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ABSTRACT OF THE DISSERTATION

Ancient balancing selection maintains incompatible versions of the galactose pathway in

yeast
by

James Boocock
Doctor of Philosophy in Human Genetics
University of California, Los Angeles, 2021

Professor Leonid Kruglyak

Variation in nutrient availability between environments has led to the evolution of diverse
metabolic pathways. These pathways differ across species, but are expected to be similar
within a species. To identify large genetic differences in pathways within a single species,
We performed a genome-wide scan for higher-order genetic interactions in segregants from
16 highly diverse S. cerevisiae crosses grown in 38 different conditions. We observed a large
effect genetic interaction for growth in galactose among three loci in crosses involving the
soil strain CBS2888. We used precisely engineered alleles to show that this genetic interac-
tion arises from variation in the genes GAL2, GAL1/10/7, and PGM1 from the galactose
metabolic pathway. The CBS2888 alleles of these galactose genes were highly diverged from
the reference. We hereafter refer to the divergent galactose alleles found in CBS2888 as the
alternative alleles, and the alleles found in other strains as the reference alleles. Strains with
alternative alleles are found primarily in galactose-rich dairy environments, and they grow
faster in galactose, but slower in glucose, revealing a tradeoff, on which population genetics
analyses suggest that balancing selection could have acted on. Our results show that bal-
ancing selection can preserve, functionally distinct states of a multi-locus genetic network,
providing a general mechanism for maintenance of complex, interacting genetic variation at

co-adapted alleles.
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Introduction

To grow and reproduce, organisms must extract chemicals from their environments and con-
vert them into energy and cellular building blocks. Variation in nutrient avaliability between
environments has led to the evolution of diverse and complex interconnecting metabolic en-
zymatic pathways. In humans, mutations in these pathways give rise to diseases known as
inborn errors of metabolism [1]. The budding yeast Saccharyomyces cerevisiae has been
extensively used as a model system for unravelling the genetic and biochemical basis of eu-
karyotic metabolism. Although S cerevisiae prefers glucose as a carbon source, it can utilize
a wide variety of other sugars, and work over many decades has identified and characterized
the regulatory and enzymatic components of pathays that process various carbon sources
2].

One exceptionally well-studied example of alternative carbon utilization is the Leloir
pathway of galactose metabolism [3]. This pathway consists of a galactose transporter,
encoded by the gene GAL2, enzymes that work together to convert galactose into glucose-
1-phosphate, and regulatory components that control their expression. The enzymatic com-
ponents are encoded by GAL1, GAL10, and GAL7, together known as the structural galac-
tose genes. Phosphoglucomutase, encoded by PGM1 and PGM2, then converts glucose-1-
phosphate to glucose-6-phosphate—the substrate for glycolysis. The GAL genes are strongly
repressed when either glucose or glycerol is present but are induced up to 1000-fold when
only galactose is available [4]. Induction of the galactose pathway is controlled by the GAL/
transcription factor and its regulators GALS80 and GALS [3].

Although the enzymes involved in galactose metabolism are highly conserved from yeast
to humans, the regulation of galactose metabolism varies substantially [5, 6]. Within the
yeast family Saccharomycetaceae, species show radically different responses to galactose [7].
For example, in S. uvarum, a species that is separated from S. cerevisiae by approximately
10-20 million years, GAL genes are not repressed by glucose [8, 9]. Some strains of S.

kudriavzevii can metabolize galactose, while others have lost this ability through pseudog-
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enization of multiple genes in the pathway, and it has been proposed that the two versions
of the pathway have been maintained by multi-locus balancing selection [10]. Recent pop-
ulation surveys of S. cerevisae identified substantial sequence diversity in genes involved in
galactose metabolism and uncovered some strains that lack glucose repression, a feature
thought to be characteristic of galactose regulation in this species [11, 12, 13, 14].

In the course of mapping the genetic basis of variation in growth on multiple carbon
sources, we discovered a three-way genetic interaction for growth in galactose [15]. Here, we
fine-mapped these three loci to genes in the galactose pathway and identified specific allelic
combinations of these genes that are incompatible for growth in galactose. We characterized
the global distribution of these alleles in over 1000 yeast strains [11, 12] and found that
most strains contain one of two functionally distinct versions of the galactose metabolic
pathway that have been maintained by ancient balancing selection. We experimentally
identified a fitness trade-off between these versions which provides a possible explanation for

the maintenance of these alleles. These findings are explored in detail in Chapter 1.
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Ancient balancing selection maintains incompatible
versions of the galactose pathway in yeast

James Boocock'?>*, Meru J. Sadhu'?>** Arun Durvasula’,
Joshua S. Bloom 234+, Leonid Kruglyak“234+

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 (PGMI), and that the reference allele of PGMI 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.

ariation 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 metab-
olism (7). 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
GAL2, and the enzymes encoded by GALI,
GALI10, and GAL7, which convert galactose to

Fig. 1. Three-locus A
genetic interaction for

glucose-1-phosphate (3). Phosphoglucomutase,
encoded by PGM1 and PGM2, then converts
glucose-1-phosphate to glucose-6-phosphate—
the substrate for glycolysis.

