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Abstract

Metabolic pathways differ across species but are expected to be similar within a species. We
discovered two functional, incompatible versions of the galactose pathway in Saccharomyces
cerevisiae. We identified a three-locus genetic interaction for growth in galactose, and used
precisely engineered alleles to show that it arises from variation in the galactose utilization genes
GAL2, GAL1/10/7, and phosphoglucomutase (PGM1), and that the reference allele of PGM1

is incompatible with the alternative alleles of the other genes. Multiloci balancing selection has
maintained the two incompatible versions of the pathway for millions of years. Strains with
alternative alleles are found primarily in galactose-rich dairy environments, and they grow faster
in galactose but slower in glucose, revealing a trade-off on which balancing selection may have
acted.

Variation in nutrient availability between environments has led to the evolution of diverse
metabolic pathways. In humans, mutations in these pathways give rise to diseases known as
inborn errors of metabolism (1). The budding yeast Saccharomyces cerevisiae is commonly
used for studying eukaryotic metabolism (2). A classic well-studied pathway for galactose
metabolism includes a galactose transporter, encoded by the gene GALZ, and the enzymes
encoded by GAL1, GAL10, and GAL7, which convert galactose to glucose-1-phosphate (3).
Phosphoglucomutase, encoded by PGM1 and PGMZ, then converts glucose-1-phosphate to
glucose- 6-phosphate—the substrate for glycolysis.
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Within the same genus, some strains of Saccharomyces kudriavzevii can metabolize
galactose, whereas others have lost this ability through pseudogenization of multiple genes
in the pathway, and it was proposed that the two versions of the pathway have been
maintained through multiloci balancing selection (4). Balancing selection maintains genetic
diversity against the forces of genetic drift and has typically been observed to act on single
loci (5). Multiloci balancing selection is expected to be extremely rare because it has to
overcome the independent segregation of alleles at the different loci.

We studied growth in galactose in a large set of crosses in S. cerevisiae (6) and observed a
genetic interaction among three loci in crosses involving the soil strain CBS2888 (three-way
effect size 0.19 SD units, chi-square test, < 10719) (Fig. 1A, figs. S1 and S2, and tables

S1 to S3). The nonadditive nature of the effects of the three loci is best illustrated by the
phenotype of segregants that inherit the CBS2888 allele at the loci on chromosome 11 (Chrll)
and ChrXII and the non-CBS2888 allele at the locus on ChrXI; these segregants grow much
slower in galactose than those with any other combination of alleles (Fig. 1A). The three loci
contain genes that encode components of galactose metabolism: GALI, GAL10, and GAL7
on Chrll; PGM1 on ChrXl; and GALZon ChrXII (Fig. 1B and fig. S1) (3). The CBS2888
alleles of these genes were highly diverged from the reference (fig. S3 and table S4). We
hereafter refer to the divergent galactose alleles found in CBS2888 as the alternative alleles
and alleles observed in the other strains as the reference alleles.

We used CRISPR-Cas9 to engineer strains with all eight possible combinations of the three
alternative and three reference galactose alleles in a common genetic background (fig. S4
and tables S5 to S7) (7, 8). We then measured the growth rates of the eight engineered
strains in galactose and recapitulated the mapping results (Fig. 1C, fig. S5, and tables S1
and S2), demonstrating that variants in the coding and intergenic regions of GAL1/10/7
and GALZ2and in the promoter region of PGM1 are responsible for the observed genetic
interaction. In particular, the strain with the reference PGM1 promoter allele and the
alternative GAL1/10/7and GALZ2alleles exhibited a severe growth defect in galactose,
confirming that the components of the reference and alternative pathways are incompatible.

To better understand cis-acting regulatory differences between the alternative and reference
galactose alleles (9), we grew a diploid hybrid strain (CBS2888xBY) in glucose, transferred
it to galactose medium, and sequenced RNA from samples collected throughout a growth
time course (7). In glucose, the expression of the CBS2888 allele of PGMI was slightly
lower than that of the reference allele (fig. S6). By contrast, 1 hour after the switch to
galactose, the expression of the CBS2888 allele of PGM1 was 15.5 times greater than that
of the reference allele (binomial test, 2< 107100), and this difference persisted for the rest of
the time course (fig. S6 and table S8).

