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Abstract: Plant sterols are important components of the cell membrane and lipid rafts, which play
a crucial role in various physiological and biochemical processes during development and stress
resistance in plants. In recent years, many studies in higher plants have been reported in the
biosynthesis pathway of plant sterols, whereas the knowledge about the regulation and accumulation
of sterols is not well understood. In this review, we summarize and discuss the recent findings in the
field of plant sterols, including their biosynthesis, regulation, functions, as well as the mechanism
involved in abiotic stress responses. These studies provide better knowledge on the synthesis and
regulation of sterols, and the review also aimed to provide new insights for the global role of sterols,
which is liable to benefit future research on the development and abiotic stress tolerance in plant.
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1. Introduction

Sterols are a kind of isopentenyl pyrophosphate-derived molecule, and exist naturally
with important physiological activities for all eukaryotes [1]. Depending on their different
sources, sterols can be divided into animal sterols, plant sterols, and fungal sterols [2].
At present, more than 250 kinds of sterols and sterol conjugates have been identified in
plants, including free sterols, sterol esters, sterol glucosides, and acylated sterol glucosides
(Figure 1), and the multiple forms of sterols determine their various functions in plant
life [3,4].

The physiological and biochemical functions of kinds of plant sterols have been clari-
fied in plants [5]. Firstly, as integral components of the membrane, plant sterols contribute to
maintaining the integrity, fluidity, and permeability of the membrane lipid bilayer, thereby
increasing the stress resistance of plants [6,7]. In addition, plant sterols participate in the
formation of lipid rafts, a special structure, which is helpful to the establishment of cellular
polarity, signaling, and plant–pathogen interactions [8,9]. Furthermore, plant sterols and
their derivative brassinosteroid (BR) also serve important physiological functions in plant
growth and development such as seed germination, plant phenotype, senescence, flowering
time, and seed yield [10,11].

In view of the fact that plant sterols play an essential role in many crucial aspects and
their future promising applications, here we provide an overview of the frontier advances
in plant sterol biosynthesis, metabolism and stress response. Furthermore, we explore
the potential mechanisms of plants regulating C24-alkyl sterols content in response to
environmental stress and aims to provide new insights into understanding the role of sterol
in cellular metabolism.
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Figure 1. The chemical structure of free sterols and conjugated sterol. R1 at C3 and R2 at C17 de-
termine the diversity of sterols. (1) Tetracyclic skeleton of sterol; R1 determines the type of com-
pound including, (2) free sterol, (3) steryl glucosides, (4) acylated steryl glucosides, (5) steryl es-
ters, (6) steroidal glycoalkaloids. R2 determines the diversity of compounds. For example, the 
combination of (2) and (7) makes cholesterol (12), the combination of (2) and (8) makes campester-
ol (13), the combination of (2) and (9) makes β-sitosterol (14), the combination of (2) and (10) 
makes stigmasterol (15), the combination of (3) and (10) makes stigmasteryl glycose (16), the com-
bination of (4) and (9) makes sitosteryl palmitoyl glucoside (17), the combination of (5) and (9) 
makes stigmasteryloleate (18), while the combination of (6) and (11) makes α-solanine (19). The 
differences in the R1 group and R2 group are shown in blue and red, respectively. 

2. Key Enzymes in the Biosynthesis of Sterols in Plant 
To date, a growing number of studies have been performed in the field of sterol bi-

osynthesis [12,13]. This biosynthesis pathway can be divided into three major segments: 
(i) the mevalonate synthesis pathway, (ii) polymerization of isopentenyl pyrophosphate 
(IPP), and (iii) the post-squalene pathway (Figure 2). The first two segments are con-
served in all eukaryotes, whereas profound differences exist in the post-squalene path-
way in animals, plants, and fungi. Thus, in this section, we aimed to summarize key en-
zymes in the post-squalene pathway of the plant sterols biosynthesis, which is crucial for 
plant responses to abiotic stress, mainly through maintaining the optimal balance be-
tween cholesterol and C24-alkyl sterols in plants, as well as changes in the ratio between 
sterols and sphingolipids [14]. 

Figure 1. The chemical structure of free sterols and conjugated sterol. R1 at C3 and R2 at C17
determine the diversity of sterols. (1) Tetracyclic skeleton of sterol; R1 determines the type of com-
pound including, (2) free sterol, (3) steryl glucosides, (4) acylated steryl glucosides, (5) steryl esters,
(6) steroidal glycoalkaloids. R2 determines the diversity of compounds. For example, the combina-
tion of (2) and (7) makes cholesterol (12), the combination of (2) and (8) makes campesterol (13), the
combination of (2) and (9) makes β-sitosterol (14), the combination of (2) and (10) makes stigmasterol
(15), the combination of (3) and (10) makes stigmasteryl glycose (16), the combination of (4) and
(9) makes sitosteryl palmitoyl glucoside (17), the combination of (5) and (9) makes stigmasteryloleate
(18), while the combination of (6) and (11) makes α-solanine (19). The differences in the R1 group
and R2 group are shown in blue and red, respectively.

2. Key Enzymes in the Biosynthesis of Sterols in Plant

To date, a growing number of studies have been performed in the field of sterol
biosynthesis [12,13]. This biosynthesis pathway can be divided into three major segments:
(i) the mevalonate synthesis pathway, (ii) polymerization of isopentenyl pyrophosphate
(IPP), and (iii) the post-squalene pathway (Figure 2). The first two segments are conserved
in all eukaryotes, whereas profound differences exist in the post-squalene pathway in
animals, plants, and fungi. Thus, in this section, we aimed to summarize key enzymes
in the post-squalene pathway of the plant sterols biosynthesis, which is crucial for plant
responses to abiotic stress, mainly through maintaining the optimal balance between
cholesterol and C24-alkyl sterols in plants, as well as changes in the ratio between sterols
and sphingolipids [14].
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Figure 2. Biosynthesis pathways of plant sterols. Enzymes of the plant sterols synthesis pathway 
are marked in blue, the key enzymes that regulate C24-alkyl sterol synthesis are depicted in yel-
low, major sterols in plants are marked in red, and dotted lines represent multiple reaction steps. 
Species names are abbreviated as follows: FDFT1, farnesyl-diphosphate farnesyltransferase; SQE, 
squalene monooxygenase; LAS, lanosterol synthase; CYP51; sterol C-14 demethylase; C14-R, sterol 
C-14 reductase; SC4DM, sterol C-4 demethylation complex enzymes (include SMO, 4-methyl ster-
ol oxidase; 3β-HSD, 3β-hydroxysteroid dehydrogenase; 3KSR, 3-keto sterol reductase) ; 8,7-SI, 
sterol 8,7 isomerase; C5-SD, sterol C-5 desaturase; 7-DR, 7-dehydrocholesterol; DHCR24, Δ(24)-
sterol reductase; CAS, cycloartenol synthase; SMT, sterol C24-methyl transferase; CPI, cyclopropyl 
sterol isomerase; SSR, sterol side-chain reductase; CYP710A, sterol C-22 desaturase. 

