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Abstract
Terpenes and terpenoids are a group of isoprene-derived molecules that constitute the largest group of natural products and 
secondary metabolites produced by living things, with more than 25,000 compounds reported. These compounds are synthe-
sized by enzymes called terpene synthases, which include several families of cyclases and enzymes. These are responsible for 
adding functional groups to cyclized structures. Fungal terpenoids are of great interest for their pharmacological properties; 
therefore, understanding the mechanisms that regulate their synthesis (regulation of the mevalonate pathway, regulation of 
gene expression, and availability of cofactors) is essential to direct their production. For this reason, this review addresses 
the detailed study of the biosynthesis of fungal terpenoids and their regulation by various physiological and environmental 
factors.
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Abbreviations
OSMAC	� One Strain Many Compounds
IPP	� Isopentenyl diphosphate
DMAPP	� Dimethylallyl diphosphate
GPP	� Geranyl diphosphate
FPP	� Farnesyl diphosphate
GGPP	� Geranylgeranyl diphosphate
GFPP	� Geranylfarnesyl diphosphate
MEV	� Mevalonate

MEP	� 2-C-methyl-D-erythritol 4-phosphate
IPPS	� Isoprenyl diphosphate synthases
TC	� Terpene cyclase
NPP	� Nerolidyl diphosphate
PTTS	� Prenyltransferases-terpene syntases
UV	� Ultraviolet
CYP	� Cytochromes P450
HMG-CoA	� 3-Hydroxy-3-methylglutaryl-CoA
SREBP	� Sterol regulatory element-binding protein
SCAP	� SREBP cleavage-activating protein
INSIG	� Insulin-induced genes
ROS	� Reactive oxygen species
CAMP	� Cyclic adenosine monophosphate

Biological importance of terpenes 
and terpenoids in fungi

Terpenes are molecules derived from isopentenyl diphos-
phate (IPP) and dimethylallyl diphosphate (DMAPP), 
which only possess carbon and hydrogen, while terpenoids 
originate when functional groups are added to the terpene 
(Christianson 2008; Palenzuela et al. 2021). The functions 
of these molecules in fungi include electron transport, cell 
wall, and membrane formation, chemical defense against 
predators, and establishment of symbiotic relationships, 
among others (Cale et al. 2016; Calvo et al. 2002; Jansen 
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and de Groot 2004; Gershenzon & Dudareva 2007; Lan-
genheim 1994; Weikl et al. 2016). Fungal terpenoids are of 
great interest due to their biological activities, such as toxins, 
antimicrobial, antitumor, cytotoxic, and anti-inflammatory 
properties (Akihisa et al. 2007; Bryant et al. 2017; Chi et al. 
2018; Choi et al. 2014; El-Mekkaway et al. 1998; González 
et al. 2002; Han et al. 2013; Hartley et al. 2009; Hirota et al. 
2002; Ishikawa et al. 2005; Li et al. 2012; Li et al. 2013; 
Liu et al. 2010; Mazur et al. 1996; Mothana et al. 2000; Ou 
et al. 2012; Schrader & Bohlmann 2015; Shibata et al. 1998; 
Tabuchi et al. 2020; Valdivia et al. 2005; Wang et al. 2007; 
Yang et al. 2017; Yin et al. 2020; Ying et al. 2013; Yue et al. 
2010). Most terpenoids of pharmacological interest have 
been identified in basidiomycetes, while toxin production 
studies have been carried out in ascomycetes (Schrader & 
Bohlmann 2015). Due to their importance, efforts have been 
made to improve terpenoid production by applying OSMAC 
(One Strain Many Compounds) strategies in the cultivation 
of fungi, which have been shown to affect terpenoid synthe-
sis, including agitation, aeration, salinity, pH, carbon, and 
nitrogen sources (Cui et al. 2015; Fang and Zhong 2002; Hu 
et al. 2017; Seo et al. 2009; Tang & Zhong 2002).

Terpene biosynthesis in fungi

Terpenes are the largest group of secondary metabolites, 
generally lipophilic, and their biosynthesis in fungi depends 
on the levels of IPP and DMAPP. Terpenes are classified 
based on the number of carbons in their structure: hemit-
erpenes (5 carbons), monoterpenes (10 carbons), sesquit-
erpenes (15 carbons), diterpenes (20 carbons), sesterpenes 
(25 carbons), triterpenes (30 carbons). When the terpene 
structure presents atoms other than carbon and hydrogen, 
for example, oxygen, they are called terpenoids (Quin et al. 
2014; Schmidt-Dannert 2015). In addition, a group of terpe-
noids of mixed biosynthetic origin arises from the addition 
of isoprenoid chains to molecules that come from another 
metabolic pathway. This group includes the meroterpenoids, 
indole terpenoids, and prenylated aromatic compounds 
(Christianson 2008; Nelson et al. 2005; Schrader & Bohl-
mann 2015), which will be addressed in this review.

Mevalonate (MEV) pathway

Fungi generate IPP and DMAPP only through the meva-
lonate (MEV) pathway, whereas plants and bacteria also rely 
on the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway 

to produce them (Banerjee & Sharkey 2013; Quin et al. 
2014; Rodríguez-Concepción & Boronat 2002; Schmidt-
Dannert 2015; Schrader & Bohlmann 2015) (Fig. 1).

The mevalonate pathway starts with acetyl-CoA, coming 
from glycolysis or β-oxidation of fatty acids and obtained 
by the decarboxylation of pyruvate (Fig. 1) (Kuzuyama & 
Seto 2012; Nelson et al. 2005; Quin et al. 2014; Schmidt-
Dannert 2015; Schrader & Bohlmann 2015). Once IPP 
is synthesized, it is used to obtain isoprenoid precursors: 
geranyl diphosphate (GPP), farnesyl diphosphate (FPP), and 
geranylgeranyl diphosphate (GGPP), among others (Fig. 2). 
These compounds are the substrates of the various terpene 
synthases involved in terpenoid biosynthesis (Nelson et al. 
2005; Schmidt-Dannert 2015; Schrader & Bohlmann 2015).

