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Abstract

Fungi produce a remarkable diversity of secondary metabolites: small, bioactive molecules not
required for growth but which are essential to their ecological interactions with other organisms.
Genes that participate in the same secondary metabolic pathway typically reside next to each
other in fungal genomes and form biosynthetic gene clusters (BGCs). By synthesizing state-of-
the-art knowledge on the evolution of BGCs in fungi, we propose that fungal chemodiversity
stems from three molecular evolutionary processes involving BGCs: functional divergence,
horizontal transfer, and de novo assembly. We provide examples of how these processes have
contributed to the generation of fungal chemodiversity, discuss their relative importance, and

outline major, outstanding questions in the field.
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29 1. Fungal biosynthetic gene clusters produce diverse secondary metabolites of broad
30  ecological importance and human relevance

31  Fungi produce a remarkable diversity of secondary metabolites,! also known as natural products,
32 such as the immunosuppressant cyclosporin,? the cholesterol reducing lovastatin,’ the antibiotic
33 penicillin,* the hallucinogenic prodrug psilocybin,’ and the mycotoxins trichothecene® and

34  aflatoxin’ (Fig. 1). Although these small molecules are not required for fungal survival and

35  growth, their bioactive properties render them highly relevant to human affairs as drugs, toxins,
36  and pigments. But arguably their raison d’étre is to act as crucial intermediaries at the front line
37  of fungal ecology. Numerous secondary metabolites are thought to play key roles in shaping the
38 interactions that fungi have with other organisms across the tree of life, including with other

39  fungi,® bacteria,” 19 plants,'!- 12 or animals.!3-!> These interactions are varied, and include

40  virulence, defense, quorum sensing, protection, nutrient acquisition and the promotion of growth
41  (Fig. 2).
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Figure 1. Select examples of fungal BGCs, their secondary metabolites, and the organisms
that produce them. Genes are represented by arrows; Genes colored maroon denote secondary
metabolite backbone biosynthesis genes (such as polyketide synthases, terpene synthases, and
non-ribosomal peptide synthases), whereas genes colored grey denote BGC genes with diverse

functions, such as metabolite modification, metabolite transport, regulation of BGC expression,
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and resistance to secondary metabolite activity. Note that psilocybin biosynthesis does not
require any of the canonical backbone biosynthesis genes. Data from: Cyclosporin BGC?,
lovastatin BGC?, trichothecene T-2 toxin BGCY, aflatoxin BGC’, penicillin BGC#, and

psilocybin BGC>: 16

Most fungal secondary metabolites are encoded by biosynthetic gene clusters (BGCs; Fig. 1);
each cluster typically contains the majority, if not all, of the genes participating in the production
of a given secondary metabolite, with these genes located adjacent to each other (i.e.,
“clustered”) in the genome.!> 17-19 A typical fungal BGC contains one or more genes whose
protein products catalyze the synthesis of the backbone of the metabolite (such as polyketide
synthases, non-ribosomal peptide synthases, and terpene synthases), and one or more genes
encoding for: 1) enzymes (such as epimerases, methyltransferases, and hydroxylases) that modify
this backbone, ii) proteins involved in metabolite transport, iii) transcription factors involved in
regulation of BGC expression, and iv) proteins that confer resistance to the activity of the
secondary metabolite.!> 17 Fungal BGCs are generally similar in their genomic organization to
bacterial BGCs; the key difference is that bacterial BGCs are typically organized into operons
(where multiple genes are transcribed into a single messenger RNA), whereas fungal BGCs are

typically transcribed individually.20: 2!