Figure 2. Biosynthesis pathways of plant sterols. Enzymes of the plant sterols synthesis pathway
are marked in blue, the key enzymes that regulate C24-alkyl sterol synthesis are depicted in yel-
low, major sterols in plants are marked in red, and dotted lines represent multiple reaction steps.
Species names are abbreviated as follows: FDFT1, farnesyl-diphosphate farnesyltransferase; SQE,
squalene monooxygenase; LAS, lanosterol synthase; CYP51; sterol C-14 demethylase; C14-R, sterol
C-14 reductase; SC4DM, sterol C-4 demethylation complex enzymes (include SMO, 4-methyl sterol
oxidase; 3β-HSD, 3β-hydroxysteroid dehydrogenase; 3KSR, 3-keto sterol reductase) ; 8,7-SI, sterol 8,7
isomerase; C5-SD, sterol C-5 desaturase; 7-DR, 7-dehydrocholesterol; DHCR24, ∆(24)-sterol reductase;
CAS, cycloartenol synthase; SMT, sterol C24-methyl transferase; CPI, cyclopropyl sterol isomerase;
SSR, sterol side-chain reductase; CYP710A, sterol C-22 desaturase.
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2.1. Cycloartenol Synthase

Cycloartenol synthase (CAS, EC: 5.4.99.8) is a unique oxidosqualene cyclase in plants,
which can catalyze the cyclization of 2,3-oxidosqualene to cycloartenol, a pentacyclic triter-
penoid, serving as a common precursor for cholesterol and C24-alkyl sterols in plants. In
this process, CAS can transfer the cation at position C-20 of oxidized squalene to position
C-9 to form a cyclopropane ring between C-9 and C-19. Recently, CAS was known to
significantly influence the sterols content, and subsequently cause phenotypic changes,
via the regulation of CAS gene expression. For example, CAS-silenced tomatoes have
shown a drastic reduction in cycloartenol, cholesterol, and C24-alkyl sterols levels [15].
Interestingly, the down-regulation of NbCAS1 expression significantly altered the transcrip-
tional expression of other genes in the plant sterol synthesis pathway, such as the enhanced
expression of NbHMGR1 and the weakened expression of NbSSR2 and NbSMT1 in Nicotiana
benthamiana (N. benthamiana) leaves [16]. In addition, the Arabidopsis thaliana (A. thaliana)
cas1-1 mutant with a low CAS1 expression, 2,3-oxidosqualene accumulation was found in
all analyzed organs, which resulted in a slightly albino phenotype of inflorescence shoots
that affects chlorophyll differentiation and pigment accumulation [17]. Hence, these studies
demonstrated that CAS has a substantial impact on plant sterol biosynthesis and other
physiological and biochemical processes including pigment synthesis.

2.2. Lanosterol Synthase

Lanosterol synthase (LAS, EC: 5.4.99.7) is also an oxidosqualene cyclase responsible
for the cyclisation of 2,3-oxosqualene to lanosterol mainly in animals and fungi, as a key
precursor for cholesterol [18–20]. It had long been believed that plants synthesize sterols
only through cycloartenol rather than lanosterol [21]. However, recent research updated
this review with new evidence. Ohyama et al. made use of isotope tracing technology to
prove that plant sterols can be synthesized via both lanosterol and cycloartenol pathway
in A. thaliana plant, whose contribution to the production of sterols are 99% and 1%,
respectively [12]. In potato leaves with the over-expression of LAS, the glycoalkaloid content
increased significantly, while the content of campesterol and sitosterol rapid decreased [22].
However, Elisabet et al. found that the silencing of LAS in N. benthamiana with VIGS
showed no significant changes in sterol content, suggesting that sterol biosynthesis in N.
benthamiana was strictly dependent on the CAS pathway [23]. Moreover, the same result
was observed in LAS-silenced tomato plants [15]. Thus, it is entirely reasonable to consider
that LAS exists ubiquitously in eukaryotes, while illustrating various contributions to sterol
synthesis in different plants.

2.3. Sterol Side Chain Reductase

In plants, sterol side chain reductase (SSR, EC: 1.3.1.72) is well-known as being di-
vided into two categories, ∆24-sterol reductase (SSR1), and sterol side chain reductase 2
(SSR2) [24]. Previous studies have reported that SSR1 catalyzed the last step in the synthesis
of both campesterol and β-sitosterol, while SSR2 is only responsible for the conversion
of cycloartenol to cycloartenol in the cholesterol pathway [25,26]. SSR1 is also named as
DFW1, which is largely reported to affect the vegetative and reproductive growth in various
kinds of plant [27]. For instance, the overexpression of PcDWF1 in tobacco promoted the
growth of stems and roots, as well as delayed flowering time [28]. In addition to acting
as an important regulator in plant growth and development, SSR1 also affects the level
of auxin in plants. In SSR1 knock-out A. thaliana mutant, the auxin level is significantly
reduced, resulting in the dramatic inhibition of primary root growth [26]. Notably, the
dwf1 plants with SSR1 loss-of-function often exhibited a dwarf phenotype, which has been
confirmed as a brassinosteroid (BR)-deficient effect [29]. Different from the role of SSR1 on
C24-alkyl sterol biosynthesis, SSR2 mainly participates in the synthesis of cholesterol in
the plant, responsible for catalyzing the conversion of cycloartenol to cycloartanol [30]. It
has been proven that SSR2 regulation in the plant causes the change in cholesterol content,
and subsequently influenced the accumulation of steroidal glycoalkaloids (SGAs), which is
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known as an important anti-insect substance. In SSR2-silenced potato plants, the levels of
cholesterol and SGAs were greatly lower than that of wild type, without a distinct effect on
plant growth or yields [30,31]. Hence, SSR1 and SSR2 are both important sterol side chain
reductases, required for the biosynthesis of cholesterol and C24-alkyl sterols, respectively.

