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INTRODUCTION

Ergot alkaloids produced by fungi have impacted 
human health for millennia, initially as toxic contami-
nants in crops and more recently as the basis of var-
ious pharmaceuticals. Historically, these specialized 
metabolites caused periodic mass poisonings due 
to the infection of grain crops by the ergot fungus 
Claviceps purpurea (Florea et al., 2017; Haarmann 
et al., 2009; Matossian, 1989). Symptoms of ergot poi-
soning included peripheral vasoconstriction leading to 
burning sensations in limbs and even dry gangrene of 
extremities as well as disturbances in central nervous 
system function leading to hallucinations and convul-
sions. These symptoms could be particularly severe 
in cultures that relied upon rye for a large proportion 
of their calories. Ergot poisoning in humans is now 
rare because of the mechanical removal of the toxin- 
containing fungal structures (sclerotia) from harvested 
grain as well as the diversification of diets. Agriculturally, 

ergot alkaloids still impact animal production due to 
their accumulation in forage grasses colonized by sym-
biotic fungi in the genus Epichloë (Florea et al., 2017; 
Panaccione et al., 2014; Schardl et al., 2012). Regular 
consumption of ergot alkaloid- containing forage by 
grazing animals leads to issues with vasoconstriction, 
reduced weight gain and poor reproductive fitness 
(e.g. Caradus et al., 2022; Klotz, 2015). Clinically, the 
structural similarities of ergot alkaloids to monoamine 
neurotransmitters allow them to treat cognitive and 
neurological maladies including dementia, migraines 
and Parkinson's disease in addition to endocrine dis-
orders such as hyperprolactinemia and type 2 diabetes 
(e.g. Lei et al., 2015; Morren & Galvez- Jimenez, 2010; 
Perez- Lloret & Rascol, 2010; Schif, 2006; Winblad 
et al., 2008). Searches of the United States National 
Institutes of Health- associated website ‘ClinicalTrials.
gov’ indicate at least 68 active clinical trials involving 
ergot alkaloid derivatives (counting all levels of recruit-
ment/enrollment) and over 200 completed trials. The 
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power of the neurotransmitter- mimicking activities of 
ergot alkaloids is most infamously evident in LSD, a 
semisynthetic lysergic acid amide (Hofmann, 1980). 
The multiple ways by which ergot alkaloids affect hu-
mankind and our environment make an understanding 
of the biosynthesis of these molecules significant.

Ergot alkaloid- producing fungi are taxonomically di-
verse and occupy different ecological niches including 
plant pathogens, mutualistic plant symbionts, sapro-
trophs and animal pathogens (primarily insect patho-
gens and some accidental mammalian pathogens; 
Figure 1). The products of some branches of the ergot 
alkaloid pathway (e.g. lysergic acid derivatives, dihy-
drolysergic acid derivatives) have been investigated 
and exploited for their pharmaceutical effects. Health 
effects associated with the products of other branches 
have not been studied to the same degree, though eco-
logical benefits have been associated with the prod-
ucts of some branches. A better understanding of the 
pathways to these alternate ergot alkaloids and their 
identification in more tractable organisms may facilitate 
further research and understanding of the products of 
these branches.

One aspect of the genes involved in ergot alkaloid 
biosynthesis that greatly facilitates research is that the 
genes are clustered in the genomes of producing fungi 
(Figure 2). These gene clusters (referred to as eas clus-
ters, for ergot alkaloid synthesis; Schardl et al., 2006) 
contain core genes that are common to multiple ergot 
alkaloid producers as well as branch- specific genes re-
quired for producing the unique alkaloids found in dif-
ferent fungi (Fabian et al., 2018; Haarmann et al., 2005; 
Jones et al., 2021; Martín et al., 2017; Schardl, Young, 
Hesse, et al., 2013; Schardl, Young, Pan, et al., 2013; 
Tudzynski et al., 1999). Thus, as the functions of genes 
in various pathway branches are determined, the val-
ues of gene clusters increase as predictors of ergot al-
kaloid biosynthesis capacity and as sources of genes 
controlling certain biochemical reactions.

The primary objective of this mini review is to de-
scribe the several characterized branches of the ergot 
alkaloid pathway, with particular emphasis on the com-
binations of genes required to control the assembly 
of the products of each branch and the evidence sup-
porting their roles. A thorough understanding of each 
branch of the ergot alkaloid pathway and the genes that 
comprise it provides background information facilitat-
ing several biotechnological applications, including (1) 
prediction of ergot alkaloid synthesis capacity of fungi 
from sequence data, (2) modification of pathways to 
produce particular ergot alkaloids, (3) reconstitution 
of pathways in model organisms and (4) synthesis of 
novel ergot alkaloids by combining genes from different 
branches. Several other recent reviews of ergot alkaloid 
synthesis, biosynthesis and activity provide valuable 
information on this class of molecules from different 
perspectives (Agriopoulou, 2021; Caradus et al., 2022; 

Florea et al., 2017; Liu & Jia, 2017; Martín et al., 2017; 
Tasker & Wipf, 2021).

OVERVIEW OF THE ERGOT 
ALK ALOID PATHWAY WITH ITS 
MULTIPLE BRANCHES

Ergot alkaloids comprise a diverse set of natural prod-
ucts produced, collectively, by several lineages of fungi. 
The pathways diversify at several key branch points 
due to differences in enzyme classes present to act 
on that branch point substrate or, in some cases, more 
subtle, allelic differences in enzyme activity within an 
enzyme class yielding different products from the same 
substrate (Figure 1). The five- gene pathway to the first 
key intermediate, chanoclavine- I aldehyde (Figure 1), is 
conserved in all fungi documented to produce tetracy-
clic ergot alkaloids from one of the following branches: 
(1) the branch to rugulovasines; (2) the branch to cyclo-
clavine; (3) the branch leading to various lysergic acid 
derivatives, which diverge among themselves at a later 
branch point and (4) a branch leading to fumigaclavines 
and dihydroergot alkaloids, which diverge from each 
other after just one additional shared pathway step. The 
biochemical and genetic derivations of each of these 
branches are the major emphasis of subsequent sec-
tions. The origin of a few simple ergot alkaloids that 
form or diverge prior to chanoclavine- I aldehyde is con-
sidered in the next section.

