Table 1).

11α-hydroxylation (Fig. 2, Table 1) of progesterone is 
an important step in corticosteroid synthesis [38], and the 
biotransformation has been studied since 1950s [39]. Many 
microbial strains, such as Rhizopus nigricans and Asper-
gillus ochraceus [40, 41], have been reported to be able to 
catalyze this conversion. However, the enzyme responsible 
for 11α-hydroxylation in Rhizopus was not discovered until 
2010 [42]. CYP509C12 from the filamentous fungi Rhizo-
pus oryzae was characterized as the enzyme responsible 
for the synthesis of 11α-hydroxylation from progesterone 
[42]. Coexpression of CYP509C12 with its nature redox 
partner NADPH-cytochrome P450 reductase (RoCPR) in 
the fission yeast S. pombe 1445 led to 59.7% conversion 
of progesterone into 11α-hydroxyprogesterone and small 
amounts of a byproduct 6β-hydroxyprogesterone (~ 0.9%) 
[42]. CYP509C12 was also found to be able to catalyze the 
11α-hydroxylation of TS, 11-deoxycorticosterone (DOC) 
and cortodoxone (RSS), with DOC exhibiting the high-
est conversion of progesterone but with low specificity 
(62% 11α-hydroxylated product and 6.8% 6β-hydroxylated 
byproduct) [42]. In 2017, another 11α-hydroxylase 
(11α-SHAoch) from the industrial steroid bioconversion strain 
A. ochraceus was characterized in S. cerevisiae [43]. Pro-
gesterone fed to the 11α-SHAoch-expressing yeast strain was 
converted into 11α-hydroxyprogesterone as the sole product 
with a high conversion at 90.9%, without coexpression of the 
native CPR [43]. In this study, CYP509C12 was expressed in 
S. cerevisiae as well as a comparison, resulting in a mixture 
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of 11α-hydroxyprogesterone and 6β-hydroxyprogesterone 
(with the ratio of 7: 1). The amino acid sequences of 
11α-SHAoch and CYP509C12 were then compared, which 
only share 15% identity at whole length and 26% identity 
in a C-terminus (174 amino acid long), indicating that they 
belong to different cytochrome P450 families [43].

The 11β-hydroxyl (Fig. 2, Table 1) is essential for the 
anti-inflammatory activity of relating steroid drugs, such as 

hydrocortisone [37]. The filamentous fungi Absidia orchidis 
was found to be able to catalyze 11β-hydroxylation on RSS 
to form hydrocortisone [44]. Recently, the enzymes respon-
sible for the 11β-hydroxylation in A. orchidis were iden-
tified, including a cytochrome P450 CYP5311B2 and its 
native associating CPR and cytochrome b5 (CYB5) from 
A. orchidis [45]. The three enzymes were then functionally 
reconstituted in S. cerevisiae to catalyze the synthesis of 

Table 1  Steroids produced through yeast-based biotransformation discussed in this review

Substrate Enzyme(s) Function(s) Products Strain References

Progesterone CYP509C12 11α hydroxylase 11-Alpha-hydroxyprogesterone S. pombe [42]
17α-hydroxy progesterone 11α-SHAoch 11α hydroxylase Cortodoxone (RSS) S. cerevisiae [43]
Cortodoxone (RSS) CYP5311B2 11β hydroxylase Hydrocortisone S. cerevisiae [45]
Androstenedione P450lun 14α hydroxylase 14-Hydroxy-androstenedione S. cerevisiae [48]
Cortodoxone (RSS) P450lun 14α hydroxylase 14-Hydroxy-corodoxone (40%), 

11β-hydroxy- cortodoxone (60%)
Androstenedione (AD) KsdD2  ∆1 dehydrogenase Androst-1,4-ene-3,17-dione, bold-

enone
P. pastoris [49]

Pregnenolone 3β-HSD,3KSI, 
CYP21A1, 
St5βR

3β-dehydrogenase, isomer-
ase, 14α hydroxylase, 5β 
reductase

5β-Pregnane-3β,21-diol-20-one S. cerevisiae [52]

Cortodoxone (RSS) CYP5150AP3 7β hydroxylase 7β-hydroxy cortodoxone P. pastoris [53]
CYP5150AN1 2β hydroxylase 2β-hydroxy cortodoxone

Fig. 2  a Structure of com-
mon steroids involved in 
biotransformation. Based on 
the biotransformation discussed 
in the review, they are divided 
into precursors and products. 
b Steroid products produced 
from yeast-based biotransfor-
mation through hydroxylation 
or dehydrogenation mentioned 
in this review. The functional 
groups of interests in the review 
are marked in red

14α-Hydroxylation11β-Hydroxylation

7β-Hydroxylation

11α-Hydroxylation

2β-Hydroxylation

∆1-Dehydrogenation

Cortexolone
(RSS)

Androstenedione
(AD) 

17α-Hydroxyl-
progesterone

Hydrocortisone

A B
C D

Progesterone Pregnenolone

Testosterone
(TS)

Boldenone
(BD)

