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Clavicipitaceae is a fungal group that comprises species that closely interact with plants as pathogens,
parasites or symbionts. A key factor in these interactions is the ability of these fungi to synthesize toxic
alkaloid compounds that contribute to the protection of the plant host against herbivores. Some of these
compounds such as ergot alkaloids are toxic to humans and have caused important epidemics throughout
history. The gene clusters encoding the proteins responsible for the synthesis of ergot alkaloids and
lolines in Clavicipitaceae have been elucidated. Notably, homologs to these gene clusters can be found

[C(f:\‘//;/coirczstiaceae in distantly related species such as Aspergillus fumigatus and Penicillium expansum, which diverged from
HGT p Clavicipitaceae more than 400 million years ago. We here use a phylogenetic approach to analyze the
Loline evolution of these gene clusters. We found that the gene clusters conferring the ability to synthesize ergot

alkaloids and loline emerged first in Eurotiomycetes and were then likely transferred horizontally to
Clavicipitaceae. Horizontal gene transfer is known to play a role in shaping the distribution of secondary
metabolism clusters across distantly related fungal species. We propose that HGT events have played an
important role in the capability of Clavicipitaceae to produce two key secondary metabolites that have
enhanced the ability of these species to protect their plant hosts, therefore favoring their interactions.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

Ergot alkaloids
Phylogenetics
Phylome

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Clavicipitaceae is a fungal clade within the Sordariomycetes.
Species belonging to this clade are known to interact mainly with
plants and insects. Interactions with plants range from parasitic or
pathogenic, to symbiotic relationships (Schardl et al., 2013c). Their
potential to interact with plants has been associated to the ability
of these fungi to produce certain secondary metabolites, among
which several types of alkaloids are considered of key importance.
Indeed the production of alkaloids, which are toxic to mammals
and insects, has been proposed to provide plant protection against
herbivores (Schardl et al., 2004; Wadli et al., 2013). Alkaloids pro-
duced by Clavicipitaceae species include, among others, ergot alka-
loids, lolines and indole-terpenes (Schardl et al., 2013a). Different
species, and even different strains, of Clavicipitaceae are able to
synthesize different combinations of these compounds though
they rarely produce all of them (Schardl et al., 2013b).

Probably the best known alkaloid class produced by Clavicipi-
taceae are the ergot alkaloids. These compounds are toxic to
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humans and livestock and have been the cause of many epidemics
during human history (Lee, 2009). However, the incidence of ergo-
tism in humans is currently very low and usually related to over-
dose of drugs derived from ergot alkaloids (Strickland et al.,
2011). Contrary to the situation in humans, livestock is still often
exposed to toxic alkaloids produced by Clavicipitaceae. Indeed pas-
ture grasses are often colonized by endophytic fungi that are able
to synthesize ergot alkaloids. In the United States annual losses
in cattle production due to ergot alkaloid intoxication are esti-
mated to be of the order of 1 billion dollars (Strickland et al.,
2011). In contrast, loline alkaloids have rarely been linked to intox-
ications in mammals. Instead, they are broad spectrum insecticides
(Schardl et al., 2007).

The gene clusters coding for the enzymes for the synthesis of
ergot alkaloids and loline were discovered in Claviceps purpurea
(Haarmann et al., 2005; Tudzynski et al., 1999) and in Epichloé
uncinata (Spiering et al., 2005), respectively. Subsequent sequenc-
ing of numerous additional Clavicipitaceae genomes has shown
that there is a tight relationship between the presence of the clus-
ter and the production of these metabolites (Schardl et al., 2013b).
Cluster presence and absence is very variable across species, and
even across different strains of the same species. For instance, of
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the two sequenced Epichloé festucae genomes, only one contains
the loline cluster and is able to produce loline, while the other con-
tains a cluster to synthesize indole-diterpenes (Schardl et al.,
2013Db). Differences in gene order and gene content can also be
observed within a cluster. This high variability notwithstanding,
there is generally a conserved core set of genes that are necessary
to form the first stable compound of the pathway. This core set of
genes is present in all species able to synthesize the compound. In
addition to these core genes, there can be a variable number of
accessory genes that participate in forming derivative compounds
from the first stable compound. It is the variation in these acces-
sory genes which provides the bulk of variability among the com-
pounds synthesized by the clusters (Schardl et al., 2013b).

