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Summary

The antifungal echinocandin lipopeptide, acrophiarin, was circumscribed in a patent in 1979. We
confirmed that the producing strain NRRL 8095 is Penicillium arenicola and other strains of P.
arenicola produced acrophiarin and acrophiarin analogues. Genome sequencing of NRRL 8095
identified the acrophiarin gene cluster. Penicillium arenicola and echinocandin-producing
Aspergillus species belong to the family Aspergillaceae of the Eurotiomycetes, but several features
of acrophiarin and its gene cluster suggest a closer relationship with echinocandins from
Leotiomycete fungi. These features include hydroxy-glutamine in the peptide core instead of a
serine or threonine residue, the inclusion of a non-heme iron, a-ketoglutarate-dependent
oxygenase for hydroxylation of the C3 of the glutamine, and a thioesterase. In addition, 2
arenicolabears similarity to Leotiomycete echinocandin-producing species because it exhibits
self-resistance to exogenous echinocandins. Phylogenetic analysis of the genes of the
echinocandin biosynthetic family indicated that most of the predicted proteins of acrophiarin gene
cluster exhibited higher similarity to the predicted proteins of the pneumocandin gene cluster of
the Leotiomycete Glarea lozoyensis than to those of the echinocandin B gene cluster from A.
pachycristatus. The fellutamide gene cluster and related gene clusters are recognized as relatives
of the echinocandins. Inclusion of the acrophiarin gene cluster into a comprehensive phylogenetic
analysis of echinocandin gene clusters indicated the divergent evolutionary lineages of
echinocandin gene clusters are descendants from a common ancestral progenitor. The minimal 10-
gene cluster may have undergone multiple gene acquisitions or losses and possibly horizontal gene
transfer after the ancestral separation of the two lineages.
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Introduction

The echinocandins are a family of lipohexapeptide fungal metabolites that non-
competitively bind to the catalytic unit of —1,3-glucan synthase leading to osmotic
instability and fungal cell wall lysis. The antifungal drug caspofungin (CANCIDAS™) was
developed from the echinocandin variant, pneumocandin Bg (Balkovec ef al., 2013). Two
more echinocandin-type antifungals, micafungin (MYCAMINE™) derived from FR901370
(WF11899A), and anidulafungin (ERAXIS™) derived from echinocandin B have been
brought to market (Vazquez and Sobel, 2006; Balkovec ef al., 2013). A new long-acting
echinocandin, rezafungin (CD101 V), is based on the echinocandin B natural product (Zhao
et al., 2016). Because of the importance of echinocandin lipopeptides in antifungal therapy,
understanding the full range of natural echinocandin variants and their underlying
biosynthesis will provide options to generate and optimize new echinocandins. Furthermore,
comprehensive mapping of these gene clusters across the Ascomycetes will contribute to
understanding the natural functions of echinocandins in their respective producing
organisms.

Our group artificially made the echinocandin acrophiarin (antibiotic S31794/F-1, Fig. 1,
Table 1) (Dreyfuss and Tscherter, 1979; Dreyfuss, 1986) during mutasynthesis experiments
(Chen et al., 2016b). The polyketide synthase (GLPKS4) of Glarea lozoyensis that is
responsible for the 10,12-methyl myristate side-chain of pneumocandins was inactivated by
disruption of glpks4 (Chen et al., 2016b). By exploiting the relaxed substrate specificity of
the pathway’s acetyl-CoA ligase (GLligase), feeding this mutant with straight-chain fatty
acid precursors, e.g. myristic acid (C14) resulted in acrophiarin and other pneumocandin
variants with substituted side-chains (Chen et al., 2016b).

All echinocandins produced by Aspergillus species (Eurotiomycetes, Aspergillaceae) bear
serine or threonine in the fifth position (Table 1), and have been referred to Aspergillus- or
Eurotiomycete-type echinocandins (Yue et al.,, 2015). In contrast, Leotiomycete-type
echinocandins invariably bear hydroxy-L-glutamate in the peptide’s fifth position (Table 1).
Based on this classification of echinocandins (Yue et al, 2015), acrophiarin from A2
arenicola appears to be a Leotiomycete-type echinocandin from a fungus in the
Aspergillaceae, albeit in a genus distinct from Aspergillus. Therefore, acrophiarin is unique
among the echinocandins because it combines a feature of Leotiomycete-type
echinocandins, hydroxy-glutamate in the cyclic peptide’s fifth position with a straight-chain
myristate side-chain (Table 1; Fig. 1), which presumably originates from the cellular fatty
acid pool.

A patent from the Swiss pharmaceutical company Sandoz (now Novartis) first disclosed
acrophiarin as antibiotic S31794/F-1 (Dreyfuss and Tscherter, 1979). In the patent, infrared,
UV, IH, and 13C NMR spectra, and basic elemental composition data circumscribed a
purified fermentation product and antifungal molecule effective against Candida species,
however, a complete chemical structure was not proposed. The new antifungal metabolite
was produced from strain NRRL 8095 from soil from British Columbia (Dreyfuss and
Tscherter, 1979). In 1981, a patent from workers at Eli Lilly (Abbott and Fukuda, 1981)
disclosed a chemical structure for antibiotic S31794/F-1 and proposed that it was a cyclic
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peptide consisting of dihydroxy-L-ornithine, L-threonine, hydroxy-L-proline, dihydroxy-L-
homo-tyrosine, hydroxy-L-glutamine, hydroxy-4-methyl-L-proline that was N-acylated at the
ornithine residue to myristoyl. In other words, acrophiarin was an echinocandin with a
peptide core like that of the pneumocandins but with a straight myristoyl side-chain rather
than the dimethyl-myristoyl side-chain characteristic of the pneumocandins (Table 1; Fig. 1).
The Lilly patent repeated the NMR spectra and physiochemical data from the Sandoz patent
but offered no new spectral data to verify the structural assignments (Abbott and Fukuda,
1981). Antibiotic S31794/F-1 was later renamed ‘acrophiarin’, and the producing strain was
identified as £ arenicola (Dreyfuss, 1986). Penicillium arenicola has been recognized as
morphologically and phylogenetically distinct from the narrow phylogenetic definition of
Penicilliumand is closely related to Phialomyces macrosporus of the Aspergillaceae (Pitt,
1980; Houbraken and Samson, 2011; Frisvad ef a/., 2013). At the time of writing, .
arenicolahas yet to be formally reclassified as a species of Phialomyces, therefore, we are
obliged to continue to use the name Penicillium arenicola. Other metabolites reported from
P. arenicola are the y-butyrolactone canadensolide (McCorkindale ef al., 1968) and the C-
glycosylated depsides arenicolins A and B (Perlatti et a/.,, 2020).