Investigators studying different ergot alkaloid- 
producing fungi have used different gene and enzyme 
names for the same or orthologous catalysts. This 
point is particularly true for genes in the fumigaclavine 
pathway. In this review, the eas convention (Schardl 
et al., 2006) has been followed; tables or figures show-
ing equivalence among names have been published 
(Martín et al., 2017; Robinson & Panaccione, 2012; 
Schardl et al., 2006).

ACCUMULATION OF PRODUCTS 
FROM THE BASAL PORTION OF 
THE PATHWAY

Occasionally, ergot alkaloids that form or diverge prior to 
chanoclavine- I aldehyde are observed accumulating in 
ergot- alkaloid- producing fungi. For example, Epichloë 
canadensis, an endophytic symbiont of grasses, con-
tains only the first four genes of the shared, basal por-
tion of the pathway (dmaW, easF, easE and easC) 
and accumulates chanoclavine- I as its pathway end- 
product (Schardl, Young, Pan, et al., 2013; Figure 3). 
Other Epichloë species, Claviceps species and 
Periglandula species occasionally accumulate cha-
noclavine- I to detectable levels while also converting 
some of that pool of accumulating chanoclavine- I into 
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F I G U R E  1  Branches of the ergot alkaloid pathway. Structures of representative branch products and key intermediates are shown. 
Genes controlling relevant steps are indicated in eas shorthand (Schardl et al., 2006) for simplicity; synonyms used by other investigators 
can be found in tables and figures in previous publications (Martín et al., 2017; Robinson & Panaccione, 2012; Schardl et al., 2006; Wallwey 
& Li, 2011). *Asterisks indicate alleles of easH controlling different steps are probably not functionally equivalent. Abbreviations: dh, dihydro; 
DMAPP, dimethylallylpyrophosphate; iso, isomerase; red, reductase. Fungi typically occurring as saprotrophs are labelled in blue font, fungi 
occurring on plants are listed in green, and insect pathogens are listed in red. Although Metarhizium spp. are symbionts of plants in addition 
to being pathogens of insects, they produce ergot alkaloids in infected insects (not in plants) and are thus labelled in red.
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more complex pathway end- products (e.g. Beaulieu 
et al., 2021; Bragg et al., 2017; Panaccione et al., 2003). 
A few Epichloë species accumulate the early pathway 
spur product ergotryptamine (Ryan et al., 2015), which 
requires the genes dmaW, easF and easC for its syn-
thesis (Ryan et al., 2013); the oxygen in ergotryptamine 
is probably added by a peroxidase activity common 
to many fungi because hydroxylation of that particular 
carbon has been documented in 70 of 81 tested fungi 
(as well as 17/19 tested actinobacterial strains), most of 
which were non- producers of ergot alkaloids (Béliveau 
& Ramstad, 1967). Penicillium camemberti accumu-
lates N- methyl- DMAT (requiring only the genes dmaW 
and easF) under certain culture conditions but not in 
cheese (Fabian et al., 2018). Lin et al. (2015) showed 
that genes cnsF (a homologue of dmaW), cnsA (a hom-
ologue of easE) and cnsD (a homologue of easC) from 
Penicillium expansum can synthesize aurantioclavine. 
These three genes represent the enzyme complement 

required for chanoclavine- I biosynthesis minus the N- 
methyl transferase encoded by easF. Aurantioclavine 
may then be coupled with tryptamine derivatives to 
produce the complex family of communesins (Lin 
et al., 2015).

BRANCH DIVERGENCE AT 
CHANOCLAVINE-  I  ALDEHYDE: THE 
ROLE OF EasA

The pathways beyond chanoclavine- I aldehyde involve 
four alternate closures of the fourth ring (D ring) of the 
tetracyclic ergoline ring system (Figure 1); thus, chan-
oclavine- I aldehyde has four potential fates, depending 
on the enzymes present in a given producer. Three of 
the fates require one of two versions of EasA, an ‘old 
yellow enzyme’ oxidoreductase that occurs in alternate 
versions in different fungi (Cheng et al., 2010a, 2010b; 

F I G U R E  2  Ergot alkaloid synthesis (eas) gene clusters. Clusters drawn or redrawn from data from the following sources: Pen. biforme 
(Ropars et al., 2015), A. japonicus (Martín et al., 2017), A. fumigatus (Nierman et al., 2005), M. brunneum (Hu et al., 2014), C. purpurea 
(Haarmann et al., 2005), and Peri. ipomoeae (Schardl, Young, Hesse, et al., 2013). Key describes colour patterns applied to genes. Genes 
are labelled according to the eas naming convention (Schardl et al., 2006); synonyms are recognized (Martín et al., 2017; Robinson & 
Panaccione, 2012; Schardl et al., 2006; Wallwey & Li, 2011).
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Coyle et al., 2010) and will be described in detail later 
in this section. The fourth option, formation of rugulov-
asines, involves a pathway lacking EasA but requiring 
the products of two additional genes, easQ and a ver-
sion of easH (Fabian et al., 2018), discussed in detail 
below.

Branches producing cycloclavine and fumiga-
clavines/dihydroergot alkaloids arise from the activity 
of a reductase version of the ‘old yellow enzyme’ EasA 
on chanoclavine- I aldehyde, whereas the lysergic acid- 
derived branches (yielding ergopeptines and lysergic 
acid amides) require an atypical, isomerase version 
of EasA (Cheng et al., 2010b; Coyle et al., 2010). The 
reductase version of EasA conforms to the charac-
teristics of a typical old yellow enzyme (e.g. Kohli & 
Massey, 1998; Meah & Massey, 2000) in that it reduces 
a double bond conjugated to an aldehyde or ketone. 
Reduction of the double bond conjugated to the alde-
hyde of chanoclavine- I aldehyde (Figure 1) allows free 
rotation of the aldehyde such that it can react with the 
neighbouring secondary amine resulting in ring closure 
via Schiff base formation and reduction. The isomer-
ase form of EasA involved in the synthesis of lysergic 
acid derivatives is atypical in that it appears to promote 