The alternative PGM1 promoter allele contains a GAL4 upstream activating sequence (UAS)
(10), whereas the reference allele does not (fig. S4). We engineered a point mutation
disrupting the UAS in a strain with all three alternative galactose alleles (7). This single
mutation recapitulated the growth defect in galactose observed in a strain with a combination
of the reference allele of the PGMI promoter and alternative alleles of the other GAL genes

Science. Author manuscript; available in PMC 2021 August 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Boocock et al.

Page 3

(fig. S7). We conclude that the induction of PGM1 in galactose, mediated through a GAL4
UAS, is critical for the proper functioning of the alternative galactose pathway.

We searched for the alternative and reference galactose alleles in worldwide collections of
sequenced S. cerevisiae isolates comprising 1276 strains (11, Z2) and found three common
combinations: only reference alleles (1213 strains), only alternative alleles (49 strains), and
8 strains from China with the alternative GAL1/10/7 allele and alleles of GAL2and the
PGM1 promoter that differ from both the reference and the alternative alleles (Fig. 2A,

fig. S8, and table S9) (7). No strains carried the reference PGM1 promoter allele and the
alternative GAL1/10/7and GALZalleles, suggesting that this combination causes a fitness
disadvantage in natural environments and has been purged by selection. This hypothesis is
further supported by a high linkage disequilibrium index (e = 0.59) for the three loci (fig.
S9) (13).

The alternative galactose alleles are fixed in two lineages of strains found in dairy products,
including Camembert cheese from France, kefir grains from Japan, and fermented yak and
goat milk from China (table S9). These environments are rich in lactose, a disaccharide

of glucose and galactose. S. cerevisiae relies on the activity of other fungi and bacteria

to break down lactose into glucose and galactose, which it then metabolizes (14). This
observation suggests that the alternatives alleles are maintained by natural selection in dairy
environments.

We dated the split between the alternative and reference galactose alleles to ~3.2 billion
generations ago (95% confidence interval = 2.5 to 4.5 billion generations), which predates
the most recent common ancestor of the Saccharomyces genus (figs. S10 and S11 and tables
S4 and S10) (7, 15). Phylogenetic clustering placed the alternative galactose alleles outside
the Saccharomyces genus and supports an ancient origin of the alternative alleles (Fig. 2B
and figs. S12 and S13) (7, 16).

One force that can maintain highly diverged alleles within a species is balancing selection.
This process is expected to generate a signature of elevated sequence divergence at linked
neutral sites that decays with genetic distance from the selected variant (5). We examined
the rate of synonymous substitutions per site (dS) across the CBS2888 genome relative to
the reference and observed a strong signature of ancient balancing selection at all three
galactose loci (Fig. 3 and figs. S14 to S18) (7).

The strains with the alternative or Chinese alleles contain GALZ2genes duplicated in
tandem, and GALZis also duplicated in two other yeast species: Saccharomyces uvarum
and Saccharomyces eubayanus. \We aligned all the GALZ paralogs and observed that the
N-terminal cytosolic regions (amino acids 1 to 67) were highly dissimilar within species
and phylogenetically clustered across species (fig. S19). These results suggest that the
N-terminal regions of the GALZ2 paralogs are functionally distinct and maintained by
selection, and they also provide evidence that the alternative alleles have an ancient origin in
Saccharomyces (fig. S20).

It has been proposed that the alternative galactose alleles arose through introgression around
the time humans domesticated milk-producing animals, but no species that could have
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donated the alleles has been identified (7, Z7). A relatively recent introgression would
generate a sharp boundary between dS at the GAL genes and the rest of the genome. Instead,
our data suggest that the variation at these loci has accumulated within S. cerevisiae over
time.

We performed forward genetic simulations to distinguish between scenarios that could have

given rise to the observed signatures of balancing selection (figs. S21 to S23) (7). Models of
recent introgression (<50 million generations ago), with or without balancing selection, were
not well-supported when compared with a model of ancient balancing selection (figs. S24 to
S27 and table S11) (7).

