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pathway In budding yeasts
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The Leloir galactose utilization or GAL pathway of budding yeasts, including that
of the baker’s yeast Saccharomyces cerevisiae and the opportunistic human
pathogen Candida albicans, breaks down the sugar galactose for energy and
biomass production. The GAL pathway has long served as a model system for
understanding how eukaryotic metabolic pathways, including their modes of
regulation, evolve. More recently, the physical linkage of the structural genes
GAL1, GAL7, and GAL10 in diverse budding yeast genomes has been used as
a model for understanding the evolution of gene clustering. In this review, we
summarize exciting recent work on three different aspects of this iconic
pathway’s evolution: gene cluster organization, GAL gene regulation, and the
population genetics of the GAL pathway.

Introduction

Galactose is a monosaccharide that is abundant in nature and is found in many forms. For example,
galactose is a component of the disaccharide lactose, a main ingredient of dairy products, as well as
the trisaccharide raffinose and disaccharide melibiose, which are both common in grains and other
plants [1]. Galactose is also often found in the form of glycolipids and glycoproteins, which are pro-
duced by cells and are critical for a wide variety of cellular functions [2,3]. The assimilation of galac-
tose has been extensively characterized both in humans [2] and in the baker’s yeast Saccharomyces
cerevisiae [3]. The enzymatic products of three genes, GAL1, GAL7, and GAL10 in budding yeasts,
or GALK, GALT, GALM, and GALE in humans, are responsible for converting galactose into
glucose-1-phosphate (Figure 1) [3]. Glucose-1-phosphate is then isomerized to glucose-6-phosphate
by Pgm1p or Pgm2p, which can then be used to generate energy for the cell via glycolysis.

Through multiple now-classic studies, the Leloir galactose utilization or GAL pathway of budding
yeasts has been established as a model system for understanding the function and evolution of
eukaryotic metabolic pathways and their regulation [4-8]. We will start by introducing the classic
work on the evolution of the GAL pathway from comparative studies of S. cerevisiae and Candida
albicans. Then, we will synthesize several discoveries in the last few years that have significantly
enriched our understanding of how this iconic pathway evolved. These results include the
discovery of repeated instances of wholesale pathway loss and of reacquisition via horizontal
gene transfer (HGT) (see Glossary), extensive variation in sequence and function within species,
and diversity in levels and modes of pathway regulation and genomic organization.

The classical view: evolution of the GAL pathway in S. cerevisiae and C. albicans
Comparison of the GAL genes, the GAL pathway’s genomic organization, and regulation be-
tween C. albicans and S. cerevisiae shows that there is substantial variation between the two
species. While the structural genes are functional orthologs of each other and have the same
order and orientation in the two species, the C. albicans cluster also contains the genes
GAL102 and ORF-X (Figure 1). GAL102 encodes a glucose-4,6-dehydratase and ORF-X
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The GAL pathway of budding yeasts is a
powerful model for inferring the evolu-
tionary principles guiding the evolution
of eukaryotic metabolic and genetic
pathways.

The GAL pathway exhibits substantial
variation in its genomic organization
across budding yeast species, and a
few different mechanisms have driven
the evolution of this organization.

At least two distinct modes of regulation
of the GAL pathway are known in the
budding yeast subphylum; there is likely
substantial variation between species
that use these modes of regulation, and
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regulation likely exist in the subphylum.

Population genomic studies have re-
vealed extensive genetic variation, in-
cluding alternative and highly distinct
GAL gene network variants, within bud-
ding yeast species, suggesting that
yeast populations are subject to varied
selection for the utilization of the galac-
tose present in different environments
and conditions.
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Figure 1. Comparison of genomic organization, function, and mode of regulation of the GAL pathway in the
model organisms Candida albicans (left panel) and Saccharomyces cerevisiae (right panel). Aithough GAL102
and ORF-X are nested within the GAL gene cluster in C. albicans, their functions are not known to be related to galactose
assimilation. Information displayed in the figure based on: [3,8,21].

encodes a transporter. Although transporters of galactose (encoded by GAL2 and other HXT
genes for S. cerevisiae and by HXT genes in C. albicans) and the PGM1/PGM2 structural
genes are important parts of both the S. cerevisiae and C. albicans GAL pathways, none of
these genes are parts of their gene clusters [9,10].