Terpene synthases

The synthesis of terpenes occurs in diverse and complex 
steps, which include condensation, formation and stabiliza-
tion of carbocations, and the addition of functional groups. 
The enzymes involved in synthesizing terpenes/oids are 
called terpene synthases, and they can be classified accord-
ing to their function as prenyltransferases, terpene cyclases, 
and tailoring enzymes. The first step in the synthesis occurs 
after the condensation of the IPP and DMAPP units by iso-
prenoid coupling enzymes, giving rise to the precursors for 
terpenoids. These compounds are substrates for terpene 
synthases, such as prenyltransferases and terpene cyclases. 
Terpenecyclases are the ones that provide structure to the 
scaffold of the molecule. They can be classified according 
to the number of isoprene units contained in the isoprenoid 
precursor, which its substrate contains. Finally, tailoring 
enzymes act, which modify the structure generated by ter-
pene cyclases by adding functional groups giving rise to 
terpenoids (Fig. 3) (Christianson 2008, 2017; Schrader & 
Bohlmann 2015; Wawrzyn et al. 2012).

Prenyltransferases

Prenyltransferases are involved in the synthesis of direct 
terpenoid precursors, referred to in this review as isopre-
noid precursors and terpenoids of mixed biosynthetic origin. 
All prenyltransferases have conserved aspartate-rich motifs 
that allow the binding of divalent metal ions involved in the 
elimination of diphosphate groups (Christianson 2008, 2017; 
Tello et al. 2008). The prenyltransferases are classified into 
two groups based on their function: the isoprenoid-coupled 
enzymes and the transferases that bind isoprenoid chains 
to molecules originating from other metabolic pathways 
(indoles, polyketides, among others) (Tagami et al. 2013; 
Tello et al. 2008).

Fig. 1   Synthesis routes of IPP and DMPP. Mevalonate pathway 
(left); 2-C-methylerythriol-4-phosphate pathway (right) are present in 
plants, algae, and bacteria. Modified from Kuzuyama and Seto 2012

◂
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Isoprenoid coupling enzymes

These enzymes are involved in the elongation of the iso-
prenoid chain through the condensation of IPP/DMAPP 
units, leading to the formation of GPP, FPP, GGPP, GFPP, 
squalene, and phytoene. These enzymes have two con-
served divalent metal ion binding motifs in the entrance of 
the active site cavity, which are rich in aspartate; the most 
common type of this motif is DDXXD (D: aspartate, X: any 
amino acid); in the process, the binding of 3 metal ions is 
required. Together with this, the presence of hydrogen bonds 
and another conserved motif with three arginine/lysine resi-
dues allow the removal of diphosphate from IPP/DMAPP 
to generate a carbocation and elongate the isoprenoid chain 
(Schmidt-Dannert 2015; Tagami et al. 2013; Tello et al. 
2008).

Aromatic Prenyltransferases

These enzymes are classified into three families (Fig. 4). The 
first is the ABBA-type enzymes; these are so named because 
they have a β-barrel structure consisting of repeated αββα 

elements (Schmidt-Dannert 2015; Christianson 2017; Tello 
et al. 2008). The prenyltransferases of this group transfer 
DMAPP and GPP to cyclic indoles or polyketides by gener-
ating a cation at C1 or in C3. Subsequently, the double bonds 
or electron-donating atoms (oxygen, nitrogen) of the recep-
tor molecule attack the positive charge, condensing both 
structures (Fig. 4a) (Schmidt-Dannert 2015; Christianson 
2017; Tagami et al. 2013; Tello et al. 2008).

The second family of prenyltransferases is the UbiA type, 
so named because they have a domain like the prenyltrans-
ferase involved in the synthesis of ubiquinone (coenzyme 
Q10), which transfer FPP to polyketide derivatives, generat-
ing meroterpenoids. These enzymes are membrane integral 
and can perform cyclization with the C1 of the isoprenoid 
chain (Fig. 4b) (Schmidt-Dannert 2015; Christianson 2017). 
Generally, the compounds formed have pharmacological 
activity, among which terretonins (Fukuda et al. 2014) and 
mycophenolic acid derivatives stand out (Golshayan et al. 
2009).

The last family is the IPPS (isoprenyl diphosphate syn-
thases) type. They transfer GGPP to indole structures, they 
have the ability to cycle the structure from C1, they also have 
a conserved amino acid motif D(D/E)XX(D/E), and they 

Fig. 2   Biosynthesis of terpenoid compounds in fungi. Diphosphate 
isoprenoid precursors (green) are caused by the condensation of iso-
pentenyl diphosphate (IPP) units. Later, terpene synthases (cyclases 

and tailoring enzymes) use isoprenoid precursors as substrates for the 
synthesis of terpenes (blue) and terpenoids (yellow), respectively
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are cytosolic (Christianson 2017). All the compounds gen-
erated by these enzymes are mycotoxins, which have been 
obtained exclusively in ascomycetes and commonly require 
the complementary activity of other cyclases to give the final 
structure to the compound, for example, paxilline (Fig. 4c) 
(Schmidt-Dannert 2015; Christianson 2017).

Terpene cyclase

Terpene cyclases (TC) are membrane enzymes that perform 
the function of cyclizing isoprenoid chains and are classi-
fied based on their reaction mechanism into two classes 
(Fig. 5). Class I TC, closely related to prenyltransferases, 
are characterized by an alpha-helix structure that forms the 
active site cavity and has two conserved regions of aspar-
tate rich motif [D(D/E)XX(D/E)] and an NSE/DTE type. 
These cyclases carry out their activity by the formation of 
a secondary or tertiary carbocation, mediated by the cation 
of a divalent metal (generally Mg2+), which facilitates the 
removal of the diphosphate group, by a mechanism similar 
to that of prenyltransferases. Subsequently, a double bond 
(C=C) from another region in the chain attacks the carboca-
tion by an electrophilic addition mechanism, generating the 
cyclized structure (Fig. 6). It is worth mentioning that only 

class I cyclases can remove the diphosphate group (Fig. 5a) 
(Christianson 2008, 2017; Quin et al. 2014; Schmidt-Dan-
nert 2015).

Class II TCs present a double-barrel alpha-helix structure 
with a hydrophobic active site located in the middle and are 
subdivided into two subtypes: those that generate activation 
on the double bond, which present a conserved motif amino 
acid DXDD (bacteria and plants), and those that activate 
epoxide (fungi and animals) contain a catalytic aspartate in 
a DCTAE motif. The cyclization mechanism begins with 
adding a proton from aspartate to a double bond or epoxide, 
destabilizing the bonds and generating a carbocation that 
can be attacked by a double bond, allowing the structure to 
cycle. Fungi can synthesize terpenoids ranging from 10 to 40 
carbon atoms; however, the most frequent are sesquiterpe-
nes, diterpenes, and triterpenes (Fig. 5b) (Christianson 2017; 
Quin et al. 2014; Schmidt-Dannert 2015). Therefore, the 
studies have focused on their respective terpene synthases, 
which will be mentioned below.

