
Fungi secrete enzymes to externally break down their 
surrounding food sources and absorb the products of 
this catabolic activity from the medium1. Extracellular 
digestion poses a considerable challenge; the food, which 
the fungal colony has spent substantial energy digesting, 
is accessible not only to the colony but also to all other 
nearby organisms2. To meet this challenge, fungi have 
evolved to consume a wide variety of foods, which is 
reflected in their diverse primary metabolism; they have 
also evolved a remarkable diversity of ‘chemical weapons’ 
to protect their food from competitors, which is reflected 
in their secondary metabolism (Box 1). In addition, many 
fungi are pathogens of plants or animals, and secondary 
metabolites in particular have key roles as signals and 
toxins in these interactions3–5.

Fungal primary and secondary metabolic path­
ways, especially those with ecologically special­
ized or accessory functions, are often encoded by 
metabolic gene clusters (MGCs)5,6. Similar to typical 
eukaryotic genes, the vast majority of fungal genes in 
MGCs are independently transcribed and not organized 
into operons, although exceptions exist7. MGCs partici­
pate in diverse functions related to primary metabolism,  
including the utilization of compounds (for example, 
nitrate8,9 and allantoin10), sugars (for example, galactose11), 
vitamins (for example, biotin12) and amino acids (for 
example, tyrosine13 and proline14); the degradation of 
xenobiotics (for example, arsenic15 and cyanate16); and 
the production of various secondary metabolites, such 
as toxins (for example, aflatoxins17, trichothecenes18 and 
ergot alkaloids19), antibiotics (for example, penicillin20), 
drugs (for example, lovastatin21), pigments (for example, 
melanin22) and others (for example, kojic acid23) (Fig. 1).

Knowledge of primary and secondary MGCs far pre­
dates fungal genomics6; however, the close examination 
of the fungal DNA record enabled by genome seque­
ncing has unearthed a much larger number of MGCs  
than anticipated (Fig. 2). This is especially true for  
MGCs involved in secondary metabolism; for example, 
the 498 genes in the 70 secondary MGCs24 in Aspergillus  
nidulans (Ascomycota, Eurotiomycetes) account for 
4.7% of the protein-​coding genes of the organism. As 
only approximately a dozen secondary metabolites are 
known from this organism25, there is optimism that 
functional characterization of the full complement of 
secondary MGCs in fungal genomes will lead to the 
discovery of a whole suite of novel metabolites5,26.

The fact that natural selection has favoured and 
maintained the clustering of fungal metabolic pathways 
in certain fungi is surprising, not only because some of 
these pathways are often unclustered or partially clus­
tered in other fungi11,27,28 as well as in other eukaryotes29,30 
but also because comparative genomic analyses have 
revealed extensive structural rearrangements across fun­
gal genomes31. In this Review, we explore the remarka­
ble diversity in the organization of fungal MGCs; their 
variation within fungal populations and between fungal 
species; the mechanisms that underlie MGC formation, 
maintenance and decay in fungal populations; and how 
this organization of fungal metabolic pathways into 
MGCs facilitates adaptation to changing environments 
through the acquisition and loss of metabolic capaci­
ties. We also summarize what is known about MGCs 
involved in specialized metabolism in other eukaryotes 
and raise the question of why MGCs are less common 
or absent in other lineages.

Primary metabolism
The part of metabolism 
involving pathways associated 
with growth, such as those for 
macronutrients (for example, 
carbohydrates, fat and 
proteins).

Secondary metabolism
(Or specialized metabolism). 
The part of metabolism 
involving pathways associated 
with the production of small, 
bioactive molecules, such as 
mycotoxins, pigments and 
antibiotics.
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Gene clusters
Cluster organization. The typical configuration of 
MGCs involved in primary metabolism includes genes 
encoding enzymes, transporters and transcription fac­
tors. For example, the five-​gene MGC involved in nitrate 
assimilation in Ogataea polymorpha (Ascomycota,  
Saccharomycetes) contains two enzymes, two transcrip­
tion factors and a transporter32,33 (Fig. 1a). Similarly, the 
four-​gene sugar utilization MGC34 found in Aspergillus 
parasiticus and the four-​gene proline catabolism MGC14 
in A. nidulans are both composed of a transporter, a 
regulatory protein and two structural genes encoding 
enzymes.

The standard configuration of MGCs involved in 
secondary metabolism includes a backbone gene whose 
protein product synthesizes the secondary metabolite 
precursor, such as a nonribosomal peptide synthetase 
(NRPS), a polyketide synthase (PKS), a dimethylallyl 
tryptophan synthetase (DMATS) or a terpene cyclase 
(TC), genes for one or more tailoring enzymes that 
chemically modify secondary metabolite precursors, 
transporter genes responsible for exporting the final 
product and transcription factors involved in cluster 
regulation. For example, the MGC for the synthesis of 
the mycotoxin gliotoxin in the opportunistic human 
pathogen Aspergillus fumigatus contains 13 genes, 
including genes encoding an NRPS (gliP), multiple 
tailoring structural genes (gliI, gliJ, gliC, gliM, gliG, 
gliN and gliF), a transporter (gliA), a transcription fac­
tor (gliZ) and a gliotoxin oxidase (gliT) that protects  
the fungus from its own gliotoxin35 (Fig. 1a). Similarly, the 
MGC for the biosynthesis of the red pigment bikaverin 
in the rice pathogen Fusarium fujikuroi (Ascomycota,  
Sordariomycetes) includes a gene encoding a PKS 
(bik1) and two genes (bik2 and bik3) encoding tailoring 

enzymes, as well as genes encoding a general transcrip­
tional activator (bik4), a pathway-​specific transcriptional 
activator (bik5) and a transporter (bik6)36.

Diversity in gene content and structure. Although the 
paradigm is that primary and secondary MGCs contain 
all dedicated pathway genes, both gene content and 
structure can vary considerably across pathways (Fig. 1b).

Most observed diversity between primary MGCs 
concerns whether transcription factors and transport­
ers are part of the MGC. For example, in contrast to the 
standard configurations of the nitrate assimilation MGC 
in O. polymorpha and the proline catabolism MGC in 
A. nidulans mentioned above, both of which encompass 
transporters, transcription factors and structural genes, 
the galactose MGC in Saccharomyces cerevisiae contains 
only the three structural genes responsible for the conver­
sion of galactose to glucose-1-phosphate (gal1, gal7 and  
gal10)11,37,38. The regulators of this pathway (gal3, gal4 
and gal80) as well as the gene encoding the galactose per­
mease (gal2) all reside in distinct chromosomal locations, 
away from the MGC37 (Fig. 1b). Other primary metabolic 
pathways consist of more than one MGC; this is the 
case for the six-​gene biotin12 pathway present in certain 
S. cerevisiae isolates, which consists of a two-​gene MGC 
on chromosome 9, a three-​gene MGC on chromosome 14  
and one additional gene on chromosome 7 (Fig. 1).