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 main-
tained through multiloci balancing selection
(4). Balancing selection maintains genetic di-
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versity 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, P <
107%%) (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 pheno-
type of segregants that inherit the CBS2888
allele at the loci on chromosome II (ChrII) and
ChrXII and the non-CBS2888 allele at the locus
on ChrXI; these segregants grow much slower
in galactose than those with any other combi-
nation of alleles (Fig. 1A). The three loci contain
genes that encode components of galactose

IDepartment of Human Genetics, University of California, Los
Angeles, Los Angeles, CA, USA. “Department of Biological
Chemistry, University of California, Los Angeles, Los Angeles,
CA, USA. *Howard Hughes Medical Institute, University of
California, Los Angeles, Los Angeles, CA, USA. “Institute for
Quantitative and Computational Biology, University of
California, Los Angeles, Los Angeles, CA, USA.

*Present address: Genetic Disease Research Branch, National
Human Genome Research Institute, National Institutes of Health,
Bethesda, MD 20892, USA.

tCorresponding author. Email: jploom@mednet.ucla.edu (J.S.B.);
Ikruglyak@mednet.ucla.edu (LK.)

Galactose

|Ga|actose 1-phosphate |+ | UDP-glucose

Y

| Glucose 1-phosphate |+ | UDP-galactose

[BSE | (Pom2]

Glucose 6-phosphate

Glycolysis

1202 ‘0€ aung uo /Bio BewadusIos aoualos//:dny woly papeojumoq



RESEARCH | REPORT

All three reference alleles

\

metabolism: GALI, GAL10, and GAL7 on ChrlI;
PGMI on ChrXI; and GAL2 on 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 mea-
sured the growth rates of the eight engineered
strains in galactose and recapitulated the map-
ping results (Fig. 1C, fig. S5, and tables S1 and
S2), demonstrating that variants in the coding
and intergenic regions of GAL1/10/7 and GAL2
and in the promoter region of PGM1I are re-
sponsible for the observed genetic interaction.
In particular, the strain with the reference
PGM1 promoter allele and the alternative GAL1/
10/7 and GAL2 alleles exhibited a severe growth
defect in galactose, confirming that the compo-
nents of the reference and alternative pathways
are incompatible.

To better understand cis-acting regulatory
differences between the alternative and ref-

Alternative GAL1/10/7,
Chinese PGM1 promoter,
and Chinese GAL2

I All three alternative alleles 100

100

I Other combinations

S. paradoxus

S. cerevisiae 1,213 strains

S. mikatae

S. uvarum

I S. cerevisiae 49 strains I

Kazachstania naganishii

Kazachstania africana

0.0 0.1 0.2 0.3

0.4 0.5

Genetic distance

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.

hybrid strain (CBS2888xBY) in glucose, trans-
ferred it to galactose medium, and sequenced
RNA from samples collected throughout a
growth time course (7). In glucose, the expres-
sion of the CBS2888 allele of PGM1I 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 refer-
ence allele (binomial test, P < 107'°°), and this
difference persisted for the rest of the time
course (fig. S6 and table S8).

The alternative PGMI promoter allele con-
tains a GAL4 upstream activating sequence
(UAS) (10), whereas the reference allele does
not (fig. S4). We engineered a point muta-
tion 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
PGM1 promoter and alternative alleles of the
other GAL genes (fig. S7). We conclude that
the induction of PGM1 in galactose, medi-
ated through a GAL4 UAS, is critical for the
proper functioning of the alternative galactose
pathway.