A

Hydroxylation

3β-Dehydrogenation21-Hydroxylation

B Dehydrogenation

Key Precursors

Key Products



833Journal of Industrial Microbiology & Biotechnology (2020) 47:829–843 

1 3

hydrocortisone from RSS with the productivity of hydro-
cortisone at up to 22 mg/L day [45]. As a comparison, the 
mammalian 11β-hydroxylation system with CYP11B1 from 
Homo Sapiens and the redox partners for P450s, bovine 
adrenodoxin reductase (ADR) and adrenodoxin (ADX) were 
expressed in yeast, which produced 3 mg/L day of hydro-
cortisone, around sixfold lower than the A. orchidis system. 
The A. orchidis system (CYP5311B2, CPR and CYPB5) 
was further engineered for enhanced hydrocortisone pro-
duction. The site-directed mutagenesis of CYP5311B2 was 
conducted and the R126D/Y398F mutant exhibited 3 times 
higher productivity of hydrocortisone compared with the 
wild-type CYP5311B2. To eliminate undesired side reac-
tions in S. cerevisiae, two yeast endogenous enzymes, glyc-
erol dehydrogenase GCY1 and aldosterone reductase YPR1 
that can catalyze the C20-keto reduction of RSS, were inacti-
vated. Additionally, various CPRs (CPRs from S. cerevisiae, 
Arabidopsis thaliana, Vitis vinifera, and A. orchidiswas) 
were introduced into S. cerevisiae to identify the optimal 
CPR for the function of CYP5311B2; with CPR from A. 
orchidiswas exhibiting the best performance. The hydrocor-
tisone productivity was further enhanced to ~ 223 mg/L day 
upon tuning the expression level and the ratio among 
CYP5311B2, CPR and CYB5 in the engineered yeast strain, 
then to ~ 268 mg/L day through overexpression of steroid 
transporter CDR4 from Cochliobolus lunatus, and ultimately 
towards ~ 677 mg/L day by increasing the cell density to 
 OD600 ~ 180. Interestingly, the engineered yeast strain exhib-
its an enhanced regioisomeric ratio (4:1) between the desired 
11β-hydrocortisone to 11α-hydrocortisone, compared to 1:1 
in A. orchidis, which also encodes 11α-hydroxylase [45]. 
This study demonstrates the high efficiency and regiose-
lectivity of the engineered steroid biotransformation in S. 
cerevisiae, indicating yeast as a promising platform for the 
bioproduction of hydrocortisone through biotransformation 
[45].

Beside 11-hydroxyl, 14α-hydroxyl (Fig. 2, Table 1) is 
also an important structural feature and is responsible for 
the anti-gonadotropic and carcinolytic biological properties 
of 14α-hydroxysteroid drugs [46], such as 14α-hydroxy-4-
androstene-3,6,17-trione (14α-OH-AT) [47].  P450lun from 
C. lunatus was originally characterized as a bifunctional 
hydroxylase that catalyzes both 11β- and 14α-hydroxylations 
of RSS, and has been utilized in the industrial production of 
hydrocortisone from RSS through 11β-hydroxylation [48]. 
Recently, the production of 14α-hydroxysteroids was estab-
lished in S. cerevisiae using  P450lun to catalyze the forma-
tion of 14α-hydroxyandrostenedione (14α-OH-AD) from 
androstenedione (AD) (regiospecificity > 99%) [48]. To 
enhance the efficiency and specificity of  P450lun towards the 
synthesis of 14α-OH-AD, the native redox partner  CPRlun 
was identified and co-expressed with  P450lun with enhanced 
copy numbers in S. cerevisiae. The GCY1 and YPR1 genes 

were inactivated in the strain to eliminate the side reaction 
of the C20-keto reduction, same as in the biotransformation 
of hydrocortisone using CYP5311B2. The final engineered 
yeast strain synthesized 14α-OH-AD with 60% w/w yield 
and 99% regioisomeric purity converted from ~ 250 mg/L 
of fed AD [47, 48].

Boldenone (BD), the precursor to a number of steroid 
medicines, is normally synthesized from AD through ∆1 
dehydrogenation and 17-keto reduction (Fig. 2, Table 1) 
[49]. A number of yeast strains have been found to be able 
to catalyze steroid 17β-reduction natively, including Pichia 
pastoris GS115 [49]. One recent example of yeast-based 
bioproduction of BD was achieved through overexpressing 
the 3-ketosteroid-Δ1-dehydrogenase KsdD2 from Rhodoc-
occus rhodochrous in GS115 [49]. Both ∆1 dehydrogen-
ated product androst-1,4-ene-3,17-dione (ADD) from AD 
and 17-keto reduced product BD from ADD were detected 
from the engineered yeast strain, indicating the 2-step forma-
tion of BD from AD in GS115 [49]. However, the conver-
sion efficiency of AD into BD is low, at around 30% due 
to the insolubility of steroid in aqueous solution (AD was 
fed at 2 g/L). Therefore, the cosolvent 2-hydroxypropyl-β-
cyclodextrin (HP-β-CD) was supplemented to improve the 
solubility of steroids in the medium and enhanced the con-
version of AD into BD to 56.76% (with molar ratio 1: 1 of 
HP-β-CD to AD) [49]. The conversion was further improved 
with the bacterial and yeast co-culture strategy in the follow-
up investigations [50, 51]. The bacterial strain Arthrobacter 
simplex previously identified to exhibit high ∆1-dehydro-
genation activity was used to convert AD into ADD; and P. 
pastoris GS115 was engineered to express 17βHSD from S. 
cerevisiae to enhance the conversion of ADD into BD [50]. 
With the optimized medium condition (5.0 g/L AD with 
molar ratio 1:1 HP-β-CD and 75-g/L glucose), the conver-
sion of AD into BD achieved 83% [50]. The efficient con-
version of AD into BD in the bacteria–yeast coculture later 
on inspired Mycobacterium neoaurum–P. pastoris GS115 
coculture, where M. neoaurum can natively convert phytos-
terols into ADD (with a small amount of AD supplemented) 
[51]. The two-stage fermentation of KsdD2-overexpressing 
M. neoaurum and 17βHSD-overexpressing GS115 produced 
BD at a conversion of 76% from fed phytosterols under the 
optimal medium condition (50 g/L glucose supplementation 
and 25 mM β-CD) [51].