Secondary MGCs also exhibit diversity in their gene 
content and structure. Some secondary MGCs deviate from 
the standard configuration and contain only enzymes, 
such as the endocrocin39 MGC in A. fumigatus, the phe­
nylalanine13 and asperthecin40 MGCs in A. nidulans,  
the penicillin20 MGC in Penicillium chrysogenum  
(Ascomycota, Eurotiomycetes) and the melanin22 MGC 
in Alternaria alternata (Ascomycota, Dothideomycetes). 
On the basis of the backbone gene in the MGC, sec­
ondary metabolites can be broadly classified into 
non-​ribosomally synthesized peptides (encoded by 
NRPS genes), polyketides (by PKS), indole alkaloids 
(by DMATS) and terpenes (by TC)5. However, some 
MGCs contain multiple backbone genes; this is the 
case for the emericellamide MGC41 in A. nidulans and 
for the cyclosporine MGC42 in Tolypocladium inflatum 
(Ascomycota, Sordariomycetes), which contain both a 
PKS and an NRPS, the T-​toxin MGC43 in Cochliobolus 
heterostrophus (Ascomycota, Dothideomycetes), 
which contains two PKSs, and for the hexadehy­
droastechrome MGC44 in A. fumigatus, which con­
tains an NRPS and a DMATS. By contrast, other 
secondary MGCs lack backbone genes. For example,  
biosynthesis of the cyclic peptide ustiloxin B in Aspergillus 
flavus is not mediated via an NRPS but through a ribo­
somal peptide synthetic pathway encoded by a 16-gene 
MGC45. Similarly, the three-​gene MGC involved in the 
biosynthesis of kojic acid in the domesticated fungus 
Aspergillus oryzae contains only a transcription fac­
tor, an oxireductase and a transporter23 but none of the  
backbone genes typically found in secondary MGCs.

Secondary metabolic pathways, similar to primary 
metabolic pathways, can also consist of more than one 
MGC. For example, the cephalosporin biosynthetic 
pathway in Acremonium chrysogenum (Ascomycota, 

Box 1 | Metabolic gene clusters hold major clues to fungal ecology

Examination of dentition can yield substantial insights into the feeding ecology of 
different mammals; for example, sharp, large incisors and pointed premolars and 
molars are characteristic of carnivorous mammals, whereas the absence of incisors and 
the presence of broad, ridged premolars and molars are characteristic of herbivores.  
In a similar manner, examination of the presence or absence patterns of metabolic 
pathways (including metabolic gene clusters (MGCs)) involved in primary metabolism in 
fungal genomes can shed light on the feeding ecology of different fungi. For example, 
the presence of an MGC comprising gal1, gal7 and gal10 is characteristic of species able 
to assimilate galactose, whereas the presence of a nitrate MGC denotes fungi that can 
assimilate nitrate.

The presence of claws, spines and other morphological characteristics can yield 
substantial insights into mammalian adaptations associated with interspecific 
interactions, such as predation, defence and territory establishment. For example, the 
sharp claws of tigers represent an adaptation to a predatory lifestyle, whereas the 
spines of hedgehogs are used for defence. In an analogous manner, examination of the 
presence or absence patterns of secondary metabolic pathways (including MGCs) can 
shed light on fungal community ecology. For example, the presence of the MGC for 
penicillin biosynthesis, a secondary metabolite with antibacterial activity, can be 
deduced to aid fungi in interspecific competition with bacteria, whereas the presence 
of the two MGCs for T-​toxin production is associated with fungi that cause plant 
disease.

More generally, whereas all the mammalian traits discussed above represent 
morphological phenotypes (for example, phenotypes that are the product of 
development), their fungal trait counterparts represent biochemical phenotypes, 
arguing that, whereas much of animal evolution occurs in the context of development, 
fungal evolution occurs in the context of biochemistry.

Metabolic gene clusters
(MGCs) A set of genes from the 
same metabolic pathway that 
is physically linked and 
occupies the same genetic 
locus in the chromosome; in 
other organisms, similarly 
organized co-​adapted gene 
complexes are associated with 
non-​metabolic traits and have 
come to be known as 
supergenes.
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Sordariomycetes) consists of at least two two-​gene 
MGCs46; the dothistromin biosynthetic pathway27 
resides in six separate loci, five of which are MGCs 
(Fig. 1b), on a single chromosome in Dothistroma sep-
tosporum (Ascomycota, Dothideomycetes); and the 
biosynthetic pathway for the meroterpenoids austinol 
and dehydroaustinol47 in A. nidulans consists of a four-​
gene MGC on chromosome 5 and a ten-​gene MGC on 
chromosome 8. Multiple MGCs have been additionally 

described for Fusarium trichothecenes48, Aspergillus 
aflatrem49, Cochliobolus T-​toxin43 and Aspergillus prenyl 
xanthones28.

Moreover, MGCs for different pathways can also 
reside next to each other on a chromosome or even be 
intertwined. For example, the MGC for the secondary 
metabolite aflatoxin in A. parasiticus is located right next 
to a sugar utilization MGC34, which is interesting given 
that sugar availability is a known inducer of aflatoxin 

Nitrate assimilation MGC 
in Ogataea polymorpha 

Primary metabolism

Primary metabolism

Secondary metabolism

Secondary metabolism

Gliotoxin MGC in 
Aspergillus fumigatus

a   Standard configuration of fungal MGCs

b  Variation in gene content and structure among fungal MGCs

Galactose MGC and unclustered pathway
genes in Saccharomyces cerevisiae

TransporterEnzyme Regulator Backbone synthesis gene

Biotin MGCs and unclustered pathway 
gene in Saccharomyces cerevisiae

Emericellamide MGC in 
Aspergillus nidulans

Kojic acid MGC in 
Aspergillus oryzae

The intertwined fumagillin (F) and pseurotin (P) super MGC in Aspergillus fumigatus 