The regulation of the GAL pathway also varies between the two organisms. In S. cerevisiae, the
pathway is regulated by the Zn-binuclear cluster transcription factor Gal4p, which binds to a
highly enriched regulatory motif whose consensus sequence is 5'-CGG-N44-CCG-3'. Galdpis re-
pressed by Gal80p in the absence of galactose. In the presence of galactose, the repression of
Gal80p is removed by Gal3p, and Gal4p induces transcription of the GALT, GAL7, and GAL10
genes. This leads to an ‘on-and-off switch’ or bimodal mode of regulation, with strong suppression
of the pathway when galactose is absent and a ~900-fold induction when galactose is detected [8].
In contrast, the GAL pathway of C. albicans is regulated by the heterodimeric helix-loop-helix
transcription factors Rtg1p and Rtg3p. These transcription factors bind to a different binding
motif, whose consensus sequence is 5-TGYAACGTTRCA-3'. The basal rate of transcription of
GAL genes in C. albicans is higher, and the induction is more graded, with a ~12-fold induction
in the presence of galactose [8].

Budding yeasts are a model lineage for studying the evolution of metabolic
pathways

There are ~1200 known species of budding yeasts that belong to the subphylum
Saccharomycotina, otherwise known as the budding yeast subphylum, one of the three subphyla
in the phylum Ascomycota [11-14]. Advances in genome sequencing technologies have led to
the sequencing of the genomes of hundreds of species across the subphylum, allowing for a
greater understanding of how these organisms, their genes, and their metabolic traits evolved.
The two biggest efforts to date have been the genome sequencing of 16 diverse species of
biotechnologically important yeast species by a Joint Genome Institute-led effort [15]; and the ge-
nome sequencing of 220 species (including 24 from the RIKEN Institute in Japan) led by the
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Glossary

Helix-loop-helix transcription factor:
a class of dimeric transcription factors
that are common in eukaryotic genomes
and which contain two alpha-helices
connected by a loop [48].

Horizontal gene transfer (HGT): the
transfer of a gene or of a genomic region
containing genes (e.g., a gene cluster)
between organisms by means other
than sexual reproduction [49].
Introgression: the incorporation of
genetic material from one species into
the genome of another as a result of their
hybridization, followed by repeated
backcrossing to one of the parental
species [50].
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Y1000+ Project', which placed emphasis on sequencing at least one representative species from
each genus of budding yeasts [11]. These efforts have led to a robust higher-level phylogeny of
budding yeasts and the identification of 12 major lineages or clades [11]; S. cerevisiae belongs
to the family Saccharomycetaceae, while C. albicans belongs to the CUG-Ser1 clade (so called
because the CUG codon encodes for serine rather than leucine in this clade [16]).

This richness of genomic and phylogenetic data is complemented by extensive aggregated meta-
bolic and ecological trait data for a broad and representative set of budding yeast species. These
include qualitative growth data on 44 substrates and environmental isolation data for up to 50 envi-
ronments for 784 species, and quantitative growth rate data for galactose, mannose, and glucose
for 258 species [14,17,18]. These genomes, metabolic and ecological data, and species phylogeny,
coupled with the availability of strains from all known species, have provided an unprecedented re-
source that has allowed for deeper analysis of metabolic pathways, including the GAL pathway.

Evolution of genomic organization of the GAL pathway across the budding yeast
subphylum

Approximately half of the ~350 species with available genomes studied to date contain the GALT,
GAL7, and GAL10 genes and can grow on galactose [11,17]. Furthermore, out of the 174 spe-
cies that grow on galactose, 127 species have the GALT, GAL7, and GAL10 genes clustered,
and 23 additional species that do not grow on galactose also have the genes clustered, indicating
they still may use the pathway or that it was recently inactivated [11,18]. The 47 species that grow
on galactose without having the genes clustered are mostly in clades other than the CUG-Ser1
clade (which contains C. albicans) and Saccharomycetaceae (which contains S. cerevisiae),
such as the Dipodascaceae/Trichomonascaceae clade, which contains the genera Blastobotrys
and Yarrowia. However, a few species in Saccharomycetaceae that are descendants of an an-
cient whole genome duplication event [19,20], such as Vanderwaltozyma polyspora [7], also
have a functional GAL pathway but lack a cluster; this genome duplication event was followed
by extensive loss of duplicate genes, such that some GAL genes are now found in one
ohnologous genomic region and the rest are found in the other.