Balancing selection can act on fitness trade-offs, in which alleles with higher fitness in one
environment have lower fitness in another (5). Although all strains grow faster in glucose
than in galactose [#statistic (7) = 7.80, ttest, < 107°], the strains with the alternative
alleles grow faster in galactose than the strains with the reference alleles (Figs. 1C and 4A).
S. cerevisiae encounters and metabolizes a wide variety of sugars (18) but prefers glucose
(Z9). In glucose, the strains with the reference alleles grow 2% faster than strains with the
alternative alleles (7= -3.12, tftest, = 0.017) (Fig. 4B and fig. S28). This faster growth
provides an explanation for the maintenance of the reference alleles in the strains that do not
frequently encounter galactose.

In the strains with reference alleles, the GAL genes are robustly repressed by glucose and
induced by galactose (3). This leads to a pause in growth known as the diauxic shift,

when yeast switch from metabolizing glucose to metabolizing galactose. Strains with the
three alternative galactose alleles do not undergo a diauxic shift (Fig. 4C and fig. S29).
RNA sequencing showed that in glucose, the reference alleles are repressed, whereas the
alternative GAL alleles are constitutively expressed (fold change = 40.6, binomial test, P <
10716) (Fig. 4D, fig. S30, and table S8) (7). The constitutive expression of the GAL genes
eliminates the diauxic shift (20), providing a fitness benefit when galactose is encountered.
However, gene expression can be costly (21), and this could explain why the alternative
galactose pathway leads to a growth disadvantage in glucose.

The incompatible allele combinations we identified may provide a model for classical
galactosemia, an inborn error of metabolism caused by recessive mutations in GALT, the
human homolog of GAL 7(22), that can lead to life-threatening symptoms if galactose is
not eliminated from diet. The precise molecular mechanisms of galactosemia are not well
understood (23), but yeast models of galactose toxicity suggest that the incompatibility
observed in this work arises from the same metabolic defect that underlies galactosemia.
Finally, our results go beyond previous findings (4) in showing that balancing selection can
preserve two alternate, functionally distinct states of a multiloci genetic network, providing
a general mechanism for the maintenance of comple, interacting genetic variation at
coadapted alleles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Three-locus genetic interaction for growth in galactose.
(A) Boxplots show growth in galactose of yeast segregants (n7 = 867) derived from a

cross between CBS2888 and YJM981. Each boxplot corresponds to segregants with one

of eight distinct combinations of alleles at the three loci (Chrll, GAL1/10/7; ChrXl,

PGM1I; and ChrXIl, GAL2). (B) Galactose metabolic pathway. Components of the pathway
corresponding to the three loci are shown in different colors. UDP, uridine 5”-diphosphate.
(C) Growth of allele replacement strains in galactose. BY alleles [reference (REF)] and
CBS2888 alleles [alternative (ALT)].
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Fig. 2. The alternative galactose alleles are broadly distributed and fall outside the

Saccharomyces genus.

(A) Genome-wide neighbor-joining tree of 1276 sequenced yeast isolates. (B) Bootstrapped
maximum likelihood phylogenetic tree of the GAL1/10/7 alleles from CBS2888
(alternative), BY (reference), other species in the Saccharomyces genus, and two outgroup
species. The outgroup branches (dotted lines) were rescaled to the average branch length.
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Fig. 3. A signature of ancient balancing selection.
Estimated rate of synonymous substitutions per site (dS) in 200-codon windows stepped

every 10 base pairs between CBS2888 (alternative) and BY (reference) genes surrounding
the galactose loci. (A to C) Genes adjacent to GAL1/10/7 (A), genes adjacent to the
PGM1 promoter (B), and genes adjacent to GALZ(C). The purple dashed line shows the
genome-wide average dS of 0.014. The moderately elevated dS in some genes (S/C1 and
KAP104) provides evidence of ongoing balancing selection (4).
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Fig. 4. Trade-offs between the alternative and reference allelesin the galactose pathway.
(A) Growth rates of allele replacement strains (/7= 6) with all three reference (right) or all

three alternative (left) alleles in galactose as a sole carbon source. (B) As in (A), but for cells
grown in glucose. (C) Growth curves of allele replacement strains with all three alternative
(red) or reference (gray) galactose alleles in mixed glucose and galactose medium. OD600,
optical density at 600 nm. (D) Allele-specific expression of the galactose genes from a
diploid hybrid (CBS2888xBY) strain grown in glucose.
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