Dothistromin MGCs and unclustered 
gene in Dothistroma septosporum

Non-MGC gene

F F F P P P PF FF F P P PF/P

Fig. 1 | Representative metabolic gene clusters from fungi. a | The standard configuration of metabolic gene clusters 
(MGCs) in primary and secondary metabolism; such MGCs contain enzymes, transporters and regulatory genes, as well as 
(in the case of MGCs involved in secondary metabolism) backbone synthesis genes. The five-​gene MGC involved in nitrate 
assimilation in Ogataea polymorpha contains two enzymes, two transcription factors and a transporter33. The MGC for the 
synthesis of the mycotoxin gliotoxin in the opportunistic human pathogen Aspergillus fumigatus contains 13 genes, 
including a backbone synthesis gene, multiple tailoring structural genes, a transporter, a transcription factor and a 
gliotoxin oxidase gene that provides self-​protection to the fungus35. Gene size and spacing are not to scale. b | Both 
primary and secondary MGCs exhibit substantial variation in their gene content and structure. For example, in contrast to 
a single nitrate assimilation MGC in O. polymorpha (see part a), the galactose MGC in Saccharomyces cerevisiae contains 
only the three structural genes responsible for the conversion of galactose to glucose-1-phosphate (gal1, gal7 and gal10), 
whereas the regulators of this pathway (gal3, gal4 and gal80) as well as the galactose permease gal2 all reside in distinct 
chromosomal locations37. Similarly , the biotin biosynthesis pathway is located in three different loci in the S. cerevisiae 
genome (a three-​gene MGC, a two-​gene MGC and an additional gene) and does not contain any regulatory genes12. 
Variation in gene content and structure is also evident for MGCs involved in secondary metabolism. For example, the 
emericellamide MGC in Aspergillus nidulans contains two different backbone synthesis genes41, whereas the kojic acid 
MGC in Aspergillus oryzae does not contain any backbone synthesis genes23. Moreover, the genes involved in the 
biosynthesis of dothistromin in Dothistroma septosporum reside on six different loci (five of those are MGCs)27, whereas the 
genes involved in the biosynthesis of fumagillin and pseurotin in Aspergillus fumigatus are intertwined and under the 
control of the same regulator50.
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biosynthesis. Similarly, the genes for the secondary 
metabolites fumagillin and pseurotin are intertwined 
in a single MGC located at the subtelomeric region on 
chromosome 8 of A. fumigatus50 (Fig. 1b). The fumi­
tremorgin MGC is also nearby, residing ~35 kb away 
in the 5′ direction from the fumagillin MGC50, whereas  
a single A. fumigatus isolate has been found to also  
contain a five-​gene secondary MGC immediately adja­
cent to the 3′ end of the intertwined fumagillin and 
pseurotin MGC51.

Polymorphism and divergence
Variation in fungal populations. MGCs harbour sub­
stantial amounts of genetic polymorphism51. Perhaps the 
most common type is associated with null alleles; a recent 
examination of variation in the 36 described MGCs 
in a sample of genomes from 66 A. fumigatus isolates 
revealed an abundance of non-​functional gene polymor­
phisms, gene gain and loss polymorphisms, and whole 
cluster gain and loss polymorphisms51. Such alleles are 
common in populations of many fungal species and sug­
gest that the full MGC diversity of the population is cap­
tured only by the pangenome52 and not by the genomes 
of individual strains. For example, A. flavus field isolates 
often contain null alleles that render them unable to pro­
duce the potent mycotoxins aflatoxin and cyclopiazonic 
acid53. Similarly, null alleles have also been observed 
for the gibberellin and fumonisin MGCs in Fusarium 
oxysporum and Fusarium fujikuroi, respectively54,55, 
for the ochratoxin MGC in Aspergillus carbonarius56, 
and for diverse PKS-​containing and NRPS-​containing 
MGCs in the major pathogen of wheat Zymoseptoria 
tritici (Ascomycota, Dothideomycetes)57. In some 
cases, it is the null alleles that are present at high fre­
quency in the population. For example, the major allele  
of the bikaverin MGC in the noble rot Botrytis cinerea 
(Ascomycota, Leotiomycetes) is a non-​functional gene 
cluster composed of pseudogenes in three of the six 
pathway genes, including the backbone PKS gene bik1 
(refs58–60). A recent screen showed that a functional 
MGC, which colours the mycelium of the fungus pink, 
was present in only 7 of the 33 isolates tested60. Finally,  
the genetic architecture of these null alleles can some­
times correlate with geography and be quite complex. For 
example, the entire galactose gene network, including the 
galactose MGC, is dispersed across several chromosomes 
in Saccharomyces kudriavzevii, a close relative of the 
baker’s yeast; interestingly, the network exists as a func­
tional gene network in Portuguese isolates but as a non- 
functional gene network of allelic pseudogenes in 
Japanese isolates61.

Although the phenotypes associated with these null 
polymorphisms are well characterized, their adaptive 
importance, if any, is less well understood. For example, 
it has been hypothesized62 that the atoxicity stemming 
from the null alleles in the aflatoxin MGC of A. oryzae, 
a fungus used in the making of the Japanese alcoholic 
drink sake, might have been driven by its impact on 
the survival of S. cerevisiae (aflatoxin is genotoxic63); the 
two fungi are co-​cultured during the making of sake.

Much less frequently, MGCs can be found in various 
copy numbers in fungal populations. For example, the 
two-​gene MGC involved in the synthesis of the osmo­
protectant betaine shows different copy numbers across 
A. fumigatus isolates64. Another recently discovered and 
relatively rare type of polymorphism is associated with 
secondary MGCs that are located in different genomic 
locations in different isolates. For example, a second­
ary MGC found in six A. fumigatus isolates seems to be  
located on chromosome 1 in two isolates, on chro­
mosome 4 in three isolates and on chromosome 8, 
immediately adjacent to the 3′ end of the intertwined 
fumagillin and pseurotin secondary metabolite gene 
supercluster50, in another isolate51. In all six isolates, 
the secondary MGC is flanked by genomic regions 
containing transposable elements51.

Perhaps the most unusual and least understood type 
of variation is observed at loci where non-​homologous  
MGCs correspond to ‘allelic’ polymorphisms. Although 
these involve multiple genes, they are reminiscent 
of the idiomorph alleles in the fungal mating locus65. 
One example comes from A. flavus62, where analysis 
of the genomes of eight different isolates identified a 
genomic region on chromosome 7 in which three iso­
lates contain a nine-​gene MGC highly similar to the 
MGC for the production of a volatile sesquiterpene in 
Trichoderma virens (Ascomycota, Sordariomycetes)66, 
and the remaining five isolates contain a six-​gene 
MGC62. Interestingly, only the gene encoding the ter­
pene synthase, the gapdh gene and a few non-​coding 
regions are homologous between the two ‘alleles’62. 
Similarly, examination of 66 A. fumigatus isolates iden­
tified a locus on chromosome 3 that contains at least 
six different alleles that share no or partial homology to 
one another. Interestingly, the different alleles exhibit 
different metabolite profiles, which suggests that 
these idiomorph polymorphisms contribute to fungal 
chemodiversity51.