The clustering of GALT, GAL7, and GAL10 has evolved multiple times in fungi. For example,
Cryptococcus basidiomycetous yeasts also have a GAL cluster, but phylogenetic analysis sug-
gests that this cluster evolved independently, and its organization differs from the budding
yeast GAL clusters [7]. In budding yeasts, clustering of the GAL genes originated at least twice:
once in the common ancestor of S. cerevisiae and C. albicans and another time in Lipomyces
and relatives (Figure 2) [21]. Lipomyces species have GAL10 next to GAL7, instead of GAL1T,
and they often have two copies of GAL7 with an uncharacterized transcription factor between
them that is homologous to ARAT, the L-arabinose regulatory transcription factor in Trichoderma
reesei [21,22]. The repeated origin of the clustering of GAL 7, GAL7, and GAL 10 in budding yeasts
and other fungi supports the hypothesis that this genomic organization may be selectively advan-
tageous in certain conditions (Box 1).

The variety of budding yeast clusters shows that functional GAL pathways can evolve into several
different organizations in the genome. One prominent example is the giant GAL clusters in
Torulaspora species, where GAL4, MEL1, GAL2, PGM1/2, and HGT1, as well as multiple copies
of GALT and GAL 10 are parts of the same cluster (Figure 2) [27]. These additional components of
the cluster are likely functionally significant in environments with high amounts of melibiose or
galactose: Mel1p breaks down melibiose into galactose and glucose, Gal2p transports galactose
into the cell, Gal4p can upregulate transcription of the pathway, Hgt1p can transport glucose
(and possibly other sugars) generated by the pathway, and Pgm1/2p converts the glucose-1-
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Figure 2. Genomic organization of GAL gene clusters in different budding yeast major clades. Note the differing
patterns of presence/absence of GAL pathway genes in between major clades (indicated by the large colored rectangles).
Lines correspond to homologs; gene box colors correspond to different functional categories of genes. Information
displayed in the figure based on: [11,21,23].

phosphate generated by the Leloir pathway to glucose-6-phosphate, which can then go through
glycolysis. Interestingly, the clustering of these genes with GAL7, GAL7, and GAL10 is not ob-
served in other budding yeasts, with the notable exception of HGT7, which is frequently found
in GAL clusters in the CUG-Ser1 clade (e.g., in Priceomyces medius — see Figure 2).

The clustering of the GAL genes makes the GAL cluster genomic region a good candidate for
HGT since acquisition of the GAL cluster would provide the minimal genetic information

Box 1. Testing the evolutionary advantage(s) of GAL gene clustering.