The biosynthetic gene clusters (BGCs) of most of the known echinocandins have been
mapped and consist of 10-16 contiguous and co-regulated genes (Yue et al., 2015; Hittel,
2017). Based on phylogenetic analysis of the protein sequences of echinocandin enzymes
and comparisons structural variations among different echinocandins, they were classified
into two types from divergent lineages of fungi (Yue et al., 2015). Aspergillus-types
incorporate either serine or threonine in the core peptide’s fifth position and lack a
polyketide synthase (PKS) dedicated to the synthesis of the side-chain. Leotiomycete-type
echinocandins incorporating hydroxy-glutamate in the fifth position have either a fatty acid-
or highly reducing PKS-derived side-chain. Some Leotiomycete-type echinocandins undergo
O-sulfation of the homotyrosine residue (e.g. FR901370, Table 1). As noted above,
acrophiarin incorporates features of both echinocandin types.

To better comprehend the evolutionary processes leading to diversification of the
echinocandin lipopeptides, we sequenced the genome of P. arenicola NRRL 8095 to identify
the acrophiarin gene cluster. This newly characterized BGC is integrated into a revised
evolutionary framework of echinocandins and the phylogenetically related fellutamide
BCGs. The analysis indicates the acrophiarin biosynthetic and transport genes bridge the
deep phylogenetic hiatus between the two types of echinocandins. These new data associate
a non-ribosomal peptide synthetase (NRPS) adenylation domain (A domain) for the
incorporation of hydroxy-L-glutamine in the echinocandin core with a species in the
Aspergillaceae of the Eurotiomycetes. Based on these new findings, we offer a revised
hypothesis on the origin of ancestral echinocandins and their relationship to the fellutamide
gene clusters. Phylogenetic and synteny analyses of echinocandin gene clusters indicate
divergent evolutionary lineages of echinocandin and fellutamide gene clusters are
descendants from common ancestral progenitors. Subsequent to the ancestral separation,
echinocandin structural diversity appears to have undergone additional elaboration among
the Leotiomycete fungi. Horizontal gene transfer (HGT) of a Leotiomycete-type gene cluster
could plausibly explain the re-introduction of the acrophiarin gene cluster into the
Aspergillaceae lineage. Furthermore, we demonstrate that acrophiarin and a series of natural
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acrophiarin analogues are a chemotaxonomic feature for strains of 2. arenicola. Finally, the
structural characterization of naturally occurring acrophiarin is updated with new data on its
spectral properties, and its antifungal activity towards the producing strains is evaluated.

Results

Confirmation of NRRL 8095 as Penicillium arenicola

The patent describing antibiotic S31794/F-1 identified the producing strain as
Acrophialophora limonispora (Dreyfuss and Tscherter, 1979). This invalid name was later
corrected, and the strain was correctly identified as P, arenicola (Dreyfuss, 1986). By
microscopy, we observed the typical conidial state described in the literature (Fig. S1) (Pitt,
1980). Database searches with internal transcribed spacer and large subunit ribosomal DNA
from the genome sequence of NRRL 8095 (GenBank MN512717) sequences from strains of
P. arenicola, including the ex-type strain NRRL 3392 (Table 2) as the top BLAST hits.
Furthermore, as previously noted (Pitt, 1980), strains in Table 2 were highly similar in their
colony characteristics and microscopic features. We, therefore, concluded that NRRL 8095
is conspecific with authentic strains of P. arenicola.

Acrophiarin and related analogues detection and chemical structure determination

Bioassay of extracts of all four P. arenicola strains (Table 2, Fig. S2) in the five media tested
resulted in strong inhibition of growth of C. albicans, but extracts were only weakly or not
active towards Cryptococcus neoformans (Fig. 2). This pattern of antifungal activity is
suggestive of echinocandins because they do not affect C. neoformans, possibly due to their
failure to reach the site of p-glucan assembly (Thompson et af., 1999). All extracts from the
two strains of the closely related Ph. macrosporus were inactive towards C. albicans
indicating echinocandin-type metabolites were not produced (Fig. 2).

HPLC-MS analysis confirmed that strains NRRL 8095, 3392, 31507, and 31509 produced
acrophiarin and highly related analogues (Figs 3 and 4) indicating that the acrophiarin BGC
may be a consistent feature of P. arenicola (see results below). Additionally, we could infer
that like other echinocandins, the production of acrophiarin and its analogues is facile. They
could be detected after a few days when significant growth accumulated (data not shown)
indicating that the BGC is transcribed during exponential growth of the culture.

Acrophiarin was characterized by the comparison of its mass spectrometer (MS) and 1H
NMR spectroscopic data (Fig. S3) with those described in the literature and co-injection of
purified standards made during G. lozoyensis mutasynthesis experiments (Dreyfuss and
Tscherter, 1979; Chen et al.,, 2016b). As the data agreed well with the published values, the
principal echinocandin from AP. arenicola was confirmed as acrophiarin. Additional peaks
were observed by HPLC-MS, with m/z corresponding to the 15C and 16C side-chain
variants of pneumocandins | and K, and their presence was confirmed by co-injection with
analytical standards (Chen et al,, 2016b) (Fig. 3). Additional minor peaks were also
observed, and analysis by MS fragmentation indicated the existence of analogues lacking
some of the core peptide hydroxyls (Fig. 4), consistent with minor products observed in
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other pneumocandin mixtures resulting from incomplete oxidation of the core’s amino acids
(Masurekar et al., 1992; Li et al., 2015).

Identification of the acrophiarin BGC

Only one BGC that comprised an acetyl-CoA ligase, an NRPS with six adenylation
domains, along with the Aty genes encoding the biosynthesis of homotyrosine from tyrosine
was found in the draft genome assembly for NRRL 8095. Genes in this BGC exhibited high
sequence similarity to other BGCs encoding echinocandins and had a gene cluster
organization and order that was intermediate between Aspergillus- and Leotiomycete-types
(Fig. 5; Table 3). The high level of identity and synteny with the pneumocandin BGC and
other echinocandin clusters indicated with a high degree of certainty it encoded the
biosynthesis of acrophiarin. Surprisingly, most of the predicted proteins of acrophiarin BGC
exhibited higher similarity to the predicted proteins of the pneumocandin BGC from G.
lozoyensis than to those of the echinocandin B BGC (Table 3). Consistent with the chemical
structure of acrophiarin, the BGC lacks a PKS orthologue of GLPKS4 that assembles the
pneumocandin side-chain (Fig. 5; Fig. S4, Table S1). To rule out the possibility that a side-
chain encoding PKS gene might lie outside the acrophiarin gene cluster, we used the
predicted amino acid sequence of GLPKS4 to search a database of NRRL 8095 protein
models. Two distantly related highly reducing PKS (identities, 43% and 40% respectively)
were found at other loci on other contigs, and both contained a C-methyltransferase domain,
thus it seems unlikely either would be responsible for the myristoyl side-chain (Fig. S5).
Thus, the hypothesis that the acrophiarin side-chain originates from the fatty acid pool rather
from a highly reducing PKS seems parsimonious with the available data and previous
mutasynthesis experiments with pneumocandins (Chen et a/., 2016b).