The synthesis of alkaloid compounds is not limited to Clavicip-
itaceae species. Ergot alkaloid production, for instance, has been
detected in the distantly related Aspergillus fumigatus (Li and
Unsold, 2006; Panaccione and Coyle, 2005). A cluster containing
14 genes of which 8 were homologous to the genes found in the
C. purpurea gene cluster was found in A. fumigatus (Coyle and
Panaccione, 2005). As suggested by the differences in the specific
gene content of the clusters, A. fumigatus and Clavicipitaceae spe-
cies synthesize only a few common ergot alkaloid compounds,
while most compounds are specific for each group of species.
Despite this, it is thought that the two groups of species use orthol-
ogous genes to catalyze the first steps in the pathway and that dif-
ferences affect later steps. More recently, an homologous loline
cluster was found in the genome of Penicillium expansum
(Ballester et al., 2015). Horizontal gene transfer (HGT) is known
to play a role in the evolution of genetic clusters involved in the
production of secondary metabolites (Wisecaver and Rokas,
2015). This process could also explain the appearance of similar
gene clusters across these two distant groups of species. In order
to assess whether HGT played a role in the evolutionary history
of the gene clusters responsible to synthesize loline and ergot alka-
loids, we performed a comprehensive phylogenetic analysis.

2. Materials and methods
2.1. Fungal genomes included

We downloaded 15 Clavicipitaceae genomes from NCBI (http://
www.ncbi.nlm.nih.gov/). The latest version of their proteomes was
downloaded from the University of Kentucky (http://www.endo-
phyte.uky.edu/) (Schardl et al., 2013b). Two additional Clavicipi-
taceae were included from Uniprot. In addition 18 other fungal
genomes were selected for comparative purposes. Among these
genomes there were four additional Sordariomycetes, eight
Eurotiomycetes, including P. expansum and A. fumigatus, two
Leotiomycetes, two Dothideomycetes and one outgroup species.
Details are found in Supplementary Table S1.

2.2. Phylogenetic analysis of alkaloid gene clusters

The proteins encoded in the gene clusters that synthesize ergot
alkaloids and loline were downloaded from UniProt. The list of
genes can be found in Supplementary Table S2. For each gene in
these two clusters, a blast search against a database including
the complete UniProt (UniProt Consortium, 2015) database and
the proteomes of 15 Clavicipitaceae species was performed. The
sequences of the first 150 hits were downloaded. In the case of
IpsA, IpsB and IpsC proteins with a sequence length over 5000 were
discarded from the analysis. For each group of homologous
sequences a maximum likelihood tree was reconstructed. This
was done using the same pipeline described for phylome recon-
struction in Huerta-Cepas et al. (2011). Briefly, the homologous

sequences were aligned using three different alignment programs
(MUSCLE v3.8 (Edgar, 2004), MAFFT v6.712b (Katoh et al., 2005)
and Kalign (Lassmann and Sonnhammer, 2005)). Alignments were
done in forward and reverse (Landan and Graur, 2007). The six
resulting alignments were then used to create a consensus align-
ment with M-COFFEE (Wallace et al., 2006). The alignment was
trimmed using trimAl v1.4. (Capella-Gutiérrez et al, 2009)
(consistency-score cut-off 0.1667, gap-score cut-off 0.9). The
resulting alignment was then used to reconstruct a maximum like-
lihood tree. First the evolutionary model best fitting the data was
chosen by reconstructing neighbor joining trees as implemented
in BiONJ (Gascuel, 1997) and assessing the likelihood using seven
different models. The best model according to the AIC criterion
(Akaike, 1973) was selected and used to reconstruct a maximum
likelihood tree as implemented in PhyML v3.0 (Guindon et al,,
2010). In all trees four rate categories were used and invariant
positions were inferred from the data. Bootstrap supports were cal-
culated for each tree. Trees were rooted preferentially at a species
that did not belong to the Pezizomycotina and was far related to
the event of interest. When that was not possible due to a lack of
suitable homolog a Pezizomycotina species belonging preferen-
tially to Dothideomycetes or Leotiomycetes was chosen, always
selecting leaves as far related as possible to the seed sequence.
Trees were then analyzed manually to assess the consistency
between the topology and the known species topology. Trees can
be found in Supplementary Figs. S1-S23.