2.4. Sterol Methyltransferase

As we know, the presence of alkyl groups at C-24 sterol is the key difference point
between plant sterols and animal sterols [14]. In plants, the alkylation of the side chain
is catalyzed by sterol methyltransferase (SMT) [32]. SMT is essential for the formation
diversity of plant sterols, responsible for the orientation of post-squalene metabolic fluxes
towards the biosynthesis of cholesterol, campesterol, and sitosterol [5,33]. There are two
types of SMT in plants, namely SMT1 (EC: 2.1.1.41) and SMT2 (EC: 2.1.1.143), involved
in primary methylation and secondary methylation, respectively [34]. SMT1 catalyzes
the methylation of cycloartenol to 24-methylene cycloartenol, which is the first step in
introducing methyl groups in the 24-desmethyl sterols. In SMT1-silenced Withania somnifera
(W. somnifera) plants, the down-regulation of SMT1 expression resulted in the reduction
in campesterol, sitosterol, and stigmasterol levels but also an increase in cholesterol con-
tent [35]. In addition, it has been found that the enhancement of SMT1 activity in overex-
pressing SMT1 tobacco promotes an increase in endogenous 3-hydroxy-3-methylglutaryl
coenzyme A reductase (HMG-CoA) activity, which involves IPP polymerization in the
sterol biosynthesis pathway [36]. SMT2 catalyzed the conversion of 24-methylenelophenol
to 24-ethylidenelophenol. It is noteworthy that 24-methylenelophenol is the branch point
of C24-methyl sterols and C24-ethyl sterols synthesis [37]. Anjanasree et al. observed that
in smt2 mutant, the contents of downstream branch products of sitosterol and campesterol
were decreased, while the 24-methylenelophenol level was increased relative to that of
the wild type [38]. In addition to affecting the production of C24-alkyl sterols, SMT2 is
also required for the ploidy consistency of the sexual reproduction system in A. thaliana.
In smt2 A. thaliana mutant plants, weak cytokinetic defects appear in the flowers, accom-
panied by the erroneous generation of tetraploid meiocytes [39]. Furthermore, upstream
promoter sequence analysis of SMT2 in soybean revealed several important binding sites
for temperature-related transcription factors, indicating that SMT2 may help plants cope
with wider temperature fluctuations and maintain membrane-related metabolic processes,
thereby regulating plant growth and development [40].

2.5. Sterol C-4 Demethylation Complex Enzymes (SC4DM)

C-4 demethylation of sterol intermediates (SBIs) is a critical step in sterol biosynthesis,
which is catalyzed by sterol C-4 demethylation complex enzymes (SC4DM) that are highly
conserved from animals to plants [41,42]. Undoubtedly, the conversion of C4-methyl
sterols into functional sterols only occurs after the removal of the two methyl groups
at the C-4 position [42,43]. Previous studies have shown that demethylation reaction is
thought to proceed by means of a three-steps mechanism: (i) oxidation of the methyl
group into a carboxyl group at the C-4 position by 4-methyl sterol oxidase (SMO, EC:
1.14.18.10), (ii) oxidation of the hydroxyl group into a ketone group at the C-3 position
and decarboxylation at C-4 position by 3β-hydroxysteroid dehydrogenase (3β-HSD, EC:
1.1.1.170), (iii) reduction of the ketone group into a hydroxyl group at the C-3 position by
3-keto sterol reductase (3KSR, EC: 1.1.1.270) [44,45].

In animals, a single SMO enzyme is involved in two consecutive demethylation
steps [42]. However, in plants, it was suggested that SMO1 and SMO2 remove the first and
second C-4 methyl group of sterols in C24-alkyl sterol biosynthesis [42]. In addition, SMO3
and SMO4 are involved in the first and second C-4 demethylation of cholesterol precursors
in plants [15]. Currently, 3β-HSD in plants has been verified as being a common enzyme in
the biosynthesis of both C24-alkyl and cholesterol in plants. However, due to the lack of
protein homology with 3KSR in other species, such as humans, mice, and yeast, obviously
it cannot easily be screened by traditional methods including evolutionary proteomics,
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phylogenomics, transcriptomics, and proteomics co-expression analysis and still unable to
be clearly annotated in KEGG. Thus, the composition and efficacy of SC4DM need to be
further studied.

2.6. C22-Sterol Desaturase

C22-sterol desaturase (CYP710, EC: 1.14.19.41) has been widely characterized to cat-
alyze the synthesis of stigmasterol from β-sitosterol [46–48]. Overexpressing CYP710A1 and
CYP710A11 in A. thaliana plants resulted in the content of stigmasterol increasing by more
than six-fold [46]. New research indicated that CYP710A overexpression in W. somnifera not
only significantly upregulated the level of stigmasterol, but also promoted accumulation
of withanolides [49]. Notably, CYP710 belongs to the Cytochrome P450 superfamily, the
largest enzyme family in plants which has been reported to participate in a variety of com-
plex biological metabolic pathways and play crucial roles in plant development and stress
tolerance [49–51]. Interestingly, CYP51, similarly to CYP710, belongs to the Cytochrome
P450 protein family, and it catalyzes an essential early step in sterol metabolism, remov-
ing a methyl group from obtusifoliol and 31-nor-24(25)-dihydrolanosterol in plants [52].
Here, a phylogenetic tree of the Cytochrome P450 protein family (related to terpenoid
synthesis) in A. thaliana was constructed to find that CYP51 and CYP710 are clustered
together (Figure 3a). Furthermore, CYP710 and CYP51 are similar in conserved protein
domains, motifs and gene expression patterns (Figure 3), suggesting that CYP710 might be
evolved from CYP51, and might have the function of catalyzing demethylation of sterols
and forming double bonds.
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Figure 3. (a) Phylogeny of the CYP gene superfamily in A. thaliana. The unrooted phylogenetic tree of
81 CYP genes in A. thaliana was constructed by MEGA7.0 with the neighbor-joining (NJ) method. In
the phylogenetic tree, CYP710 is marked in blue, CYP51 is marked in red, CYP710 and CYP51 cluster
into one clade is marked in yellow. (b) The domain and motif of CYP710 and CYP51 were analyzed
by NCBI and MEME, respectively. (c) Expression profile of CYP710 and CYP51 in different tissues of
A. thaliana.
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3. Roles of Sterols in Plant Growth and Development

Numerous previous reports indicated that plant sterols are involved in the regulation
of plant growth and development [5,53]. In this section, an overview of sterols’ roles
is mainly shown below with seed germination, plant architecture, and plant reproduc-
tion growth.

3.1. Seed Germination

Seed germination is an indispensable process, which is helpful for plants growing
from a single seed into a plant, as well as affecting both crop yield and quality [54].