Another unexpected feature of the acrophiarin gene cluster is the presence of an orthologue
of GLHYD (Figs 1 and 5; Table 3), a gene encoding a thioesterase that apparently assists in
offloading the side-chain from the highly reducing PKS (Chen et al., 2016b). However, this
enzyme could also conceivably hydrolyse myristoyl CoA/myristoryl-ACP to myristate, thus
making it available to the first adenylation domain of the NRPS. Current data indicate that
thioesterase-encoding genes are absent in all other Aspergillus-type echinocandin BGCs.
Furthermore, unlike other Aspergillus-type, echinocandin BGCs described to date, the
acrophiarin gene cluster contains an orthologue of GLOXY 3 that encodes a non-heme iron,
a-ketoglutarate-dependent oxygenase responsible for hydroxylation of the C3 of the
glutamine (Yue et al., 2015; Huttel, 2017). These latter two features indicate a strong affinity
of the acrophiarin BGC to those of the Leotiomycete-type echinocandins.

Evolution of the acrophiarin NRPS and other pathway enzymes

In order to test whether acrophiarin NRPS modules were more similar to Eurotiomycete- or
Leotiomycete-type NRPS modules, the predicted A domains were extracted from the
deduced amino acid sequences for each of the echinocandin NRPSs and were aligned with
our previously published data set of echinocandin-type NRPS A domains (Yue et al., 2015).
The analysis also included the A domains of InpB, the first NRPS of the fellutamide BGC
(Fig. 1) (Yeh et al., 2016), because in our previous work, the InpB NRPS and the InpC
acetyl-CoA ligase were found to be close phylogenetic relatives of the echinocandin NRPSs
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and acetyl-CoA ligases respectively. BLAST searches of public databases and bioinformatic
analysis of genes identified additional fellutamide gene clusters in species of Aspergillus
sect. Nidulantes (A. sydowii, A. versicolor, A. mulundensis and A. pachycristatus) and
fellutamide-like gene clusters in other unrelated ascomycetes, including Spathularia flavida
(Leotiomycetes, Rhytismatales), Bisporellasp. (Leotiomycetes, Helotiales) and Lobaria
pulmonaria (Lecanoromycetes, Peltigerales) indicating that the fellutamide family of
lipopeptides may more widespread than previously recognized (Shigemori et al, 1991; Lee
and Hong, 2011; Xu et al., 2011; Wu et al., 2014; Kjarbglling et al., 2019). Because the
products of these BGCs in these latter fungi are unknown, we refer to them as fellutamide-
like BGCs. These InpB and InpC orthologues were added to the analysis to explore possible
relationships between the fellutamides and echinocandins, and they fell within their
respective fellutamide subclades of the echinocandin lineage with significant statistical
support (Figs 6 and 7).

A maximum likelihood (ML) tree of these A domains (Fig. 6) reproduced similar
topological features observed in a prior analysis (Yue et al., 2015). The ML tree indicated
that all the echinocandin A domains and both A domains of the InpB NRPS (ANID_03496)
of the fellutamide tripeptides from A. nidulans (Yeh et al., 2016), and its orthologues
ASInpB from A. sydowii, AVInpB from A. versicolor, AMInpB from A. mulundensis, and
APCInpB from A. pachycristatus NRRL 1140, and newly found fellutamide-like BGCs
formed a distinct clade (97% support value). Therefore, the echinocandin NRPSs along with
the InpB module 2 and its orthologues formed a well-supported monophyletic lineage within
the euascomycete clade synthetase subfamily of fungal NRPSs (Bushley and Turgeon, 2010)
(Fig. 6). It should be noted that the InpB module 2 activates L-glutamine while the InpB
module 1 activates L-asparagine. It is unclear whether L-glutamine activation by the InpB
module 2 and the Leotiomycete-type fifth position A domains or is indicative of a past
evolutionary connection between the fellutamide and echinocandin peptide sequences, or
whether incorporation of a common amino acid is coincidence.

Within the echinocandin A domain clade, the six individual A domains exhibited highly
resolved intra-clade relationships (Fig. 6). The echinocandin clade was resolved into seven
well-supported subclades, each corresponding to one of the six amino acid positions in the
echinocandin nucleus plus a clade for modules 1 and 2 of InpB and similar fellutamide-like
NRPSs (Fig. 6). As is the case with other NRPS orthologues from distantly related fungi
(Bushley and Turgeon, 2010), this topology indicates that the A domains for each amino
acid position from each distantly related fungus are more similar to each other than the
individual A domains from a given echinocandin-producing strain. As expected based on its
function, the acrophiarin NRPS module 5, which activates glutamine, formed a cluster
(100% bootstrap value) with its corresponding Leotiomycete A domains. Although, the
Aspergillus-type NRPS A domains were phylogenetically distinct from those of the
Leotiomycete-types, the phylogenetic placement of acrophiarin A domains were in nearly all
cases (except for module 4 and 6) more closely related to those of the Leotiomycetes
although the fungus belongs to the Eurotiomycetes. Within each of these echinocandin A-
domain clades, the branching of terminal leaves was congruent with the expected
phylogenetic species trees except for the A domains from the acrophiarin NRPS. These
analyses strongly supported the hypothesis that the extant echinocandin and fellutamide
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NRPSs were descendants from a common ancestral peptide synthetase (Fig. 6). However,
the phylogenetic affinity of the acrophiarin NRPS A domains deviated from those of the
Aspergillus species, and this phylogenetic incongruency could be interpreted as evidence for
a closer relationship to echinocandin BGCs of Leotiomycete fungi.

To further explore the relationships of the acrophiarin cluster genes and the variations in
their echinocandin gene orthologues, we built phylogenetic trees for individual echinocandin
and related fellutamide pathway genes (Fig. 7). In trees inferred from orthologues of
individual echinocandin genes, relationships among more closely related genes of the
Leotiomycete- and Aspergillus-types were generally well resolved (bootstrap values >80%).
In most single-gene trees (except for OXY4), the aculeacin genes (A. japonicus aculeatus)
formed a distinct branch from the echinocandin/mulundocandin genes (A. pachycristatus!
mulundensis). Also, in the acetyl-CoA ligase tree, the fellutamide acetyl-CoA ligases (InpC)
and orthologues from fellutamide-like BGCs appeared to be basal to the echinocandin
ligases. InpC from A. nidulans fellutamide BGC exhibited about 51% identity to Ecdl from
NRRL 1440 echinocandin B gene cluster. This observation, along with the fact that in some
Nidulantes species (A. pachycristatusl mulundensis) the fellutamide and echinocandin BGCs
coexist in the same genome, prompts further speculation that the fellutamide gene cluster
may share common ancestry with progenitors of the echinocandin gene clusters. It should
also be pointed out that fellutamides are also antifungal, albeit with a mode of action distinct
from that of echinocandins (Xu et af, 2011).