2.3. Species tree reconstruction

In order to reconstruct the species tree we reconstructed a phy-
lome so that we could obtain the genes that had one to one ortho-
logs in all the species considered. For each gene encoded in the
genome of E. festucae E2368 a homology search was performed
against a database that contained 35 fungal species (see Supple-
mentary Table S1). Results were filtered according to an e-value
and an overlap threshold (e-value < 1e—05 and overlap > 0.5). A
maximum of 150 homologous sequences was taken. Then, for each
group of homologs a maximum likelihood tree was reconstructed
using the same methodology detailed above. Data produced during
phylome reconstruction was stored at phylomeDB (Huerta-Cepas
et al., 2014) (http://phylomedb.org/) with phyID code 125. Trees
were then scanned using ETE v2.2 (Huerta-Cepas et al., 2010) to
search for trees that were single copies in the 35 species. 906 such
trees were selected and their alignments, as reconstructed in the
phylome, were concatenated into a single multiple sequence align-
ment that contained 657,273 amino acids. Then RAXML v8.0.3
(Stamatakis et al., 2005) was used to reconstruct the species tree.
Rapid bootstrap, as implemented in RAXML was used to calculate
branch support. In addition, the phylome was also used to infer a
supertree using duptree (Wehe et al., 2008). This algorithm looks
for the species tree that infers the least number of duplication
events when reconciling it to the gene trees generated in the phy-
lome. Both methods produced identical trees.

A larger species tree was reconstructed in order to more accu-
rately calculate the number of gene loss events. 268 fully
sequenced genomes with their proteome predictions were down-
loaded from NCBI. A super tree approach was used to obtain the
most likely topology for the species tree. Firstly, random groups
of 15 species were selected, a blast search was performed between
the species and best bidirectional hits were selected. Genes that
had one hit per species were chosen to build a concatenated gene
tree. At most 100 genes were selected. The species tree was recon-
structed using the same methodology explained above. This was
repeated over 50,000 times obtaining a total of 52,527 trees. A
super tree was reconstructed using duptree and including all the
small species trees.
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2.4. Topology comparison

For the genes predicted to have undergone a HGT an alternative
constrained topology was reconstructed using RaxML v8.0.3
(Stamatakis et al., 2005). For each, tree two constrains were recon-
structed, one where all Sordariomycetes were monophyletic and
one where all Eurotiomycetes were monophyletic (see Supplemen-
tary Figs. S24-S38). Internal nodes were completely collapsed.
RAXML was then used to reconstruct two alternative topologies
using the constrains. The likelihoods per site for each tree were cal-
culated using phyML allowing for branch and rate optimization but
fixing the topologies. The evolutionary model used in each case
was the same as the one selected during tree reconstruction. CON-
SEL (Shimodaira and Hasegawa, 2001) was then used in order to
compare the original topology to each of the alternative topologies
and to assess whether the alternative topologies, which did not
support a HGT event, were supported by the data. In all cases
except for dmaW the alternative topologies were significantly
rejected (see Supplementary Table S3). In the case of dmaW, the
topology where Sordariomycetes were monophyletic was signifi-
cantly rejected but the one where Eurotiomycetes were mono-
phyletic could not be rejected.

2.5. Independent gene loss events calculation

We counted the number of loss events of the loline and ergot
alkaloid gene clusters needed to explain the distribution of the
clusters across the phylogenetic tree. The loline cluster was found
in P. expansum and in Clavicipitaceae. The common ancestor of
these two groups of species was mapped on the species tree recon-
structed above and the total number of losses in monophyletic
groups was computed using ETE v2.2 (Huerta-Cepas et al., 2010).
Losses after the acquisition of the gene cluster were not consid-
ered. For the ergot alkaloids gene cluster three groups were consid-
ered: the base of Eurotiomycetidae, the base of Clavicipitaceae and
G. lozoyensis. The number of losses was calculated as explained
above.