the temporary reduction of the conjugated double bond 
such that the aldehyde group can rotate, but then the 
bond is reoxidized to its unsaturated state. The key dis-
tinction here is the presence of a tyrosine residue at 
the active site of EasA to serve as a proton donor in the 
reductase version compared to phenylalanine (which 
cannot donate a proton) in that same position in the 
isomerase version (Table 1). In a typical reduction of 
the conjugated double bond, the carbon customarily 
labelled carbon 9 (Figure 1) is reduced with a hydride 
ion provided by a flavin cofactor associated with EasA, 
and the reduction of the double bond is completed by 
a proton donated by the active site tyrosine to carbon 8 
(Cheng et al., 2010b). Since the isomerase form lacks 
the active site tyrosine, the initial, partial reduction of 
carbon 9 may be sufficient to allow rotation of the alde-
hyde group before the hydride ion is reclaimed by the 
flavin cofactor. This hypothesis is supported by label-
ling studies conducted by Floss et al. (1974), in which 
tritium label on carbon 9 in chanoclavine- I was present 
at the same position in almost all of the tetracyclic prod-
uct molecules resulting from the isomerization reaction. 
One explanation for this observation is an intermolecu-
lar hydrogen transfer in which the tritium was extracted 
from the substrate in one round of catalysis, retained 
on the flavin cofactor of EasA and then donated to 
the same position in the substrate in the next round of 
catalysis.

Phylogenetic analyses indicate the reductase ver-
sion of EasA in the dihydroergot alkaloid- producing 
members of the Clavicipitaceae (C. africana and C. gi-
gantea) evolved separately from the versions found in 
the clavine producers of the Aspergillaceae (Figure 4). 

F I G U R E  3  Early pathway intermediates and spur products. 
DMAPP, dimethylallylpyrophosphate; DMAT, dimethylallyl- 
tryptophan; Trp, tryptophan. DMAPP- derived portion of DMAT is 
indicated in green. Genes controlling relevant steps are indicated. 
“Other” in spur to ergotryptamine indicates peroxidase activity 
endogenous to many fungi (Béliveau & Ramstad, 1967).

TA B L E  1  Amino acid sequence near the active site of EasA.
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Reduction is the typical (presumably ancestral) activity 
for an old yellow enzyme (Kohli & Massey, 1998; Meah 
& Massey, 2000). The isomerase version appears to 
have arisen in an ancestor of the Clavicipitaceae and/
or the lysergic acid producers of the Aspergillaceae, 
and phylogenetic data indicate the reductase versions 
found in C. africana and C. gigantea derived more re-
cently in that lineage.

RUGULOVASINES

Limited information has been published on the biologi-
cal activities of rugulovasines, but toxicity of this class 
of compounds is evident from the fact that lethality to 

day- old chicks was used as a bioassay for its purification 
(Cole et al., 1976; Dorner et al., 1980). Rugulovasines 
also have been reported to reduce blood pressure in an-
imals (Abe, 1972; Meurant, 1981). They have been doc-
umented from several moulds in the genus Penicillium 
(Abe, 1972; Cole et al., 1976; Dorner et al., 1980) as 
well as from Corticium caeruleum, Pellicularia filamen-
tosa and Lenzites trabea (Abe, 1972).

The branch from chanoclavine- I aldehyde to the 
rugulovasines is the only branch of the ergot alkaloid 
pathway in which a version of EasA does not partici-
pate in the closure of the fourth ring. The critical genes 
in the rugulovasine branch are easQ and a version of 
easH. Heterologous expression studies showed the 
five- membered, lactone D ring of rugulovasines is 
formed from chanoclavine- I aldehyde through the ac-
tivities of the products of easQ and an allele of easH 
(Fabian et al., 2018). Based on sequence identity and 
heterologous expression studies, easQ is hypothe-
sized to encode an aldehyde dehydrogenase capable 
of oxidizing the aldehyde of chanoclavine- I aldehyde 
to a carboxylic acid. Bioinformatically, easH encodes 
an Fe- II/oxoglutarate dioxygenase. Direct biochemical 
analyses have not been conducted for the version en-
coded in rugulovasine pathway of Penicillium biforme 
but, based on pathway context and its clear require-
ment for rugulovasine biosynthesis, a potential activity 
would be hydroxylation of carbon 10 of the carboxylic 
acid form of chanoclavine to set up ring closure via lac-
tonization (Fabian et al., 2018).

Additional information is required about EasH be-
cause versions of it are associated with steps involv-
ing different substrate– product combinations in three 
branches of the ergot alkaloid pathway (Figure 1). 
Whether the versions of EasH acting on different 
substrates are catalytically specialized remains to be 
tested, though functional specialization appears likely 
due to differences in substrates and products (Figure 5). 
In addition to its role in rugulovasine synthesis in Pen. 
biforme (Fabian et al., 2018), versions of EasH are re-
quired for an oxidative step in cycloclavine biosynthesis 
in Aspergillus japonicus (Jakubczyk et al., 2015, 2016) 
and presumably in three Periglandula species that pro-
duce cycloclavine in symbioses with morning glories 
(Beaulieu et al., 2021; Stauffacher et al., 1969), and for 
hydroxylation of ergopeptams to yield ergopeptines in 
C. purpurea (Havemann et al., 2014) and presumably 
all ergopeptine producers. Roles for other versions of 
EasH will be discussed in the sections on the relevant 
branches.

CYCLOCLAVINE

The scientific literature is generally lacking information 
on the biological activities associated with cycloclavine, 
but a hint to its activity and potential utility is that the 