Whether the clustering of GAL (and sometimes other functionally related) genes is evolutionarily advantageous remains a major,
outstanding question and several genetic (e.g., coordinated gene expression, genetic linkage) and phenotypic (e.g., avoidance
of toxic intermediates) models have been proposed to explain its origin and maintenance [23-26]. For example, it has been pre-
viously observed that metabolic genes in pathways with toxic intermediates are more often clustered together than those in
pathways lacking them [24]. In the context of the GAL pathway, galactose-1-phosphate is a toxic intermediate, which leads
to the occurrence of a disease called galactosemia in humans, lacking the functional pathway due to their inability to metabolize
this intermediate. Furthermore, the metabolic genes encoding the enzymes involved in the production and conversion of a toxic
intermediate were most often divergently oriented (an arrangement typical of co-regulated genes), such as GALT and GAL70in
C. albicans and S. cerevisiae (Figure 1), suggesting that clustering may be associated with reducing the buildup of the toxic in-
termediate [24]. In support of this hypothesis, a recent paper by Xu et al. found that experimental unlinking of the GAL1, GAL7,
and GAL10 genes in S. cerevisiae leads to higher fluctuations of their expression ratios — and higher buildup of the toxic inter-
mediate galactose-1-phosphate — compared with when the three genes are clustered [25].
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necessary for the utilization of the available galactose in the environment. Acquisition of the GAL
cluster could occur in organisms with a functional GAL pathway as well as in organisms whose
ancestors lost the pathway — there have been many instances of GAL pathway loss across the
subphylum [5,7,15,19,21] — suggesting that pathway losses are potentially reversible. Support
for this hypothesis comes from a recent molecular phylogenetic study that inferred HGT of a
CUG-Ser1 type of GAL cluster independently occurred in the genera Brettanomyces,
Wickerhamomyces, and Nadsonia after ancestral losses of the GAL pathway in at least two line-
ages [21]. This inference is supported by the observation that the GAL clusters of the recipient
species share the same cluster organization as the donor species and by formal topology tests
that show their phylogenetic placement to be closer to the CUG-Ser1 clade than to their
known evolutionary relatives (Figure 2) [21].

CUG-Ser1 yeasts have repeatedly served as HGT donors of GAL clusters to organisms in other
budding yeast major clades, but there are no known instances of GAL cluster HGTs from
Saccharomycetaceae to lineages outside of the family. It has been hypothesized that this differ-
ence is due to the Rtg1p/Rtg3p mode of regulation used by the CUG-Ser1 clade. These tran-
scription factors are more broadly conserved than GAL4, which is not known to regulate the
GAL genes outside of the family Saccharomycetaceae [8,28]. In fact, even though C. albicans
has a GAL4 ortholog, it is much shorter in length and has been shown to regulate an entirely dif-
ferent set of genes [29]. Similarly, in the Pichiaceae clade, a GAL4 ortholog has been found to reg-
ulate Crabtree-Warburg Effect in Komagataella phaffii instead of the GAL pathway [28]. GAL
clusters in the CUG-Ser1 clade have low background levels of gene expression, whereas clusters
in the family Saccharomycetaceae are typically actively repressed in the presence of glucose [21].
Thus, GAL clusters acquired from the CUG-Ser1 clade would be more likely to be basally
expressed and less likely to require the evolution of a new mode of regulation in the recipient or-
ganisms. Interestingly, CUG-Ser1 yeasts can act as donors for HGT even to lineages outside of
budding yeasts; for example, Schizosaccharomyces fission yeasts, an independently evolved lin-
eage of yeasts in the subphylum Taphrinomycotina, also acquired their GAL cluster via HGT from
CUG-Ser1 yeasts [7].

Evolution of gene regulation in the GAL pathway

The GAL4 regulatory system appears to be conserved throughout the family
Saccharomycetaceae: Domain | encoded by GAL4 (amino acid residues 1-76, encoding a
DNA-binding domain homologous to dozens of transcription factors) is conserved throughout
the budding yeast subphylum, but Domain V encoded by GAL4 (residues 767-881, encoding
the Gal80p-binding domain) is only conserved in Saccharomycetaceae (excluding some
Torulaspora species), and its pattern of conservation mirrors that of GAL80 (Figure 3, Key figure)
[30,31]. This suggests that the Gal4p-Gal80p mode of regulation is restricted to the
Saccharomycetaceae clade. However, there are still significant differences in GAL gene induction
and repression between species. For example, in 1% glucose medium supplement with galac-
tose, S. cerevisiae waits until glucose is completely exhausted to start metabolizing galactose
(a phenomenon known as ‘diauxic lag’), while the closely related species Saccharomyces uvarum
does not [32]. The stronger repression and slower induction of the GAL genes in S. cerevisiae
compared to S. uvarum gives S. cerevisiae a fitness advantage in environments where glu-
cose is in excess but a disadvantage when switching from glucose to galactose [32,33].
When the promoter or the GAL coding regions found in S. cerevisiae were expressed in
S. uvarum, this phenotype could be partially reconstructed, suggesting that both the coding
and promoter regions contribute to this S. cerevisiae phenotype. Thus, even within the Galdp
regulatory system, there can be significant differences in induction and repression of the GAL
genes.
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Key figure