Multi-step biotransformation has also been established 
in yeast (Table 1). Recently, the early steps of cardenolide 
formation, from pregnenolone to 5β‐pregnane‐3β,21‐
diol‐20‐one, were reconstituted in S. cerevisiae [52], 
through expressing ∆5 3β-HSD from Digitalis lanata 
(Dl3β-HSD), ∆5 isomerase from Comamonas testostero-
nii (Ct3KSI), 5β reductase from Arabidopsis thaliana 
(AtSt5βR), and a 21-hydroxylase CYP21A1 from Mus 
musculus (MmCYP21A1). To avoid the esterification of 
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pregnenolone which inhibits its conversion into down-
stream products, acetyl-CoA:pregnenolone acetyltransferase 
(APAT) encoded by ATF2 was disrupted. Subsequently, to 
enhance the performance of the mitochondria cytochrome 
P450 MmCYP21A1, the redox partners, ADR and ADX 
were co-expressed. Although the conversion (< 16% from 
0.13 mM fed pregnenolone) is not as high as the aforemen-
tioned biotransformation using single or double enzymes, 
this strategy implicates the potential of programming yeast-
based biotransformation for the production of more diverse 
steroid structures using enzymes of different functions and 
from various organisms [52].

Yeast has also been utilized to characterize several steroid 
hydroxylases that catalyze special hydroxylation activities. 
Recently, Thanatephorus cucumeris was found to be able to 
catalyze 7β-hydroxylation of RSS under neutral or acidic 
condition (Table 1) [53]. Transcriptome analysis of T. cuc-
umeris was conducted upon RSS exposure at pH 6.0 and pH 
9.0. The highly upregulated gene CYP5150AP3 and down-
regulated gene CYP5150AN1 at pH 6.0 were reconstituted in 
P. pastoris and presented special hydroxylation activities at 
C7 and C2. CY5150AP3 catalyzes 7β-hydroxylation on RSS 
and TS in yeast, with 10% side reaction of 6β-hydroxylation. 
CYP5150AN1 was identified to form a 2β-hydroxyl on RSS 
and produced 2β-OH-RSS as the sole product [53]. In addi-
tion to the fungal enzymes, CYP71D443 from Ajuga hairy 
roots was characterized in yeast as a C-22 hydroxylase that 
functions on 3β-hydroxy-5β-cholestan-6-one (5β-ketone) 
and 3β-hydroxy-5β-cholest-7-en-6-one (5β-ketol) [54].

Biotransformation of steroid drugs provides an environ-
mentally more friendly approach for the industrial steroid 
production, compared to chemically catalyzed conversion 
[55]. The fast growing, genetically manipulatable, and fer-
mentable yeast strains have been considered as a favorable 
host for biotechnological production [48]. As discussed in 
this session, different yeast strains have been utilized for 
the production of various steroids through biotransforma-
tion strategy and generally with good conversion efficiency. 
The medium condition of steroid biotransformation in yeast 
is relatively simple, usually common yeast rich or minimal 
medium supplemented with organic solvent, such as etha-
nol and N,N-dimethylformamide (DMF) to help dissolve 
the steroid substrates [48, 56]. Addition of β-cyclodextrin 
often helps the transport of steroid substrates into the cells 
[50, 57]. Enzymes responsible for steroid hydroxylation and 
dehydrogenation have been largely identified within the past 
20 years, with many characterized in yeast. The massive 
strains with steroid transformation abilities discovered in 
the past decades are important resources for novel enzyme 
discovery; and the discovery of these enzymes set the foun-
dation to use yeast as a versatile bioproduction platform 
for diverse steroid structures using the biotransformation 
strategy.

Synthesis of steroids without C24‑Alkyl

De novo synthesis of steroids in yeast has gained much 
attention in the past decades [58]. The complete synthesis 
of steroid from simple carbon sources exploits the native 
ergosterol pathway to produce the desired sterol structure 
by inactivating late stage erg genes. The erg6 gene, encod-
ing ∆24-sterol C-methyltransferase, can be inactivated to 
form sterols without C24-alkyl, which is a key charac-
teristic of cholesterol. Cholesterol is the crucial compo-
nent in animal cell membrane and precursor to Vitamin D 
and many other hormones [5, 6]. Cholesterol can also be 
found in many plants at a trace amount but is an important 
precursor to many specialized metabolites such as steroi-
dal glycoalkaloids (SGAs) involving in the plant defense 
mechanism [8, 59].