The relationships among the acrophiarin cluster genes and the corresponding genes of the
two lineages of echinocandins were generally unresolved (Fig. 7). In some cases,
acrophiarin gene sequences fell on a distinct branch intermediate between the two
echinocandin types. A few branch conflicts were observed in some gene trees, but the
conflicts were statistically unsupported by bootstrap analysis. Only in the case of the acetyl-
CoA ligase, did an acrophiarin gene clearly fall into the Aspergillus-type echinocandin clade
(100% bootstrap value). On the one hand, the P450-1, HtyB and OXY4 gene were strongly
associated with the Leotiomycete-type clade with support values of 100%, 85%, and 61%
respectively. Nevertheless, the overall high similarities of the acrophiarin and the
Leotiomycete-type echinocandin cluster including the presence of GLHYD in the
acrophiarin BCG, which is thought to assist the acetyl-CoA ligase in off-loading 10,12-
methyl myristate in G. fozoyensis (Chen et al., 2016b), suggested a close relationship
between acrophiarin and Leotiomycete-type echinocandins, e.g. pneumocandins. On the
other hand, the absence of an orthologue of GLPKS4, which provides 10,12-methyl
myristate in some Leotiomycetes, suggests a hypothetical scenario where the Aspergillus-
type echinocandins clusters were lost in most lineages of the Aspergillaceae, including the
Phialomyces lineage. Subsequently, an acrophiarin BGC could have been reintroduced into
Phialomyces lineage via HGT soon after the ancestral divergence of the Leotiomycete and
Aspergillus lineages.

To compare phylogenetic relationships of echinocandin cluster orthologues to the phylogeny
of the corresponding fungi in which they occur, we inferred a species tree from the
concatenated sequences of six housekeeping genes (18S rRNA, 28S rRNA, ITS RNA region,
B-tubulin, translation elongation factor 1-a and RNA polymerase Il subunit 2) to a tree
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based on the 10 shared enzymes of the echinocandin pathways (NRPS, acetyl-CoA ligase,
TRT, P450-2, OXY1, OXY2, OXY4, HtyA, HtyC and HtyD) (Fig. 8). We analysed trees
inferred from each housekeeping gene individually, which indicated that the individual
housekeeping-gene trees were congruent and consistent with current models of ascomycete
species phylogeny (data not shown). The high bootstrap values for almost all branches in the
species tree provided evidence for the hierarchical relationships of most of the genera
examined (Fig. 8A). Even though P. arenicola clearly grouped with the Eurotiomycetes in
the housekeeping gene tree, it fell outside the Eurotiomycetes in the echinocandin gene tree.
Thus, the topologies of the species tree and the concatenated echinocandin-gene tree were
conflicted, and the incongruent branch with P. arenicola was the cause of the conflict
(Shimodaira—Hasegawa test, 2= 0; weighted Shimodaira—Hasegawa test, 2= 0) (Fig. 8B;
Fig. S6). Such phylogenetically incongruent gene sets are classic evidence of a past HGT
event. This conflict suggested a scenario where the acrophiarin BGC may have been
horizontally transferred from a Leotiomycete ancestor, and this putative HGT event occurred
subsequent to the divergence of Leotiomycete- and Aspergillus-type echinocandins.

Penicillium arenicola is self-resistant to acrophiarin and other echinocandins.
—Previous studies demonstrated that the growth of echinocandin-producing strains of
Aspergillus is sensitive to exogenously applied echinocandins, while the Leotiomycete-type
echinocandin-producing strains are generally insensitive or have reduced sensitivity to
echinocandins (Toth et al., 2012; Yue et al., 2018). To test whether the acrophiarin-
producing P. arenicola are susceptible to echinocandins as in Aspergilli or have innate
elevated resistance to echinocandins like Leotiomycetes that produce echinocandins, we
carried out a zone of inhibition (ZOl) assay with three P. arenicola strains, the
pneumocandin-producing strain G. /ozoyensis, the echinocandin B producing-strain A.
pachycristatus and C. albicans against pure echinocandins. Natural echinocandins
(pneumocandin By, echinocandin B and acrophiarin) caused large ZOls with A.
pachycristatus and C. albicans, while the same compound set had little effect on the three P.
arenicolastrains (Fig. 9 and Fig. S7). Glarea lozoyensis exhibited minimal sensitivity to
pneumocandin By and was unaffected by acrophiarin and echinocandin B. Bioinformatic
analysis of the P. arenicola genome sequence revealed only a single copy of FKS1. These
results indicated that the acrophiarin-producing strains of 2. arenicolaare intrinsically
resistant to echinocandins as is the case for echinocandin-producing species of the
Leotiomycete lineage, e.g. G. lozoyensis. To date, echinocandin resistance mechanisms have
been attributed to amino acid mutations in the FKS1 protein (a plasma membrane-embedded
enzyme), a compensatory increase in chitin synthase, or a second auxiliary copy of FKS1
associated with an echinocandin BGC (Johnson et al., 2011; Téth et al., 2012; Walker et al.,
2015; Slot, 2017; Yue et al., 2018). Therefore, the mechanism underlying the intrinsic
resistance to echinocandins in G. fozoyensisand P. arenicola remains unclear.

Discussion

The genetic mechanisms leading to the formation, persistence, and loss of complex
secondary metabolite BGCs remain poorly understood. A combination of genomic,
phylogenetic, functional and biochemical analyses has provided insights into the
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evolutionary history of echinocandin biosynthesis in species of diverse genera of
Pezizomycotina (Yue et al., 2015; Huttel, 2017; Yue et al., 2018). The above results build
upon previous analyses and indicated that structural diversity of echinocandins produced by
these fungi has arisen largely from gains and losses of genes and changes in specificities of
adenylation sites of the core NRPS gene during the evolutionary histories of the
echinocandin BGCs. A variety of mechanisms, including gene duplication,
neofunctionalization, introgression, HGT and horizontal chromosome transfer, have the
potential to contribute to gain and diversification of secondary metabolic biosynthetic genes
in fungi (Wisecaver et al., 2014; Koczyk et al., 2015; Florea et al,, 2017; Slot, 2017; Feurtey
and Stukenbrock, 2018; Thynne et al., 2019). One of the most important requisites for
inferring relationships and prediction of HGT events is that all extant forms of the genes be
included in the analysis (Feurtey and Stukenbrock, 2018). The inclusion of the acrophiarin
BGC along with the discovery of the fellutamide BGC (Yeh et al., 2016) have filled
important gaps in previous analyses of the echinocandin family. The addition of the
acrophiarin BGC to our phylogenetic analyses indicates that the evolutionary histories of
echinocandin-encoding genes do not always parallel the phylogenetic relationships of
echinocandin-producing fungi, in contrast to previous conclusions (Yue et al., 2015).
Therefore, the revised evolutionary pattern among echinocandin BGCs more resembles
reticulate patterns of pathway evolution observed for other families of fungal secondary
metabolites, and where conflicted gene phylogenies of some of the pathways genes have
been offered as classic evidence of past HGT events (Wisecaver et al., 2014; Lind et al.,
2017). One scenario supported by our phylogenetic analyses and comparative mapping of
gene clusters suggests that the origin of acrophiarin BGC in P. arenicola of the Phialomyces
lineage was derived from an ancestral Leotiomycete after the canonical Aspergillus-type
echinocandin BGC had been lost during lineage sorting (Fig. 10).