Gene presence and absence of key transcription factors involved in GAL pathway regulation, as
well as variation in the presence and absence of their transcription factor-binding site sequence
motifs across budding yeasts
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Figure 3. Clustering is defined as GAL1, GAL7, and GAL10 having 0-5 open reading frames (ORFs) between them. Domain | of GAL4 encodes amino acids 1-76 and
Domain V amino acids 767-881 of the Saccharomyces cerevisiae protein [30,31]. Information displayed in the figure is based on: [11,17,18].

102  Trends in Genetics, January 2022, Vol. 38, No. 1


Image of Figure 3
CellPress logo

Trends in Genetics

The growth delay or diauxic lag of S. cerevisiae when switching from metabolizing glucose to ga-
lactose is a well-characterized phenotype thought to be due to the repression of the GAL genesin
the presence of glucose by Mig1p [34]. However, recent studies on wild strains of S. cerevisiae
have found variations in this phenotype [34,35]. Further investigation revealed that the yeasts
are responding to the extracellular ratio of glucose to galactose to begin expressing the GAL
pathway as opposed to a threshold amount of galactose or glucose. Different strains induce
the GAL genes at higher or lower ratios of galactose to glucose [35]. Inducing the GAL genes
at a lower ratio of galactose to glucose leads to a fithess advantage in certain environments, likely
due to a shorter diauxic lag [35]. More recent studies have described the regulation of the GAL
pathway as that of a ‘dimmer-switch’ where turning gene expression on or off is decoupled
from the regulation of the level of expression [36]. The pathway is switched on or off by Gal3p
(which removes Gal80p from Gal4p, thereby activating Gal4p) due to the ratio of galactose to glu-
cose, whereas the level of expression of the pathway is controlled by Mig1p based on the con-
centration of glucose by modulating expression of Galdp [36]. This gives yeasts using the
Gal4p-Gal80p mode of regulation the fitness advantage of the GAL pathway already being
switched on prior to all glucose being depleted, lessening the diauxic lag, but limits the cost of
expression of those genes through Mig1p reducing their expression according to glucose
concentration.

Comparison of the GAL pathways of S. cerevisiae, S. uvarum, and related species has revealed
several other differences. Regulatory differences were first noted between S. uvarum and
S. cerevisiae when it was found that the S. uvarum genome has retained both GAL80 and
GALS8OB (the two genes are ohnologs stemming from the ancient whole duplication event, and
both were predicted by machine learning to be involved in galactose assimilation), while the
S. cerevisiae genome has retained only GAL80 [5,33]. Recent work demonstrated that the core-
pressor encoded by GAL8OB in S. uvarum plays an important role in preventing metabolic over-
load when grown in galactose, especially when alternative sugars are also being metabolized
[37]. Consequently, while a GAL80 knockout in S. cerevisiae grew more quickly in galactose, a
double knockout of GAL80 and GAL80B caused a growth arrest of S. uvarum when grown in ga-
lactose. Finally, Gal4p-binding sites upstream of the metabolic bottleneck gene PGM1 in
S. uvarum and several other species of the family Saccharomycetaceae lead to significantly faster
growth on galactose compared with species lacking these binding sites (either naturally or via
knockout experiments) [38]. Interestingly, these more active GAL networks [32,33,37] tend to
be found in the same yeast species that also have dual layers of repression [38]. Thus, it seems
that species are continually dialing their regulatory systems to the availability of galactose and
other sugars in their environments.