2.6. Gene order

For each of the 35 completely sequenced species used in the
phylome, their genomes were downloaded from NCBI (http://
www.ncbi.nlm.nih.gov/). If the proteome was available, it was also
downloaded. For species where the proteome was predicted, a
blastP search was performed using the cluster genes as query
and the position of the best hits was obtained from the data. In
those cases where there was not a predicted proteome uploaded
in NCBI, exonerate (Slater and Birney, 2005) was used to locate
the proteins within the genome. Identity between proteins of the
reference gene cluster and the homologous proteins was calculated
using trimAl (Capella-Gutiérrez et al., 2009).

2.7. Divergence times calculation

r8s-PL (Sanderson, 2003) was used to calculate divergence
times among the considered species. The species tree calculated
from the phylome was calibrated using the node where Sordari-
omycetes and Leotiomycetes diverged. The calibration time was
set at 306.20 MyA as reported in Timetree website (www.time-
tree.org) (Kumar and Hedges, 2011). The PL method, as imple-
mented in r8s, was used to calculate the divergence times at all
the branches in the species tree. Cross-validation was used to cal-
culate the optimal smoothing parameter needed in r8s to calculate
divergence times.

3. Results and discussion

3.1. Phylogenetic reconstruction of genes in the loline and ergot
alkaloid gene clusters

We first reconstructed the phylogeny of each gene described as
part of the gene clusters of loline and ergot alkaloids using a max-
imum likelihood approach. The clusters in the reference species
were formed by 11 and 14 genes respectively (see Supplementary
Table S2 for a complete list of genes), and were used as a seed in
the process of phylogenetic reconstruction. First, homologs of pro-
teins encoded by these genes were detected by similarity searches
in UniProt and other protein databases (see Section 2). These
homologs were aligned and a single phylogenetic tree was recon-
structed for each individual seed gene (see Section 2). We then
inspected the trees manually to search for signs of HGT events
by comparing the gene trees to the currently accepted taxonomy.
A topology test was run for each tree that presented indications
of HGT in order to ensure that two alternative topologies where
Sordariomycetes and Eurotiomycetes were monophyletic
respectively, were not supported by the data (see Section 2 and
Supplementary Table S3).

A schematic tree depicting the four main fungal clades in
Pezizomycotina, namely Eurotiomycetes, Sordariomycetes, Leo-
tiomycetes and Dothideomycetes, is shown in Fig. 1. All individual
gene trees can be found in Supplementary Figs. S1-S23.

3.2. A Loline alkaloid gene cluster found in Clavicipitaceae and in
Eurotiomycetes

The Loline gene cluster is formed by, at most, 11 genes, of which
8 are core genes (lolA, lolC, lolD, IolE, lolF, lolO, lolT and lolU) and 3
are accessory genes (lolP, loIM and [loIN). Our phylogenetic analyses
showed that all core genes, with the exception of lolA and lolU,
grouped with homologs of the Eurotiomycetes species P. expansum.
In addition, the genes lolC, loID, lolO and IlolT were grouped within a
larger group of Eurotiomycetes species (see Supplementary
Figs. S2, S3, S8 and S10). As an illustrative example we discuss
the lolT tree, which is depicted schematically in Fig. 2A. As shown
in the image, 17 sequences representing homologs of [oIT in
Clavicipitaceae species group closely to P. expansum, and this group

Eurotiomycetes

Dothideomycetes

—< Other Sordariomycetes

—< Metarhizium
—< Claviceps

Fig. 1. Schematic species tree depicting the relationships between the main groups
considered.

Clavicipitaceae

Epichloe


http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.timetree.org
http://www.timetree.org

74 M. Marcet-Houben, T. Gabaldon / Fungal Genetics and Biology 86 (2016) 71-80

(A)- .