F I G U R E  4  Independent evolution of the reductase form of 
EasA in Claviceps species and Aspergillus species. Maximum 
likelihood tree drawn from amino acid sequences of versions of 
EasA encoded in eas clusters of indicated species. Reductase 
forms of EasA shaded. Outgroup sequences (labelled with 
GenBank accession numbers) are comprised of proteins showing 
strong sequence identity with EasA but encoded by genes located 
outside the eas clusters of the indicated species. Outgroup 
sequences contain a tyrosine at the predicted active site and 
are, thus, presumed to be reductase forms of related ‘old yellow 
enzymes’. Tree was drawn with the LG + frequencies model in 
MEGA X (Kumar et al., 2018) and has the greatest log- likelihood of 
1000 bootstrapped trees. Clades with bootstrap values of 50% or 
greater are indicated. The scale bar represents substitutions per 
site.
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chemical company BASF has filed a patent for appli-
cation of cycloclavine and derivatives against a wide 
range of invertebrate pests in agronomic and veteri-
nary settings (Körber et al., 2014). Critical enzymes in 
the cycloclavine branch of the pathway are the reduc-
tase form of EasA and a version of EasH (Jakubczyk 
et al., 2015, 2016). As mentioned in the rugulovasine 
section, versions of EasH have been associated with 
three different steps (i.e. converting different sub-
strates to different products; Figure 5). Cycloclavine is 
an unusual ergot alkaloid in which the D ring is split 
into two ring structures: a three- membered cyclopro-
pane ring and a five- membered N- containing ring 
(Figure 1). The molecule was discovered in Ipomoea 
hildebrandtii, a shrub- like morning glory species native 
to eastern Africa (Stauffacher et al., 1969). After ergot 
alkaloids in morning glories were found to be produced 
by symbiotic Periglandula species (reviewed by Steiner 
& Leistner, 2012, 2018), I. hildebrandtii was found to 
be symbiotic with an undescribed Periglandula spe-
cies (Beaulieu et al., 2013, 2015). Cycloclavine also 
was found in A. japonicus, a soil- dwelling saprotroph 
that additionally produced festuclavine, a tetracyclic 
ergot alkaloid with a saturated D ring (Figure 1) (Furuta 

et al., 1982). As indicated by the presence of festucla-
vine, the fungus contains the reductase allele of easA 
(Jakubczyk et al., 2015).

The pathway to cycloclavine was reconstituted 
in brewer's yeast, Saccharomyces cerevisiae, by 
Jakubczyk et al. (2015) who built upon a yeast strain 
expressing the four genes established to be required 
to go from tryptophan to chanoclavine- I (dmaW, easF, 
easE, easC and easD; Nielsen et al., 2014) by add-
ing A. japonicus genes easD, easA (reductase allele), 
easG and easH to produce cycloclavine, along with 
some festuclavine. Data indicate that the substrate for 
EasH is an isomer of the iminium ion product of the re-
ductase version of EasA prior to its reduction by EasG 
(Figure 5B) and that EasH oxidizes carbon 10 of that 
substrate, followed by reduction by EasG (Jakubczyk 
et al., 2015). Jakubczyk et al. (2015, 2016) offer three 
hypotheses for the nature of EasH- catalysed oxidation 
at carbon 10: hydroxylation, halogenation or direct ex-
traction of electrons. The version of EasH involved in 
rugulovasine synthesis (Fabian et al., 2018; described 
above) is hypothesized to hydroxylate this same car-
bon during rugulovasine synthesis (Figure 5). Clearly, 
the version of EasH in the rugulovasine pathway and 
the version in the cycloclavine pathway are working 
on different substrates and forming different products, 
but whether these versions of EasH have any cross- 
reactivity has not been tested yet. Interestingly, An 
et al. (2022) recently showed that the version of EasH 
from cycloclavine- producing A. japonicus was capable 
of hydroxylating festuclavine at carbon 4 in vitro and 
related clavines at unspecified positions, indicating that 
a particular version of EasH has detectable substrate 
promiscuity.

In addition to I. hildebrandtii, two other species of 
morning glories (I. killipiana and I. cicatricosa) were later 
found to contain cycloclavine, presumably due to asso-
ciations with mutualistic Periglandula species (Beaulieu 
et al., 2021). Like I. hildebrandtii, I. cicatricosa is a small 
tree or shrub found in East Africa, whereas I. kilipiana 
is a climbing vine from South America. Ipomoea hil-
debrandtii and I. cicatricosa also contain the lysergic 
acid amides lysergic acid α- hydroxyethylamide (LAH), 
ergine, and ergonovine, and I. cicatriosa contains the 
ergopeptine ergobalansine (Beaulieu et al., 2021). 
Ipomoea killipiana contains a small amount of ergine 
(which presumably was derived from LAH or some 
other since- degraded lysergic acid amide). The accu-
mulation of cycloclavine and lysergic acid derivatives 
indicates that the uncharacterized Periglandula spe-
cies associated with these morning glories have genes 
for two different branches of the ergot alkaloid pathway: 
the genes required for synthesis of cycloclavine (includ-
ing the reductase allele of easA) as well as the genes for 
synthesis of lysergic acid amides (including the isomer-
ase allele of easA). This duality of biosynthetic capabili-
ties is unprecedented in ergot alkaloid- producing fungi. 

F I G U R E  5  Substrates for EasH in different branches of the 
ergot alkaloid pathway. Carbon oxidized by EasH marked with the 
red circle in each substrate. (A) Hypothesized substrate for EasH 
hydroxylation in the rugulovasine branch. (B) Substrate for EasH 
oxidation in the cycloclavine branch. (C) Ergopeptam hydroxylated 
by EasH in the ergopeptine branch.
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Unfortunately, no genomic sequence data are available 
for these particular Periglandula species, which are ob-
ligately associated with their plant hosts.

Based on genomic sequence data, the sapro-
trophic ascomycete Byssochlamys spectabilis also 
contains a gene cluster sufficient for cycloclavine syn-
thesis (Martín et al., 2017). The common saprotroph 
and opportunistic human pathogen Aspergillus fumi-
gatus (synonym Neosartorya fumigata) contains an 
easH pseudogene adjacent to its ergot alkaloid syn-
thesis gene cluster (Robinson & Panaccione, 2012; 
Figure 2). The gene is too fragmented to make mean-
ingful comparisons to other versions of easH, but 
based on its genomic context (in a cluster with a re-
ductase form of easH and no copies of easQ or lyser-
gic acid- associated genes) it may have been involved 
in cycloclavine synthesis in the past. A copy of easH 
has been found in eas cluster 2 of Penicillium roque-
forti (Martín et al., 2017), a fungus that produces iso-
fumigaclavines; no role for an EasH is evident in this 
fungus. The broad geographical and taxonomic distri-
bution of cycloclavine- producing fungi indicates that 
additional species capable of producing this com-
pound will be found.

LYSERGIC ACID DERIVATIVES

Two branches of the ergot alkaloid pathway— lysergic 
acid amides and ergopeptines— stem from lysergic 
acid and will be described in separate subsections 
because they involve distinct genetic capacities for 
their formation. Claviceps purpurea and several spe-
cies of Periglandula possess branches for both sets 
of lysergic acid derivatives. Pathways to lysergic acid 
amides and ergopeptines both require the P450 mo-
nooxygenase CloA to convert agroclavine to lysergic 
acid. The two branches then differ in their nonribo-
somal peptide synthetases and associated enzymes 
(Figure 1).