Variation between species. Most primary MGCs show 
broad taxonomic distributions, whereas most sec­
ondary MGCs show narrow taxonomic distributions 
and are found in one or a few closely related species. 
For example, the galactose utilization and the nitrate 
assimilation MGCs are widespread across the more 
than 1,000 species comprising the Saccharomycotina 
subphylum9,11, whereas a recent comparison of the 260 
secondary MGCs collectively present in four distantly 
related Aspergillus species identified only a single two-​
gene MGC that was shared by two of the species exam­
ined24. However, exceptions exist67, and the numbers of 
secondary MGCs shared between species increase in 
comparisons of close relatives68,69.

Pangenome
The full complement of genes 
present in a population or 
species, which includes genes 
present in all individuals as well 
as genes that are present in 
only some individuals (or even 
in a single individual).

Idiomorph alleles
The non-​homologous alleles 
that determine the fungal 
mating type of an isolate.

Fig. 2 | Distribution of predicted primary and secondary metabolic gene clusters 
across the genomes of representative fungal species. The genome size and number  
of protein-​coding genes of representative fungal species are indicated. Primary 
metabolic gene clusters (MGCs) were derived using the previously published Kyoto 
Encyclopedia of Genes and Genomes (KEGG) network approach111; pathways 
participating in carbohydrate, energy , lipid, nucleotide, amino acid, glycan and cofactor 
or vitamin metabolism were classified as primary metabolic pathways. The categories 
and counts of secondary MGCs shown were obtained using AntiSMASH167. A list of 
predicted MGCs is provided in Supplementary Table 2. NRPS, nonribosomal peptide 
synthetase; PKS, polyketide synthase.
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The types and trends of observed variation between 
species match well with those observed within spe­
cies. A very common type is presence or absence var­
iation across a lineage. In many cases, this variation 
stems from wholesale MGC loss or pseudogenization 
events. For example, both the galactose11,70 and the  
l-​rhamnose70 utilization MGCs have been lost multi­
ple times in the class Saccharomycetes. Similarly, mul­
tiple losses of secondary MGCs have been observed in 
various lineages (for example, loss of the bikaverin MGC 
in various Botrytis species59 and of the ACE1 MGC in 
several Pezizomycotina lineages71). However, in other 
instances, loss of MGC function has been accompa­
nied by loss of some but not all its constituent genes 
(for example, several Botrytis species have lost the bika­
verin MGC59 but have retained one of its six genes, the 
non-​pathway-specific regulator bik4; the same is true of 
the depudecin MGC across diverse fungal genera72). In 
addition, genomic comparisons between species have 
also uncovered loci whose synteny is conserved but 
whose MGC composition is variable73, which are remi­
niscent of the idiomorph MGCs observed in fungal 
populations51,62.

Conserved MGCs typically exhibit substantial var­
iation in structure and gene content across species. 
For example, the nitrate assimilation MGC is clustered 
in O. polymorpha, partially clustered in A. nidulans 
and unclustered in Neurospora crassa (Ascomycota, 
Pezizomycotina)33. Furthermore, whereas the pathway 
is regulated by the orthologous transcription factors nirA 
and nit4 in A. nidulans and N. crassa, respectively, the 
O. polymorpha MGC contains two unrelated transcrip­
tion factors33, which is suggestive of regulatory rewiring. 
Variation in MGC structure and gene content has been 
observed in several other MGCs, such as the allantoin 
utilization MGC10 and the proline assimilation MGC33. 
Similarly, regulatory rewiring has been observed in the 
galactose MGC38,74 as well as in many secondary MGCs 
in Aspergillus species24. The complex relationship 
between structural and phenotypic variation of MGCs  
across species is illustrated by examination of the 
galactose pathway across fungi (Box 2).

The more narrow and discontinuous taxonomic 
distribution of secondary metabolic pathways means 
that there are fewer known examples of variation in 
structure and gene content between species. One well-​
studied case involves the MGCs for the biosynthesis of 
trichothecenes48 in Fusarium species. Whereas the genes 
involved in this pathway reside in three distinct loci in 
Fusarium graminearum and Fusarium sporotrichioides, 
with the majority located in a 12-gene MGC, the path­
way in Fusarium equiseti not only lacks one gene and 
includes another but also contains the pathway in just 
two loci, one of which is a 14-gene MGC48.

Similar to primary MGCs, variation in gene content 
of secondary MGCs often translates to phenotypic vari­
ation. For example, the structural diversity of the potent 
trichothecene toxins produced by diverse plant path­
ogenic and entomopathogenic fungi stems from gene 
duplications, gene losses and functional divergence of 
genes in the trichothecene MGCs75. Perhaps the best 
known example is that of the MGCs involved in the 

production of the related compounds sterigmatocystin, 
O-​methylsterigmatocystin (OMST) and aflatoxins found 
in several different species in the genus Aspergillus. 
Sterigmatocystin and aflatoxin MGCs are evolu­
tionarily related but differ in gene content, order and  
orientation76,77. In these MGCs, which metabolite (or 
metabolites) is synthesized depends on three genes that 
are present in aflatoxin MGCs but absent from steri­
gmatocystin MGCs. Specifically, aflP is required for 
converting sterigmatocystin to OMST17, whereas aflU  
and aflQ are required for converting OMST to the G and  
B classes of aflatoxins17,78, respectively. In some cases, 
functional variation can be due to amino acid differences 
in proteins encoded by orthologous genes; for example, 
the biosynthesis of group B and C fumonisins is thought 
to be determined by sequence variation in a single  
gene (fum8) in the 17-gene MGC found in different 
Fusarium species79.

MGC formation and maintenance mechanisms
MGC formation. How MGCs originate in fungal 
genomes and how they are maintained in natural popu­
lations are questions that have only recently begun to 
be examined. In all cases where the origins of a given 
MGC have been confidently inferred, they involve relo­
cations of native genes as well as of duplicates of native 
genes. The best known example is the origin of the DAL 
MGC involved in allantoin metabolism in S. cerevisiae 
because the different degrees of clustering found in the 
genomes of close relatives of S. cerevisiae give us an 
evolutionary peek into the steps that occurred during 
the evolutionary assembly of this MGC10. In this case, 
four of the six genes in the MGC are native genes that 
relocated to the MGC locus, whereas the other two are  
duplicates of native genes residing elsewhere in the 
genome that relocated to the MGC locus after dupli­
cation. Other examples of MGCs that have arisen 
de novo by relocation of native genes (or of their dupli­
cates) include the galactose11, betaine29 and cyanate 
detoxification16 MGCs.