[77.05555®6 Sordariomycetes

[too.0|  100.0

100.0

100.0
9

50*3 Sordariomycetes

ETalaromyces marneffei (B6QD58)
100.0-Talaromyces marneffei(B8M963)
Aspergillus flavus (BBNKB4)
Penicillium expansum(AOA0A2J6G6)

10°'°|Penicillium expansum (Phy0059CIR)
100.0 i
100.0 17 Sordariomycetes
—Byssochlamys spectabilis (V5F8Y1)

Aspergillus ruber(AOA017SLD9)
50.c @8 Eurotiomycetes

0.43

—--{64.0]

50,0 @7 Eurotiomycetes

o6 o @06 Eurotiomycetes

T00.0®4 Eurotiomycetes

57.0%4 Eurotiomycetes

58.0 37 Eurotiomycetes

78.0 )
—.1000 13 Eurotiomycetes
—Tw53lo

—100.0°3 Eurotiomycetes

= .12 Dothideomycetes

- rSphaerulina musiva (N1QDJ6)
99.0 Pseudocercospora fijiensis (M3ALX8)

72.0L_. . ,
S 17 Sordariomycetes
550 100.0

Podospora anserina (B2AMDS5)
100.0 r
5.0%Endocarpon pusillum (U1GX21_ENDPU)
550 Chaetomium globosum (Q2HEL1)
odospora anserina (B2AAP3)
[70.0 100.0'podospora anserina (AOAO90C8N7)

m’4 Sordariomycetes

0.72
) Eutypa lata (M7SVN8)

640l B2.0—Futypa lata(M7SIUB)

To0.0®7 Sordariomycetes

;10@]1 3 Sordariomycetes

100.5®5 Sordariomycetes
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figure legend, the reader is referred to the web version of this article.)
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is embedded within a much larger group of Eurotiomycetes species
among which there are representatives of most of the currently
sequenced taxonomic groups within this class. LolE and [olF (see
Supplementary Figs. S4 and S5) did not show such close relation
to Eurotiomycetes beyond their grouping with P. expansum. In all
cases two alternative topologies where Sordariomycetes and Euro-
tiomycetes were monophyletic were discarded (see Supplemen-
tary Table S3). Bootstrap analysis showed that the grouping
between Clavicipitaceae and P. expansum was highly supported
(100%) in all cases. Of the two remaining early-pathway genes, lolA
presents a puzzling tree topology (see Supplementary Fig. S1)
where the Clavicipitaceae lolA genes appear as sister group to a
large group of Sordariomycetes, Leotiomycetes, Dothideomycetes
and Eurotiomycetes homologs. Such pattern could be the result
of an ancient duplication that occurred before the four main clades
separated and where two copies of the gene have only been con-
served in some Clavicipitaceae. It is also possible that long branch
attraction (LBA) has distorted the topology. A topology test showed
that a tree where the Clavicipitaceae grouped with the other Sor-
dariomycetes was not discarded by the data. This, coupled with a
relatively low bootstrap support (72%) points to the possibility of
LBA. LolU, on the other hand, is grouped with other Sordari-
omycetes, in a tree that is mostly congruent with the species tree
(see Supplementary Figs. S11). Like lolU, the three trees for the
accessory genes appear to be more congruent to the species tree,
see Fig. 2B for an example.

In addition to the information provided by phylogenetic trees of
individual genes, we also considered the conservation of the gene
order within the cluster in a group of 35 completely sequenced
Pezizomycotina species. This set of species includes representatives
of the four most sequenced groups of Pezizomycotina species: Euro-
tiomycetes, Dothideomycetes, Leotiomycetes, and Sordariomycetes.
In order to provide an evolutionary context, we reconstructed the
evolutionary relationships of these 35 species based on a gene con-
catenation approach that included 906 single-copy, widespread
genes. The inferred species tree (Figs. 3 and S39) was fairly congru-
ent with previously published trees (Schardl et al., 2013b).