Notable secondary metabolites produced by diverse backbone biosynthesis genes and BGCs
include: cyclosporin, a non-ribosomal peptide biosynthesized by a 14-gene BGC in the

ascomycete fungus Tolypocladium inflatum;?* lovastatin, a polyketide biosynthesized by an 18-
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gene BGC in the mold Aspergillus terreus;’ the trichothecene T-2 toxin, a terpene biosynthesized
by a 12-gene BGC and a 2-gene BGC found in several Fusarium species;® aflatoxin, a polyketide
biosynthesized by a 25-gene BGC in the mold Aspergillus flavus and its close relatives;’
penicillin, a non-ribosomal peptide biosynthesized by a 3-gene BGC in molds in the genera
Penicillium and Aspergillus;* and psilocybin, a tryptamine-derived secondary metabolite
biosynthesized by a 9-gene BGC in several different basidiomycete genera whose biosynthesis
does not require any of the canonical backbone biosynthesis genes (Fig. 1).>1® A comprehensive
and up to date compilation of fungal BGCs whose secondary metabolite products have been
functionally validated can be found at the MIBiG (Minimum Information about Biosynthetic

Gene cluster) repository.?? 23

BGCs vary widely in their numbers across fungal genomes; whereas ascomycete filamentous
fungi and basidiomycete fungi typically contain dozens (if not scores) of BGCs, unicellular
yeasts in both lineages either lack BGCs altogether or contain very few.!7-242> A given BGC is
often known from only a single species or a few closely related ones, but broadly and
discontinuously distributed BGCs, such as sterigmatocystin,?¢ also exist. Additionally, BGCs and
their secondary metabolites also show extensive variation in their presence / absence patterns

within fungal species.!”>27-2
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94  Figure 2. Secondary metabolites are central to the ecology of many fungi and shape their
95  diverse interactions with other organisms. Penicillin is an antibiotic whose ecological role lies
96 in fungal defense against bacteria,!? 6-n-pentyl-6 H-pyran-2-one (6-PP) promotes plant growth,!?

97  butyrolactone I is a quorum sensing molecule,’? gliotoxin is a virulence factor,?! DHN-melanin



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

Natural Product Reports

protects again UV light damage,3? and enterobactin is an iron uptake molecule that contributes to

the acquisition of nutrients.3

A notable feature of BGCs, hinted at by their high variability and narrow taxonomic range, is
that they are rapidly evolving.!”-3* Why is that so? From a molecular perspective, it has been
argued that the lower specificity of secondary metabolic enzymes means that new gene
duplicates are more likely to catalyze novel substrates and produce novel products that may be
favored by natural selection, accelerating their evolution.’> Additionally, BGCs often reside in
fast-evolving genomic regions, such as near the ends of chromosomes?® or in accessory
chromosomes.?’ From an ecological perspective, the involvement of secondary metabolites in
mediating interspecific interactions suggests that they are key in “arms races” between fungi and
their competitors, which are thought to accelerate evolutionary rates of the genes involved.3® But
secondary metabolite biosynthesis is also energetically costly. Thus, loss of the ability to produce
a secondary metabolite and reliance on other fungal relatives in the community for its production
may be, at least up to a point, advantageous to individual organisms*® 4? and further increase the

rate of BGC evolution.!”

One important question raised by considering the ecological relevance of fungal secondary
metabolites, the narrowness of their taxonomic distribution, and the fast pace of BGC evolution,
concerns the molecular evolutionary processes that give rise to fungal chemodiversity. In this
highlight, we suggest that there are three major molecular evolutionary processes that occur at

the level of BGCs and which give rise to fungal chemodiversity: functional divergence,
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horizontal or lateral transfer, and de novo assembly (see glossary in Table 1 for definitions of
these terms). While the focus of our highlight is on discussing how variation at the level of BGCs
gives rise to variation in secondary metabolism or chemodiversity, we note that all genetic
variation at the level of BGCs occurs via the standard battery of mutational types, such as point
mutations, insertions, deletions, rearrangements, duplications, and horizontal gene transfer (see
glossary in Table 1 for definitions). All of these types of mutations are well established and

known to influence fungal genes, genomes, and BGCs.20: 27, 29, 34,40

2. The evolutionary processes underlying fungal chemodiversity

2.1 BGC functional divergence

Functional divergence is the process by which the accumulation of molecular differences
between evolutionarily related or homologous (see glossary in Table 1) genes and pathways
leads to a change in their function or phenotype. In the context of BGCs, functional divergence
refers to the accumulation of molecular differences between the gene sequences of homologous
BGC:s that then give rise to chemical differences in their secondary metabolite products and
generate secondary metabolite structural diversity. Functional divergence has influenced both the
evolution of orthologous (see glossary in Table 1) BGCs that have originated through speciation
events as well as paralogous (see glossary in Table 1) BGCs that have originated through

duplication events.