An alternative hypothesis is that certain fungal MGCs, 
particularly those associated with secondary metab­
olism, may have originated via horizontal gene transfer 
(HGT) from bacteria, as has been proposed for the pen­
icillin and cephalosporin MGCs46,80. Under this hypoth­
esis, secondary MGCs were originally formed as operons 
in bacteria and were subsequently horizontally trans­
ferred to fungi. However, given the paucity of examples 
of fungal MGCs that were horizontally acquired from 
bacteria, it is likely that most fungal MGCs originated  
via relocation (and sometimes prior duplication) of 
native genes.

MGC spread. Once an MGC is formed and established 
in a fungal species, it can occasionally spread beyond 
the species’ boundaries via HGT. Examination of fun­
gal genomes has revealed nearly a dozen instances of 
HGT between fungi involving both primary and sec­
ondary MGCs81. Notable examples include the HGT 
of a 23-gene MGC involved in the biosynthesis of 
the sterigmatocystin mycotoxin from an Aspergillus 
ancestor to a Podospora ancestor77 (Ascomycota, 

Regulatory rewiring
The same metabolic pathway 
(or other biological process) is 
regulated by different (non-​
homologous) transcriptional 
factors (and circuits) in different 
species.

Horizontal gene transfer
(HGT; also known as lateral 
gene transfer). The transfer of 
genetic material from one 
organism to another through a 
process other than 
reproduction.
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Sordariomycetes), the HGT of a three-​gene MGC 
involved in galactose utilization from a Candida 
ancestor to the Schizosaccharomyces ancestor11, the 
HGT of a six-​gene MGC involved in the biosynthesis 
of the red pigment bikaverin from a Fusarium ances­
tor to a Botrytis ancestor58,59, the HGTs of a five-​gene 
MGC associated with the biosynthesis of the hallu­
cinogen psilocybin within fungi82 and the multiple 
instances of HGT in filamentous fungi associated with 
the MGCs involved in the biosynthesis of gliotoxin 
and related mycotoxins83. Transferred MGCs may be 
subsequently lost (for example, the bikaverin MGC 
in several Botrytis species59), may retain their original 
function (for example, the sterigmatocystin MGC in 
Podospora84) or may diverge in function (for example, 
the galactose MGC in S. pombe, which does not use 
galactose as a source of energy but for glycosylation85, 
as well as the MGCs involved in the biosynthesis  
of gliotoxin and related mycotoxins83).

MGC formation and maintenance are driven by 
selection. Unlike clusters of tandemly duplicated 
genes, where non-​homologous recombination gives 
rise both to the genes and to their physical proximity 
in the genome86, the observed clustering of the non-​
homologous genes that form MGCs must be the end 
result of an evolutionary process. The only known 
evolutionary force that can drive MGC formation, as 
well as their establishment and maintenance, in natural 
populations is natural selection87.

The best evidence for the involvement of natural 
selection in MGC formation comes from the several 
known instances of convergent evolution of MGC forma­
tion. For example, the galactose MGCs present in the 
Saccharomycotina yeasts and in the unrelated basidi­
omycete yeast genus Cryptococcus have evolved inde­
pendently; although the same three genes (gal1, gal7 
and gal10) are involved, the Saccharomycotina yeast  
gal genes are most closely related to the unclustered gal  

Box 2 | Evolution of the galactose utilization metabolic gene cluster

Most species in the class Saccharomycetes (Ascomycota), including Saccharomyces cerevisiae, Kluyveromyces lactis and 
Candida albicans, contain a galactose metabolic gene cluster (MGC) that includes gal1, gal7 and gal10, the three structural 
genes responsible for the conversion of galactose to glucose-1-phosphate11,37,38. Even though this MGC is evolutionarily 
conserved, the regulation of the galactose MGC is markedly different between the three species126. Specifically, whereas 
the presence of galactose causes the expression of the MGC genes in S. cerevisiae to increase more than 1,000-fold127,  
they increase by approximately 100-fold in K. lactis128 and by less than 10-fold in C. albicans38. Furthermore, whereas the 
galactose MGC in S. cerevisiae and K. lactis is regulated by gal4 (ref.128), the C. albicans MGC is regulated by the unrelated 
(to gal4) genes rtg1 and rtg3 (ref.74).

One major exception to the conserved genomic structure of the galactose MGC in Saccharomycetes is Torulaspora 
delbrueckii (see the figure). Instead of the typical three-​gene galactose MGC, this yeast contains a ten-gene MGC 
comprising two gal1, two gal10 and one gal7 structural genes, one transcriptional activator (gal4), one permease (gal2) 
and an additional transporter (hgt1), as well as mel1, a secreted α-​galactosidase that breaks down melibiose into glucose 
and galactose, and pgm1, which converts glucose-1-phosphate to glucose-6-phosphate. Thus, the three-​gene galactose 
MGC in this organism seems to have been co-​opted, along with other genes, into a larger ten-​gene MGC, which is 
presumably involved in galactose assimilation as well as in additional catabolic activities129.

Three-​gene galactose MGCs are also present in the independently evolved yeasts in the genera Schizosaccharomyces 
(Ascomycota, Schizosaccharomycetes) and Cryptococcus (Basidiomycota, Tremellomycetes)11.  
The Schizosaccharomyces pombe MGC is functional and was acquired via horizontal gene transfer (see main text) from 
Saccharomycotina yeasts11. Remarkably, the organism does not grow on galactose and instead uses the MGC in 
glycosylation85. By contrast, the basidiomycete yeast Cryptococcus neoformans contains both a three-​gene galactose MGC 
(which evolved independently of the MGC in Saccharomycetes) and unclustered gal1, gal7 and gal10 genes in its genome. 
Functional experiments have shown that, whereas the unclustered gal10 is involved in galactose metabolism at 37 °C and 
is required for pathogenicity, involvement of the clustered gal10 in galactose metabolism is temperature-​independent, and 
the gene is not required for pathogenicity130,131. Finally, filamentous fungi, such as Aspergillus nidulans, contain the same 
three structural genes (gal1, gal7 and gal10), but they are dispersed in the genome (see the figure). Interestingly, galactose 
utilization in filamentous fungi is governed by distinct regulatory mechanisms132 and involves additional metabolic 
functions compared with yeasts109.
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TransporterEnzyme Regulator

Aspergillus nidulans

Non-MGC gene

Torulaspora delbrueckii

Galactose MGC

Convergent evolution
The independent evolution of 
similar traits or features in 
organisms belonging to 
different, unrelated lineages.
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genes of filamentous fungi (ASCOMYCETES), and 
the Cryptococcus gal genes are most closely related 
to the unclustered gal genes of other basidiomy­
cete fungi. Independent origins of clustering have 
also been observed for the betaine MGC29 as well as 
for a two-​gene MGC putatively involved in cyanate 
detoxification16.