We searched for the alternative and refer-

of sequenced S. cerevisiae isolates comprising
1276 strains (11, 12) and found three common
combinations: only reference alleles (1213 strains),
only alternative alleles (49 strains), and 8 strains
from China with the alternative GALI/10/7 allele
and alleles of GAL2 and the PGMI promoter that
differ from both the reference and the alter-
native alleles (Fig. 2A, fig. S8, and table S9) (7).
No strains carried the reference PGMI promoter
allele and the alternative GALI/10/7 and GAL2
alleles, suggesting that this combination causes
a fitness disadvantage in natural environments
and has been purged by selection. This hypoth-
esis is further supported by a high linkage dis-
equilibrium index (¢ = 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 environ-
ments 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 obser-
vation suggests that the alternatives alleles
are maintained by natural selection in dairy

1202 ‘0€ aung uo /Bi0 Bewadusios aoualos//:dny woly papeojumoq
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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 PGMI promoter
(B), and genes adjacent to GAL2 (C). The purple dashed line shows the genome-wide average dS of 0.014. The

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 pre-
dates 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 signa-
ture 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 galac-
tose loci (Fig. 3 and figs. S14 to S18) (7).

The strains with the alternative or Chinese
alleles contain GAL2 genes duplicated in tan-
dem, and GAL2 is also duplicated in two other
yeast species: Saccharomyces uvarum and
Saccharomyces eubayanus. We aligned all
the GAL2 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 GAL2 paralogs are functionally
distinct and maintained by selection, and they
also provide evidence that the alternative al-
leles 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 donated the alleles has been identified
(7, 17). 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 genera-
tions ago), with or without balancing selec-
tion, 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, ¢ test, P < 107°],
the strains with the alternative alleles grow

1202 ‘0€ aung uo /Bio Bewadusios aoualos//:dny woly papeojumoq
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Fig. 4. Trade-offs between the alternative and reference alleles in the
galactose pathway. (A) Growth rates of allele replacement strains (n = 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

reference alleles (Figs. 1C and 4A). S. cerevisiae
encounters and metabolizes a wide variety of
sugars (I18) but prefers glucose (19). In glucose,
the strains with the reference alleles grow 2%
faster than strains with the alternative alleles
(T = -312, t test, P = 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 se-
quencing showed that in glucose, the reference
alleles are repressed, whereas the alternative
GAL alleles are constitutively expressed (fold
change = 40.6, binomial test, P < 107%) (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 (2I), 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 GAL7 (22), that can lead
to life-threatening symptoms if galactose is
not eliminated from diet. The precise molec-

understood (23), but yeast models of galactose
toxicity suggest that the incompatibility ob-
served in this work arises from the same
metabolic defect that underlies galactosemia.
Finally, our results go beyond previous find-
ings (4) in showing that balancing selection
can preserve two alternate, functionally dis-
tinct states of a multiloci genetic network,
providing a general mechanism for the main-
tenance of complex, interacting genetic vari-
ation at coadapted alleles.
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Materials and Methods

Quantitative trait mapping

We obtained the additive QTL for each of the 38 phenotypes that were measured in
~14,000 progeny from 16 parental crosses in Bloom et al (6). We tested all triplets of these QTL
to see whether they were involved in any three-way QTL interactions. Specifically, for unique
triplet combination of QTLs for each trait and cross we built a linear model with all additive
QTLs, two-way QTLs, and the three-way QTL interaction terms. We tested whether this model
fit significantly better than a nested model that included only additive QTLs and two-way
interaction terms using a likelihood ratio test. We considered any three-way interaction with a q-
value less 0.1 to be significant. The coefficient of variation, R%, was used to quantify how much
variance in the phenotype was explained by the different QTL models. Boxplots of the
normalized growth rate were made using ggplot2 (v3.2.0)(28). A chi-square test was used to
evaluate whether the three galactose loci segregated independently. Unless otherwise specified,
all computational analyses were performed in R (v3.6.1)(29).

Yeast strains

Strains, plasmids, and primers used in this study are listed in Tables S5 to S7. To
generate allele replacement strains, we used a two-guide RNA CRISPR system to introduce
double-strand breaks flanking our regions of interest and provided linear repair templates of the
desired replacement allele. The precise details for the construction of each of the strains are
described below.

We engineered a lab yeast strain derived from BY4741 (YLK3221: Mata met15A his3A1
leu2A0 ura3A0 nejlA::KanMX) with all eight combinations of the CBS2888 and BY4741
galactose alleles (8). To engineer strains with the CBS2888 PGM1 promoter we used a plasmid
that contained galactose inducible CAS9 (PLK77, p415-GalL-Cas9-CYC1t)(30). For the
CBS2888 GAL2 and GAL1/10/7 allele, we used a plasmid that contained a constitutively
expressed CAS9 (PLK91, pRS414-TEF 1p-Cas9-CY C1t-NatMx).