Monoterpene synthases

Although fungi mainly produce terpenes and terpenoids of 
15 to 30 carbons, several genera have been identified, such 
as Agarocybe, Tricholoma, Muscodor, Hypoxylon, Daldinia, 

Fig. 3   Classification of fungal terpene synthases. There are three 
main groups of terpene synthases: prenyltransferases (left), terpene 
cyclases (top), and tailoring enzymes (bottom). The colors in the 

enzyme subgroups indicate whether they are cytosolic (green) or 
membrane integral (blue). Enzymes that cannot be strictly classified 
into one or the other group are shown in red
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Nemania, Genicolusporium, capable of producing monoter-
penes (Citron et al. 2012; Lauterbach et al. 2019; Macías-
Rubalcava et al. 2010; Rapior et al. 1998; Rinkel et al. 2016; 
Shaw et al. 2015).  To date, monoterpene synthases continue 
to be identified in fungi; for example in eight isolates of 
Hypoxylon sp. (brown rot fungus), the production of 1,8-cin-
eole (eucalyptol) was detected, which had only been detected 
in plants, as well as the monoterpene synthases related to the 
synthesis (Shaw et al. 2015).

Monoterpene synthases belong to class I cyclases; that 
is, their cyclization mechanism depends on the elimination 
of the diphosphate group, giving rise to the formation of the 
carbocation in C1 (linalyl cation) and the subsequent cycliza-
tion of the C1–C6 structure. Once the structure is cyclized, 
the α-terpinyl cation is generated, a six-membered ring is 
generated, and the positive charge on the tertiary carbon 
(C7) of the isopropyl group is formed. From the α-terpinyl 
cation, the rest of the carbocations that make up the scaffolds 
of monoterpenoids are derived (Fig. 6) (Degenhardt et al. 
2009; Rinkel et al. 2016).

Sesquiterpene synthases

These enzymes use FPP as a substrate, and although all 
sesquiterpene cyclases recognize it, the mechanism and 
the resulting structure are particular for each case. Fungal 
sesquiterpene cyclases mainly use (2E,6E)-farnesyl diphos-
phate and molecules with different base structures have been 
found. First, there are the enzymes that use FPP and cycle 
it C1–C10 (germacrene A synthases, α-murolene synthases, 
and aristoloquene synthases) and those that cycle it C1–C11 
(protoiludene synthases, presylphperfolan-8β-ol synthases, 
and koraiol synthases). FPP can be isomerized by enzymatic 
action by translocating the diphosphate group from C1 to C3 
and the double bond from C2–C3 to C1–C2, forming (3R)-
nerolidyl diphosphate (NPP).

NPP serves as a substrate for barbatene synthases, tricho-
dyne synthases, longiborneol synthases, α-acorenol syn-
thases, and α-cuprenene that cyclize C1–C6. NPP can also be 
cyclized into C1–C10, a mechanism employed by germacrene 
D synthases, epi-zonarene synthases, and cadinene synthases 
(Fig. 7) (Agger et al. 2009; Christianson 2017; Degenhardt 
et al. 2009; Quin et al. 2014; Schmidt-Dannert 2015). Some 
sesquiterpene synthases are promiscuous by substrates, such 
as germacrene A synthase (Cop1) from Coprinus cinereus, 
which recognizes FPP and NPP to produce germacrene A 

and germacrene D, respectively. It should be noted that 
although it is possible to classify these enzymes by the ini-
tial cyclization mechanism of the FPP or NPP structure, as 
the case may be, the carbocation stabilization mechanism is 
the crucial step in generating the different terpenic products 
(López-Gallego et al. 2010).

Other sesquiterpene synthases generate more than one 
product from a precursor, for example, the α-murolene syn-
thases from Omphalotus olearius, which can mainly syn-
thesize α-murolene and germacrene A in a lower propor-
tion (Wawrzyn et al. 2012). In addition, there are reports 
of sesquiterpene synthases in vitro, which can recognize 
GPP as a substrate, forming monoterpenoids in the absence 
of FPP (López-Gallego et al. 2010). However, this has not 
been demonstrated in vivo; for this reason, further studies 
are required to understand the conditions that allow sesquit-
erpene synthases to synthesize monoterpenes.

Diterpene synthases & sesterpene synthases

Diterpenoids and sesterpenoids are obtained from GGPP and 
GFPP, respectively. The process can be carried out in two 
ways; by modifying GGPP/GFPP by the activity of a class 
I terpene cyclase (monofunctional) or by unique enzymes 
in fungi called chimeric or bifunctional-terpene synthases 
(Fig. 8) (Christianson 2017; Degenhardt et al. 2009; Mitsu-
hashi & Abe 2018; Peters 2010; Quin et al. 2014; Schmidt-
Dannert 2015). An example of the first case is the synthesis 
of ( +)-fusicocca-2,10(14)-diene by ( +)-fusicocca-2,10(14)-
diene synthase, a diterpene cyclase of class I, which gen-
erates GGPP cycling between C1 and C11 (Fig. 8a). Some 
diterpene synthases are also promiscuous to recognize sub-
strates, particularly monofunctional ones, which are capa-
ble of recognizing the 25-carbon isoprenoid chain, gera-
nylfarnesyl diphosphate (GFPP), and cycling the structure, 
similar to what happened with fusicocca-2,10(14)-diene 
synthases, to form ophiobolins (sesterpenoids) (Quin et al. 
2014; Schmidt-Dannert 2015). As with sesquiterpene syn-
thases, these enzymes have conserved cyclization mecha-
nisms. Still, the ability of synthase to stabilize carbocation 
is responsible for forming specific compounds.