A more complete picture of the extant echinocandin biosynthetic gene family allows for the
inference of ancestral states of the echinocandin cluster and biosynthetic boundaries of the
pathway genes. Genome sequences (including draft genomes) for at least 12 strains
representing eight species have enabled comparisons of the echinocandin BGC locus across
representatives of nearly all types of producing strains with varying capabilities to produce
echinocandins (Fig. 10). Chemotype differences among these diverse species can be
attributed to the presence or absence of genes encoding key pathway steps and variations in
NRPS A domains (Yue et al., 2015; Huttel, 2017). However, some anomalous reactions
remain to be discovered, e.g. the mechanism of homotyrosine O-sulfation in some
Leotiomycete-type echinocandins (Table. 1). Interestingly, to date, we have not detected
evidence of widespread degenerate echinocandin gene clusters and single echinocandin
genes among genomes of the Pezizomycotina suggesting that these genes clusters are
quickly lost from the genome when the gene cluster degenerates. Thus, the distribution of
echinocandin BGCs remains relatively narrow and is based almost entirely on detection of
the corresponding echinocandins in antifungal assays from a limited number of species
(Dreyfuss, 1986; Peléez et al,, 2011; de la Cruz et al., 2012; Yue et al., 2015; Hiittel, 2017).
However, the discovery of additional echinocandin and related NRPS clusters remains a
possibility with more widespread genome sequencing of the Pezizomycotina and continued
screening for cell-wall-active antifungal metabolites.
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Hybridization and introgression may be important forces for interspecific dispersal of
biosynthetic genes in fungi and in diversifying and generating novel metabolites (Olarte et
al., 2015; Moore et al,, 2017; Hubka et al.,, 2018). Although the number of available
genomes of echinocandin-producing fungi precludes a detailed analysis, interspecific
hybridization and introgression could have played a role in interspecific dispersion of the
echinocandin BGCs, at least in species complexes where closely related species produce
echinocandins. The greatest concentration of echinocandin-producing species recognized to
date is in Aspergillus section Nidulantes. Species of this section reported to produce
echinocandins include A. pachycristatus, A. spinulosporus, A. rugulosus, A. quad-rilineatus
and A. navahoensis which produce echinocandin B and its variants (de la Cruz et al., 2012;
Chen et al., 2016a; Httel, 2017), and A. mulundensis which produces mulundocandin (Bills
et al., 2016). Because of the large number of species in section Nidulantes (65 species, Chen
et al., 2016a), additional producers of echinocandin B and its variants are likely to be found
with more targeted genome surveys or focused screening for cell-wall-active metabolites.
Section Nidulantes encompasses a large complex of rapidly evolving species, with both
homothallic and heterothallic species, consequently, interspecific dispersal of BGCs and
their chemical evolution in part may be driven by hybridization and introgression as has
been observed in the A. flavus complex (Olarte et al., 2015; Moore et al., 2017), and section
Fumigati (Hubka et al., 2018).

Phylogenetic analysis of ascomycete NRPS A domains also provided evidence that the
echinocandin clade of NRPSs also incorporates the InpB NRPS of the fellutamide pathway
and similar orthologous NRPSs from diverse fungi (Fig. 6). Phylogenetic analyses suggested
a degree of common ancestry between the two metabolite pathways (Figs 6 and 7), but
because the relationship appears to be ancient and predating the divergence of major
ascomyecete lineages, it is difficult to speculate on the relationships between the
echinocandin and fellutamide gene clusters. During the first step of fellutamide B
biosynthesis (Fig. 1) (Yeh et al,, 2016), InpC activates 3-hydroxydodecanoic acid to form 3-
hydroxydodecanoyl-AMP that is then loaded onto the Ty domain of InpB. The 3-
hydroxydodecanoyl-S-phosphopantetheinyl-Ty is extended stepwise with L-asparagine and
L-glutamine by the two condensation- adenylation-thiolation modules of InpB. The linear
lipodipeptide is then transferred from InpB onto InpA for the addition of the last amino acid,
L-leucine. The lipotripeptide undergoes reductive release by the thioesterase domain of InpA
resulting in (2S)-fellutamide B (Yeh et a/., 2016). InpF might be involved in the release and
transfer of the lipodipeptide from inpB to inpA. The relatively high protein sequence
similarity between echinocandin acetyl-CoA ligases and InpC orthologues also suggests
both these ligases might have shared a common ancestor and their divergence in function is
a result of neofunctionalization, thus resulting in paralogues.

Additionally, most echinocandin genes bear some significant similarity to non-echinocandin
genes. This suggests that the neofunctionalization of closely related non-echinocandin genes
has contributed to the evolution of the gene clusters. For example, the four genes comprising
the homo-L-tyrosine subcluster of all echinocandins BGCs and the four-gene cassette from
the Alternaria alternata AM toxin pathway (amtgene cluster, Fig. 10) that is predicted to
encode synthesis of the a-amino-4-phenyl-valeric acid monomer of AM toxin are examples
of neofunctionalization. The genes of the Hty subpathway would need to be inherited with
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other pathway genes since the incorporation of homotyrosine has been shown to be essential
for product formation (Cacho et al., 2012).

Ten orthologues are shared in all extant echinocandin BGCs across both lineages of the
echinocandin-type BGC clusters (Fig. 8B) and are necessary for the conserved core
lipopeptide skeleton structure, the peripheral genes that build the non-proteinogenic amino
acids, the initiation and activation of side-chain variants, and ligation of the side-chain with
the ornithine residue (Fig. 1). Thus, the ancestral echinocandin cluster and its products could
be the same as simple echinocandins produced by extant species of Aspergilli, e.g. aculeacin
and echinocandin B (Fig. 10, Table 1). It seems plausible the ancient echinocandin
progenitor descended into both the Leotiomycete and Eurotiomyctes lineages. The above
phylogenetic and synteny analyses point to a Leotiomycete ancestor as the likely donor
pathway for the acrophiarin BGC because of the glutamine-specific A-domain 5 of the core
NRPS and the presence of the thioesterase gene (GLHYD orthologues) and GLOXY3
orthologues. During the evolution of the Leotiomycete lineage, the addition of a thioesterase
may have facilitated the recruitment of highly reducing PKS responsible for the branched
PKS side-chain of the pneumocandins, sporiofungins, and FR190239. The different species
of echinocandin-producing fungi have varied habitats (soil, endophytes and litter). The
dispersal by HGT to a heavily sporulating species with a broad geographic distribution, e.g.
the circumboreal P. arenicola, would provide ample opportunities for intimate contact
needed for HGT from a rare, host-specific or geographically restricted species of the
Leotiomycetes, e.g. G. lozoyensis, Venustampulla echinocandica, or Coleophoma
cylindrospra. Finally, Penicillium arenicola also appears to be more similar to the
Leotiomycete echinocandin-producing species with regard to self-resistance to exogenous
echinocandins. Whether this is a coincidence or there is a mechanistic relationship remains
to be determined.