As seen in Fig. 3, only P. expansum and some of the Clavicipi-
taceae species conserved the loline cluster. In all the other species
no homologs with more than 50% identity to the proteins encoded
in the reference cluster could be found, either forming a cluster or
dispersed in the genome. If we consider proteins with a lower iden-
tity (see Fig. S39) those proteins never are found in a cluster and
are likely paralogous genes. The gene cluster found in P. expansum
contained six of the eleven genes that form the Clavicipitaceae
loline cluster (lolC, lolD, IolE, lolF, lolO and [olT). The fact that two
core genes (lolA and lolU) are missing from the P. expansum gene
cluster and that an additional Non Ribosomal Peptide Synthesis
protein is found instead suggests that P. expansum likely lacks
the ability to produce loline, but rather the cluster present in this
species is most probably involved in the production of a different
kind of alkaloid. This is congruent with the fact that the production
of loline was not reported for any of the 58 species of Penicillium
tested by Frisvad and collaborators, including P. expansum
(Frisvad et al., 2004).

The cluster responsible for the synthesis of loline in Clavicipi-
taceae species has an homologous cluster in P. expansum. Gene
order between the two gene clusters is not conserved but their
phylogenetic trees suggest a close relationship between the origin
of both clusters.

3.3. Ergot alkaloid gene clusters
Up to 14 genes can be involved in the synthesis of ergot alka-

loids and derivatives in Clavicipitaceae. As in the case of the loline
biosynthetic pathway, genes in the ergot alkaloid synthesis

pathway are divided into core and accessory genes. The core genes
encode enzymes needed to synthesize the ergoline ring system, the
skeleton of ergot alkaloids, and include dmaW, easA, easC, easD,
easE, easF and easG. Accessory genes code for enzymes that intro-
duce subsequent chemical modifications: cloA, easH, easO, easP,
IpsA, IpsB and IpsC. Of these genes, it is unknown whether easO
and easP participate in the synthesis of ergot alkaloids, yet they
are part of the cluster. Our phylogenetic analyses showed that, as
in the case of the loline cluster, there are two distinct topologies
associated to the two different groups. The core genes (see Supple-
mentary Figs. S13-S19) display a unique tree topology where
Clavicipitaceae group with Glarea lozoyensis (Leotiomycetes) and
different Eurotiomycetes species. Fig. 4A shows a scheme of the
easA tree where the Clavicipitaceae species group with P. expansum
and G. lozoyensis followed by a larger group of Eurotiomycetes. The
grouping with P. expansum is not consistent among all trees, and
different species groups can be found as the closest Eurotiomycetes
relatives. Among them are the genes that belong to the ergot alka-
loids cluster described in A. fumigatus (Robinson and Panaccione,
2012). Like in the case of the loline cluster, a topologies more
consistent with the species tree were discarded in all cases (see
Supplementary Table S3). Bootstrap values in this case are a bit
more diverse, ranging from 100% in easC to 72% in easD. The
accessory genes, on the other hand, show a diversity of gene tree
topologies. easO and easP (see Fig. 4B and Supplementary
Figs. S21 and S22) present a topology congruent with the species
tree, IpsA, IpsB and IpsC (see Supplementary Fig. S23) are paralogs
and are associated with a few Aspergillus sequences. Finally, easH
and cloA (see Supplementary Figs. S12 and S20) seem to follow the
same phylogenetic pattern described for the core genes and are
found branching out from within a group of Eurotiomycetes
sequences.

The gene order for ergot alkaloid synthesis cluster is fairly con-
served within Clavicipitaceae (Fig. 3). There are also some signs of
clustering in different Eurotiomycetes species, the largest cluster
being the one found in A. fumigatus. Arthroderma otae and Tri-
chophyton rubrum have both a small cluster of five genes which
are homologous to genes in the Clavicipitaceae gene cluster. Curi-
ously the gene order for these four genes is conserved in Clavicip-
itaceae. The production of ergot alkaloids has been confirmed in
several Eurotiomycetes species though the final compounds differ
depending on the species which is in accordance to the differences
within the gene cluster.

The last species predicted to have the ergot alkaloid gene clus-
ter is the Leotiomycetes G. lozoyensis. It is unknown if this species
is able to produce ergot alkaloids. The gene order is most similar to
the one found in P. expansum. This is congruent with the fact that
the two species tend to appear close in the trees.