Previous studies have revealed that changes in sterol contents can significantly affect
seed germination. For instance, the hise1-3 psat1-2 double mutant A. thaliana plants showed
an excessive accumulation of sterols, consequently resulting in delayed seed germination
and a thick seed coat [10]. Due to the lack of sterols in A. thaliana dwf5 and dwf7 mutants
plant, the seed germination is strictly inhibited, and the morphology of seed is notably
altered [55]. Additionally, HMGS-overexpressing A. thaliana seedling were reported to
accelerate seed germination, show much higher sterol content and enhanced Botrytis cinerea
resistance when compared with wide type Arabidopsis plants. Additionally, overexpres-
sion of HMGS significantly upregulated the expression of sterol synthesis-related genes
including HMGR, SMT2, DWF1, and CYP710A1 in A. thaliana [56]. Furthermore, overex-
pressing 3βHSD1 (a gene member of SC4DM) in A. thaliana led to the reduction in dormancy
compared with that of the wild type [57]. In summary, these results suggest that plant
sterols play an essential role as a promotor in seed germination under normal conditions.

3.2. Plant Architecture

The study of plant architecture is one of the most popular fields in plant developmental
biology [58]. The architecture of higher plants shows great diversity, which is determined
by the relative arrangement of leaves, flowers, branches, and roots [59,60]. At present, the
research on the role of sterols in model plants such as Arabidopsis and tomato has greatly
enhanced our understanding about the formation of plant architecture.

It was found that plant sterols such as C24-alkyl sterols, cycloartenol, and 4-carboxy-4-
methyl-24-methylenecycloartanol (CMMC) are absolutely necessary to plant architecture.
It is clear that sterols can regulate the architecture of plants by affecting the synthesis
and transport of auxin. For example, the A. thaliana double mutant smt2 smt3 exhibited a
severe dwarfism phenotype throughout its life cycle, owing to significant inhibition of the
directional auxin transport through the down-regulation of sitosterol and stigmasterol [37].
Similarly, CMMC, an intermediate in C4-demethylation of sterols, can also impacts phe-
notype as an inhibitor of auxin transport. Samba et al. observed that increased CMMC
content in A. thaliana erg28 mutant resulted in the inhibition of auxin transportation and led
to abnormal phenotypes including dwarf plant, leaf fusion, and reduced root growth [44].
In addition, the short root phenotype of cpi1-1 mutant A. thaliana was closely related to a
markedly enhanced auxin response in the root tip, due to the up-regulated expression of
auxin-synthesis-related genes tryptophan aminotransferase of arabidopsis1 (TAA1) induced by
cycloartenol accumulation and stigmasterol reduction [61]. Besides auxin, the cellulose con-
tent was also found to be regulated by sterols, which directly determines plant architecture.
The reduction in cellulose content was associated with the hyper-cracking fruit phenotype
of Lycopersicon esculentum (L. esculentum) mutant 3βhsd1, which was influenced by the
decreased content of plant sterols [62]. Additionally, A. thaliana plants treated with the
sterol biosynthesis inhibitors 15-azasterol and fenpropimorph showed abnormal embryonic
development and reduced cellulose levels [63].

Plant sterols also act as the precursors of brassinolide to affect plant architecture. The
destruction of enzymes downstream of SMT2 in the sterol biosynthesis pathway usually
lead to campesterol depletion, consequently resulting in a severe dwarf phenotype, a
typical phenotype of BR-deficient mutants [55]. This typical dwarf phenotype has been
observed in many smt2-mutant plant species including cherry tomato [64], Arabidopsis [65],
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rice [66], and pea [67]. Interestingly, the dwarf phenotype can be restored by exogenous BR
treatment in Pisum sativum smt2 mutant, but not in Cynodon dactylon smt1 mutant, for the
latter dwarf phenotype is caused by the accumulation of spermine [68].

3.3. Plant Reproduction Growth

Plant reproduction growth comprises multiple processes such as flowering time,
stigma development, pollen formation, and seed generation [69]. To date, many studies
have proved that sterols play an irreplaceable role in these reproductive growth processes.
For instance, in A. thaliana ssr1 mutant, the production of sitosterol, stigmasterol, as well as
campesterol was severely inhibited, which resulted in stigmatic developmental malforma-
tions and partial sterility [42]. In addition, the A. thaliana smt1 mutant was reported to have
a complex phenotype consisting of very low fertility, an altered flower morphology with
serrated edges of petals and sepals, and the proliferation of secondary stems [5].

In addition to plant fertility, the regulation of sterol synthesis-related genes expression
will also alter seed size and yield. A report by Suo et al. highlighted that overexpression
of GhSMT2-1 in Gossypium hirsutum significantly increased the size and weight of cotton
seeds as well as the level of C-24 ethyl sterols [70]. In A. thaliana, HMGS overexpression
improved seed yield and pod size, and also up-regulated sterol content [71]. Similarly,
HMGS-overexpressing Nicotiana tabacum plants showed greater seed yield compared with
that of the wild type [71]. Moreover, in Oryza sativa (O. sativa), knock out of OsCYP51G1
resulted in reduced seed yield, delayed flowering, as well as abnormal pollen [72].

Notably, sterols can also participate in the formation of lipid rafts, sterol-rich PM
microdomains, which play an essential role in the growth of cell polarity in pollen pores
and tips of germinating pollen tubes [73,74]. Peng et al. demonstrated that the polarization
of the sterol-rich PM microdomains to the top of the pollen tube was conducive to the
formation of the pollen tube, which requires the participation of NADPH oxidase [75]. In
addition, sterol chelator methyl-β-cyclodextrin (MβCD)-treated rice mature pollen resulted
in the content of total sterol decreased by 50%, and destroyed the microdomain structure
in the total pollen membrane, as well as significantly inhibiting the growth rate of pollen
tubes [73]. Similarly, a reduced pollen growth rate was also observed in MβCD-treated
tobacco pollen [76].

In summary, these studies demonstrate the indispensable roles of plant sterols in
plant reproductive growth processes, especially in seed generation, which is helpful for
substantially increasing crop yields.