On the other hand, chimeric terpene cyclase class I-class 
II enzymes, as their name indicates, have a catalytic site of 
class I cyclase and another of class II cyclase; these carry 
out the synthesis of all the diterpenes of the type labdane and 
kaurene (Peters 2010). Regarding the reaction mechanism, 
it is expected that in the first place, deprotonation occurs 
on a double bond to generate the first cyclization (cyclase 
class II), immediately the catalytic site of cyclase class I 
comes into action to subtract the diphosphate and ends the 
molecule cyclization. Bifunctional diterpene synthases 
have two catalytic sites that carry out two different reac-
tions on isoprenoid structures. For example, the synthesis of 

Fig. 4   Classification of prenyltransferases. ABBA (a) prenyltrans-
ferases transfer isoprenoid chains to indole and polyketide structures. 
UbiA (b) can transfer cyclized FPP to other molecules such as fatty 
acids. IPPS types (c) transfer 20-carbon chains and require coupling 
with prenylcylases for their function. Modified from Schmidt-Dannert 
2015

◂
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Fig. 5   General synthesis of terpenoids mediated by type I (a) and 
type II (b) cyclases. Type I cyclases possess conserved sites [D(D/E)
XX(D/E) and NSE/DTE] and are the only ones that can remove the 
diphosphate group and form a carbocation in the process of cycling 

the structure. Type II cyclases generate the carbocation to cyclize 
by activating the epoxide by donating a proton from a catalytic site 
aspartic acid (DCTAE). After obtaining the structure of the scaffold 
terpene, modifications by tailoring enzymes arise the terpenoids

Fig. 6   Monoterpene synthase cyclization mechanism. The formation of the linalyl cation gives rise to the formation of the α-terpinyl cation, the 
precursor of fungal cyclic monoterpenoids
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ent-kaurene (precursor of gibberellins) by ent-kaurene syn-
thase (Fig. 8b) (Peters 2010; Quin et al. 2014; Schmidt-Dan-
nert 2015). To date, two main groups of chimeric terpene 

synthases are known: prenyltransferases-terpene synthases 
(PTTS) and class I-class II terpene cyclases. Within the first 
group are the prenyltransferases- class I terpene cyclases and 

Fig. 7   Types of cyclization and formation of the most common inter-
mediate carbocations in synthesizing fungal sesquiterpenes. For the 
synthesis of these compounds, the most common substrate is (2E, 

6E)-FPP (top), and only fungi that possess FPP isomerase can synthe-
size the derivatives of (6R)-noredyldiphosphate (bottom). Modified 
from Schmidt-Dannert 2015
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prenyltransferases- class II terpene cyclases, which have a 
catalytic domain towards the C-terminal region correspond-
ing to prenyltransferase activity and towards the N-terminal 
region have a domain with terpene cyclase activity (Chen 
et al. 2016; Mitsuhashi & Abe 2018). In turn, class I prenyl-
transferases-terpene cyclases are classified into two clades 
based on their initial cyclization mechanism, type A and 
type B (Mitsuhashi & Abe 2018). Type A cyclization, also 
called C1-IV-V, has only been observed in PTTS involved in 
synthesizing sesterpenoids due to the necessary length in the 
isoprenoid chain. The process begins with the generation of 
the initial carbocation in C1 and later, the enzyme orients the 
double bond present in C14–C15 (double bond IV), transfer-
ring the carbocation to C14, which in turn is attacked by the 
C18–C19 double bond (double bond V) (Fig. 9a). Cyclization 

type B, or C1-III-IV, can occur both in the GGPP chain and 
in GFPP; Once the formation of the carbocation in C1 has 
occurred, it is attacked by the C10–C11 double bond, and the 
first cyclization step ends by the attack of the C14–C15 double 
bond to the new carbocation generated (Fig. 9b).

Triterpene synthases

Triterpene synthases are class II cyclases and have a high 
substrate specificity. There are important differences 
between the triterpene synthases of eukaryotes and prokar-
yotes since in the latter, the substrate is squalene, while in 
those of eukaryotes, the substrate is 2,3-oxidoesqualene, 
generated by another enzyme called squalene monooxyge-
nase (Dupont et al. 2012; Mitsuguchi et al. 2009; Quin et al. 

Fig. 8   Types of fungal diterpene and sesterpene synthases. Monofunctional diterpene/sesterpene synthases have type I cyclase activity. While 
the bifunctional ones have two catalytic sites, one characteristic of type II cyclase and the other of type I cyclase. Modified from Quin et al. 2014
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2014; Schmidt-Dannert 2015; Tholl 2015); for this reason, 
eukaryotic triterpene synthases are also called squalene 
oxide cyclases. The synthesis of triterpenoids is of utmost 
importance in eukaryotes since sterols that are part of the 
cell membrane are synthesized from them, and deficiencies 
in the synthesis of these compounds can limit the tolerance 
of the organism to stress and cell proliferation (Jordá & Puig 
2020; Szkopińska et al. 1993).

Plant triterpene synthases are the most varied, which in 
these organisms gives rise to a great diversity of triterpe-
noids with different base structures (Tholl 2015). On the 
other hand, fungi have few oxidosqualene cyclases, among 
which lanosterol synthase stands out, involved in ergosterol 
synthesis; therefore, the diversification of triterpenoids is 
mainly due to the tailoring enzymes they possess (Mitsu-
guchi et al. 2009).

Most of the triterpenoids of pharmacological interest pro-
duced by basidiomycetes originate from lanosterol (Kimura 
et al. 2009), while in filamentous fungi, most originate 
from protostadienol (Fig. 10). It has been proposed that 
the first carbocation generated upon cyclizing the 2,3-oxi-
doesqualene structure is that of the protosteryl, but lanos-
terol synthase facilitates the translocation of the positive 
charge to C8 to form the lanosteryl cation (Kimura et al. 
2009; Schmidt-Dannert 2015). In addition, a new type of 
squalene oxide cyclase was discovered, enfamufungin syn-
thase, which has bifunctional activity with one catalytic site 
for cyclization and another with transferase activity, forming 
glucosidated fernene (Kimura et al. 2009). The mechanism 

by which this cyclase forms a 5-ring structure is unknown. 
Still, it has been proposed that due to its similarity with 
hopene, the formation mechanism must be very similar 
(Fig. 10) (Kuhnert et al. 2018).

Tetraterpene synthases

The synthesis of tetraterpenes in fungi is related to obtain-
ing carotenoids, which have protective functions against 
oxidative stress and UV radiation and provide pigmenta-
tion. These compounds originate from phytoene, which is 
obtained by the condensation of two GGPP units and is car-
ried out by phytoene synthase. Carotenoids can be linear or 
cyclic tetraterpenoids; in the first case, phytoene is a sub-
strate for tailoring enzymes that will modify the structure's 
double bonds without generating cycles. While for cyclic 
compounds, type II cyclases use phytoene as a substrate and 
carry out their activity through mechanisms like triterpene 
cyclases (Avalos and Carmen Limón 2015; Lin & Xu 2020).