3.4. Horizontal gene transfer versus vertical descent

The existence of clusters of genes present in a small number of
distantly related species can be explained either through horizon-
tal gene transfer, by vertical inheritance of an ancestral cluster fol-
lowed by losses of the cluster or by the recurrent formation of the
cluster through reordering of ancestral genes. We tried to asses
which of the three evolutionary scenarios was more likely to have
resulted in the discussed presence/absence patterns of the ergot
alkaloids and loline gene clusters. The third method, formation of
the cluster from recurrent genes, is the less likely since it would
imply that the genes still had orthologs in the other species but
were not found close in the genome. The phylogenetic trees show
that most Pezizomycotina species do not have orthologs of the
cluster genes in their genomes. The variability in the gene order
found in the conserved clusters could be a point in favor for this
hypothesis, but gene order is known to change in secondary
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metabolite clusters and therefore a lack of conservation should not
discard the notion of a common origin of the clusters.

It is difficult to distinguish between horizontal gene transfer
and vertical descent followed by gene loss. Not much is known
about how HGT events occur in fungi, yet more and more examples
of clear cases of HGT events involving fungi have been brought to
light (Coelho et al., 2013; Marcet-Houben and Gabaldén, 2010;
Moran and Jarvik, 2010). This points to the fact that fungi are able
to incorporate foreign DNA into their genomes even if the exact
mechanisms have not been elucidated. One method used to distin-
guish between HGT and vertical descent is to calculate the number
of independent losses that should have occurred to explain the
observed patterns of gene presence and absence. The higher the
number of loss events, the more likely the HGT event is thought
to be. We inferred the number of times our two gene clusters were
lost using a species tree that included 268 fully sequenced fungal
genomes (see Section 2). We estimate that, assuming only vertical
descent, there have been at least 23 independent loss events of the
loline cluster and 16 of the ergot alkaloids gene cluster. This
number of losses is much higher than the values that have been

previously considered as thresholds for the acceptance of HGT
(Marcet-Houben and Gabaldén, 2010; Snel et al., 2002). The fact
that the gene clusters responsible for the synthesis of secondary
metabolites are not essential to the fungi could explain the sparse
distribution of the presence/absence of the gene clusters. Yet, it
would also mean that the gene clusters needed to be conserved
in all the common ancestors leading to the lineages that contain
the gene clusters.

As discussed above, we have two secondary metabolism gene
clusters that are present only in distant lineages. The inferred
number of gene losses is far above the normally considered
acceptable thresholds for the acceptance of an HGT event. This
leads to the possibility that HGT was involved in the evolution of
these gene clusters. The phylogenetic trees derived for the genes
in the loline gene cluster show that it is likely that the cluster
was transferred from Eurotiomycetes species to Clavicipitaceae.
According to the trees, the putative donor species would be
P. expansum.

The phylogenetic trees for the genes involved in the synthesis of
ergot alkaloids show the presence of at least two HGT events. There
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are three groups of distantly related species involved: the
Eurotiomycetes, the Clavicipitaceae and finally the Leotiomycetes
G. lozoyensis. As shown in the trees, the Eurotiomycetes were likely
the original donors, as they tend to occupy more basal positions in
the trees. We can then hypothesize different scenarios. On one
hand there could have been two HGT events from Eurotiomycetes
to the two other groups. On the other one there could have been
one single transfer from Eurotiomycetes to one of the other two
groups and then a transference between the Leotiomycetes and
Clavicipitaceae species. At the moment we are unable to assess
which of the two scenarios is more likely. It is possible that a larger
taxon sampling will be able to elucidate this matter.