The first stable cholesterol-producing S. cerevisiae 
strain RH6829 was established by Souza et al. in 2011 
[60]. Compared to ergosterol, cholesterol does not own 
C24-methyl and has saturated C7–C8 bond and C22–C23 
bond. ERG6 and ERG5 are responsible for the C24 meth-
ylation and C22–C23 desaturation, respectively. To redi-
rect ergosterol synthesis to cholesterol, erg6 and erg5 were 
disrupted, and ∆7-reductase DHCR7 and ∆24(25)-reductase 
DHCR24, both from Danio rerio, were introduced to S. 
cerevisiae to generate strain RH6829 (Fig. 3, Table 2). S. 
cerevisiae RH6829 can stably produce cholesterol from 
simple carbon source, providing a yeast-based platform to 
synthesize specialized cholesterol and derivatives [60]. For 
example, RH6829 was applied to produce 13C-labeled cho-
lesterol by culturing the strain RH6829 with 13C-labeled 
glucose. The 13C-labeled cholesterol was used to investi-
gate influenza M2 protein–cholesterol interaction by NMR 
spectroscope [61]. 

Another yeast strain P. pastoris has also been engi-
neered to produce cholesterol using the same strategy as 
RH6829(Table 2) [62]. These cholesterol-producing yeast 
strains were proposed to be humanized strains and might 
be suitable hosts for the expression of mammalian mem-
brane proteins. A membrane-binding human protein Na,K-
ATPase α3β1 isoform, which requires the interaction with 
cholesterol and phospholipids to stabilize and enhance the 
ion transport activity, was used to examine how cholesterol 
incorporation affects the function of animal membrane 
proteins. In comparison to the wild-type P. pastoris, Na,K-
ATPase α3β1 isoform exhibited longer protein half-life, 
correct co-localization in plasma membrane, and enhanced 
ATPase activity in the cholesterol-producing P. pastoris. 
The enhanced stability and activity of Na,K-ATPase α3β1 
isoform in the cholesterol-producing P. pastoris imply the 
potential of using cholesterol-producing yeast strains to 
study and express animal membrane proteins [62].
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Cholesterol is also the precursor to a number of special-
ized metabolites in plant, such as saponins and steroidal 
alkaloids [63]. The cholesterol-producing S. cerevisiae 
strain RH6829 is, thus, often used for enzyme functional 
characterization to elucidate the biosynthesis of cholesterol-
derived phytochemicals. One recent example is the charac-
terization of the 22R-hydroxylase CYP90B27 involved in 
the synthesis of polyphyllins in the medicinal herb Paris 
polyphylla [64]. The first step from cholesterol to saponins 
and steroidal alkaloids is believed to be C22-hydroxylation 
and catalyzed by a cytochrome P450. CYP90B27 was identi-
fied from functional transcriptome analysis, and the heter-
ologous expression of CYP90B27 led to a descent conver-
sion towards 22(R)-hydroxycholesterol, which confirmed 
CYP90B27 as the 22α-hydroxylase (Fig. 3, Table 2) [64]. 
More recently in 2019, RH6829 was utilized in the eluci-
dation of the biosynthesis of diosgenin, the aglycone of a 
class of spirostanol-type saponins that is synthesized from 
cholesterol [65]. Similarly, PpCYP90G4-PpCYP94D108 
and TfCYP90B50-TfCYP82J17 were identified to cata-
lyze the conversion of cholesterol into diosgenin in P. 
polyphylla and Trigonella foenum-graecum, respectively, 
through transcriptome analysis and functional screening 

using Nicotiana benthamiana-based co-infiltration. The 
functions of PpCYP90G4, PpCYP94D108, TfCYP90B50, 
and TfCYP82J17 were further confirmed through functional 
reconstitutions in RH6829, which also enabled the first 
reported yeast bioproduction of diosgenin (Fig. 3, Table 2) 
[65]. Although yeast is mostly used as the characterization 
platform here instead of robust producers of the cholesterol-
derived phytosteroids, these studies demonstrate the poten-
tial of using yeast as the platform for the bioproduction of 
various cholesterol-derived phytosteroids.

In addition to cholesterol-derived compounds, the Δerg6 
mutant of S. cerevisiae has also been used to investigate 
plant cholesterol biosynthesis. Plant cholesterol biosynthe-
sis also involves ∆24(25)-reductase [8]. To provide a plat-
form for the putative Solanum tuberosum ∆24(25)-reductase 
screening, erg6 was disrupted in S. cerevisiae and StDWF5 
(a ∆7-reductase from S. tuberosum) was expressed to accu-
mulate desmosterol (T31) [66]. The expression of SSR2, 
the putative ∆24 reductase, in this desmosterol-accumulat-
ing yeast strain resulted in the production of cholesterol, 
which confirms that SSR2 functions as a ∆24(25)-reductase 
and is involved in cholesterol biosynthesis in S. tuberosum 
(Table 2). Moreover, co-expression of SSR2 with StDWF5 