It is evident that there are very particular cyclization 
mechanisms for each type of terpene synthase, which is an 
important part of generating various terpenoid structures. A 
particularity of fungal prenyltransferases and terpene syn-
thases is that they are precise for the synthesis of terpenoids 
(Kuhnert et al. 2018); however, there are cases of bifunc-
tional enzymes that can recognize more than one substrate 
or generate more than one product from a substrate (Quin 
et al. 2014; Schmidt-Dannert 2015).

Fig. 9   Types of cyclization of prenyltransferases-terpene synthases (PTTS). The type A (a) cyclization mechanism occurs only in synthesizing 
sesterpenoids. Type B (b) cyclization can occur for synthesizing diterpenoids or sesterpenoids
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Tailoring enzymes

This group comprises a wide variety of enzymes with differ-
ent catalytic activities: oxidoreductases, cytochromes P450 
(CYP), transferases, and isomerases, whose substrate is the 
product generated by terpene cyclases (Quin et al. 2014; 
Schmidt-Dannert 2015). For example, in Omphalotus olear-
ius, 21 sesquiterpenoids have been identified, of which 20 
correspond to derivatives of Δ6-protoilludene, also showing 
that all the structures underwent at least one oxidation pro-
cess (Christianson 2017; Wawrzyn et al. 2012).

Although CYPs are the main tailoring enzymes, since they 
are the most abundant and are involved in modifications to 
generate terpenoids, other modifications such as esterification, 
glycosylation, alkoxylation, among others, are frequent in this 
type of compounds. Transferases are the enzymes involved 
in forming esters (acyltransferases) and glycosides (glycosyl-
transferases). In the case where terpenoid structures are con-
densed with alkaloids or polyketides, the transfer process of 

the isoprenoid component is mediated by prenyltransferases, 
which were previously discussed (Christianson 2017; Quin 
et al. 2014; Schmidt-Dannert 2015; Tagami et al. 2013; Tello 
et al. 2008).

Regarding their intracellular location, except CYPs wich 
are exclusively membrane and found in the endoplasmic 
reticulum, tailoring enzymes can be cytosolic, and membrane-
attached. In the synthesis of terpenoids, modifications occur 
in more than one step and can be carried out by one or more 
tailoring enzymes sequentially. Therefore, it is common for 
terpenoids to be related by the same synthetic route, as they are 
intermediaries in the different modification steps by tailoring 
enzymes (Mitsuguchi et al. 2009; Quin et al. 2014; Schmidt-
Dannert 2015).

Fig. 10   Known triterpene synthesis intermediates in fungi
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Prediction of terpenoid synthesis 
from the fungal genome

The most abundant secondary metabolites in fungi are ter-
penoids, of which sesqui and triterpenoids are the main ones 
(Baby et al. 2015; Caruthers et al. 2000; Lim et al. 2012; 
Martin et al. 2003; Quin et al. 2014; Schmidt-Dannert 2015; 
Wang et al. 2016). Currently, the analysis of the complete 
genomes of fungi is used as a tool for the prediction of the 
metabolic profile of organisms, particularly terpenoides 
(Christianson 2017; Lim et al. 2012; Wang et al. 2016). 
In these genomic and transcriptomic analyzes, it has been 
observed that many of the genes involved in the synthesis 
of secondary metabolites, particularly the terpenoids, are 
grouped in co-located blocks (clusters); which has made it 
easier to correlate the enzymes involved in the synthesis 
pathways with their expression (Christianson 2017; Lim 
et al. 2012; Wang et al. 2016). However, terpene synthases 
(cyclases and tailoring enzymes) have been found, which are 
not found in clusters, but co-express with prenyltransferases 
that elongate the isoprenoid chain (Lim et al. 2012; Wang 
et al. 2016; Wawrzyn et al. 2012).

This information represents a significant advance in the 
knowledge of fungal terpenoid synthesis since from these 
data it has been possible to predict the type of terpene syn-
thases in fungi. In addition, the knowledge of the organiza-
tion of genes and their co-expression has allowed us to better 
understand the processes of regulation of the transcription 
of the different enzymes involved in the synthesis of terpe-
noids. With this knowledge, strategies can be implemented 
to facilitate the selection of the organism and the cultivation 
conditions necessary to direct the biosynthesis of specific 
terpenoids.

Regulation of terpenoid metabolism

The regulation in the production of terpenoids has been stud-
ied mainly in plants, where it has been observed that some 
factors, such as pH, humidity, and salinity of the soil, affect 
the synthesis of these molecules (Martin et al. 2003). How-
ever, in fungi, the response in terms of terpenoid production, 
depending on external stimuli, differs in some of the control 
points with respect to plants, which will be discussed below.

Inhibition of mevalonate synthesis

One of the main points of regulation in the synthesis of 
terpenoids is the inhibition of 3-hydroxy-3-methylglutaryl-
CoA reductase (HMG-CoA reductase). The accumulation 

of some metabolites at the end of the synthesis pathway of 
terpenoids and sterols affects the regulation of HMG-CoA 
reductase (Dhingra & Cramer 2017; Johnson & DeBose-
Boyd 2018; Wang et al. 2015). By inhibiting HMG-CoA 
reductase, the mevalonic acid pathway for the synthesis of 
IPP is blocked (Fig. 1) and terpenes. Both ergosterol and 
some terpenoids favor the ubiquitination of HMG-CoA 
reductase in the endoplasmic reticulum, leading to the 
enzyme's degradation (Fig. 11) (Johnson and DeBose-Boyd 
2018). On the other hand, the concentration of ergosterol 
is detected by a protein complex consisting of a transcrip-
tion factor called sterol regulatory element-binding protein 
(SREBP) and a protein that binds to SREBP, called SREBP 
cleavage-activating protein (SCAP). When there are low lev-
els of ergosterol, SREBP translocates from the endoplasmic 
reticulum to the nucleus to bind to the regulatory elements of 
sterols located in the promoter region of HMG-CoA reduc-
tase. When the endoplasmic reticulum reaches a sufficient 
concentration of ergosterol, the latter binds to the SCAP 
protein, and this, in turn, attaches to the proteins of the insu-
lin-induced genes (INSIG) of the endoplasmic reticulum; 
consequently, the SREBP factor cannot leave the lattice to 
carry out its function (Fig. 11) (Dhingra and Cramer 2017; 
Johnson and DeBose-Boyd 2018; Sun et al. 2005; Wang 
et al. 2015; Yang et al. 2002).