CloA is a cytochrome P450 monooxygenase that 
catalyses six- electron oxidation of the methyl group 
of agroclavine (or festuclavine in the case of dihydro-
ergot alkaloids, described below) to the carboxylic 
acid group of lysergic acid (Haarmann et al., 2006; 
Robinson & Panaccione, 2014). The version of CloA 
encoded in Epichloë species (which produce ergo-
peptines) can oxidize agroclavine to lysergic acid but 
not festuclavine to its corresponding dihydrolysergic 
acid, whereas the version encoded in dihydroergot 
alkaloid- producing fungi can accept festuclavine or ag-
roclavine as substrates (Arnold & Panaccione, 2017; 
Bragg et al., 2017).

In fungi that contain pathways for both lysergic acid 
amides and ergopeptines, lysergic acid may be di-
verted down one branch or the other. Data from sev-
eral sources indicate that, in those fungi capable of 

producing ergopeptines and lysergic acid amides, er-
gopeptines are more abundant, constituting 60%– 98% 
of the lysergic acid derivatives. In C. purpurea strain 
Ecc93, Ortel and Keller (2009) measured the lysergic 
acid amide ergonovine (synonym ergometrine) as 2%– 
3% of the total ergot alkaloid yield (which consisted 
mainly of ergopeptines ergocristine and ergotamine). 
A survey of 12 sclerotia of C. purpurea obtained from 
naturally infected Elytrigia elongata showed that 11 of 
the 12 sclerotia contained ergonovine as well as ergo-
peptines; in those ergonovine producers, ergonovine 
represented 11% (±1.7% standard error) on a molar 
basis of the total pool of lysergic acid derivatives. When 
averaged among 17 species of Periglandula- infected 
Convolvulaceae containing both lysergic acid amides 
and ergopeptines, the lysergic acid amides accounted 
for a mean of 40% (±8% standard error) of the lysergic 
acid derivatives (lysergic acid amides plus ergopep-
tines) (Beaulieu et al., 2021).

Ergopeptines

Ergopeptines are important historically as the major 
ergot alkaloids in C. purpurea sclerotia associated with 
human poisoning from contaminated grain and for their 
roles as pharmaceuticals. Some ergopeptines, for ex-
ample ergotamine, are used directly as pharmaceuti-
cals; whereas, other ergopeptines or mixtures thereof 
are hydrolyzed to lysergic acid, which is then used for 
semisynthesis of other pharmaceuticals. Ergopeptines 
(and the dihydroergopeptine, dihydroergosine) have 
been documented in several plant- associated members 
of the Clavicipitaceae (reviewed in Florea et al., 2017), 
and a novel ergopeptine was reported in a Dicyma spe-
cies of the Xylariacae (Vazquez et al., 2003).

Critical enzymes, post lysergic acid, in the branch to 
ergopeptines include lysergyl peptide synthetases Lps1 
and Lps2 to incorporate lysergic acid into ergopeptams 
(tripeptide precursors to ergopeptines; e.g. Figure 5C). 
A version of EasH is involved in the final step, converting 
ergopeptams to ergopeptines (Havemann et al., 2014).

Once lysergic acid (or dihydrolysergic acid, in the 
parallel dihydroergot alkaloid pathway) is formed, it may 
be inserted into ergopeptams with three amino acids 
via the combined activities of Lps2 and Lps1. Lps2 is 
a nonribosomal peptide synthetase that recognizes ly-
sergic acid as substrate, binds it covalently as a thio-
ester, and contains a condensation domain to transfer 
its lysergic acid to an amino acid thioesterified to Lps1 
(or Lps3, in the case of lysergic acid amide synthesis; 
Correia et al., 2003; Ortel & Keller, 2009). Lps1 is a 
three- module peptide synthetase that recognizes and 
binds three amino acids, receives lysergic acid from 
Lps2, and assembles these substrates into an ergopep-
tam (Ortel & Keller, 2009; Riederer et al., 1996). The 
version of EasH involved in ergopeptine biosynthesis 
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hydroxylates the alpha carbon of the amino acid at-
tached to lysergic acid in the ergopeptam product of 
Lps2/Lps1 (Havemann et al., 2014) to promote the for-
mation of an ether bridge that closes the five- membered 
lactam ring on the amino acid side chain of ergopep-
tines (Havemann et al., 2014). The version of EasH 
catalysing this reaction in ergopeptine synthesis thus 
differs in the substrate from the versions of EasH in-
volved in cycloclavine and rugulovasine biosynthesis 
(which oxidize the same carbon (positionally) in differ-
ent substrates (Figure 5)).

Different ergopeptines contain different amino acids 
at the three amino acid positions, depending on sub-
strate specificity (and, in some cases, promiscuity) of 
the adenylation domains in the three modules of Lps1. 
Significant attention has been paid to the definition of 
different ergopeptines resulting from amino acid sub-
stitutions at the three amino acid positions in previous 
reviews (e.g., Florea et al., 2017; Gerhards et al., 2014; 
Robinson & Panaccione, 2015; Schardl et al., 2006).

Lysergic acid amides

The lysergic acid amide branch leading to lysergic acid 
α- hydroxyethylamide (LAH) is the most complex branch 
of the ergot alkaloid pathway in terms of the numbers 
of genes and enzymes involved. Interestingly, this 
branch also is the most widely distributed, occurring in 
the greatest number of genera and among fungi span-
ning diverse ecological niches (Figure 1). Moreover, the 
ability to incorporate lysergic acid into LAH evolved in-
dependently in Aspergillus species and in fungi of the 
Clavicipitaceae (Jones et al., 2021). Collectively, these 
observations indicate LAH is important to the success 
of the fungi that produce it. Experiments with the model 
lepidopteran insect Galleria mellonella indicated that 
LAH enhanced virulence of Metarhizium brunneum 
compared to a mutant strain that produced ergonovine 
as opposed to LAH due to a targeted mutation in the 
gene easO (Steen et al., 2021). Lysergic acid amides 
have been used directly as pharmaceuticals (as is the 
case with ergonovine, synonym ergometrine) or may be 
hydrolyzed to lysergic acid to provide a scaffold for the 
preparation of semisynthetic derivatives.