Fig. 3  Synthesis of steroids 
without C24-alkyl yeast. The 
characteristic C24 of cholesterol 
is marked in red. Single solid 
arrow represents reactions that 
have been validated in yeast, 
multiple solid arrows indicate 
multiple steps, and dashed 
arrows implicate conver-
sions catalyzed by unknown 
enzyme(s). Compounds that 
potentially can be synthesized 
from yeast but not estab-
lished yet are marked in blue. 
The endogenous ergosterol 
biosynthesis in yeast is high-
lighted in yellow, cholesterol 
is highlighted in blue, and the 
steroids derived from choles-
terol are highlighted in pink. 
The enzymes marked in red 
represent the ones that require 
NADPH/NADP+, and the ones 
that require ATP are marked 
in blue

X

X
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in the Δerg4Δerg5 double mutation and 24-methylenecho-
lesterol-accumulating yeast strain (T21) also resulted in the 
synthesis of cholesterol. The synthesis of cholesterol in both 
engineered yeast strains implies that the Δ24(25)-reduction 
catalyzed by SSR2 could occur before the C-24 methylation 
catalyzed by ERG6 (Table 2) [66]. The versatility of yeast in 
sterol biosynthesis and engineering provides a unique plat-
form for the clear elucidation of sterol biosynthesis.

The Δerg6 S. cerevisiae, with the lack of 24-alkylsterols, 
also provides a favorable platform for the characterization of 
C24-methyltransferase. Since ergosterol cannot be detected 
in the fungal pathogen Pneumocystis carinii, it is resistant 
to many common antifungal agents targeting ergosterol bio-
synthesis, and the S-adenosylmethionine:C-24 sterol meth-
yltransferase (SAM:SMT, AdoMet) has been shown to be 
a promising target for the development of antifungal drug 
active against P. carinii [67]. However, P. carinii is diffi-
cult to study due to the lack of in vitro culture conditions. 
Instead, P. carinii SAM:SMT was heterologously expressed 
in the Δerg6 mutant S. cerevisiae for functional characteriza-
tion, which revealed the function that this methyl transferase 
can transfer one or two methyl to C24 to form both 28-car-
bon and 29-carbon sterols [67].

Although inactivation of erg6 is not lethal to yeast, it 
affects yeast plasma physical properties. Beside the enhanced 

hypersensitivity to LiCl and hygromycin B as previously dis-
cussed [27], erg6 inactivation is lethal to yeast with trypto-
phan auxotroph because that the localization of tryptophan 
transporter TAT2 relies on the interaction with ergosterol 
in the plasma membrane [68]. The lack of ergosterol results 
in the mislocation of TAT2 in the vacuole and hinders the 
uptake of tryptophan. However, the production of cholesterol 
in Δerg6 mutant can restore the function of TAT2 misroute and 
recover the tryptophan transport capability [60]. Additionally, 
ergosterol is very important for the function of PDR12 [69], 
which is responsible for yeast resistance to weak organic acids. 
Mutant lacking ergosterol is hypersensitive to weak organic 
acid. These factors need to be considered during erg6 inactiva-
tion related yeast engineering. On the other hand, the Δerg6 
mutant shows higher resistance to tomatidine, compared to the 
wild-type S. cerevisiae [70]. The enhanced resistance is likely 
due to the accumulation of zymosterol, implying the potential 
of using Δerg6 yeast mutants for the biosynthesis of steroidal 
alkaloid and saponins exhibiting antifungal activities [70].

Table 2  De novo synthesis of steroids in yeast discussed in this review

Genotype Function Products Strain References

Genes deleted Genes introduced

∆erg5, ∆erg6 DrDHCR7, DrDHCR24 ∆7-reductase, 
∆24(25)-reductase

Cholesterol S. cerevisiae, P. pastoris [60, 62]

∆erg5, ∆erg6 CYP90B27 22R-hydroxylase 22(R)-hydroxycholesterol S. cerevisiae [64]
∆erg5, ∆erg6 CYP90G4 or CYP90B50, 

CYP94D108 or 
CYP82J17

16S,22S-dihydroxylase, 
27-hydroxylase

Diosgenin S. cerevisiae [65]

∆erg6 StDWF5, StSSR2 ∆7-reductase, 
∆24(25)-reductase

Cholesterol S. cerevisiae [66]

∆erg4, ∆erg5 StDWF5, StSSR2 ∆7-reductase, 
∆24(25)-reductase

Cholesterol S. cerevisiae [66]

∆erg5 HsDHCR24 ∆24(25)-reductase 7-Dehydrocholesterol S. cerevisiae [72]
∆erg5 XlDHCR7 ∆7-reductase Campesterol Y. lipolytica [73]
∆erg5 DrDHCR7, CYP11A1 ∆7-reductase, monooxy-

genase
Pregnenolone Y. lipolytica [75]

∆erg4, ∆erg5 24ISO Δ24-isomerase 24-Methyldesmosterol S. cerevisiae [79]
∆erg4, ∆are1, ∆are2 AtDWF7, AtDWF5, 

AtDWF1, CYP90B1, 
CYP90A1, AtATR1

C5-desaturase, 7-dehydro-
cholesterol reductase, 
Δ24-sterol reductase, 
22-hydroxylase, C3 
oxidase

22(S)-hydroxycampest-
4-en-3-one

S. cerevisiae [77]

AtDWF7, AtDWF5, 
AtDWF1, AtSMT2

C5-desaturase, 7-dehydro-
cholesterol reductase, 
Δ24-sterol reductase, 
methyltransferase