2.1.1 Functional divergence of orthologous BGCs
Orthologous BGCs can functionally diverge via the accumulation of amino acid differences in

the enzymes encoded by BGCs. For example, the chemodiversity of fumonisin mycotoxins
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among Fusarium fungi stems from amino acid sequence variation in a protein encoded by a
single gene from the fumonisin BGC (Fig. 3A).*! Some Fusarium species, such as Fusarium
verticillioides, are known to produce primarily fumonisin B, whereas other species, such as
Fusarium oxysporum, produce primarily fumonisin C. The only difference in the structures of
fumonisin B and C is in the length of their backbones; the fumonisin B backbone is 20 carbon
atoms long, whereas the backbone of fumonisin C is 19 carbon atoms long. Comparison of the
fumonisin BGCs in F. verticillioides and F. oxysporum showed that the two species contain
orthologous BGCs with the same 19 (orthologous) genes; gene swapping experiments further
showed that sequence variation within the fum8 gene, which encodes for an a-oxoamine
synthase, is responsible for the observed difference in the type of fumonisin (B or C) produced
by the two species.*! The precise amino acid difference(s) between the F. verticillioides and F.
oxysporum Fum@8 protein orthologs responsible for observed divergence in fumonisin structure
are not known and the two orthologs exhibit 91% similarity in their amino acid sequences.*!
However, it appears that the F. verticillioides Fum8 enzyme preferentially binds the amino acid
alanine (and catalyzes its condensation to an 18-carbon linear polyketide to produce the 20-
carbon-long fumonisin B), whereas the F. oxysporum Fumg8 preferentially binds glycine,
resulting in the production of the 19-carbon-long fumonisin C.#! Sequence comparisons of
Fusarium a-oxoamine synthase sequences show that the amino acid residue at position 580 of
the protein is strongly associated with the type of fumonisin produced; presence of alanine at
position 580 is associated with fumonisin B production, whereas presence of valine at the same
position is associated with fumonisin C production.*? Consistent with this association, mutations
of this residue in human a-oxoamine synthase have been shown to alter the enzyme’s binding

affinity to its amino acid substrate.*3
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167

168  Alternatively, orthologous BGCs can functionally diverge through gains and losses of genes

169  (Fig. 3B). For example, some Aspergillus species, such as Aspergillus flavus, produce the

170  mycotoxin aflatoxin, whereas other species, including Aspergillus nidulans, produce the

171  mycotoxin sterigmatocystin. The two mycotoxins, as well as their BGCs, are similar to each

172 other. The difference in the mycotoxin produced is due to at least three genes (afIP, aflU, and
173 aflQ; shown in bold in Fig. 3B) present in the aflatoxin BGC that are not found in the

174  sterigmatocystin BGC. The AfIP protein is an O-methyltransferase that converts sterigmatocystin
175  to O-methylsterigmatocystin, whereas the cytochrome P450 monooxygenase AflU and the P-450
176  monooxygenase AflQ catalyze the conversion of O-methylsterigmatocystin to aflatoxin G and
177  aflatoxin B, respectively.”- 44 Note that the differences in gene content between the aflatoxin and
178  sterigmatocystin BGCs include additional genes (Fig. 3B); however, only afIP, aflU, and aflQ
179  have been shown to be involved in the conversion of sterigmatocystin to the aflatoxins.

180

181  Finally, some orthologous BGCs have functionally diverged through both the accumulation of
182  amino acid differences in the protein products of their genes as well as through gains and losses
183  of genes. The combined effect of these two processes is thought to account for the observed

184  structural diversity of yanuthone antimicrobial compounds in Penicillium molds®, as well as for
185  the diversity of the echinocandin class of antifungal drugs,* trichothecene mycotoxins,*” and
186  ergot alkaloids*® produced by diverse fungi.

187

188
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190  Figure 3. Fumonisins and sterigmatocystin / aflatoxins; two notable examples of fungal
191  chemodiversity that stems from the functional divergence of orthologous BGCs. Genes are
192  represented by arrows. Lines between genes from different species refer to orthologous genes.