For the PGM1 locus, we replaced the BY4741 PGM1 promoter sequence with the
CBS2888 PGM1 promoter allele. We generated a repair template that contained the 2.9kb
CBS2888 promoter sequence flanked by homology arms that were identical to the ends of the
nearest flanking genes, PMUI and PGM1. For the GAL2 locus, we replaced the BY4741 GAL?2
sequence and the surrounding non-coding region with the CBS2888 GAL?2 allele. We generated a
repair template that contained the 5.7kb CBS28888 GAL2 sequence flanked by homology arms
that were identical to the ends of the nearest flanking genes EMP46 and SRL2. For the
GALI1/10/7 locus, we replaced the BY4741 GAL1/10/7 sequence and the surrounding non-coding
region with the CBS2888 GAL1/10/7 allele. We generated a repair template that contained the
7.3kb CBS2888 GAL1/10/7 sequence flanked by homology arms that were identical to the ends
of the nearest flanking genes K4AP104 and. We co-transformed these repair templates with
selectable plasmids expressing two guide-RNAs that exclusively cut near the 3’ and 5’ ends of
the BY4741 region. We picked colonies and confirmed they had the exact intended replacement
allele sequences using multiple sanger sequencing reactions (YLK3267, YLK3268, YLK3269).

We mated strains with the CBS2888 GAL2 and PGM 1 promoter to obtain a heterozygous
diploid (YLK3270), which we sporulated to get a haploid strain with both CBS2888 alleles. This
strain was then mated to a strain with the CBS2888 GAL1/10/7 allele to obtain a heterozygous
diploid (YLK3271). We also took care to ensure that auxotrophies and the drug marker were
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homozygous in this strain. We sporulated this strain and PCR genotyped the progeny. From this
cross, we obtained two isolates of each of the eight possible combinations of the CBS2888 and
BY4741 galactose alleles.

We made a point mutation in the GAL4-binding site of the CBS2888 promoter in strains
with the CBS2888 GAL1/10/7, PGM1 promoter, and GAL2. We used a plasmid that expressed a
single guide RNA, which was co-transformed with a repair template. We confirmed that strains
had the desired mutation using sanger sequencing (YLK3288-YLK3291).

Growth measurements.

All growth experiments were performed at 30 degrees in YP media (2% bacto-peptone,
1% yeast extract) supplemented with 2% glucose, 2% galactose, or 1% glucose/1% galactose.
Strains were always incubated with fast shaking in a BioTek Synergy™ 2 plate reader. Before
each experiment, strains were grown to saturation in our plate reader in 96-well plates (Corning,
Flat Bottom with Lid, #3370) in 2 % glucose. Strains were then diluted 1:100 into new 96-well
plates and transferred to our plate reader, which automatically took optical density measurements
(OD600) measurements every 15 minutes.

Growth rate calculations

Growth rate was quantified as the geometric mean rate of growth (GMR). Our procedure
for calculating the GMR follows that described in Brem et al (20). Briefly, a spline was fit in R
using the splinefun function, and the time spent (t) between OD 0.2 and 0.8 was calculated. The
GMR was then estimated as the 1og(0.8/0.2) /t. We then converted this GMR into doublings
per hour. In each experiment, we measured the growth of three biological replicates of each
strain. To determine whether the diauxic shift differed between our allele replacement strains, we
grew these strains in 1% glucose/1% galactose medium and calculated the GMR between 0.8 and
1.1. This range of OD captures the range over which the reference strain pauses and restarts
growth in 1% glucose / 1 % galactose medium.

To determine whether our allele replacement experiments recapitulated our QTL results,
we fit a linear model with additive, two-way, and three-way interactions terms. We performed a
likelihood ratio test to determine whether this model fit significantly better than the two-way
interaction model. The coefficient of variation R? was used to quantify the variance explained by
the different QTL models. In the model with all additive and interaction terms we used a t-test to
determine whether the three-way interaction term was significant.

In all of our growth experiments, we performed Welch’s t-tests to determine whether
certain allele replacement strains had significantly different growth rates from each other.

To align the growth curves across a 96-well experiment for visualization purposes, for
each well we identified the last time point that was less than OD 0.2, and the first time point that
was greater than or equal to OD 0.2. We linearly interpolated these time-points to get an estimate
for t at OD = 0.2 and calculated an adjusted time for all wells.