The lysergic acid amides ergonovine and LAH are 
derived from the intermediate lysergyl- alanine formed 
on a complex of nonribosomal peptide synthetases Lps2 
and Lps3 (Figure 6). In addition to ergonovine and LAH, 
free lysergyl- alanine (liberated from the peptide synthe-
tase without modification) and ergine (the simple amide 
of lysergic acid) accumulate in some fungi. Critical en-
zymes in the pathway from lysergic acid to lysergic acid 
amides include a combination of Lps2 and Lps3 for the 
synthesis of ergonovine from lysergic acid and ala-
nine (Ortel & Keller, 2009) along with enzymes EasO 
and EasP to convert the lysergyl- alanine intermediate 

into LAH (Britton et al., 2022; Steen et al., 2021). All 
fungi that produce LAH have the capacity to produce 
ergonovine from the same lysergyl- alanine precursor; 
however, in all cases, the relative abundance of LAH 
compared to ergonovine is heavily shifted in favour 
of LAH (Table 2). Ergine can arise from spontaneous 
hydrolysis of LAH (Flieger et al., 1982; Kleinerova & 
Kybal, 1973; Leadmon et al., 2020; Figure 6) and other 
lysergic acid amides (Panaccione et al., 2003).

The synthesis of ergonovine from lysergic acid 
and alanine has been illustrated clearly by the work 
of Ortel and Keller (2009). The combination of Lps2 
and Lps3 forms enzyme- bound lysergyl- alanine, and 

F I G U R E  6  Incorporation of lysergic acid into lysergic acid 
amides. Dashed lines indicate hypothetical steps. Numerals 1, 2, 
and 3 represent potential, non- exclusive paths to LAH. Notations 
with a red slash indicate alternate bonds that may break upon 
reduction of the carbonyl carbon of the esterified/thioesterified 
substrate. The abundance of LAH relative to ergonovine indicates 
EasO acts on a substrate more frequently than does the LpsC 
reductase domain. LAH, lysergic acid α- hydroxyethylamide; red, 
reduction; TEII, type 2 thioesterase.
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the carbonyl carbon of the alanyl residue is reduced 
to primary alcohol by the reductase domain of Lps3 
to release ergonovine (Figure 6). LAH also is pro-
duced from the lysergyl- alanine- derived intermedi-
ate formed by Lps2 and Lps3, but the final steps of 
LAH biosynthesis are still being determined. CRISPR/
Cas9- based gene knockout studies demonstrated 
the importance of a Baeyer- Villiger monooxygen-
ase (BVMO) encoded by easO to LAH biosynthesis 
(Steen et al., 2021). As a BVMO, EasO is hypothe-
sized to insert oxygen between the alpha carbon and 
the carbonyl carbon of the alanyl residue of Lps3- 
bound lysergyl- alanine (Figure 6). This hypothesis is 
supported by stable isotope labelling studies (Steen 
et al., 2021). In the scenario illustrated in Figure 6, the 
reductase domain of Lps3 and the BVMO EasO are 
competing for the same Lps3- bound lysergyl- alanine 
substrate, and the great excess of LAH relative to er-
gonovine (Table 2) suggests that EasO outcompetes 
the reductase domain for the substrate. The Lps3- 
bound carboxyl ester/thioester product of EasO could 
then be acted on by the reductase domain of Lps3 
(via reduction of the same carbon as in ergonovine 
biosynthesis) or the α/β hydrolase fold protein EasP, 
a putative carboxyl esterase, to yield LAH (Britton 
et al., 2022; Steen et al., 2021).

Recent analyses show that the product of easP 
contributes to LAH accumulation but is not absolutely 
required for LAH biosynthesis (Britton et al., 2022). 
Knockout of easP in M. brunneum reduced LAH ac-
cumulation by >50% and the only homologue of easP 
in the M. brunneum genome did not contribute to LAH 
biosynthesis. Considering the activity of the reductase 
domain of Lps3 and a contributing (but not essential) 
role for EasP, three alternate and non- exclusive mech-
anisms have been proposed for the final steps in LAH 
biosynthesis: (1) The Lps3 reductase domain could 
reduce the carbonyl carbon of the carboxyl ester/thio-
ester with a hydride ion (as it does the same carbon 
of lysergyl- alanine during ergonovine biosynthesis; 
Ortel & Keller, 2009) resulting in bond breakage on 
the carboxyl ester side to yield LAH directly (route 1 in 
Figure 6) (Steen et al., 2021); (2) That same reduction 
(described in point a immediately above) could result 

in bond breakage on the thioester side, liberating a for-
mate ester of LAH that might be acted on by the α/β 
hydrolase fold protein EasP to produce LAH (route 2 
in Figure 6) (Britton et al., 2022; Steen et al., 2021); 
or, (3) EasP could act on the carboxyl ester (prior to 
reduction catalysed by Lps3 reductase domain) to pro-
duce LAH (route 3 in Figure 6) (Britton et al., 2022; 
Steen et al., 2021). This model provides an explanation 
for how knockout of easP reduces the concentration 
of LAH by more than 50%, but EasP is not essential 
(Britton et al., 2022). In an easP mutant, biosynthesis 
of LAH would still be possible via route 1, but the pres-
ence of EasP (in routes 2 and/or 3) would increase 
yield.

Based on recent analyses of LAH biosynthesis in 
M. brunneum (Britton et al., 2022; Steen et al., 2021) 
and on the highly skewed ratio of LAH to ergonovine 
in fully functioning pathways of several fungi that pro-
duce both lysergic acid amides (Table 2), I hypothe-
size that the reductase domain of Lps3 evolved and 
has been maintained for a purpose other than reduc-
ing lysergyl- alanine to ergonovine. A role in producing 
LAH from the EasO- modified ester of lysergyl- alanine 
(Figure 6) is easier to reconcile with the relative abun-
dance of LAH to ergonovine (Table 2). One could 
speculate that the established role of the reductase 
domain in reducing that same carbonyl carbon during 
the synthesis of ergonovine (Ortel & Keller, 2009) only 
became evident because the particular ergot- alkaloid- 
producing fungus studied (C. purpurea) lacked easO. 
Relaxed substrate specificity for reductase domains 
has been demonstrated in studies with other peptide 
synthetases (Chhabra et al., 2012; Haque et al., 2014). 
An alternate hypothesis to the reductase domain 
playing a significant role in liberating LAH from the 
enzyme- bound, esterified intermediate is that an ad-
ditional esterase, lacking homology with EasP and 
encoded outside the ergot alkaloid synthesis cluster, 
contributes to the remaining LAH formation in the 
easP knockout of M. brunneum (Britton et al., 2022). 
Site- directed mutagenesis of the reductase domain of 
Lps3, while leaving the activities of other functional 
domains intact, may help discriminate between these 
possibilities.