193

194

195 2.1.2 Functional divergence of paralogous BGCs

196  BGC functional divergence that gives rise to the evolution of new secondary metabolites can also
197  occur via the duplication of genomic regions containing entire BGCs. Even though duplication of
198  genes in BGCs has been widely documented and it is now well established that gene duplication
199  is a major driver of both the diversity of individual backbone genes present in BGCs*: 0 as well
200  as of genes in BGCs in general,’* much less is known about the duplication of entire BGCs.

201

202 An example of BGC duplication concerns the duplication of two polyketide-producing BGCs,
203 Pksl-gc and Pks2-gc, in Metarhizium entomopathogenic fungi, one of which is known to

204  produce an anthraquinone derivative.’! Genomic and functional analyses of the two paralogous
205  BGCs show that they have functionally diverged through the reciprocal loss of genes in each

206  BGC as well as through the accumulation of substitutions in both the promoter and protein-

207  coding regions of their polyketide synthase genes (Fig. 4).>! Interestingly, the only shared

208  paralogous gene pair between the Pks/-gc and the Pks2-gc is the Pksl — Pks2 pair. In contrast,
209  the Pksl-gc and the Pks2-gc BGCs share two and three homologous genes, respectively, with the
210  A. fumigatus conidial pigment BGC (Fig. 4). Consistent with these differences in gene sequence
211  and content, the two BGCs show distinct expression patterns (the genes of Pks/-gc are expressed

212 during asexual spore formation, whereas the genes of Pks2-gc are expressed during the
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establishment of infection in insects) and produce distinct secondary metabolites. The
anthraquinone derivative product of Pks/-gc is involved in the pigmentation of asexual spores
and in abiotic stress tolerance, such as tolerance to UV light, whereas the uncharacterized

product of Pks2-gc appears to contribute to pathogenicity and not pigmentation or abiotic

stress.!
Figure 4
oH o o~
OH
A
O OH
o Metarhizium
D”pl'cat'onl — Pksi1-gc '_'tHj' robertsii
Metarhizium
- Pks2-gc ‘ E> b\ robertsii
Conidial X :
. Aspergillus
pigment -_-C:H:}EH:I{:}- ~
BGC fumigatus
OH OH

DHN-
OO — Melanin

Figure 4. Duplication and subsequent functional divergence of PksI-gc and Pks2-gc, two
paralogous polyketide BGCs present in Metarhizium insect pathogens. Two polyketide
synthase-containing BGCs, Pks-gc and Pks2-gc, in Metarhizium robertsii appear to be the result
of an ancient duplication of an entire BGC that likely resembled the conidial pigment BGC

found in the mold Aspergillus fumigatus. The Pks1-gc BGC produces an anthraquinone
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derivative, whereas the product of the Pks2-gc has yet to be characterized.’! Data from: M.
robertsii Pks1-gc BGC®! and chemical structure; M. robertsii Pks2-gc BGC;>! and A. fumigatus

conidial pigment BGC.>? Lines between genes from different species refer to orthologous genes.

Another example of functional divergence of paralogous BGCs are the patulin and yanuthone
BGCs in Penicillium molds, whose secondary metabolite products share a 6-methylsalicylic acid
(6-MSA) core.® The 15-gene patulin BGC and the 10-gene yanuthone BGCs contain several
pairs of paralogous genes thought to catalyze the same reactions leading to the formation of the
6-MSA core structure as well as several additional genes that lack sequence similarity to genes in
the other BGC and are presumably responsible for the structural differences between patulin and
yanuthones.® Thus, a proto-BGC responsible for the production of 6-MSA likely originated and
duplicated prior to the origin of Penicillium, followed by additional recruitment of non-
homologous genes in both BGCs. Interestingly, phylogenetic analysis of the 6-MSA synthase
protein suggests that the patulin 6-MSA synthase is more closely related to the 6-MSA synthases
found in the aculinic acid BGC from Aspergillus aculeatus> and in the terreic acid BGC in
Aspergillus terreus,>* both of which produce 6-MSA-based secondary metabolites.*> Thus, the
duplication and subsequent functional divergence of the patulin and yanuthone BGCs is part of a

broader series of duplication and functional divergence events of 6-MSA-based BGCs.