β-Sitosterol
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Synthesis of steroids with saturated C7–C8 
bond

ERG5 catalyzes C-22 desaturation, which is a unique 
characteristic of ergosterol, compared with cholesterol 
and phytosterol. The inactivation of erg5 resulted in the 
accumulation of ergosta-5,7-dienol-3β-ol, the precursor 
of Vitamin D4 [71]. The expression of DHCR24 from 
Homo sapiens in Δerg5 mutant S. cerevisiae led to the 
accumulate 7-dehydrocholesterol, the precursor of Vita-
min D3 [72]. Phytosterols generally have saturated C7–C8 
bond in the B ring, which is catalyzed by the ∆7-reductase 
(DWF5). DWF5 has been previously utilized for the de 
novo synthesis of hydrocortisone with the function of eight 
mammalian enzymes in S. cerevisiae [58]. Hydrocortisone 
was proposed to be converted from campesterol or bras-
sicasterol of saturated C7–C8 in the B ring. The synthesis 
of hydrocortisone in the engineered S. cerevisiae with the 
titer up to 11.5 mg/L implies the significance of establish-
ing efficient bioproduction of phytosterols in yeast [58].

Although stable synthesis of campesterol was estab-
lished in S. cerevisiae as early of 2013 [60], most recent 
campesterol bioproduction efforts were focusing on engi-
neering of Yarrowia lipolytica. The efficient production of 
campesterol in Y. lipolytica was first reported in 2016 [73]. 
7-dehydrocholesterol reductases (DHCR7s) from Rallus 

norvegicus, Oryza saliva and Xenopus laevis were exam-
ined in Δerg5 mutant Y. lipolytica for the best production 
of campesterol (Fig. 4, Table 2). Out of three reductases, 
DHCR7 from X. laevis exhibited the highest campesterol 
production, up to 453 mg/L under the optimal medium 
optimization with sunflower seed oil as the carbon source 
under high-cell density fed-batch fermentation [73]. The 
campesterol-producing Y. lipolytica strain was further 
enhanced to 942 mg/L by substituting XlDHCR7 with 
DHCR7 from D. rerio and expressing peroxisome acyl-
CoA oxidase 2 (POX2), an enzyme with high activity on 
the conversion of C16–18 long-chain fatty acids (the main 
components in sunflower seed oil) into acetyl-CoA [74]. 
Subsequently, the de novo production of pregnenolone, 
the early-stage intermediate for the synthesis of hydrocor-
tisone, was established through coexpression of the sterol 
side-chain cleavage enzyme CYP11A1 with the redox 
partners bovine ADX and ADR in Y. lipolytica (Fig. 4, 
Table 2) [75]. Various CYP11A1 orthologs (from Homo 
sapiens, Bos taurus, Danio rerio, Lithobates catesbeiana, 
Gossypium arboretum, Taeniopygia guttata, Gallus gal-
lus, Mus musculus) and redox partners were compared 
to locate the pair (CYP11A1 from Sus scrofa with ADX/
ADR from Bos taurus) that provides the highest titer of 
pregnenolone, which was further optimized to 78 mg/L 
through expression level tuning and fermentation engi-
neering [75].

Fig. 4  Synthesis of steroids 
with saturated C7–C8 bond in 
yeast. The characteristic C7–C8 
bond of campesterol is marked 
in red. Single solid arrow 
represents reactions that have 
been validated in yeast, multiple 
solid arrows indicate multi-
ple steps, and dashed arrows 
implicate conversions cata-
lyzed by unknown enzyme(s). 
Compounds potentially can be 
synthesized from yeast but not 
established yet are marked in 
blue. The endogenous ergos-
terol biosynthesis in yeast is 
highlighted in yellow, phytos-
terols are highlighted in green, 
and steroids synthesized from 
phytosterols are highlighted 
in pink. The enzymes marked 
in red represent the ones that 
require NADPH/NADP+, and 
the ones that require ATP are 
marked in blue
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Besides steroid drugs, phytosterols are also precur-
sors to an array of specialized metabolites in plants, such 
as brassinosteroids and withanolides. As discussed pre-
viously, phytosterol-producing yeast strains are useful 
platforms for the functional characterization of enzymes 
involved in the biosynthesis of specialized phytoster-
oids. Brassinosteroids are a group of phytohormones that 
play an essential role in plant growth, development, and 
resistance to both biotic and abiotic stress, and are mainly 
synthesized from campesterol [76]. In our most recent 
work, S. cerevisiae was engineered to express Δ7-sterol-
C5-desaturase (DWF7), DWF5 and Δ24-sterol reductase 
(DWF1) from A. thaliana to synthesize campesterol. 
However, campesterol and the precursor 24-methylene-
cholesterol were found to be vigorously esterified and were 
merely accessible to the downstream tailoring enzymes 
such as CYP90B1 or SMT2 [77]. The inactivation of 
the native sterol acyltransferase genes ARE1 and ARE2 
resulted in the synthesis of free phytosterols without much 
growth deficiency [78]. The introduction of SMT2 to the 
free campesterol-producing yeast strain led to the synthe-
sis of β-sitosterol, the titer of which was then enhanced 
through inactivating erg4, the paralog and competing gene 
of dwf1 (Table 2). However, inactivation of erg4 resulted 
in dramatically reduced campesterol synthesis and signifi-
cant growth deficiency, which were partially overcome by 
adaptive evolution. The free campesterol-producing yeast 
strain was also utilized as a platform to reconstitute the 
early part of the brassinolide biosynthetic pathway, using 
CYP90B1 and CYP90A1, towards the synthesis of 22(S)-
hydroxycampest-4-en-3-one (Fig. 4, Table 2) [77]. On the 
other hand, withanolides are a group of bioactive steroids 
mainly found in the Solanoideae family, and are believed 
to be synthesized from 24-methylenecholesterol [79, 80]. 
The first step converting 24-methylenecholesterol towards 
the synthesis of withanolides has been very recently 
characterized to be catalyzed by a sterol Δ24-isomerase 
(24ISO) (Fig. 4, Table 2) [79]. 24ISO candidates were 
proposed from transcriptome analysis of different Sola-
noideae plants, and functionally identified in both plant 
tissues and the 24-methyldesmosterol-producing S. cer-
evisiae (strain T21) [79].