In conclusion, the identification of the acrophiarin BGC in P. arenicola and the inclusion of
the fellutamide gene cluster in the echinocandin biosynthetic family expands the known
boundaries of echinocandin biosynthetic capabilities. The echinocandins exhibit a highly
disjunct distribution among ascomycetous fungi from very different ecologies (e.g. soil,
plant litter and endophytes). Therefore, a common ecological function for these metabolites
remains unclear except for the fact that the discovery of auxiliary copies of FKS1 in some
species clearly indicates their selection for interaction with fungal cell wall biosynthesis
(YYue et al., 2018). Moreover, the diversity of fungi that produce echinocandins suggests their
ecological roles may vary among plant-, litter- and soil-associated species. The strong
phylogenetic relationships and coexistence of genes from the fellutamide BGC cluster in
some Aspergillus genomes suggests an origin of both pathways prior to the divergence on
the major lineages of filamentous ascomycete more than 400 million years ago (Lutzoni et
al., 2018) leading to independent evolutionary courses for echinocandin pathways in the
Eurotiomycete and Leotiomycete fungi. The origin of the Leotiomycete-like acrophiarin
BGC in P. arenicola could be explained by a subsequent dispersal of a Leotiomycete
echinocandin gene cluster into P. arenicola during an HGT event. This is a significant
finding for the field of fungal lipopeptide biosynthesis and expands the possibilities to
identify additional antifungal compounds and biosynthetic reactions encoded from the
echinocandin-fellutamide family.
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Experimental procedures

Strains and culture conditions.—The acrophiarin-producing strain P. arenicolaNRRL
8095 (Dreyfuss and Tscherter, 1979) and three additional strains of A. arenicola were
obtained from the U.S.D.A National Regional Research Laboratories (NRRL) (Table 2).
Two strains of the closely related Phialomyces macrosporus were obtained from the IBT
Culture Collection of Fungi (Table 2). The agar medium for growth and sporulation was YM
agar (glucose 10 g, malt extract 3 g, yeast extract 3 g, peptone 5, agar 20 g per 1000 ml of
deionized H,0). Five different fermentation media were tested for the production of
acrophiarin based on their previous history for producing echinocandins. These media were:
Medium I (glucose 20 g, casein peptone 5 g, NaNO3 3 g, of KHPO, 1 g, KCI 0.5 g,
MgS0,4-7H20 0.5 g, FeSO4-7H,0 10 mg per 1000 ml of deionized H,0) (Dreyfuss and
Tscherter, 1979); Medium IV (Debono, 1980) (ZnSO4:7H,0 4.5 mg, meat peptone 30.5 g,
soybean meal 15.5 g, dextrin 2.0 g, blackstrap molasses (Brer Rabbit) 10.5 g, Na,HPO,4 4.5
g, MgSO,4-7H,0 5.5 g, FeSO4-7H,0 0.10 g, cottonseed oil 40 ml per 1000 ml of deionized
H»,0); Medium VI (Boeck and Kastner, 1981); Medium TG 106 (Tkacz et al., 1993) (D-
mannitol 100 g, NZ amine 33 g, yeast extract 10 g, (NH4)»SO4 5 g, KH,PO4 9 g per 1000
ml of deionized H,0) and medium SMY (Bacto neopeptone 10 g, maltose 40 g, yeast
extract 10 g per 1000 ml of deionized H,0).

For the seed cultures stage, six agar discs from 3-week old YM agar culture were inoculated
into Medium SMY (maltose 40 g, neopeptone 10 g, yeast extract 10 g, 1000 ml deionized
H>0) with 0.4% agar in 50-ml aliquots in 250-ml flasks. Seed cultures were grown at 24 °C,
220 rpm for 4 days. For the production cultures, 1-ml aliquots of the seed growth were
transferred to flasks with 50 ml of Medium I, Medium 1V, Medium 1V, Medium TG 106 and
Medium SYM respectively. For quantitative measurements of titers, five replicates of each
fermentation were grown at 24 °C, 220 rpm for 12 days.

Genome sequencing and annotation.—NRRL 8095 was grown in a static culture of
100 ml SMY for 14 days at 23 °C. Mycelium was filtered, pressed dry, frozen at =80 °C and
lyophilized. Genomic DNA was purified from ground mycelial powder with a Zymo
Research Corporation Quick-DNA™ Fungal/Bacterial Miniprep Kit. For preparation of
sequencing libraries, 500 ng of total genomic DNA was used as the template and processed
using the KAPA HyperPlus Kit for PCR-free workflows (Roche, Switzerland) according to
the manufacturer’s instructions. Sequencing libraries were size selected for 600-800 bp
fragments using a LightBench (Coastal Genomics, Canada). Whole-genome sequencing was
run on a HiSeq 4000 Sequencing System (Illumina, USA). The genome was assembled by
SPAdes using standard parameters (Bankevich et al., 2012). Ab initio gene predictions from
the genome assembly were made with Augustus (Stanke et al., 2004) using A. fumigatus as
the reference genome.

The acrophiarin BGC in NRRL 8095 (GenBank MN518690) was identified by submitting
the unannotated contig sequences for antiSMASH analysis (https://
fungismash.secondarymetabolites.org/) and by reciprocal BLAST searches with sequences
of known echinocandin biosynthetic genes from A. pachycristatus NRRL 11440 (JX421684,
JX421685) and G. fozoyensis ATCC 20868 (PRINA246203). The acrophiarin gene cluster
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occupied a single continuous locus on contig 7. Additional fellutamide BGCs from
Spathularia flavida, Bisporellasp. and Lobaria pulmonariawere identified by BLAST
searches and from annotated draft genomes available at the Department of Energy Joint
Genome Institute’s Mycocosm portal (https://mycocosm.jgi.doe.gov/mycocosm/home).