2.3 BGC horizontal transfer
Fungal chemodiversity can also originate via the horizontal transfer of entire BGCs from other

organisms.>® For example, horizontal transfer of the sterigmatocystin BGC from Aspergillus to
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Podospora resulted in the ability of the latter to produce sterigmatocystin (Fig. 5).°%37 In the
aftermath of horizontal transfer, the acquired BGCs can accumulate changes in their sequence
and genomic organization without altering the structure of the metabolic product. For example,
the average amino acid sequence similarity between the proteins encoded by the Aspergillus
nidulans and Podospora anserina sterigmatocystin BGCs is 63% and the two BGCs also differ
somewhat in their genomic organization, yet both produce the same metabolite. Thus, in contrast
to BGC functional divergence (section 2.2) and BGC de novo assembly (section 2.4 below), both
of which result in BGCs that produce new compounds, BGC horizontal transfer typically results

in the production of an existing compound in a new, typically distantly related, organism.

In the last decade, several examples of BGC horizontal transfer have been reported; most
transfers of entire BGCs are between fungi, such as the transfers of the BGC for the pigment
bikaverin from the ascomycete genus Fusarium to that of Botrytis,’¥0 of the BGC for the
hallucinogen psilocybin among basidiomycete fungi,' of the fumonisin BGC across Fusarium
species,*? of the chaetoglobosin-like BGC from Penicillium to Mycosphaerella populorum,' or
the multiple transfers of the BGC for the histone deacetylase inhibitor depudecin among
ascomycete fungi.®? In contrast, horizontal transfer of entire BGCs from bacteria, the lineage in
which secondary metabolism first originated,® appears to be less common and only one clear-cut
example of transfer of the siderophore enterobactin from enterobacteria to budding yeasts is

known to date.33

The examples discussed above all concern transfers of BGCs in the absence of functional

divergence (i.e., the same secondary metabolite is produced in both the donor and the recipient

Page 16 of 29



Page 17 of 29

272
273
274
275
276
277
278

279

280

Natural Product Reports

organisms). The identification of examples of BGCs that functionally diverged after HGT is
more challenging because, following functional divergence, donor and recipient BGCs can
exhibit substantial divergence in gene content and arrangement.> BGC horizontal transfer
followed by functional divergence is thought to account for the diversification of
epipolythiodioxopiperazine (ETP) mycotoxins, such as gliotoxin, sirodesmin and their

relatives.%*

Figure 5
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Lecanoromycetes

Dothideomycetes

Leotiomycetes

- Laboulbeniomycetes

(Sordariomycetes)

Pezizomycetes

other Ascomycota

Sterigmatocystin



281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

Natural Product Reports Page 18 of 29

Figure 5. Horizontal transfer of the sterigmatocystin BGC from Aspergillus to Podospora
resulted in the presence of the sterigmatocystin BGC in the Podospora genome and its
ability to produce sterigmatocystin. Evolutionary analyses of the history of the genes in the
sterigmatocystin BGC suggest that the Podospora BGC was horizontally acquired from an
Aspergillus ancestor.’® Subsequent functional and chemical studies have validated that
Podospora fungi produce the sterigmatocystin mycotoxin.'% 5765 Large orthologous blocks of

genetic sequence are depicted using orange trapezoids.

24  De novo BGC assembly

The final, and least well-documented, evolutionary process involved in the generation of fungal
chemodiversity is de novo BGC assembly, under which new secondary metabolites originate
from scratch in fungal genomes. The genes that become part of the newly formed secondary
metabolic pathway originate either through duplication and relocation of native genes or through
horizontal acquisition. One important source of genes for BGCs are duplicates of genes encoding
for enzymes already involved in primary and secondary metabolism, such as the isopropyl-
malate synthase gene in the echinocandin BGC of Aspergillus rugulosus,’® and the citrate

synthase gene in the zaragozic acid BGC of Curvularia lunata.’