Tissue‑specific terpene synthases

Fungi, and specifically basidiomycetes, have different stages 
of development, where differentiated tissues are formed 
that present specific patterns of epigenetically regulated 
gene expression (Borgognone et al. 2018; Vonk and Ohm 
2021). The differentiation of the tissues brings changes in 
the expression of terpene synthases and, consequently, in 
the terpenoids produced (Chen et al. 2012; Chen et al. 2017; 
Satrauss and Reyes-Dominguez 2011).

In a study by Chen et al. (2012), the transcriptome of 
Ganoderma lucidum, one of the most important fungi from 
traditional Asian medicine, was analyzed at three stages of 
development: mycelium, primordium, and fruiting body. It 
was shown that G. lucidum in the mycelium expressed 429 
genes differentially, while in the primordium and the fruiting 
body, 57 and 91 genes were expressed differentially, respec-
tively. However, when comparing the profile of terpenoids 
produced in each stage of development, it was observed that 
in the mycelium, the production is lower than in the primor-
dium and fruiting body. Likewise, the expression level of 
CYPs was quantified in the three stages of development; in 
this case, the result showed that particular CYP groups are 
expressed in each case, the mycelium being the one with a 
lower amount of these expressed enzymes (Chen et al. 2012). 
This may be related to the amount of terpenoids detected in 
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each development phase since as mentioned above, CYPs 
play a fundamental role in the diversification of terpenoids. 
In the case of Hericum erinacius, something striking is that 
it presents in the mycelium (both primary and secondary) 
the highest level of transcription of the genes involved in 
the synthesis of sesquiterpenoids compared to the fruiting 
body. While in the fruiting body, the overexpressed genes are 
involved in synthesizing diterpenoides (Chen et al. 2017).

In the organisms there are genes that are constitutively 
expressed genes, while others are particularly expressed in 
each tissue, which in this case can be associated with tissue-
specific secondary metabolism, which has been reported 
commonly observed in plants (Dubey & Jeon 2017; Yan 
et al. 2022). Remembering that in the formation of differ-
ent developmental structures in organisms, and particularly 
in fungi, tissue-specific gene regulation occurs. Epigenetic 
regulatory mechanisms include: DNA methylation and his-
tone modification, chromatin remodeling, non-coding RNA 
silencing (Jaenisch & Bird 2003; Dubey & Jeon 2017). 
Based on the above, it is important to understand that 
although a basidiomycetes produces some terpenoids when 
found in nature (with all its developmental structures), they 
will not necessarily be produced under laboratory condi-
tions, particularly when the fungus are submerged or solid 
cultured. This is extremely interesting since understanding 
how to manipulate the environmental signals that induce the 
differentiation of the structures of medicinal mushrooms can 

be a potential tool for the differential production of terpe-
noids of interest.

Regulation of terpene synthase transcription

In nature, regulation of secondary metabolism gene tran-
scription is a response commonly observed by organisms 
to different environmental (temperature, light, pH, reactive 
species) and nutritional (carbon, nitrogen, oxygen source) 
stimuli (Table 1) (Espeso & Peñalva 1996; Jiao et al. 2008; 
Kawakami et al. 2014; Kenne et al. 2018; Lind et al. 2016; 
Nazari et al. 2016; Pruss et al. 2014). As mentioned above, 
many of the genes involved in the secondary metabolite syn-
thesis pathway form clusters co-regulated at the transcription 
level. In the case of terpenoid synthesis, it has been seen 
that some of these factors impact the transcription of genes 
involved in their biosynthesis. The effect of temperature on 
the synthesis of trichothecenes T2 and HT-2 was evaluated 
in two species of Fusarium (Fusarium sporotrhichioides 
and Fusarium langsethiae) (Nazari et al. 2016). This study 
revealed that the highest production of trichothecenes in both 
species is obtained at temperatures close to 15 °C, while 
above 30 °C, the synthesis of these compounds is reduced 
(Nazari et al. 2016). This response is mediated by the Velvet 
complex, composed of subunit A (VeA), subunit B (VelB), 
and the regulator of loss of expression of aflR A (LaeA); 

Fig. 11   Regulation of the terpenoid synthesis pathway by degradation of HMG-CoA reductase
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this complex had been initially described and related to the 
response to different light intensities. The VeA-VelB com-
plex enters the nucleus after stimulation, and once there, 
VeA interacts with LaeA (a chromatin-remodeling protein), 
regulating the transcription of secondary metabolism genes 
(Lind et al. 2016).

Other studies have observed that the synthesis of aflatox-
ins is a mechanism to fight against reactive oxygen species 
(ROS) in filamentous fungi, such as Aspergillus parasitucus 
(Kenne et al. 2018). The synthesis mechanism of these com-
pounds by the response to ROS and pH is mediated by the 
transcription factors bZIP (proteins with a leucine zipper 
domain, whose consensus sequence is: 5'-TGA​CGT​CA-3 '), 
also involved in the transcription of other virulence and sex-
ual development factors in filamentous fungi (Huang et al. 
2015; Kenne et al. 2018); This is because, in their natural 
environment, pathogenic fungi and plant symbionts must 
contend against the ROS produced by these in the coloniza-
tion process (Kenne et al. 2018).

On the other hand, one of the most relevant nutrients in 
the production of fungal terpenoids is nitrogen. Various 
nitrogen sources have been shown to affect the synthesis of 
the terpenoid deoxynivalenol and gibberellins in Fusarium 
species, mediated by the AreA transcription factor (Hou 
et al. 2015; Kawakami et al. 2014; Mihlan et al. 2003). AreA 
accumulates in the nucleus when there are low ammonia 
levels and is induced by nitrate; among its functions, AreA 
increases the synthesis of permeases to capture nitrogen 
from the medium. In these studies, it was possible to show 
that when generating ΔareA mutants, there was a significant 
reduction of up to 90% in the synthesis of trichothecenes 

and gibberellins. When complementing the mutants with the 
AreA gene, the synthesis of terpenoids was re-established at 
the same levels as the native strain (Hou et al. 2015; Mihlan 
et al. 2003).