While the Gal4p mode of regulation has been well-characterized in the Saccharomycetaceae
clade, less is known about the regulation of the GAL pathway in other species of budding yeasts,
especially those in other major clades. Recently, it was discovered that the transcription factors
Rtg1p and Rtg3p regulate the GAL pathway of C. albicans [8]. This regulatory mode differs
from the Gal4p mode because it has a higher basal level of expression and a more graded induc-
tion, rather than the bimodal, on-and-off mode of Gal4p regulation. Due to the conservation of
RTG1 across the budding yeast subphylum, as well as reduced induction of GALT in the pres-
ence of galactose by a knockout of RTG7 in the outgroup species Yarrowia lipolytica, it was sug-
gested that Rtg1p-Rtg3p mode of regulation may be the ancestral one [8]. In support of this
hypothesis, RTG7 and RTG3 are conserved through most of the budding yeast phylogeny
(Figure 3). However, although Rtg1/3p-binding motifs are conserved in most galactose-
growing species in the CUG-Ser1 clade, a lineage within the genus Metschnikowia and a few
other species (all of which belong to the CUG-Ser1 clade) appear to lack these motifs
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(Figure 3). Furthermore, neither the Gal4p, nor the Rtg1/3p motifs, are highly enriched in the GAL
cluster regions of budding yeast clades other than Saccharomycetaceae (which contains
S. cerevisiae) and CUG-Ser1 (which contains C. albicans) (Figure 3). These data raise the hypoth-
esis that there is a variety of modes of regulation of galactose metabolism in the budding yeast
subphylum.

Population-level variation of GAL gene clusters

In recent years, examination of isolates from diverse environments has substantially enhanced our
understanding of genomic and phenotypic variation in populations of budding yeast species
[39-41]. While the genomic organization and regulation of GAL gene clusters vary between
budding yeast species, numerous population genomic studies have shown that GAL function
and regulation can also vary substantially within species. The first example of substantial
population-level variation in the GAL gene cluster was described in Saccharomyces kudriavzevii,
a close relative of S. cerevisiae. Whereas European isolates of S. kudriavzevii have a functional
GAL pathway comprised of six genes (compared to S. cerevisiae, they only lack the optional
co-inducer encoded by GAL3) and can grow on galactose, Eastern Asian isolates cannot grow
on galactose and their GAL pathway is composed of pseudogenes that are syntenic with the
functional alleles [6]. If a crossing occurred between these populations, meiotic progeny would
be unlikely to harbor either completely functional or completely non-functional networks, and
some of the partial networks are less fit than either parent. For example, S. kudriavzevii segre-
gants that lacked the corepressor encoded by GALS80, but had other functional genes, would
constitutively express them in environments that lack galactose, often at a substantial fitness
cost [6]. This example shows that the GAL genes of budding yeast populations can adapt to
different environments and regulatory systems, including maintaining completely non-functional
versions as local adaptations and balanced polymorphisms.

Recent examinations of the genomes of >1000 S. cerevisiae isolates have revealed the existence
of three different combinations of highly divergent alleles in their GAL gene networks [42-45], sug-
gesting that substantial population-level variation in the GAL pathway may be more common than
previously thought in yeast populations. The first combination, found in most isolates, is com-
posed of the alleles found in the reference S288C strain of S. cerevisiae. The second combina-
tion, found in a small percentage of isolates from different environments, including dairy ones,
is composed of highly diverged alleles in the GAL2, GAL1/7/10, and PGM1 genes; the diver-
gence of these alleles from their reference counterparts predates both the origin of the species
S. cerevisiae, as well as the origin of the genus Saccharomyces [42,43,45]. The third combina-
tion, found in a few Chinese isolates from soil or wood environments, is composed of the same
highly diverged GAL1/7/10 alleles as the second combination, but the alleles for the GAL2 and
PGM1 loci differ substantially from those found in the other two combinations; the origin(s) of
these alleles also predates the origin of the genus Saccharomyces [42,43].