De novo assembled BGCs are unlikely to be highly similar in their gene or sequence content to
already existing BGCs, making their identification through comparisons of genome sequences
(the major way all cases of BGC functional divergence and BGC horizontal transfer have been

identified) much more challenging. Several lines of evidence support that this mechanism also
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gives rise to fungal BGCs. The same general evolutionary process of de novo pathway assembly
is thought to be responsible for the origin of novel pathways that break down anthropogenic

chemicals®® as well as of certain catabolic pathways.!!- 6

De novo secondary metabolic pathways may originate in a similar manner via a two-step
process; step one involves the assembly of the secondary metabolic pathway through the
recruitment of native genes, duplicates of native genes, and horizontally acquired genes, and step
two involves their clustering into a BGC. Consistent with this model, several fungal secondary
metabolic pathways are comprised of two or more BGCs,!” suggesting that the clustering of
fungal secondary metabolic pathways is not an absolute requirement for their function. For
example, a 12-gene and a 2-gene BGC found in distinct genomic locations are involved in the
biosynthesis of the trichothecene T-2 toxin in F. graminearum (Fig. 1).% Additionally, several
BGCs contain distinct smaller clusters of genes (often referred to as modules) responsible for the
production of functional intermediates within the pathway, suggesting that the entire BGC
evolved via the merging of distinct, pre-existing smaller BGCs. For example, BGCs associated
with the production of echinocandins typically contain a 4-gene cluster for the production of L-
homotyrosine, one of the intermediates required for echinocandin biosynthesis.*® Similarly, the
genes of BGCs responsible for the production of distinct secondary metabolites can be
intertwined in the genome, as in the case of the fumagillin and pseurotin BGCs in 4. fumigatus,’®

providing empirical evidence of the evolutionary merging of distinct BGCs.

The second line of evidence is that gene relocation has been implicated in the diversification of

BGCs, such as the expansion of a trichothecene BGC in Fusarium species.”! Perhaps the best
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candidate of de novo assembly of a BGC involved in secondary metabolism is the fumonisin
BGC found in certain Fusarium and Aspergillus species.””> While the presence of the BGC in
Aspergillus is best explained by horizontal transfer from another fungus, one hypothesis for the
origin of the Fusarium BGC, based on examination of phylogenies of genes in the BGC, is that it
arose through the relocation and clustering of genes that were originally dispersed in the

genome.”?

3. Perspective and Major unanswered questions

Even though the remarkable breadth of fungal chemodiversity was well appreciated before the
advent of the genomics revolution,”? the sequencing of diverse fungal genomes from 2003
onward quickly began revealing that fungal genomes contained even larger numbers of BGCs
responsible for the biosynthesis of yet-unknown secondary metabolite products and provided
unprecedented opportunities for studying the origins and evolution of fungal chemodiversity at
the DNA sequence level.!” Currently, the molecular evolutionary processes by which fungal
BGCs evolve are becoming established (Fig. 3) and the relationship between chemical diversity

and BGC diversity for several secondary metabolites is being increasingly refined.*’

Comparison of the genetic and evolutionary mechanisms underpinning the evolution of fungal

chemodiversity with those inferred from the study of bacterial chemodiversity’+ 7> suggests that
similar mechanisms operate in both lineages. Arguably the biggest difference is the extent of the
contribution of BGC horizontal transfer in driving chemodiversity in the two lineages. Although

the role of BGC horizontal transfer is increasingly appreciated in fungi (see section 2.3),
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bacterial BGC horizontal transfer occurs at far higher rates and plays a bigger role in shaping

bacterial chemodiversity.”*

While the major contours of the molecular evolutionary basis of fungal chemodiversity are
increasingly well understood, several major outstanding questions and opportunities remain. For
example, we still lack an understanding of why fungal secondary metabolic pathways are
typically arranged in the genome as BGCs (three genetic models, namely co-regulation, genetic
linkage, and selfishness, and one phenotypic model, namely toxicity avoidance, have been put
forward as explanations)!”- 1% 76 and whether this clustering is associated with fungal
chemodiversity. We similarly lack a complete knowledge of the distribution and genomic
arrangement of secondary metabolic pathways in fungal genomes, especially from less-studied
and less-sequenced lineages located outside a few select genera of filamentous fungi (e.g.,

Aspergillus, Fusarium, Penicillium) from the phylum Ascomycota.”’