Screening strains for echinocandin activity.—To detect echinocandin-type activity,
strains (Table 2) were fermented using Medium SMY, Medium I, Medium 1V, Medium VI
and TG106. Each fermentation was extracted by the addition of an equal volume of
methanol (MeOH) followed by shaking for 2 h. The H,O-MeOH mixture was filtered and
evaporated under vacuum (Fig. S2). Residues were dissolved in DMSO at 10x of the
original culture volume, and 20 pl of each DMSO extract was applied to a 4-mm well
aspirated from a plate of YM agar seeded with an overnight culture of Candida albicans
(ATCC 10231) or Cryptococcus neoformans H99. Plates were incubated at 25 °C and
examined after 24-48 h for zones of inhibition.

Antifungal assay for determining the sensitivity of P. arenicola to
echinocandins.—For the ZOlI assays, fresh conidia suspensions of P. arenicola strains,
pneumocandin-producing strain G. /ozoyensis and echinocandin B-producing strain A.
pachycristatus were added to melted YM agar at 45 °C and adjusted to a final conidial
concentration to 2 x 103 conidia/ml. Twenty-five milliliter aliquots of the seeded agar media
were poured into 9-cm Petri dishes. When the seed-agar plates are cooled and solidified,
wells were made by aspirating agar with a 4-mm diameter syringe tip. Acrophiarin,
pneumocandin Bg and echinocandin B were dissolved in DMSO to 250 ug/ml, and
amphotericin B (250 ug/ml) was used as the control antimicrobial. Ten microliter aliquots of
these compounds were added to each well. The plates of P. arenicola, G. lozoyensisand A.
pachycristatus were incubated at 24 °C for 3, 6 and 2 days respectively, then, ZOls were
measured and photographed.

Extraction and analysis for HPLC-MS.—For each fermentation sample described in
the previous step, a 5-ml aliquot of the aqueous-MeOH filtrate was evaporated to dryness,
resuspended in 0.5 ml of MeOH, filtered through 0.2 um cellulose membrane, and a 10-uL
aliquot was analysed by HPLC-MS on an Agilent 1260 HPLC equipped with a diode array
detector and coupled to an Agilent 6120 single quadrupole MS. Samples were eluted on a
C18 reverse-phase column (Ace Equivalence 5C18, 4.6 x 150 mm, 5 um) with a solvent
gradient of 10%-100% B for 28 min [solvent A, 0.1% formic acid in H,O; solvent B, 0.1%
formic acid in acetonitrile (ACN)], with a flow rate of 1.0 ml min~1. The chromatographic
profiles were monitored by wavelength scanning from 190 to 400 nm and acquisition set at
210 nm and by positive and negative ESI-MS from /2 160-1500.

Isolation and identification of acrophiarin and pneumocandin-enriched
fractions.—To obtain sufficient mass for purification and biological tests, the crude
extracts from different fermentations were pooled, evaporated to dryness and dissolved in
300 ml of HoO:MeOH (1:1 v/v). The extract was evaporated under vacuum until most of the
MeOH was removed. The remaining aqueous sample was extracted with an equal volume of
methyl ethyl ketone. After 2 h, the organic phase was separated and evaporated under
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vacuum. The crude extract was dissolved in a mixture of ACN and H,0O (1:1 v/v) and
fractionated with a Grace Reveleris X2 flash chromatography system using a Reveleris C18
RP 12 g cartridge (10%—-100% ACN over 16 min, flow rate 30 ml min~1), using UV and
ELSD detection, resulting in 16 fractions.

Fractions 2-5 were pooled, dried, dissolved in ACN: H,0O (1:1 v/v) and further purified by
semipreparative HPLC (Agilent Zorbax SB-C18 column; 5 um; 9.4 x 250 mm; gradient of
30%-60% B for 20 min (solvent A, 0.1% formic acid in H,0; solvent B, 0.1% formic acid
in ACN), 4.0 ml min~1), yielding 2.1 mg of acrophiarin. Fractions 6 and 7 were analysed by
HPLC-MS with the same method described for crude extracts and showed the presence of
other pneumocandin analogues, which were not further purified. NMR data were collected
on a Bruker 500 MHz NMRs equipped with a 5-mm triple resonance cryoprobe at 298 K,
with tetramethylsilane used as internal standard (TMS &4 0).

Prediction of adenylation domain specificity.—The adenylation domain (A-domain)
structure determines the specific amino acids incorporated during peptide elongation and is a
critical step in predicting the essential binding-pocket residues that correlate with the amino
acid sequence of the NRPS product. Key positions of the A-domain binding pockets were
determined at the PKS/NRPS Analysis website (http://nrps.igs.umaryland.edu) (Bachmann
and Ravel, 2009).

Phylogenetic analysis and hypothesis testing.—Phylogenetic trees for all the
enzymes in the echinocandin biosynthetic pathway were explored in the context of
orthologous functional enzymes from across the Ascomycota. Proteins encoded by G.
lozoyensis and A. pachycristatus echinocandin clusters and the A. pachycristatus fellutmide
cluster were used as queries in BLAST searches against NCBI databases. Each set of
proteins was aligned by using Clustalw implemented in MEGA 7.0 (Kumar et al., 2016),
and the resulting alignment was manually adjusted. Phylogenies were inferred by the ML
method implemented in MEGA 7.0 under a JTT + G model. Bootstrap supports were
calculated using the default options in MEGA 7.0 with 100 replicates per run.

To estimate the phylogenetic affinities of NRRL 8095, a combined six-gene dataset,
including the DNA fragments of the small-subunit (18S) rRNA gene, the large-subunit (28S)
rRNA gene, the ITS RNA gene region, the p-tubulin gene, the EF1 gene and the RPB2 gene
were resampled from previous phylogenetic studies of the echinocandin-producing fungi and
other Ascomycota (Yue et al., 2015) and aligned with Clustalw implemented in MEGA 7.0.
The best-fit nucleotide substitution models were determined for the alignment based on the
lowest Bayesian information criterion scores. Positions containing gaps and missing data
were eliminated. A GTR + G + | model was applied the alignment to construct phylogenies
using the ML method with MEGA 7.0.

To test whether the phylogenies of the echinocandin pathway genes were congruent with the
current classification of the Ascomycota, the concatenated phylogenetic marker gene
sequences for the eight echinocandin-producing fungi were aligned with ClustalW and
analysed with MEGA 7.0 by ML method using a GTR + G + | model. Ten pathway enzymes
were found to be common among the eight echinocandin-producing fungi. The amino acid
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sequences of the 10 enzymes (NRPS, acyl AMP-dependent ligase, ABC transporter,
oxygenase 1, oxygenase 2, oxygenase 4, P450-2, isopropylmalate dehydrogenase, 2-
isopropylmalate synthase and aconitase) were combined to construct a phylogenetic tree.
The concatenated amino acid sequences of these enzymes were aligned with ClustalW and
analysed with MEGA 7.0 by the ML method using a JTT + G + | + F model. Alternative
hypotheses based on the tree topologies assessed under the null hypothesis that all
topologies were equally good explanations of the data were tested with the Shimodaira—
Hasegawa test (Shimodaira and Hasegawa, 1999) and with a weighted Shimodaira—
Hasegawa test as implemented in TREEFINDER (Jobb et al., 2004).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Biosynthetic pathways of echinocandin and fellutamide lipopeptides mentioned in this

report. A. Acrophiarins. B. Fellutamides. The fellutamide pathway is redrawn from Yeh et
al. (2016).
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Fig. 2.