Most steroids with saturated C7–C8 and unsaturated 
C22–C23 bonds are phytosterol related. To date, except 
for campesterol production, metabolic engineering efforts 
in pursuing yeast-based bioproduction of phytosterol and 
phytosteroids are limiting. Yeast is more often utilized 
as an enzyme functional characterization tool. Although 
often with low efficiency, the structural diversity of phy-
tosteroids produced in yeast has been broadened through 
this yeast-based enzyme characterization process, and thus 
shed lights on the synthetic potential of yeast-based steroid 
bioproduction.

Future perspective

There are several challenges remaining in establishing effi-
cient steroid production in yeast. First, cytochrome P450s 
are often involved in steroid biosynthesis, which has been 
generally considered as a burden in yeast metabolic engi-
neering of specialized metabolites [81]. In several exam-
ples discussed in this review, the co-expression and exami-
nation of different redox partners have been conducted 
for the sufficient electron transfer, enhanced conversion 
efficiency, and higher regioselectivity [45, 48, 75]. Second, 
steroids, such as campesterol and pregnanolone [75], are 
normally non-exportable, and the accumulation of het-
erologous steroids within the cells could be toxic to the 
yeast cells [82]. Further investigations on steroid transport 
and storage should be conducted to develop engineered 
transportation of steroids of cytotoxicity in yeast. Third, 
many steroids that can be potentially synthesized in yeast 
require highly complex synthetic pathways (e.g., brassi-
nolide [83], tomatidine [84]), which is a general challenge 
in engineering de novo synthesis of complex structures in 
microbial hosts and has been carefully discussed in sev-
eral recent reviews [81, 85, 86]. Last but not least, heter-
ologous steroid production often requires the alternation 
of endogenous sterol synthesis, which may cause extra 
burden to the engineered yeast strains and growth defi-
ciency. These challenges inevitably affect the engineered 
biosynthesis of steroids and may result in low production 
of target steroids.

One promising strategy to overcome these challenges is 
to use non-conventional yeast strains other than S. cerevi-
siae. Among the studies discussed in this review, multiple 
yeast strains have been utilized, such as S. cerevisiae, Y. 
lipolytica and P. pastoris, which are the most common 
selections and with different properties. S. cerevisiae has 
been extensively studied and utilized for genetic and meta-
bolic engineering, with the well-established genetic modi-
fication tools [87]. Therefore, it is widely used in enzyme 
characterizations in addition to bioproduction purpose, 
such as the functional identification of CYP90B27 [64] 
and 24ISO [79]. Y. lipolytica is an industrial oleaginous 
strain and is usually used for high-yield lipid production, 
up to 70% w/w dry cell weight [88]. The high efficiency 
of acetyl-CoA synthesis and robust lipid storage make 
Y. lipolytica a favorable host for the hydrophobic ster-
oid production [88–90]. P. pastoris can be cultured with 
methanol and grow at a relatively low pH, making the fer-
mentation process less prone to microorganism contami-
nation [91]. Moreover, unlike S. cerevisiae known to have 
hyperglycosylation with the addition of 50–150 mannose 
residues to heterologous proteins on average, P. pastoris 
exhibits much less glycosylation with an average of ~ 8–10 
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mannoses, providing a favorable yeast host when certain 
enzymes are difficult to be functionally reconstituted due 
to incorrect glycosylation [92]. P. pastoris also encodes an 
efficient secretion system [93], which may enable extracel-
lular steroid synthesis aided by the efficient export of the 
steroid synthetic enzymes. In addition, using non-conven-
tional yeast strains for specialized metabolite bioproduc-
tion has gained much attention recently [94, 95]. With 
the genetic engineering tools developed in these strains 
[96–98], there will be more choice of yeast strains that 
are feasible for the bioproduction of specialized steroids.