Another essential nutrient in the production of terpenoids 
is the carbon sources.It has been observed in various studies 
that in fungi, the carbon source used in the culture medium 
impacts the synthesis of various secondary metabolites 
(Cui et al. 2015; Diamantopoulou et al. 2014; Dilks et al. 
2019; Gutiérrez et al. 1999; Hu et al. 2017; Jiao et al. 2008; 
Kawakami et al. 2014; Miyanga 2017; Portnoy et al. 2011).
For example, the use of glucose in the culture of filamen-
tous fungi has a negative effect on the production of certain 
secondary metabolites, such as penicillins (Gutiérrez et al. 
1999), but with some polyketides, such as sorbicillinoids, it 
does not show a repressive effect (Zhang et al. 2023). This 
shows that the regulation by the carbon source on secondary 
metabolism is complex and does not apply equally to the 
different types of compounds.

In the case of terpenoids, it has been observed that the 
synthesis of trichothecene derivatives (deoxynivalenol) is 
induced by the use of sucrose and other fructooligosaccha-
rides (1-kestose and nystose) in Fusarium graminearum and 
Fusarium asiaticum. In these studies, the use of glucose in 
combination with sucrose was evaluated and it was observed 
that deoxynivalenol continued to be produced, for which a 
repression effect was not appreciated when using glucose, 
but it seems to be an induction by the use of sucrose (Jiao 
et al. 2008; Kawakami et al. 2014).

Based on the identification of consensus sequences in 
the promoter regions of the genes of the enzymes of the 

Table 1   Factors involved in the regulation of terpenoid synthesis

Parameter Regulatory mediator Effect

State of development Chromatin conformation Selective expression of terpene synthases character-
istic of the tissue type

Some terpenoid compounds and sterols SRBP-SCAP protein complex Suppression of HMG-CoA reductase transcription. 
Inhibits the synthesis of IPP and all its derivatives

Light and temperature Velvet complex (VeA, VelB and LaeA) Reshapes chromatin to facilitate gene transcription 
of some terpene synthases

Reactive oxygen species and pH bZIP proteins Induces transcription of terpene synthase genes that 
have the recognition sequence of bZIP proteins

Nitrates and low NH3 concentration AreA Induces transcription of terpene synthase genes that 
possess the AreA recognition sequence

Different carbohydrates ¿CreA/CRE1
AMPc?

The regulation mechanism is unknown with preci-
sion, but according to the proposals of the various 
authors, CreA or cAMP may be regulating the 
expression of the genes involved in the synthesis 
of some terpenoids

Divalent ion type (Mg2+, Ca2+, Cu2+) Sesquiterpene synthase activity In vitro, modifies the specificity of product forma-
tion by sesquiterpene synthases

NADP+/NADPH ratio CYP monooxygenase and oxidoreductase activity Decreases the activity of CYPs and oxidoreduc-
tases, preventing the oxidation of terpenes
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biosynthetic pathway for the catabolic repressor CreA 
(CRE1), some authors have been suggested that the mecha-
nism of regulation, by carbon source, of the synthesis of 
secondary metabolites, including terpenoids, is mediated by 
this protein (Dhingra & Cramer 2017; Johnson & DeBose-
Boyd 2018; Kawakami et al. 2014). CreA/CRE1 is a global 
regulator whose primary known function is as an induced 
catabolic repressor, mainly by glucose, inhibiting the syn-
thesis of enzymes and other proteins involved in the metabo-
lism of complex carbon sources. The genes that CRE1 regu-
lates have been studied in Trichoderma reesei, generating 
mutants of this fungus, deficient in the catabolic repressor. 
Among the secondary metabolism genes that increased their 
transcription are CYP monooxygenases and an ortholog of 
paxU, involved in synthesizing indole diterpenoids, such 
as paxilline (Portnoy et al. 2011). It is interesting to note 
that not all secondary metabolism genes are affected in the 
same way since, in this study, it was observed that another 
group of genes, particularly those related to the synthesis 
of polyketides, decrease their transcription in the absence 
of CRE1. Since CreA/CRE1 is a global regulator, it is pos-
sible that the effect observed in transcriptional changes is 
not associated with a direct regulation by CreA/CRE1 but 
rather that metabolic changes at different levels influence the 
synthesis of terpenoids. This taking into account that in the 
Trichoderma reesei ΔCRE1 mutant, a decrease in growth 
was observed compared to the native strain (Portnoy et al. 
2011).

However, in the case of the synthesis of trichothecenes 
in the different Fusarium strains, it was observed that using 
only glucose did not produce these compounds. But when 
combined with sucrose, the production of trichothecenes 
occurs. This suggests, in the first instance, that there is no 
Cre1-mediated catabolic repression. And this was con-
firmed by analyzing at the transcriptional level, some genes 
of the trichothecene synthesis cluster, TRI4 (cytochrome 
P450 monooxygenase), TRI5 (trichodiene synthase), TRI6 
(pathway regulator), and TRI10 (transcription factor) were 
analyzed while using glucose or sucrose as a carbon source 
in the culture. In this case, an effect was observed in tran-
scription only in the TRI4 and TRI5 genes. When using 
sucrose, the transcription of these two genes was induced 
on the third day of culture, while when using glucose, no 
increase in transcription was observed in the entire cultiva-
tion time. Something that is interesting in this study is that 
the transcription levels of the TRI6 and TRI10 genes do not 
show differences when using glucose or sucrose as a carbon 
source, both genes, and particularly TRI6, are crucial for 
the synthesis of deoxynivalenol (Jiao et al. 2008; Kawakami 
et al. 2014).

Another hypothesis proposed regarding the regula-
tion of the synthesis of deoxynivalenol is related to the 

response of the different levels of cAMP. In the study car-
ried out by Jiang et al. (2016) it was observed that the pres-
ence of exogenous cAMP in the PH-1 strain of Fusarium 
graminearum and various mutants induces the synthesis of 
deoxynivalenol. In this study, mutants of the genes TRI6, 
TRI10, pde1 (phosphodiesterase 1), pde2 (phosphodies-
terase 2), both involved in the degradation of cAMP, and 
the double mutants ΔTRI6Δpde2 and ΔTRI10Δpde2 were 
generated. The production of deoxynivalenol was observed 
to increase in response to the concentration of exogenous 
cAMP in the native strain; Likewise, an increase in the rel-
ative expression of the genes TRI5, TRI6, TRI10, TRI12, 
and TRI101 was identified in the presence of exogenous 
cAMP. When using phosphodiesterase inhibitors (IBMX 
and caffeine), there is an increase in the production of 
deoxynivalenol. However, when evaluating the Δpde1 and 
Δpde2 mutants, there is only an increase in deoxynivalenol 
production in the Δpde2 mutant, which when subsequently 
complemented with the PDE2-GFP construct, recovers the 
wild phenotype. Based on these results, it was concluded 
that although phosphodiesterase 1 (PDE1) and phosphodi-
esterase 2 (PDE2) have overlapping functions, the regula-
tion of deoxynivalenol synthesis depends mainly on PDE2.