Agar diffusion assay of extracts of four strains of . arenicola (NRRL 3392, 8095, 31507
and 31509) and two strains of Ph. macrosporus (IBT 31128, 31129) grown in five different
fermentation media against C. albicans ATCC 10231 (left) and C. neoformans H99 (right).
The extracts of each strain on each medium were arrayed in agar wells from left to right.
Amphotericin B was the positive control (lower right corner). Assay wells are 4 mm in
diameter.
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A. EIC chromatograms of purified standards of acrophiarin, pneumocandin | and
pneumocandin K obtained from G. /ozoyensis (+ESI, m/z 900-1250). The chromatogram

obtained for A. arenicolaNRRL 3392 in medium V1 was selected among crude extract

Page 20

chromatograms as an example of acrophiarin and related pneumocandins in crude extracts.
B. MS fragments observed for: 1. Peak with retention time 16.02 min; 2. Purified
acrophiarin from G. lozoyensis, 3. Peak with retention time 17.30 min; 4. Purified

pneumocandin | from G. lozoyensis, 5. Peak with retention time 18.66 min; 6. Purified

pneumocandin K from G. /ozoyensis. See Chen and colleagues (2016b) for the production of

standards.
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A. LC-MS analysis of fractions 6 and 7 showing the presence of several acrophiarin and
pneumocandin analogues. B. MS fragmentation observed for unidentified acrophiarin
analogues 1-5.
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Graphic representation of the echinocandin-type gene clusters and their microsynteny.
Acrophiarin gene cluster from Penicillium arenicola NRRL 8095, echinocandin B gene
cluster from Aspergillus pachycristatus NRRL 11440, and pneumocandin gene cluster from
Glarea lozoyensis. Gene functions are colour coded. The intensity of the red scale bar
indicates the degree of nucleotide similarity.
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Phylogenetic analysis of the echinocandin and fellutamide NRPS A domains. Evolutionary
analyses were conducted in MEGA 7.0 by using the maximum likelihood method based on
the JTT matrix-based model. The tree is rooted with A domains of emericellamide
synthetase (EasA). The corresponding amino acids that are activated by each subclade of A
domains are indicated to the right. Numbers at nodes are likelihood bootstrap support values.
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Abbreviated trees for maximum likelihood phylogenies inferred from genes in the
echinocandin biosynthetic gene clusters. Maximum likelihood phylogeny was inferred from
each of the echinocandin biosynthetic-related genes. Each of the echinocandin biosynthetic-
related genes forms a monophyletic lineage. Eight of 13 £. arenicola acrophiarin
biosynthetic genes group with genes Leotiomycete-type echinocandins. A. Phylogeny of
acyl-AMP and AMP-dependent ligases. B, G, H and L. Phylogeny of non-heme iron, a.-
ketoglutarate-dependent oxygenases. C and I. Phylogeny of cytochrome P450s. D.
Phylogeny of 2-isopropylmalate synthases. E. Phylogeny of isopropylmalate
dehydrogenases. F. Phylogeny of ABC transporters. J. Phylogeny of p-amino acid
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aminotransferases. K. Phylogeny of isopropylmalate dehydratases. M. Phylogeny of
thioesterases. Numbers at nodes are likelihood support values.
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.. Coleophoma crateriformis
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Aspergillus aculeatus ...
100 — Aspergillus pachycristatus ..
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Eurotiomycetes
Eurotiales

Lecanoromycetes

Dothideomycetes
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| Orbiliomycetes
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~ Venustampulla echinocandica_—l_
68

Six-gene species tree

100

Maximum likelihood phylogenies of fungal species and the enzymes of the echinocandin
pathway. A. Phylogenetic reconstruction of the echinocandin-producing fungi and other
Ascomyecetes using maximum likelihood analysis of a six-gene dataset consisting of DNA
fragments of the 18S rRNA gene, the 28S rRNA gene, the ITS RNA region, the f-tubulin
gene, the translation elongation factor 1-a gene and the RNA polymerase |1 subunit 2 gene.
B. Consensus phylogenetic pattern for gene tree for 10 shared enzymes of all echinocandin
pathways (left) and the established phylogenetic tree extracted from the data in panel A.
Trees are rooted at the midpoint. Numbers at nodes are likelihood support values. The 10-
cluster enzyme tree significantly conflicted with the species phylogeny tree (Shimodaira—
Hasegawa test, 2= 0; weighted Shimodaira—Hasegawa test, 2= 0). Dotted lines are aids to

connect branch tips to strain name.
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NRRL 8095 NRRL 31507 NRRL 3392
L ) P

Fig. 9.

Zc?ne of inhibition assays for evaluation of echinocandin susceptibility of 2. arenicola
(NRRL 8095, NRRL 31507 and NRRL 3392), G. /ozoyensis (ATCC 20868), A.
pachycristatus (NRRL 11440) and C. albicans (ATCC 10231). 1. Acrophiarin (250 pg mi™1),
2. Pneumocandin Bg (250 ug mi~1), 3. Echinocandin B (250 ug mi~1), 4. Amphotericin B
(250 ug mi~1) and 5. DMSO.
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+ genes not physically linked

TS putative aryl sulfotransferase

oo _ . emimmmaliketide svnthase
HYD thioesterase
OXY oxygenase
NRPS non-ribosomal peptide synthetase

Hty homotyrosine pathway and putative amt a-amino-phenol-valerate pathway
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Fig. 10.

s oli

K_/Gain of OXY3

Evolutionary hypothesis for the family of echinocandin and fellutamide biosynthetic gene
clusters. Possible ancestral elements observed in the Aspergillaceae include adenylation
domains on the NRPSs, an acyl-CoA ligase of the fellutamide and echinocandin pathways
and their orthologues, and the Hty pathway. The origin of the Hty pathway is unknown, and
it is illustrated separately from the core NRPS of the echinocandins. In the Leotiomycete
lineage, a mutation in A domain 5 leads to incorporation of glutamine in position 5, and an
oxygenase for glutamine hydroxylation (OXY3) and a thioesterase (HYD) were recruited. A
highly reducing PKS and a presumed aryl sulfotransferase (TS) were recruited in some
species of the Leotiomycetes. An arrow indicates the possible origin of the acrophiarin gene
cluster in Penicillium arenicola by horizontal transfer (HGT) from Leotiomycetes. The date
of the estimated divergence of Leotiomycete—Eurotiomycete lineages is from Lutzoni and
colleagues (2018).
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