However, the impact of natural selection on MGCs 
does not end when MGCs are formed. For example, 
several MGCs involved in primary metabolism are 
widely conserved both in terms of sequence and in 
terms of function (for example, the galactose MGC 
in the class Saccharomycetes11; Box 2), which suggests 
that they have been under the long-​term influence of 
purifying selection. Balancing selection has also been 
inferred to maintain multiple, functionally distinct 
MGC alleles involved in secondary metabolism for 
long time periods and across species boundaries, as in 
the cases of the trichothecene MGC in the Fusarium 
graminearum species complex88 and of the aflatoxin 
MGC in A. parasiticus and closely related species89. 
More generally, genes participating in fungal MGCs  
are consistently among the top genes identified in 
genome-​wide scans of selection62,90,91.

Finally, selection may also be involved in the gener­
ation of the recurrent, and sometimes highly frequent, 
wholesale cluster loss or loss-​of-function polymorphisms 
observed in the MGCs of many different fungi51,57. For 
example, many of the secondary metabolites that are bio­
synthesized by MGCs are secreted, which means that 
these metabolites can also be beneficial to conspecific 
organisms that are physically adjacent to the producing 
organism but that are not themselves producers (and do 
not carry the cost of synthesizing the metabolite)2. Thus, 
in a manner analogous to the black queen hypothesis92, 
variants associated with MGC loss or inactivation may 
be adaptive.

Genetic mechanisms. Three non-​mutually exclusive 
genetic models have been proposed to be involved in the 
formation and maintenance of fungal MGCs, namely, 
co-​regulation, genetic linkage and selfishness. According 
to the co-​regulation93 model, fungal MGCs evolved via 
selection for tighter control of gene expression on path­
way genes. That genes within both primary and second­
ary MGCs are tightly co-​regulated is well established 
from transcriptomic comparisons of organisms grown 
in different conditions94–98 and is considered a hallmark 
of specialized metabolism in general99.

Multiple lines of evidence support the role of co-​
regulation in the evolutionary maintenance of fungal 
MGCs. Broad comparative studies examining the rela­
tionship between clustering and gene expression in  
S. cerevisiae have shown that genes with conserved syn­
teny tend to be co-​expressed93. Furthermore, the genes 
in both primary and secondary MGCs are more often 
divergently oriented in the genome, and their inter­
genic regions often contain shared regulatory binding 
sites, both of which are features that are strongly asso­
ciated with transcriptional co-​regulation100. For exam­
ple, 18 of the 23 genes in the sterigmatocystin MGC of 
A. nidulans form pairs of divergently oriented genes 

whose shared intergenic regions contain regulatory 
binding sites for AflR, which is the transcriptional acti­
vator of the MGC77,101. Similarly, the intergenic region 
between the divergently oriented gal1 and gal10 genes 
in the S. cerevisiae galactose MGC contains shared reg­
ulatory binding sites for Gal4p and Mig1p, which are 
the transcriptional activator and the glucose-​dependent 
repressor of the MGC37, respectively. Finally, in recent 
years, several studies have furnished evidence in sup­
port of chromatin-​mediated regulation of MGCs, which 
occurs via numerous chemical modifications of histones, 
the core constituents of chromatin. As this type of regu­
lation establishes active and silent regions along a chro­
mosome or chromosomal region, it is also highly likely 
to contribute to the maintenance of MGCs in fungal 
genomes26,33,102.

The second genetic model argues that MGCs evolved 
through selection for tighter genetic linkage of their con­
stituent genes10. Assuming that interactions between 
different alleles of genes in a pathway are non-​additive, 
selection can favour the linkage of positively interacting 
alleles, leading to the formation of a co-​adapted gene 
complex87. Support for this hypothesis comes from 
several studies showing that recombination rates are 
lower in regions containing MGCs or within MGCs 
themselves. For example, the DAL MGC involved in 
allantoin utilization in S. cerevisiae resides in a genomic 
region with one of the lowest recombination rates in the 
yeast genome10. Similarly, population analyses of second­
ary MGCs, such those responsible for the mycotoxins 
dothistromin27 and aflatoxin103,104, suggest that recom­
bination rates within MGCs are low and identify blocks 
of sequence that seem to be in near complete linkage 
disequilibrium.

The final model, that of cluster selfishness105, is a spe­
cial case of the genetic linkage model described above. 
Under this model, the observed genetic linkage of MGCs 
was favoured by the repeated occurrence of HGT, ena­
bling selection for the formations themselves, beyond 
any selective advantage that they confer to the orga­
nism105. A key part of this model is that MGCs will have 
a selective advantage over their non-​clustered coun­
terparts because they can propagate not only through 
vertical transmission but also via HGT, even when they 
reduce the fitness of the organism. Although numerous 
instances of HGT involving fungal MGCs have been 
described81, the observed rate of HGT among MGCs 
seems to be too low to provide support for this model.

Very few studies have experimentally tested the 
effects of clustering and their implications for the dif­
ferent genetic models. One such study compared the 
growth rate of a S. cerevisiae isolate with the galactose 
MGC against the growth rate of an isolate that contained 
a non-​clustered version of the pathway on a galactose 
medium106. Notably, the isolate with the galactose MGC 
exhibited equal fitness compared with the isolate that 
contained the unclustered pathway, which suggests  
that co-​expression does not account for the origin or main­
tenance of the galactose MGC106. Furthermore, another 
study tested whether the order and orientation of genes  
within MGCs influence fitness107. By inverting the ori­
entation of dal2 in the S. cerevisiae DAL MGC — an 

Black queen hypothesis
The idea that the loss of genes 
whose functions are associated 
with public goods (for example, 
the production of an antitoxin) 
may be individually 
advantageous (up to the point 
at which the cost associated 
with loss of public goods 
exceeds the benefit of loss).
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orientation found in the distantly related budding yeast 
Naumovia castellii (Ascomycota, Saccharomycetes) — 
during growth in allantoin-​containing medium, the 
authors showed that this inversion reduced not only the 
expression of the dal2 gene but also those of the neigh­
bouring dal1 and dal4 genes, arguing that the orien­
tation of genes within an MGC is important for MGC 
regulation107.