4. Sterols and Abiotic Stress Responses

The plant cell membrane is an important place to perceive stress signals. As essential
components of the cell membrane, plant sterols are regarded as a requirement for plants in
response to abiotic stress [6]. Previous studies have shown that stress can lead to changes
in plant sterols content [7,77]. It is worth noting that plant sterols can also improve plant
stress resistance mainly through exogenous sterol treatment or changes in endogenous
sterol content. Plant sterols, especially C24-alkyl sterols, which have been reported to
improve the resistance of plants through reinforcing the cohesion of cell membranes to
change the permeability of membranes and affecting proton efflux [14,78,79]. In this section,
we systematically summarize the role of sterols in plants’ responses to a variety of abiotic
stress including temperature stress, salinity stress, UV stress, and drought stress (Table 1).
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Table 1. The role of sterols in plant responses to a variety of abiotic stress.

Plant Related Treatment Stress Factor Effect References

Triticum aestivum 4 ◦C for 1 and 12 h
Up-regulated the expression of

TaCYP710A1; increased the content of
stigmasterol

[80]

Lactuca sativa 35 or 21 ◦C for 40 h Up-regulated the concentrations
of sterols [81]

Helianthus annuus 25 or 35 ◦C for 1–5 days Reduced the level of stigmasterol [82]

Phaeodactylum
tricornutum 13 or 23 ◦C under white light Reduced the level of the total sterols at

23 ◦C [83]

Avena sativa 2 ◦C for 4 weeks
Increased acylated sterol glycoside

(ASG) content; changes in the ratio of
free sterol and ASG

[84]

Arabidopsis thaliana 7 ± 1 °C for 30 days
Increased the permeability of plant cell

membrane; increased ratio of
stigmasterol to sitosterol

[85]

Arabidopsis thaliana 45 °C for 3 and 6 h Increased fatality rate [85]

Arabidopsis thaliana AtCYP710A1
gene-overexpression 45 °C for 3 and 6 h Enhanced the heat tolerance and

reduced the mortality [85]

Triticum aestivum 4 °C for 1 and 12 h

Destructed membrane integrity;
accumulated reactive oxygen species;

increased total sterol content; increased
the ratio of C24-methy sterol and

C24-ethyl sterol

[86]

Triticum aestivum 5 mM MβCD for 12 h 4 °C for 1 and 12 h Decreased sterol content; aggravated
the cold stress injury [86]

Lycopersicon esculentum Seeds were soaked with
10 µM sitosterol for 10 h

10, 25, and 45 ± 3 ◦C for
14 days

Increased tolerance of tomato plants to
both high and low temperature stress [87]

Agrostis stolonifera
400 µM sitosterol, foliar
spraying until droplets

formed
35 ◦C for 28 days

Inhibited the leaf senescence under
heat stress; enhanced plant heat

tolerance.
[88]

Glycine max 25 mM NaCl for 8 days
Decreased the content of total sterols

by 50%; increased the content of
saturated fatty acids

[89]

Kosteletzkya virginica 85 mM NaCl for 17–20 days Decreased the content of total sterol [90]

Brassica oleracea 0, 40 and 80 mM NaCl for
15 days

Decreased the content of sitosterol;
increased stigmasterol content [91]

Zea mays 150 mM NaCl for 15 days Decreased the content of total sterol [92]

Spartina patens 0, 170, 340, and 510 mM NaCl
for 10 weeks

Decreased sitosterol in response to
elevated NaCl. [93]

Triticum aestivum 150 mM NaCl for 21 days
Decreased the content of campesterol

and cholesterol; improved salt
tolerance

[94]

Lycopersicon esculentum 50 and 100 mM NaCl for
4 weeks

Increased the ratio of sterols and
phospholipids; enhanced salt tolerance;

improved membrane rigidity
[95]

Nicotiana tabacum Overexpressing AaSMO1 400 mM NaCl for 0, 0.5, 1.5, 3,
6, 9, 24 and 72 h

Decreased the sensitivity of plants to
dehydration stress; increased the

content of total sterols
[96]

Brassica oleracea, Brassica
napus and Cakile maritima

100 and 200 mM NaCl for
1 week

Increased the level of stigmasterol;
enhanced the adaption of the

membrane to salt stress
[97]

Linum usitatissimum
seeds were soaked with

200 ppm stigmasterol for
12 h

0, 100, 150 or 200 mM NaCl for
40 days

Decreased the drastic affect by NaCl;
enhanced plant salinity tolerance [98]

Capsicum annuum 150 ppm sitosterol 50, 100 or 200 mM NaCl
Offset the salinity stress damage;

improved membrane stability and
antioxidant enzyme activity

[99]
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Table 1. Cont.

Plant Related Treatment Stress Factor Effect References

Vitis vinifera UV-B (8.25 lW·cm−2, 16 h)
Increased the content of sitosterol and

stigmasterol [100]

Vitis vinifera UV-B (33 lW·cm−2, 4 h)
Increased the content of triterpenoids

4.8-fold [100]

Olea europaea UV-B (6.5 kJ·m−2·day−1,
5 days)

No significant influence on the content of
sterol [101]

Olea europaea UV-B (12.4 kJ·m−2·day−1,
5 days)

No significant influence on the content of
sterol [101]

Withania somnifera UV-B (3.6 kJ·m−2·day−1)
Decreased the content of triterpenoids in
leaf; increased triterpenoids levels in root [102]

Oryza sativa 150 µM sitosterol for
20 days

UV-B (315 ± 20 nm, 6 h per
day, 5 days)

Improved the growth of rice plants;
enhanced tolerance of rice to UV-B stress [103]

Oryza sativa Water stress for 3, 6, 9 and
12 days

Up-regulated the level of stigmasterol,
campesterol, β-sitosterol; decreased the

activity of HMGR in rice
[104]

Cucurbita pepo Five levels of drought stress
on seed

Increased the content of plant sterols,
especially β-sitosterol; inhibited the oil

production of pumpkin seeds
[105]

Oryza sativa Drought stress for 3, 6, 9 and
12 days

Increased the content of both free sterols
and sterol ester; improved HMGR activity [106]

Camellia sinensis 1, 8, and 15 days under water
deprivation treatment Increased sterols levels [107]

Cynodon dactylon smt1 mutant Drought stress for 7 days

Increased the content of cholesterol,
putrescine (Put), spermidine (Spd), and

spermine (Spm); improved drought
tolerance

[68]

Oryza sativa
Knock-down of OsSMT1

expression by RNA
interference

Drought stress for 7 days Increased the content of cholesterol, Put,
Spd, and Spm; improved drought tolerance [68]

Trifolium repens 120 µM sitosterol for
3 days Drought stress for 7 days Enhanced the drought tolerance and total

antioxidant capacity. [108]

Triticum aestivum
0, 25, 50, 100 mg·L−1

sitosterolapplied to wheat
plants foliage

50% of crop
evapotranspiration for 45 days

Offset the damage caused by drought to
plants; improved yield. [109]