Directed evolution has been successfully utilized to engi-
neer yeast strains for enhanced performance [99, 100], such 
as enhanced thermostability with altered sterol composi-
tion [101]. This strategy has also been successfully used to 
develop yeast adaptive mutants that overcome the growth 
deficiency caused by altered sterol metabolism in our efforts 
to develop β-sitosterol and 22(S)-hydroxycampest-4-en-
3-one-producing yeast strains. The evolved strain was able 
to synthesize ~ sixfold more free campesterol and double the 
cell density at stationary phase, compared to the original free 
campesterol-producing strain [77]. Although the evolved 
strain still exhibits certain limitations, adaptive evolution 
is indispensable for the engineering and reconstitution of 
downstream metabolic pathways. The system biology and 
metabolic flux analysis, thus, become important to decipher 
how yeast was able to adapt its metabolism and growth to 
the altered sterol composition with excessive free sterols.

The system biology-based approaches have also been 
successfully utilized to increase the production of target 
metabolites and overcome the metabolic burdens in different 
microorganism hosts [102, 103]. The system-guided strategy 
will provide a promising route to tune the crosstalk between 
heterologous sterol pathway and the central sterol metabo-
lism for enhanced performance of the engineered steroid-
producing yeast strains, which are often of low efficiency. 
Although the system-level analysis of mevalonate pathway 
has been thoroughly investigated [104], few studies have 
been done on yeast endogenous sterol metabolism, as well as 
the crosstalk with the heterologous sterol-derived pathways, 
which, thus, become an appealing target for future investi-
gation to better understand and engineer yeast for enhanced 
sterol production, especially in the case of de novo steroid 
biosynthesis.

Pathway compartmentalization and metabolite channeling 
have been successfully applied to enhance the efficiency of 
many heterologous pathways in yeast [105, 106], mainly 
through enhancing the local substrate concentrations, sepa-
rating desired reactions from the competing side reactions, 
and decreasing the release of the toxic intermediates into 
the cells [102, 107, 108]. The synthesis of steroids in yeast 
takes place on endoplasmic reticulum (ER) membrane with 
excessive sterols generally esterified and stored in the lipid 

droplets [109]. As described in our recent work, the natural 
compartmentalization of sterol synthesis and esterification 
in yeast blocked the access of downstream enzymes (e.g., 
CYB90B1, SMT2) to the sterol substrates, which leads to 
the failed synthesis of the target products. Although inacti-
vation of the acyltransferases ARE1 and ARE2 enabled the 
synthesis of free sterol and downstream target metabolites, 
it also introduced growth deficiency and decreased overall 
sterol production, which is possibly due to the cytotoxicity 
of excessive free sterols [77]. In such a case, compartmen-
talization and intermediate channeling may provide a unique 
tool to circumvent the undesired crosstalk between yeast 
sterol esterification and the heterologous sterol pathway, and 
decrease the toxicity caused by the presence of heterologous 
sterols unnatural to yeast.

Last but not least, feeding steroid intermediates as the 
precursors is also a promising approach for the produc-
tion of high-value specialized steroids. There are two main 
challenges to use biotransformation for steroid production: 
yeast exogenous sterol uptake mechanism prefers anaero-
bic condition, and many value-added steroids of complex 
structural features require large numbers of enzymes due to 
the lack of sterol intermediates that are commercially avail-
able. Although the uptake control mutant (UPC2-1) has been 
shown to enable aerobic uptake of sterols [109], the produc-
tion of target steroids can also be limited by yeast intracel-
lular capacity of sterols. Thus, the choice of establishing de 
novo synthesis or biotransformation depends on a number 
of factors, including but not limited to the availability of 
substrates, chemical characteristics of the substrates, number 
of heterologous enzymes required, and type of yeast to be 
engineered.

Conclusion

To date, steroids that have been synthesized from yeast can 
be generally divided into 3 groups: (1) C19 or C21 steroid 
drugs, such as boldenone and hydrocortisone [45, 49], (2) 
cholesterol and its derivatives [60, 65, 79] and (3) phytos-
terols and their derivatives [54, 73]. The steroid drug bio-
transformation in yeast strains has been discovered since 
early last century, yet it is not until the recent 20 years that 
enzymes responsible for the steroid biotransformation were 
characterized and their recombinant forms expressed in 
yeast. The discovery of steroid transforming enzymes from 
various microbial hosts enables the engineering of yeast as 
versatile platforms catalyzing diversified steroidal structural 
alternations such as 11α-, 11β-, and 14α-hydroxylation [42, 
45, 48]. The de novo synthesis of cholesterol in yeast was 
first reported in 2011 [60], which is a milestone of yeast 
heterologous sterol synthesis and yeast steroid production 
has attracted much attention since then [61, 62, 64–66]. 
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Cholesterol-producing yeast strains could serve as hosts to 
express mammalian membrane-bound proteins that require 
interaction with cholesterol to fold and function [62]. The 
various sterol-producing yeast strains have also been widely 
used to characterize enzyme activity and elucidate the bio-
synthesis of specialized steroids from various species. Elu-
cidation and reconstitution of the biosynthesis of steroids 
of diverse structures and origins highlight the steroid struc-
tural diversity that can be established in yeast. Although the 
yeast-based synthesis of specialized steroids has just started 
in the past few years, the broad structural diversity estab-
lished in yeast suggests the potential of using yeast-based 
steroid bioproduction as a promising sourcing mechanism 
for this group of molecules. The past decade of engineering 
efforts has demonstrated yeast as a unique and promising 
bioproduction platform for specialized steroids, yet this is 
just a start, with a multitude of challenges remaining to be 
resolved.
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