3.5. Timing of putative HGT events

Eurotiomycetes and Sordariomycetes diverged roughly
400 MyA (Kumar and Hedges, 2011). Despite this long period of
time the two secondary metabolite clusters are at least partially
conserved across species from within these two groups, whereas
they are completely absent in sequenced species of other clades.
We have shown that this uneven distribution could be the result
of HGT. In order to exchange genetic material, two species need

to have co-existed in the same place and time period. In order to
assess the timing of the proposed HGT events, we inferred diver-
gence times from molecular data (see Section 2 and Fig. 5). Our
estimates place Clavicipitaceae as a relatively young group that
diverged from other Sordariomycetes roughly 184 MyA, an esti-
mate which is fairly congruent with the 173 MyA predicted by
Shung and collaborators (Sung et al., 2008). The emergence of
the ergot alkaloid cluster in Clavicipitaceae must have occurred
between this divergence point and the split between Metarhizium
and other Clavicipitaceae species, about 137 MyA. As stated above,
the genes that have likely been transferred from Eurotiomycetes to
Clavicipitaceae tend to group with different Eurotiomycetes in
their phylogenies instead of a particular Eurotiomycetes clade. As
some of these species diverged long before the Clavicipitaceae
diverged the donor was likely an Eurotiomycetes species of a dif-
ferent lineage that has not been sequenced yet.

The emergence of loline, in contrast, appears to be more recent,
as it does not appear in Metarhizium species. This implies an HGT
event that took place between 137 and 83 MyA. As shown in the
trees, the loline genes that have been transferred consistently
group with P. expansum. This time frame falls after the divergence
between Penicillium and Aspergillus but not before the divergence
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from this species it was transferred to the base of Epichloe.

between P. expansum and P. chrysogenum. This discrepancy in the
data leads to the need to accept that this is a vertical event with
the subsequent 23 loss events, consider the possibility that the
donor was a more ancestral Penicillium species that has not been
sequenced yet and that the loline cluster was present at the base
of Penicillium and then lost or the need to invoke a second HGT.
If we keep with the assumption that 23 loss events are less parsi-
monious than two HGT events then we can discard the first
hypothesis. The second hypothesis would imply one single HGT
event coupled with, at least, 7 loss events in Clavicipitaceae species
and 6 loss events in Penicillium species. While not the most parsi-
monious explanation, that rate of loss events in secondary metabo-
lism gene clusters makes it a reasonable explanation. The third
alternative is based on the fact that most of the Clavicipitaceae spe-
cies that have the loline gene cluster are from the genus Epichloe,
with only one Clavicipitaceae species outside this genus having the
cluster: Atkinsonella hypoxylon. The gene clusters between Epichloe
and A. hypoxylon share the same gene order and their proteins
share a higher percentage of identity than the average for the gen-
omes (average of 90% identity between the proteins in the cluster
versus an average of 82% between the complete proteomes). This
could indicate that a second HGT event occurred between these
two groups after an initial transference from P. expansum. It is
unclear though to which of the two groups the original transfer

was done. Species from the genus Epichloe diverged roughly
11.5 MyA, which is after the divergence between P. expansum
and P. chrysogenum, therefore the HGT event could have been to
both, the base of Epichloe or to A. hypoxylon specifically. We need
more data to be able to distinguish between the two hypothesis or
a deeper understanding on the likelihood that a secondary metabo-
lism gene cluster is lost specifically in a large number of species.

4. Conclusions

Ergot alkaloids and loline are two of the key compounds synthe-
sized by Clavicipitaceae species. They play an important role in the
defense of their plant hosts by protecting them from herbivores,
including mammals and insects. The origin of the genes that
encode the proteins needed to synthesize these two compounds
is diverse. We hypothesize that in both cases horizontal gene
transfer events were involved in the acquisition of most of the
key enzymes needed to synthesize the first stable intermediate
from existing clusters in Eurotiomycetes species. A vertical inheri-
tance of those clusters would imply a large number of independent
gene losses, leading to a less parsimonious scenario. The core genes
needed to synthesize ergot alkaloids were transferred at least two
times with the main donor likely being an unknown lineage in
Eurotiomycetes. The core genes transferred to Clavicipitaceae and
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the Leotiomycetes G. lozoyensis either in parallel or in two sequen-
tial events. The core genes for the loline cluster were also trans-
ferred twice, once to A. hypoxylon and another time to the base
of Epichloe. The order of these transferences is still unclear. After
the transference of the core set of genes, metabolic gene clusters
were modified by the addition of genes from other sources. It
might be argued that the original selective advantage of the
transferred cluster was based on a distinct, but related, function
as compared to their current role.
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