4.1. Temperature Stress

In plants, extreme temperature directly influences physiological activities such as
photosynthesis, respiration, and transpiration, etc. [110,111]. It is well-known that sterol
contents and the ratio of free sterols and sterol conjugates are markedly affected by extreme
temperature in different plants. For example, Kazan et al. observed that the cold-induced ex-
pression of TaCYP710A1 was higher in roots than that in leaves, and significantly increased
the stigmasterol level in Triticum aestivum (T. aestivum) roots [80]. Under high-temperature
conditions at 35 ◦C, thermal-tolerant Lactuca sativa (L. sativa) buds accumulated higher
concentrations of campesterol, stigmasterol, and amino acids compared with those at 21 ◦C.
Meanwhile, compared with thermal-tolerant L. sativa buds, thermal-sensitive L. sativa
buds produced greater amounts of sterols during germination at 21 ◦C [81]. In contrast,
high-temperature treatment significantly reduced the content of stigmasterol in Helianthus
annuus during seed germination [82]. Additionally, in Phaeodactylum tricornutum, the total
sterols content was significantly reduced at 23 ◦C when compared with that at 13 ◦C [83].
These studies indicate that sterols employ different metabolic styles in response to tem-
perature stress during germination in different plants. Interestingly, the accumulation of
phytosterols in Corchorus depressus was greater in winter than that in summer, which might
be caused by the synergistic effect of temperature and other environmental factors such as
drought [112]. Additionally, extreme temperature often affects the balance between free
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sterol and sterol conjugates. It was observed that low-temperature treatment induced the
production of acylated sterol glycoside (ASG) and altered the ratio of free sterol and ASG
in Avena sativa [84].

Importantly, the modification of sterol contents distinctly influences the cold and
heat tolerance in plants. On the one hand, changes in endogenous sterol contents affect
plant tolerance to different unsuitable temperatures. Muthappa et al. reported that under
a high temperature, the promotion of stigmasterol content in AtCYP710A1 overexpress-
ing A. thaliana could significantly improve the heat tolerance and reduce the mortality
of plant [85]. In addition, Valitova et al. observed that the reduction in sterol content by
MβCD chelator treatment aggravated the cold stress injury of wheat roots, proving that
sterols would enhance cold tolerance as well as the stability of the membrane in T. aestivum
leaves [86]. On the other hand, previous studies have found that exogenous sterol treat-
ments including the method of soaking seeds and foliar spraying could improve plant
tolerance to cold and heat stress. For instance, tomato seeds soaked with 10 µM sitosterol
showed distinctly promoted tolerance of tomato plants to both high and low temperature
stress [87]. Similarly, the treatment of Agrostis stolonifera leaves with 400 µM sitosterol
resulted in the inhibition of leaf senescence, the enhancement of membrane stability as well
as the activation of plant antioxidant responses under heat stress, and ultimately enhanced
plant heat tolerance [88].

Clearly, both elevated endogenous sterol content and exogenous sterol treatment in-
creased plant tolerance to extreme temperatures, mainly through regulating the fluidity and
permeability of the membrane. Below the phase transition temperature of the membrane,
free plant sterols increase the fluidity of membrane lipids, while above the phase transition
temperature, free plant sterols improve the ordering and cohesion of lipid bilayers as
well as membrane permeability through the interaction with membrane lipids [113,114].
Consequently, this regulatory effect of sterols on the membrane ensures the adaptation of
plant membrane systems to different temperatures.

4.2. Salinity Sress

Soil salinization is a major environmental problem affecting more than 800 million
hectares of land around the world, which is equivalent to more than 6% of the world’s total
land surface area [115]. Most crops have poor salt tolerance, especially major crops, such
as wheat [116] and rice [117], showing significant yield reduction and other stress injuries
under high salinity stress.

In addition to temperature stress, sterols are also involved in response to salt stress.
Surjus et al. observed that the total sterol content has decreased by more than 50% in
Glycine max under the treatment of 25 mM NaCl for 8 days [89]. Conversely, the content of
total sterols significantly increased with high-salinity treatment in both salt-tolerant Zea
mays and halophyte Kosteletzkya virginica [90,92]. Additionally, it has been reported that a
reduction in sitosterol and an increase in stigmasterol appear in the plasma membrane (PM)
of salt-treated Brassica oleracea (B. oleracea) roots [91]. Under all selected salinity levels (0,
170, 340 mmol/L), the major lipid remained stable with increasing salinity, but the increase
in the relative percentage of campesterol and decrease in the relative percentage of sitosterol
in response to elevated NaCl concentration in Spartina patens were also observed [93].

Notably, besides the change in sterol content when responding to high salinity stress,
sterols can also enhance salt tolerance in plants [118]. For example, the up-regulation
of campesterol and cholesterol content was significantly associated with improved salt
tolerance in wheat [94]. Moreover, Kerkeb et al. demonstrated that an increase in the ratio
of sterols and phospholipids under salt stress improved salt tolerance, with the exaltation
of membrane rigidity in tomato callus [95]. In AaSMO1-overexpressing transgenic tobacco,
it has been reported that increase in total sterol content induces the sensitivity of plants to
dehydration stress [96]. Furthermore, it can be observed that a change in sterol content,
especially the up-regulation of the stigmasterol level, resulted in the enhancement of the
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membrane adaption to salt stress in three different Brassicaceae species including B. oleracea,
Brassica napus, and Cakile maritima [97].

In previous research, exogenous sterol treatment was shown to also improve plant salt
tolerance. Hashem et al. proved that treatment of flax seeds with 200 ppm stigmasterol
could increase the content of linolenic acid and oleic acid to overcome drastic effects such
as an imbalance of endogenous hormones (IAA, GA3, and ABA) under salinity stress [98].
Moreover, treatment of Capsicum annuum leaves with 150 ppm sitosterol significantly offset
the salinity stress damage such as electrolyte loss and inhibited growth, subsequently
improving membrane stability and antioxidant enzyme activity [99].

4.3. UV Stress

According to different wavelengths, ultraviolet light can be divided into UV-A (315–400 nm),
UV-B (280–315 nm), and UV-C (100–280 nm). Among them, UV-B is the most extensively
studied form of ultraviolet light. It is clear that UV-B can induce a variety of damage effects
such as chromosomal aberrations [119], cell disassembly, damage photosynthesis [120],
reduced biomass, and teratogenic mutagenesis in plant morphology [121]. Previous studies
have shown that plants respond to UV stress mainly through a complex series of bio-
chemical reactions, including accumulation of UV-absorbing secondary metabolites such
as inositol and flavonoids, to increase UV absorption and neutralize the reactive oxygen
species produced by UV [122].