Phenotypic mechanisms. All three genetic models have 
been extensively discussed as explanations of the ori­
gin and maintenance of primary and secondary fungal 
MGCs. However, coordinated transcript abundance lev­
els of genes in a pathway or co-​adapted gene complexes 
are not actual phenotypes; rather, they represent genetic 
mechanisms by which the effects of selection on a phe­
notype could be mediated. If so, what is the phenotype 
favoured by selection?

One attractive hypothesis argues that the phenotype 
in question is toxicity avoidance, that is, the avoidance 

of accumulating toxic intermediates11,29,106 (Fig. 3). The 
protective advantage offered by genes in a pathway that 
is organized as an MGC, as opposed to a pathway whose 
gene members are scattered across chromosomes, could 
be twofold. On the one hand, gene co-​location may be a 
better safeguard against partial loss of a pathway whose 
intermediates are acutely toxic. On the other hand, 
gene co-​location may enable more precise regulation 
of pathways with acutely toxic intermediates.

Several lines of evidence support the toxicity avoid­
ance hypothesis. For example, several intermediates of 
both primary and secondary MGCs are known to be 
toxic29, and the pathways associated with human met­
abolic disorders that stem from the accumulation of 
toxic intermediates, such as alkaptonuria and the differ­
ent types of galactosaemia and tyrosinaemia, are often 
known to exist in fungi as MGCs13,29 (Fig. 3). Disruption 
of any of the three GAL MGC genes11, which are involved 
in the breakdown of galactose and are known to be 
conserved in fungi and humans, results in the human 
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Fig. 3 | The toxicity avoidance hypothesis. The toxicity avoidance hypothesis argues that fungal metabolic  
gene clusters (MGCs) represent an adaptation against the accumulation of toxic intermediate compounds29.  
a | The intermediate compounds of several fungal MGCs, such as those involved in galactose assimilation and tyrosine 
catabolism, are toxic. Defects in the corresponding human genes lead to several metabolic disorders in humans. 
Disruption of any of the three human GAL genes, which are involved in the breakdown of galactose, results in 
galactosaemia. The most severe type (type I) results from the inactivation or loss of the gal7 gene (GALT in human), 
which leads to the accumulation of galactose-1-phosphate, a highly toxic intermediate that disrupts glycolysis115. 
Similarly , disruption of one of the genes in the human tyrosine catabolism pathway results in alkaptonuria or black 
urine disease, whereas disruption of an additional three human genes in the pathway results in tyrosinaemia.  
The most severe type (type I) results from the inactivation or loss of the fahA gene, which leads to accumulation of 
fumarylacetoacetate, a reactive, genotoxic compound that can cause hepatic cancer13. b | According to the toxicity 
avoidance hypothesis, MGCs are expected to be more common in pathways that generate very toxic metabolic 
intermediates. UDP, uridine diphosphate. Figure adapted with permission from ref.29, Proceedings of the National 
Academy of Sciences of the United States of America.
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metabolic disorder galactosaemia108. The most severe 
type results from the loss of the gal7 gene (GALT in 
human), which leads to the accumulation of galac­
tose-1-phosphate, which is a highly toxic intermediate 

that disrupts glycolysis108 (Fig. 3a). Remarkably, deletion 
of the clustered gal7 gene in S. cerevisiae is toxic in the 
presence of galactose, whereas deletion of its unclustered 
A. nidulans orthologue, gald, is not toxic109.

Box 3 | Metabolic gene clusters in other eukaryotes

Metabolic gene clusters (MGCs) have been identified in several other eukaryotic lineages (see the figure; Supplementary 
Table 1), but by far, most non-​fungal MGCs are known from land plants133,134. The first plant MGC was identified in Zea mays 
(maize); this five-​gene MGC is responsible for the biosynthesis of the benzoxazinoid 2,4-dihydroxy-7-methoxy- 
1,4-benzoxazin-3-one (DIMBOA), a precursor to several defensive chemicals that provide resistance towards insect 
herbivores and microbial pathogens135,136. Several other MGCs were subsequently described, including a polyketide MGC 
in Hordeum vulgare (barley)137; cyanogenic glucoside MGCs in Manihot esculenta (cassava), Sorghum bicolor (sorghum), 
Trifolium repens (white clover)138 and Lotus japonicus139; alkaloid MGCs in Solanum lycopersicum (tomato), Solanum 
tuberosum (potato) and Papaver somniferum (opium poppy)140,141; and terpene MGCs in Arabidopsis thaliana (thale cress), 
Lotus japonicus, Avena strigosa (oat), Oryza sativa (rice), S. lycopersicum, Cucumis sativus (cucumber) and Ricinus communis 
(castor)142–150. Interestingly, all known plant MGCs seem to have originated via gene duplication, neofunctionalization and 
genome reorganization of native genes rather than through horizontal gene transfer (HGT) of genes or MGCs from 
microorganisms133,151.

The prevalence of MGCs in plant genomes is currently under debate. For example, terpenes make up the largest class of 
specialized metabolites in plants, and there is evidence that more terpene MGCs may exist in plant genomes than are 
currently described. An examination of two key genes involved in terpene biosynthesis, terpenoid synthase and 
cytochrome P450 (CYP), found an average of seven terpenoid synthase–CYP gene pairs per plant genome (given a ≤50 kb 
intergenic distance), which is far more common than expected by chance152. This work, the growing list of functionally 
characterized plant MGCs and bioinformatic predictions of thousands of candidate MGCs have led some to hypothesize 
that MGCs in plants are widespread153–155. However, the fact remains that many characterized secondary metabolite 
pathways in plants do not form MGCs156–158. Moreover, a co-​expression network analysis of bioinformatically predicted 
plant MGC candidates (for example, those that have not been functionally validated and linked to a metabolite product) 
suggests that the genes within these predicted MGCs are not co-​regulated99. The lack of coordinated expression is in stark 
contrast to the pattern seen in fungi, where both characterized and predicted MGCs show strong co-​expression62,94,95,97,98, 
which suggests that many predicted MGCs in plants do not correspond to genuine secondary metabolite pathways 
and that the number of MGCs in plants may be overestimated.

In contrast to plant MGCs, the only two MGCs known in animals were acquired wholesale through HGT. Specifically, 
bdelloid rotifers have acquired a bacterial MGC comprising a racemase and a ligase thought to be involved in 
peptidoglycan cell wall biosynthesis159. Similarly, the three two-​gene carotenoid MGCs encoding genes for carotenoid 
synthase–carotenoid cyclase and carotenoid desaturase found in aphids were obtained by HGT of a single ancestral MGC 
from fungi and its subsequent duplication in the insect lineage160.