In the context of this highlight article, arguably the biggest challenges and opportunities lie in
uncovering examples of de novo BGC assembly, understanding the relative contribution of the
three different processes in sculpting BGC diversity, and elucidating how this diversity translates
to chemodiversity. Recently developed computational algorithms now allow the construction of
networks of fungal BGCs on the basis of their sequence similarity and gene order, enabling the
grouping of BGCs into BGC families, of families into clans, and so on.”® Reconciling this
network view of BGC evolution with the evolutionary processes that we discuss promises to
illuminate their relative importance in sculpting BGC diversity and how that translated to

chemodiversity. For example, a recent examination of 37 Aspergillus and Penicillium genomes
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identified more than 2,700 BGCs that could be grouped into 455 BGC families that presumably
produce distinct groups of secondary metabolites; strikingly, nearly half of these families
contained only a single BGC.” How did these single-BGC families originate and how common
are they when the entirety of fungal genomes is examined? And how do these 455 BGC families
relate to the ~15,600 described fungal secondary metabolites?!? These are exciting questions but
also non-trivial to address, not least because of the challenges associated with handling and
analyzing the ever increasing volume of publicly available fungal genomes (there are 5,064 draft

fungal genomes in GenBank as of October 30, 2019).

But the opportunity does not stop here; by considering the mechanisms that give rise to BGC
diversity we begin to set the foundations of an evolutionary framework to bridge genotype
(BGCs) with chemotype (their secondary metabolites). Establishing such a framework will not
only advance our understanding of how genomic diversity translates to chemodiversity, but will
also be useful in genetic engineering- and directed evolution-based efforts to discover and
produce new leads in the pharmaceutical and agrochemical research areas.*> Connecting BGC
diversity with chemodiversity, and elucidating the relationship between BGC sequence
divergence and chemical structure divergence, is even more daunting due to the current lack of
structures for most fungal BGCs!” and vice versa (i.e., the BGCs responsible for making most
fungal secondary metabolites are unknown). With the sequences of tens of thousands of fungal
BGCs, thousands of fungal secondary metabolite chemical structures, and a smorgasbord of
novel synthetic biology, chemical, and bioinformatic tools that accelerate the discovery of new

secondary metabolites®? at hand, exciting discoveries lay ahead.
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585  Table 1. Glossary of evolutionary terms

Term Definition
BGC de novo assembly Refers to the process by which an entire BGC is
evolutionarily assembled through the recruitment and
relocation of native genes, duplicates of native genes, and
horizontally acquired genes
BGC duplication Refers to the generation of an additional (duplicate) copy

BGC functional divergence

BGC horizontal or lateral transfer

Deletion

Duplication

Homology / homologous

of an entire BGC in the genome

Refers to the process by which homologous BGCs,
through the accumulation of genetic changes, gradually
diverge in their functions (i.e., in the secondary
metabolites they produce)

Refers to the process by which an entire BGC from the
genome of one organism is transferred and stably
integrated into the genome of another through non-
reproduction related mechanisms

Type of mutation, which stems from the deletion of
genetic material in the genome

Refers to the generation of an additional (duplicate) copy
of genetic material in the genome

In the context of genes, two genes are homologous if their
origins can be traced to the same common ancestor.

Homologous genes can originate via processes such as
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Horizontal / lateral gene transfer

Insertion

Orthology / orthologous

Paralogy / paralogous

Point mutation

Rearrangement

Natural Product Reports

gene duplication (in which case they are paralogs) and
vertical descent / speciation (in which case they are
orthologs)

Refers to the transfer and integration of genetical material
from the genome of one organism to the genome of
another through non-reproduction related mechanisms
Type of mutation, which stems from the insertion of
genetic material in the genome

In the context of genes, two genes are orthologous if they
originated via vertical descent / speciation, i.e., if they
stem from the same ancestral gene that was present in the
last common ancestor of the strains / species being
compared

In the context of genes, two genes are paralogous if they
originated via gene duplication

Type of mutation, which stems from the replacement of
one nucleotide base pair by another

Type of mutation, which stems from the rearrangement of

genetic material in the genome
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