Recent studies have shown that sterols are involved in responding to UV damage. For
example, the contents of sitosterol, stigmasterol, as well as lupeol sterol were up-regulated
with low-intensity UV-B treatment (8.25 lW·cm−2, 16 h) in Vitis vinifera leaves. [100]. Al-
though the contents of triterpenoid were also increased by high UV-B (33 lW·cm−2, 4 h)
treatment, the increase was not as pronounced as low radiation conditions [100]. This
indicates that low-dose UV-B treatment promotes a greater production of triterpene sterols
than that of high-dose UV-B treatment. However, some other compounds with antioxidant
properties such as diterpenes and tocopherols were significantly increased after high UV-B
irradiation, while not observed in the low UV-B group. This accumulation of antioxidant
alkenes as well as ABA in the high UV-B treatment group stimulates the initiation of the
plant defense system, which have been largely found in the study of grape resistance to UV
damage [123,124]. By contrast, different doses of UV-B irradiation treatment for Olea eu-
ropaea increased the accumulation of ursolic acid and lupeol, while did not significantly
influence sterol content [101]. Furthermore, after treatment with UV-B (3.6 kJ·m−2·day−1)
in W. somnifera, it was found that triterpenoid sterols showed a significant decrease in
treated leaves at all sampling ages, while a completely opposite trend was observed in
roots [102]. Hence, these results show that the regulation of sterol synthesis in response to
UV-B stress is significantly distinct in different tissues and plants, indicating the complex
mechanism of plant sterols in response to UV-B stress.

There are a few studies on the effect of exogenous sterol treatment on plant UV-
tolerance. Raheel et al. demonstrated that exogenous application of β-sitosterol has a
positive effect on the growth of O. sativa plants and the tolerance to UV-B stress. The length
of roots and stems as well as biomass sharply decreased by more than 50% in the control
group compared with that of exogenous sitosterol application group under UV-B radiation
stress, which exhibited no significant changes [103].

4.4. Drought Stress

Drought stress is one of the main abiotic stresses that directly affect plant growth
and limit the yield of plants [125]. It has been reported that sterols can also generate a
response to drought stress. For example, it can be observed that the main sterols, including
stigmasterol, campesterol, and β-sitosterol, gradually increased in rice during the treatment
period of drought stress [104]. In addition, an increase in plant sterol content, especially
β-sitosterol, was observed in C. pepo under drought stress, while the oil production of
pumpkin seeds was inhibited [105]. Sujith Kumar et al. also found that drought treatment
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distinctly increased the production of both free sterols and sterol ester in T. aestivum. Under
drought conditions, the expression levels of sterol synthesis and metabolism-related genes,
such as HMGH and PSAT, were up-regulated with the extent directly proportional to the
severity of drought stress [106]. Furthermore, sterols were significantly accumulated in the
leaves of tea seedlings of different maturity under water deprivation treatment [107].

Of course, changes in sterol content will also affect the drought tolerance of plants.
Chen et al. reported that the down-regulated expression of OsSMT1 and CdSMT1-1 resulted
in the accumulation of cholesterol and a reduction in C24-akyl sterol content, as well as
increase in polyamine content and the enhancement of drought tolerance in transgenic
O. sativa and Cynodon dactylon [68]. Consistent with other abiotic stress, exogenous sterol
treatment also improves the drought tolerance of plants. For example, the drought tolerance
and total antioxidant capacity were simultaneously and significantly improved in Trifolium
repens with 120 µM sitosterol treatment [108]. Additionally, 100 µM sitosterol treatment on
T. aestivum could reduce the damage caused under drought conditions, such as the loss of
yield and inhibition of growth when compared with the control group [109].

5. Molecular Regulation of Plant Sterols

In the above section, we have introduced the important role of plant sterols in plant
growth and development and stress resistance in detail [7]. In this section, we generalize the
current research on the molecular regulation of plant sterol synthesis, which mainly focuses
on two aspects, including transcriptional regulation and post-translational regulation.

5.1. Transcriptional Regulation

Previous studies have shown that transcription factors including WRKY TFs, MYC
TFs, and ERF TFs regulate the synthesis of sterols in plants (see Table 2 for details).

Table 2. The regulation of the transcription factors to the plant sterols synthesis in plants.

Transcription Factor
(TF) TF Source Plant Regulation

Type Structural Gene References

WsWRKY1 Withania somnifera Withania somnifera Positive

HMGS, HMGR, SQS,
SQE, CAS, C14-R,

DWF1, 7DR-1, SSR1,
and CYP710A1

[126]

WsWRKY1 Withania somnifera Nicotiana tabacum Positive
HMGR, FPPS, SQS
SQE, CAS, SMT1,

and CYP51
[126]

WsWRKY1 Withania somnifera Solanum lycopersicum Positive SQS and SQE [127]

PqWRKY1 Panax quinquefolius Arabidopsis thaliana Positive HMGR, SQS1, and
SQE2 [128]

WsMYC2 Withania somnifera Tripterygium wilfordii Positive CYP710A and CAS [129]

TwMYC2a/TwMYC2b Tripterygium wilfordii Tripterygium wilfordii Negative HMGR1 [130]

ERF4 Solanum lycopersicum Solanum lycopersicum Positive
Nearly all genes of

the cholesterol
biosynthesis

[131]

WRKY transcription factors, one of the largest families of transcriptional regulators
in plants, are unique zinc finger-type transcriptional regulators in plants. WRKY factors
were named for containing a highly conserved seven amino acid sequence, WRKYGQK,
at their N-terminus [132]. It has been found that WRKY TFs can specifically bind to the
(T)(T)TGAC(C/T) sequence (also known as W-box) [133], and also function as salicylic
acid response factors involved in biotic and abiotic stresses [134]. WRKY1 belongs to
WRKY TFs and participates in regulating the levels of secondary metabolites such as
sterols and glycoalkaloids in plants. For example, WsWRKY1 silencing resulted in the
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hindrance of plant growth and decreased plant sterol content, while overexpression of
WsWRKY1 promoted the synthesis of plant sterols in W. somnifera, tobacco, and tomato [127].
Furthermore, with the overexpression of PqWRKY1 in A. thaliana, the expression of plant
sterols synthesis-related genes (such as HMGR, FPS2, SQS1, and SQE2) in transgenic line
increased by one- to five-fold compared with that of the control line [128].