TA B L E  2  LAH relative to ergonovine in fungi with a capacity to make both.

Fungus LAH Ergonovine
% 
LAH

A. leporisa 913 nmol/g hyphae 6 nmol/g hyphae 99

A. homomorphusa 2300 nmol/g hyphae Not detectable 100

A. hancockiia 26 nmol/g hyphae Not detectable 100

M. brunneumb 884 μmol/g ergosterol Not detectable 100

C. paspalic 0.92 absorbance units 0.07 abs. units 93

Periglandula spp.d 141 nmol/g host seed 19 nmol/g host seed 88

Derived from: aJones et al. (2021); bSteen et al. (2021); cCalculated from peak heights in Flieger et al. (1982); dCalculated from Beaulieu et al. (2021).
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BRANCHES DERIVED FROM A 
SATURATED D RING

Two groups of ergot alkaloids– – dihydroergot alkaloids 
and fumigaclavines– – are derived from festuclavine, 
the simple tetracyclic ergot alkaloid with a saturated D 
ring resulting from the activity of the reductase version 
of EasA (Figure 1). The two branches diverge after fes-
tuclavine to produce very different products.

Dihydroergot alkaloids

Only two species of fungi are known to make dihydro-
ergot alkaloids. Claviceps africana produces dihy-
droergosine, an ergopeptine- like molecule built from 
dihydrolysergic acid as opposed to lysergic acid (Mantle 
& Waight, 1968; Figure 1). Some isolates of C. gigantea 
terminate their pathway at dihydrolysergic acid (Bragg 
et al., 2017), whereas others were reported to terminate 
their pathways earlier, accumulating festuclavine and di-
hydrolysergol, an oxidized version of festuclavine with a 
primary alcohol at carbon 17 (Agurell & Ramstad, 1965).

Many important pharmaceutical ergot alkaloids are 
derivatives of dihydrolysergic acid. These compounds 
are typically made by fermenting lysergic acid deriva-
tives and then reducing the C- 9/C- 10 double bond. A 
more direct route to dihydrolysergic acid should simplify 
production of these pharmaceuticals and is now more 
accessible based on characterization of the genes in 
the dihydroergot alkaloid branch of the pathway. Two 
distinguishing features of the dihydroergot alkaloid 
branch are: (1) the reductase form of EasA to produce 
festuclavine from chanoclavine- I aldehyde, followed 
by (2) a unique version of CloA able to oxidize festu-
clavine (with its extra hydrogens on carbons 9 and 10) 
to dihydrolysergic acid (Arnold & Panaccione, 2017; 
Bragg et al., 2017). This pathway also features homo-
logues of the lysergyl peptide synthetases of the ergo-
peptine pathway, but evidence indicates that Lps2 of 
the ergopeptine- producing species C. purpurea ac-
cepts dihydrolysergic acid and lysergic acid equally 
well (Riederer et al., 1996; Walzel et al., 1997). Davis 
et al. (2020) found that an LAH- producing strain of M. 
brunneum could be engineered to produce dihydroLAH 
by making two gene substitutions: the isomerase allele 
of easA typically found in M. brunneum was knocked 
out and replaced with a reductase allele of easA from 
A. fumigatus, and a copy of the dihydrolysergic acid al-
lele of cloA based on the gene found in C. africana was 
added. These observations indicate all enzymes down- 
pathway from CloA accepted dihydrolysergic acid or its 
derivatives as a substrate.

The reason C. africana and C. gigantea evolved 
the dihydroergot branch as opposed to the more com-
mon lysergic acid- based branch of the ergot alkaloid 
pathway is unknown. One could envision the alleles 

of easA and cloA evolving in either of the two possi-
ble sequences. If the festuclavine- accepting version 
of CloA evolved before the reductase form of EasA, 
the fungus would have been able to produce lysergic 
acid- derived ergot alkaloids because the festuclavine- 
accepting version of CloA also accepts agroclavine 
as a substrate, converting it to lysergic acid (Arnold 
& Panaccione, 2017; Bragg et al., 2017). That lineage 
would have been preadapted to producing dihydroergot 
alkaloids when the version of EasA subsequently mu-
tated to the reductase form (as indicated in Figure 4). 
Alternatively, if the reductase form of EasA originated 
first, the pathway would have been blocked such that 
the fungus accumulated festuclavine, till the allele of 
cloA mutated to encode a product capable of accept-
ing festuclavine with its two additional hydrogens as 
substrate.

The distribution of Claviceps species producing di-
hydroergot alkaloids versus lysergic acid- based ergot 
alkaloids does not correlate in an obvious way by geo-
graphical origin or grass host subfamily. Dihydroergot 
alkaloid- producing species C. africana (African in or-
igin) and C. gigantea (Mexican) occur on Panicoid 
grasses as does the lysergic acid derivative- producing 
C. paspali (South American in origin); C. purpurea 
(palearctic), also a producer of lysergic acid deriva-
tives, is found on mainly pooid grasses.

Fumigaclavines

Fumigaclavines have been studied most extensively 
in Aspergillus fumigatus (synonym Neosartorya fumi-
gata), a common, relatively thermotolerant saprotroph 
and an accidental pathogen of animals, including im-
munocompromised humans. Fumigaclavines have not 
been labelled as pharmaceuticals, but fumigaclavine C, 
the pathway end- product, is anti- inflammatory in mouse 
models (Du et al., 2011; Wu et al., 2005) and vasore-
laxant in assays with isolated arterial segments (Ma 
et al., 2006). Fumigaclavine C, which is closely associ-
ated with conidia (asexual spores) of the fungus (Coyle 
et al., 2007), also was found to increase virulence of 
the fungus in an insect model of invasive aspergillosis 
(Panaccione & Arnold, 2017). The increased virulence 
associated with fumigaclavine C was hypothesized to 
be due to protection of conidia from the insect's innate 
immune response and may be a pre- adaption from the 
interaction of fungal spores with environmental amoe-
bae or other engulfing cells.