The few MGCs known in microbial protists and algae are all involved in the utilization of environmental nitrogen. For 
example, several oomycetes (water moulds) contain a three-​gene MGC for nitrate assimilation, also found in various fungi, 
with phylogenetic analysis suggesting that the MGC arose once in oomycetes and was subsequently acquired via HGT in 
the ancestor of Dikarya fungi9. By contrast, green algae in the Chlorophyceae, Prasinophyceae and Trebouxiophyceae 
classes possess a 6–8-gene MGC for nitrate assimilation that evolved independently from the MGC in fungi and 
oomycetes161–164. Independent origins have also been observed in MGCs for urea assimilation in green algae, organisms 
that thrive in aquatic environments where nitrogen is often a limiting resource. For example, Ostreococcus tauri 
(Prasinophyceae) has a four-​gene nickel-​dependent urease MGC, which is evolutionarily distinct from the five-​gene 
and three-​gene urea assimilation MCGs present in Chlamydomonas reinhardtii and Picochlorum sp. (both Chlorophyceae), 
respectively161,165,166.
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One prediction of the toxicity avoidance hypothesis 
is that metabolic pathways encoded by MGCs should 
generate intermediate compounds that are more toxic 
than those of pathways whose genes are not known 
to form MGCs (Fig. 3b). Examination of the toxicity of 
intermediate compounds handled by pairs of enzymes 
that are neighbours in the metabolic network and whose 
genes are located immediately adjacent to each other in 
the genome shows that they are enriched for intermedi­
ate compounds that have lower lethal doses or contain 
reactive functional groups29.

Facilitating fungal adaptation. The organization of 
several primary and secondary metabolic pathways into 
MGCs has important implications for fungal adapta­
tion, largely by enabling the wholesale acquisition, 
duplication or loss of entire metabolic pathways110. For 
example, several large-​scale genomic comparisons have 
provided evidence of duplication, loss and HGT of both 
primary and secondary MGCs9,11,58,59,64,71,72,77,81,111. Of the 
three processes, duplication (followed by divergence) 
and loss are far more frequent than HGT111, providing a 
mechanistic explanation of why many MGCs, especially 
those involved in secondary metabolism, show very 
narrow taxonomic distributions and can vary exten­
sively across closely related species or even between 
isolates of the same species51,62,64,112. Importantly, many 
such events can be linked to fungal ecology81,110, occur­
ring between species that seem to have overlapping 
ecological niches.

MGCs in other eukaryotes
MGCs are far more prevalent in fungi than in other 
eukaryotes (Box  3). A comprehensive explanation 
of this higher prevalence continues to elude us, but 
several factors are likely to be involved. For example, 
population size, population structure and mating sys­
tem are all known to influence the efficacy of natural 
selection to shape eukaryotic genome architecture113,114, 
including the formation and maintenance of MGCs61. 
The large differences in metabolic capabilities between 
eukaryotic lineages (for example, not all have second­
ary metabolism) mean that their distributions of MGCs 
may also differ.

However, differences in the degree of gene clustering 
are also evident in metabolic pathways that are shared 
across many eukaryotes. For example, the galactose 
and tyrosine pathways are both genomically organized 
as MGCs in many fungi11,13 but not in animals30, even 
though disruption of these pathways has very strong 
fitness consequences in both lineages13,115,116. Such dif­
ferences may be because different lineages have evolved 
different mechanisms for maintaining pathway effi­
ciency30. For example, metabolic activity in animals is 
typically confined to specialized organs, such as the liver 
and kidneys, and thus selection for pathway efficiency 
may result in the tissue-​specific co-​expression of path­
way genes. By contrast, because fungal metabolic activity 
occurs in the entire colony, selection for metabolic effi­
ciency may result in their clustering. In support of this 
hypothesis, a recent study showed that primate ortho­
logues of genes from fungal MGCs were significantly 

more correlated in their tissue-​specific co-​expression 
profiles than orthologues of genes from unclustered 
fungal metabolic pathways30.

Many of the above explanations fail to fully account 
for the relative lack of MGCs in non-​fungal microbial 
eukaryotes, particularly those whose population biology, 
mating system and ecology are similar to fungi. One pos­
sible explanation is the genome sampling bias towards 
eukaryotic microorganisms with pathogenic lifestyles117, 
which tend to show reduced genomes, reduced meta­
bolic diversity and increased ecological specializa­
tion118–120. Interestingly, PKSs, one of the major protein 
families involved in fungal secondary metabolism, have 
been identified in amoebae121, apicomplexan parasites122 
and marine algae123,124. For example, the slime mould 
Dictyostelium discoideum, a soil-​dwelling amoeba with 
a lifestyle similar to many filamentous fungi, contains 43 
putative PKSs and numerous small-​molecule transport­
ers121, although whether these genes are components of 
MGCs remains an open question. A recent bioinformatic 
screen identified 24 putative MGCs of 2 or more genes 
in 10 non-​fungal, non-​land plant, eukaryotic genomes125, 
half of which were from D. discoideum.

Summary and outstanding questions
Fungal genomes contain a remarkable diversity of pri­
mary and secondary metabolic pathways, many of which 
are found physically linked on the chromosome, form­
ing MGCs. These MGCs are fundamental to the fungal 
lifestyle, and they are involved in a wide variety of func­
tions, from the utilization of compounds, such as sugars 
and amino acids, to the production of a wide array of 
antibiotics and toxins. The ever-​increasing decoding 
of fungal genomes both within and between species 
has revealed a vast diversity of MGCs residing in fungal 
genomes and provided the raw materials for understand­
ing how MGCs originate, how they evolve and how they 
are lost in fungal populations. Coupled with the advent 
of a wide variety of evolutionary, molecular and chemi­
cal approaches for linking MGCs to functions, we antici­
pate great progress on understanding the relationship 
between MGCs and their chemotypes across evolution 
in the near future.

However, several outstanding questions remain. 
What fraction of pathways forms MGCs and what frac­
tion does not? What is the precise selective advantage 
conferred by the clustering of a metabolic pathway? 
Why do some pathways form MGCs in some species 
but not in others? Why do some genomes contain many 
MGCs and others very few? Is MGC occurrence associ­
ated with particular ecologies? How often does loss of 
MGC function take place without loss of the underly­
ing genes? Why do fungi harbour so many MGCs while 
other eukaryotic lineages, especially microbial ones, 
contain so few? With the advent of genome sequenc­
ing technologies and the ever-​growing development of 
molecular, chemical, evolutionary and bioinformatic 
tools for discovering MGCs and their functions, the time 
for understanding the making of fungal and eukaryotic 
chemodiversity is now.
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