MYC transcription factor is an important member of the bHLH family, which consists
of a basic domain binding to DNA at the N-terminus, and the bHLH domain containing two
amphipathic α helices at the C-terminus [135,136]. In addition, MYC transcription factor is
a principal component in the jasmonic acid regulatory network, which is involved in the
regulation of many processes of plant development and stress resistance [137]. Similarly to
WRKY TFs, MYC TFs, especially the MYC2 TFs, have also been associated with the synthesis
of sterols in plants. For example, overexpression of WsMYC2 in the leaves of W. somnifera
significantly increased the expression levels of WsCYP710A and WsCAS, while the content
of stigmasterol increased by 1.5-fold and 1.33-fold with jasmonic acid treatment on the
third and sixth day, respectively. In addition, the WsMYC2 knockout mutant also resulted
in a significant reduction in the stigmasterol content [129]. Functional validation revealed
that TwMYC2a and TwMYC2b were negative regulators of sterol synthesis in Tripterygium
wilfordii (T. wilfordii). Silencing TwMYC2 up-regulated the expression of TwHMGR1 by 1.64-
fold and increased triptolide content by 1.67-fold in roots [130]. Interestingly, MYC2 has
opposing regulatory functions on sterol synthesis in T. wilfordii and W. somnifera, indicating
that the role of MYC2 in plant sterol synthesis still needs further investigation.

Ethylene response factor (ERF) is a member of the AP2/ERF transcription factor super-
family in plants [138]. It is clear that the structure of ERF is characterized by an AP2 domain,
three reverse parallel β-folds, and an almost parallel α helix [139,140]. Studies have shown
that a kind of jasmonate-responsive ERF4 participates in regulating the expression of sterol
synthesis-related genes from the upstream mevalonate pathway to cholesterol biosynthesis
and downstream aglycone formation and glycosylation in tomato [131]. Additionally, ERF
is a positive regulator in the process of alkaloid biosynthesis in tobacco. Ectopic overex-
pression of NtERF32 in BY-2 cells increased the expression of NtPMT1a and promoted the
accumulation of the total alkaloid content, whereas down-regulation of NtERF32 expression
significantly inhibited the level of nicotine and total alkaloid [141]. Similarly, ORC1 is a
member of AP2/ERF factors, and overexpression of ORC1 could promote the synthesis of
alkaloids in Nicotiana glauca [142].

There are a few studies on transcription factors that regulate sterols synthesis in plants.
Only three kinds of transcription factors have been found to be associated with sterols
biosynthesis in plants, including WYRK TFs, MYC TFs, and ERF TFs. Therefore, others
transcription factors which are responsible for plant sterols biosynthesis are required for
numerous studies in the future.

5.2. Post-Translational Regulation

Research about the post-transcriptional regulation of sterols is mainly focused on
hydroxymethylglutaryl-CoA reductase (HMGR), a rate-limiting enzyme in the plant sterols
biosynthetic pathway [143]. In the past, the post-translational regulation of HMGR included
phosphorylation, glycosylation, ubiquitin, and protein degradation [144–146]. Recently, a
new negative regulator HIGH STEROL ESTER1 (HISE1) was found in A. thaliana, which
can significantly reduce protein activity of HMGR1 and HMGR2, thus inhibiting the over-
production of sterols. There was no obvious change in the expression levels of HMGR1 and
HMGR2 at the mRNA level in the hise1-2 mutant, while the specific activity of HMGR in
the extract of leaf was about 23-fold higher than the wild type, which indicates that the
regulation of HMGR by HISE1 occurred at the post-transcriptional level. Furthermore,
the contents of cycloartenol and 24-methylenecycloartanol are up-regulated in the hise1-2
mutant, which further proved that HISE1 is a negative regulator of sterol synthesis in
plants [147].
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In addition to regulating the sterol content via post-translational regulation of HISE1,
plants can also alter the levels of sterols by converting sterols into sterol esters. It has
been proved that excessive sterols are detoxified through conversion to sterol esters by
phospholipid sterol acyltransferase 1 (PSAT1) in the ER microdomains, and subsequently
separated in the SE bodies [148]. Therefore, the self-balance of sterols depends on the
regulation of HISE1 and PSAT1, which is essential for maintaining sterols at normal levels
in plants.

6. Conclusions and Future Trends

As a kind of crucial cellular membrane compound, sterols not only regulate the growth
and development of plants, but are also involved in the plant response to abiotic stress.
Recently, this research on plant sterols has progressed substantially. In this paper, recent
findings in the field of plant sterols have been systematically summarized, including
their biosynthesis, regulation, as well as functions. We review the key enzymes in the
biosynthesis of sterols in plants including LAS, CAS, SMT, SSR, SC4DM, and CYP710,
which aimed to make it possible to control the expression level of key enzyme genes in the
synthesis pathway. It would be helpful for using modern molecular biology methods to
cultivate new genetically modified varieties with high levels of plant sterols.

In addition, we summarized the role of sterols in seed germination, plants architecture,
and plant reproduction growth. Through the analysis of previous studies, we found that
the sterol-deficient mutants displayed a defective growth phenotype, which was attributed
to the detrimental effects of cellulose synthesis [149]. Clearly, the level of cellulose is
mainly positively regulated by sitosterol glycoside, which belongs to sterol glycoside, as
a conjugated sterol in plants [150]. However, in the latest study, Takshak et al. found
that sterol glycoside, notably sitosterol and stigmasterol glucosides, negatively regulated
cellulose synthesis in W. somnifera [151]. These results suggest that the molecular regulation
of sterols and conjugated sterol in plants is a complex system, and the regulatory network
of plant sterol signaling molecules remains to be further studied.

Furthermore, there are a few studies on transcription factors related to sterol synthesis
in plants only including WRKY TFs, MYC TFs, and ERF TFs. It is noteworthy that WRKY1
is a salicylic acid response factor, while MYC2 and ERF4 are both jasmonic acid response
factors, which are all involved in regulating the synthesis of sterols in plants. Therefore, we
propose that plants regulate the changes in sterols, especially C24-alkyl sterol content, in
response to environmental stress, which may be implicated in hormone induction (Figure 4).
At present, there are no related reports on post-transcriptional regulation and epigenetic
regulation of plant sterols biosynthesis, and this regulation of sterols in plants requires
further study. In conclusion, this review will provide more clues for the biosynthesis and
regulation of plant sterols, the analysis of which might assist in revealing the metabolic
activity of regulatory networks and further enhance the environmental stress tolerance
of plants.
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