Fumigaclavines in A. fumigatus have been docu-
mented with a stereochemistry in the (8S,9S) config-
uration (Wallwey & Li, 2011). Penicillium roqueforti, 
a fungus associated with production of blue- veined 
cheeses, has been reported to make isomers of fumiga-
clavines A and B with the alternate stereochemistry at 
carbon 9 (8S,9R); the stereoisomers are referred to as 
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isofumigaclavines. Small quantities of isofumigaclavine 
A have been detected in blue cheese (Scott, 1981; 
Scott & Kennedy, 1976). Adverse health consequences 
associated with consumption of this particular com-
pound have not been reported.

Critical enzymes in the fumigaclavine branch of the 
pathway are the reductase version of EasA to produce 
festuclavine and then a series of enzymes, homo-
logues of which are unique to this branch, to succes-
sively modify festuclavine into fumigaclavines B, A and 
C. The P450 monooxygenase encoded by easM is 
required for hydroxylating festuclavine at position 9 to 
produce fumigaclavine B (Bilovol & Panaccione, 2016). 
An acetyl transferase encoded by easN then acetyl-
ates that hydroxyl group to produce fumigaclavine A 
(Liu et al., 2009). A prenyl transferase encoded by easL 
then reverse prenylates carbon 2 to produce fumiga-
clavine C (Figure 1) (Robinson & Panaccione, 2012; 
Unsöld & Li, 2006).

CONCLUSIONS: APPLICATIONS 
RESULTING FROM PATHWAY 
CHARA CTE RIZ  ATION

The studies summarized above provide an accounting 
of the points at which various branches of the ergot al-
kaloid pathway diverge from the core pathway and of 
the genes required for the biosynthesis of the products 
of each branch. This information has facilitated and 
will continue to facilitate, advances in research and 
biotechnological applications as illustrated in the exam-
ples described below.

Parsing of ergot alkaloid synthesis 
gene clusters

With the knowledge available for almost all steps of 
each of the ergot alkaloid pathway branches, prod-
ucts of previously uninvestigated gene clusters can be 
predicted. For example, ergot alkaloid synthesis gene 
clusters (Gao et al., 2011; Hu et al., 2014) predicted 
the presence of lysergic acid amides in Metarhizium 
species, and those alkaloids were later documented 
in Metarhizium species- infected insects (Leadmon 
et al., 2020). A strategic combination of genes may be 
used as a query sequence to look for new fungal sources 
capable of producing specific pathway branches. For 
example, lysergic acid derivatives were found outside 
the family Clavicipitaceae by searching data from other 
fungal taxa for contigs containing an isomerase allele 
of easA and a copy of cloA (Jones et al., 2021). A new 
branch of the pathway should be evident by the pres-
ence of novel genes in an ergot alkaloid synthesis clus-
ter. The pathway to rugulovasines in Pen. biforme (and 
evidence for such a pathway in Pen. camemberti prior 

to domestication) were discovered via this approach 
(Fabian et al., 2018). Although the rugulovasines were 
known, their biosynthetic pathway was not; one could 
imagine the discovery of completely novel branches 
originating by parsing of additional ergot alkaloid syn-
thesis clusters.

Tailoring, reconstituting and 
recombining of branches of the ergot 
alkaloid pathway

Knowledge of the roles of genes in the various 
branches of the ergot alkaloid pathway allows for bio-
technological manipulation of the pathway. Pathway 
branches have been strategically altered through 
gene knockout or augmentation to change molecules 
that typically serve as intermediates into pathway 
end- products. Examples include engineering ergot 
pathway branches to end at pharmaceutically im-
portant, but typically transient, intermediates such 
as lysergic acid (Robinson & Panaccione, 2014) and 
dihydrolysergic acid (Arnold & Panaccione, 2017; 
Bragg et al., 2017). Similarly, poorly accumulating 
by- products have been converted into the primary 
pathway end- product by rerouting pathway flux. An 
example is the accumulation of ergonovine (ergo-
metrine) documented when easO is knocked out and 
thus unable to route precursor to LAH, promoting the 
accumulation of pharmaceutically important ergono-
vine (Qiao et al., 2022; Steen et al., 2021).

Full knowledge of the genes involved in a pathway 
also has allowed reconstitution of the pathway in model 
organisms chosen for higher yield or greater amenity to 
industrial conditions. Examples include the reconstitu-
tion of the pathway to chanoclavine- I in Aspergillus nid-
ulans (Ryan et al., 2013) or the yeast Saccharomyces 
cerevisiae (Nielsen et al., 2014) for experimental pur-
poses or extending the pathway to lysergic acid in A. 
nidulans (Yao et al., 2022) and yeast (Wong et al., 2022) 
to scale up production of this pharmaceutically import-
ant compound.

An additional application of a thorough under-
standing of pathway steps has been the mixing and 
matching of genes from different branches to produce 
completely novel ergot alkaloids. Examples include 
novel prenylated clavines observed in A. fumigatus 
when the easA reductase gene was knocked out and 
an isomerase allele of easA from an Epichloë spe-
cies was expressed (Robinson & Panaccione, 2014). 
This allele swap promoted the accumulation of agro-
clavine and its position 10- hydroxylated form, seto-
clavine. These clavines were in turn prenylated by the 
reverse prenyl transferase encoded by easL, which 
had relaxed enough substrate specificity that it acted 
on the Clavicipitaceous type clavines. In a more de-
liberate example, the dihydroergot alkaloid version of 
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LAH, dihydroLAH, was produced when the isomerase 
allele of easA native to M. brunneum was knocked out 
and a construct expressing a reductase allele of easA 
and a dihydroergot alkaloid allele of cloA was intro-
duced (Davis et al., 2020). The enzymes encoded by 
these genes yielded dihydrolysergic acid, which was 
recognized as a substrate (in place of the typical ly-
sergic acid) by the lysergyl peptide synthetase com-
plex to produce a novel dihydrolysergic acid amide. In 
both cases, a relatively relaxed substrate specificity 
of downstream enzymes was necessary for the gen-
eration of novel compounds.
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