By taking into account the mechanism of recognizing 
different carbohydrates by fungi, it is known that cAMP 
plays a key role in the signaling cascade (Dilks et al. 2019; 
Van Ende et al. 2019). For this reason, it is possible that 
the differential production of deoxynivalenol, observed 
in the work of Jiao et al. (2008), when using glucose or 
sucrose in the cultures in F. graminearum, depends on the 
levels of cAMP. However, the relationship between cAMP 
levels and deoxynivalenol synthesis is still unclear because 
Jiao et al. did not observe changes in the relative expres-
sion levels of TRI6 and TRI10, while Jiang et al. show 
that there are significant differences regarding the relative 
expression levels of both genes in response to cAMP.

Although the role that CreA/CRE1 plays in the regula-
tion of terpenoid synthesis by the carbon source remains 
debatable, it is not ruled out that this protein regulates 
the synthesis of some terpenoids; as has been observed 
with other types of secondary metabolites, either repress-
ing as in the case of penicillins or inducing as in the case 
of some polyketides (Lind et al. 2016). In addition, the 
levels of cAMP may be determinant in the response of the 
differential synthesis of terpenoids due to the use of dif-
ferent carbon sources (Jiang et al. 2016). It must also be 
taken into account that the type of carbon source can affect 
the generation of energy in the cell; for this reason, it is 
also likely that the energy balance is affected, particularly 
affecting the activity of tailoring enzymes (specifically 
CYP450 monooxygenases).
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Regulation by the availability of cofactors

The last point of regulation in synthesizing secondary 
metabolites is at the level of enzymatic activity (Quin 
et al. 2015; Rodríguez-Concepción 2006; Sellés-Vidal 
et al. 2018). It has been observed that the cycling mecha-
nism carried out by sesquiterpene synthases is affected by 
the concentration of divalent metals. By incubating homo-
logues of Δ6-protoiludene synthase in vitro in the pres-
ence of Mg2+, Δ6-protoiludene is mainly produced. Still, 
by using Ca2+ as a metal cofactor, the production profile 
was changed, with β-elemene being the majority product 
(Quin et al. 2015). This is very interesting because this 
evidence suggests that the sesquiterpene synthase products 
can be directed by the type of divalent ions in the medium.

As mentioned above, remodeling enzymes diversify ter-
penoid compounds from a common base structure. Like-
wise, CYPs and oxidoreductases are the main enzymes in 
modifying the terpene skeleton. Therefore, the regulation 
of the activity of these enzymes must impact the forma-
tion of certain types of terpenoids. In anabolic pathways, 
the concentration of the NADPH cofactor is decisive for 
carrying out the function of many enzymes involved in the 
biosynthesis of various secondary metabolites. In addi-
tion, NADPH is used for the assimilation of some car-
bon sources, where oxidoreductases or CYP are involved 
(Sellés-Vidal et al. 2018). In the case of secondary metab-
olism, it has been observed that the production of some 
toxins such as fumonisins are affected when the NADP+/
NADPH ratio increases in Aspergillus niger; because the 
formation of tricarbalilic esters depends on a dehydroge-
nase, orthologous of Fum7, dependent on NADPH. When 
supplementing the culture medium with different carbon 
sources: maltose, xylose, lactate, and pyruvate, it was 
observed that only in the case of lactate and pyruvate, 
which can increase the synthesis of NADH, there was an 
increase in the synthesis of fumonisins, without reach 
the levels reached when there is NADPH (Sørensen et al. 
2009). It is known that many enzymes that use NADPH 
have evolved a particular cofactor binding site, for which 
the change in the NADP+/NADPH ratio toward the accu-
mulation of the oxidized cofactor affects the capacity 
of oxidases and CYPs, being inhibited thus its function 
(Sellés-Vidal et al. 2018). However, there are also cases 
of oxidoreductases and CYPs that can use NADH as an 
additional cofactor to NADPH. Still, although its activity 
is not completely inhibited, it is significantly reduced, as 
in the case of CYP monooxygenases (Sellés-Vidal et al. 
2018). This shows that the availability of the cofactors 
that can regulate the activity of the oxidoreductases and 
CYPs. However, it is still necessary to carry out studies 

focused on the regulation of the activity of these enzymes 
in secondary metabolism.

Concluding remarks

Terpenoids are a group of compounds of great importance 
due to their biological properties; for this reason, knowing 
the synthesis and regulation process of these compounds 
is of utmost importance for biotechnological applications. 
Due to the diversity of terpene cyclases and their promis-
cuity, the most abundant terpenoids in fungi are the ses-
quiterpenoids. Likewise, with the help of the complete 
genomes of various fungi, the prediction of terpenoids in 
these organisms has been achieved. However, it is nec-
essary to know under what conditions the terpenoids of 
interest can be produced since due to the various types of 
regulation, such as presenting different stages of develop-
ment (mycelium, primordium, fruiting body), they can be 
a determining factor for the obtaining the compounds.

Within the mechanisms of regulation of the synthesis 
of terpenoids in fungi, the influence of various stressors 
such as light intensity, temperature, source of nutrients, 
pH and the presence of reactive oxygen species; influence 
the transcription of terpene synthases and consequently the 
production of terpenoids. However, applying the knowl-
edge of how stressors affect the synthesis of terpenoids, 
the production of these compounds can be directed just by 
modifying fungi culture conditions. This will be extremely 
useful, particularly with the cultivation of basidiomycetes; 
since these are organisms difficult to manipulate geneti-
cally and consequently obtaining mutants for the overpro-
duction of a compound is not very feasible and, with the 
use of these culture strategies, the synthesis of terpenoids 
of interest can be favored.
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