The common characteristic of these alternative combinations of GAL gene network variants is
that they allow these isolates to grow faster on galactose and slower on glucose than the refer-
ence S288C strain (which contains the first combination). For example, the PGM1 allele of
some of these isolates has a Gal4p-regulated promoter, allowing for quick utilization of galactose
for energy through glycolysis, while the PGM 1 allele of the reference strain does not; this allele is
incompatible with the GAL2 and GAL1/7/10 alleles of isolates with the second combination [42].
Similarly, mutations in certain isolates have impaired or abolished Mig1p- and Gal80p-mediated
repression of the GAL pathway [43]. Finally, these isolates show —in addition to the observed var-
iation in their GAL2 loci — extensive variation in their hexose transporters, with numerous exam-
ples of gene fusion events, gene truncations, and wholesale gene deletions [43,45].
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The very deep origin of the observed variation in the GAL gene network of S. cerevisiae raises the
question of the evolutionary processes involved in its making and maintenance. Two alternative hy-
potheses have been proposed: introgression or HGT from a yet-to-be-identified species closely
related to the genus Saccharomyces [43,45] and ancient balancing selection [42]; a combination of
these two evolutionary scenarios (e.g., introgression followed by balancing selection) is also a pos-
sibility. Extensive genetic simulations reject a scenario where the alternative variants stem from a
recent introgression, perhaps around the beginnings of agriculture, favoring instead a scenario of
ancient balancing selection or ancient introgression followed by balancing selection [42].

Recent studies have begun to identify similar types of adaptations in other budding yeast meta-
bolic genes and pathways. For example, it was recently shown that Kluyveromyces lactis var.
lactis, the dairy-based variety of K. lactis, acquired the ability to ferment the milk sugar lactose
via arecent HGT of a LAC4-LAC12 gene cluster from a dairy isolate of Kluyveromyces marxianus
[46]. In this cluster, LAC4 encodes the enzyme lactase that hydrolyzes lactose into galactose and
glucose, and LAC12 encodes the transporter lactose permease [46].

These population genomic examinations raise the hypothesis that the GAL pathway, and per-
haps most other metabolic pathways, of budding yeasts are subject to varied selection for the uti-
lization of the galactose present in different environments and conditions. Thus, their pathways
are likely to harbor multiple, highly divergent gene network variants and exhibit strong signatures
of local adaptation. If this turns out to be true, population genomic examinations of populations of
the ~1200 known species of budding yeasts could reveal a treasure-trove of novel GAL (and
other metabolic) gene network variants that would not only enhance our understanding of eukary-
otic pathway evolution, but also of yeast metabolic engineering.

Concluding Remarks

The GAL pathway of the budding yeast S. cerevisiae is a favorite textbook example of the regu-
lation of gene expression in eukaryotes (e.g., [47]). Recent advances in genome sequencing of
budding yeasts, coupled with evolutionary genomic and functional studies of diverse populations
and species across the subphylum, have allowed for many significant insights on the evolution of
the GAL pathway that extend far beyond the insights obtained from the classic work in
S. cerevisiae (and more recently in C. albicans). Since this pathway has long served as a model
for gene regulation and evolution in eukaryotes, these insights are crucial for broadening our un-
derstanding of how metabolic pathways, and their mode of regulation, change in response to dif-
ferent environments. Nevertheless, several questions remain (see Outstanding questions). The
addition of more genomes from diverse budding yeast species and populations found in different
environments, coupled with the development of new genetic model systems, is likely to reveal
new and interesting findings. Fleshing out the GAL pathway’s evolutionary and ecological diver-
sity will help bridge our understanding of how genotypic variation emerges as phenotypic varia-
tion, perpetuating the pathway’s utility as a model.
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Outstanding questions

What is the contribution of the
observed extensive segregating
variation on GAL genes, including the
maintenance of two incompatible
versions of the pathway in some
budding yeast species, to the
macroevolution of the GAL pathway?

What, if any, is the function of the
GAL102 and ORF-X genes in the
pathway?

How many times has similar clustering
of galactose metabolism genes
independently evolved in budding
yeasts, and what evolutionary
pressures could be driving this
adaptation (what do these vyeast
species have in common)?

How do clustering and regulation
affect HGT and maintenance of poly-
morphisms in the canonical GAL
genes?

What regulates galactose metabolism
in budding yeast lineages that lack
known transcription factors and/or
their binding sites but have GAL
genes and grow on galactose (e.g., in
yeasts of the genus Metschnikowia or
Lipomyces)?

Can we infer with any degree of
confidence the genomic organization
and regulation of the GAL pathway of
the budding yeast common ancestor
or at various key nodes?
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