Allele-specific expression of a hybrid diploid strain (CBS2888xBY)
throughout a galactose-induction time-course

For our allele-specific RNA-sequencing experiments we mated a prototrophic BY strain
(YLK1881) to CBS2888, to obtain a diploid hybrid. We performed an RNA-seq experiment for
this diploid hybrid strain over a time course growth experiment where the strain was transferred
from YP +2% glucose media to YP+ 2% galactose media. In more detail, we collected yeast
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from mid-log (OD ~ 0.5) in glucose media. We then spun down the culture and resuspended it in
galactose media (OD ~ 0.1), we then collected yeast at 30 minutes, 1 hour, 2 hours, 4 hours, and
5.5 hours. These samples were placed in the -80 freezer for further processing. We extracted
RNA from each time point using the Quick-RNA Fungal/Bacterial Kit from Zymo research. We
constructed RNA-sequencing libraries using the KAPA mRNA hyperprep kits. These libraries
were then sequenced on an [llumina MiSeq.

To quantify allele-specific expression (ASE) in our time course experiment, we used the
WASP software to generate allele counts for each SNP site within every gene (v0.2.2)(37). We
quantified the significance of ASE using a binomial test. For the galactose genes (GAL1/10/7 and
GAL?2), we could not obtain ASE estimates because the reads from the CBS2888 alleles do not
align to the reference. For these genes we quantified expression using Kallisto (v.0.44.0) with a
reference transcriptome that contained the coding sequences of the CBS2888 galactose genes
(32). The fold-change was calculated as the log, ratio of the estimated counts of the reference and
CBS2888 galactose genes.

Curation of sequencing data used for the population genetic and phylogenetic analysis of the
galactose alleles of S. cerevisiae

We obtained the genome assemblies from two large collections of sequenced yeast
isolates, comprising 1,277 total isolates (/1, 12). One of these isolates had poor sequencing
coverage (YCL), and we removed it from all downstream analyses. We also obtained the genome
assemblies and gene annotations for the Saccharomyces genes: S. mikatae (S. mik), S. uvarum (S.
uva), and two outgroup species Kazaschstania africana (K. afr) and Kazaschstania naganishii
(K. nag) from the yeast gene order browser (YGOB)(33). We obtained the genome assembly and
gene annotations for S. paradoxus (S. par, CBS432) from the Yeast Population Reference panel
(34). We obtained the genome assembly and gene annotations for S. eubayanus (S. eub,
FM1318) from Ensembl Fungi (35, 36). We used the moleculo long-read assembly of CBS2888
provided by Bloom et al. as a representative strain for the alternative alleles, and the reference
genome (SacCer3) as a representative strain for the reference alleles (37). We obtained all 332
publicly available budding yeast genomes, this list of strains and the location of the data on
public databases was provided in Shen et al (38).

Annotation of the galactose alleles from a global collection of 1,276 sequenced yeast strains

We used BLAST (v2.6.0) to align the alternative (CBS2888) and reference GALI,
GALI10, GAL7, GAL2, and PGM1 promoter alleles to each of the 1,276 genome assemblies (39).
We removed any alignments that did not cover greater than 80% of the length of the query
sequence and retained the best alignment. We classified the galactose genes in each strain as
alternative if the alignment had greater than 90% identity to the alternative allele and less than
90% to the reference allele. Equivalent criteria were used to classify strains as having the
reference allele. The reference PGM1 promoter contained a Tyl transposon, which fragmented
most of the assemblies with the reference allele. For this gene, we only required that the
alignment covered greater than 40% of the query sequence. Even with this relaxed criterion for
some genes in some strains we were still not able to make a classification, usually due to
additional assembly fragmentation. For 70 strains we were not able to assign the PGM1
promoter, for 62 strains we were not able to assign GAL2, and for one strain we were not able to
assign GAL7. In these cases, we determined which allele was present by manually combining
multiple partial alignments. During this process, we identified 8 strains collected in China that
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had neither a reference or alternative GAL2 or PGM1 promoter allele. On closer inspection, all of
these strains had distinct alleles (<90% sequence identity to both the reference and alternative
alleles) at both of these loci.

Analysis of the linkage disequilibrium between galactose alleles

To analyze the patterns of linkage disequilibrium (LD) between the galactose alleles, we
could not use a standard measure of LD, R?, because it cannot be calculated between more than
two loci. Instead, we used an entropy-based method (eLD) which generates a LD index (€),
which can be applied to arbitrary numbers of alleles (/3). We calculated € using the genotypes of
the galactose alleles that we inferred for the 1,276 strains. Strains with the Chinese alleles were
conservatively assigned as the reference. The yeast population is highly structured, and as such
the null expectation for € will be inflated relative to an unstructured population. We calculated a
null distribution by randomly selecting 10,000 triplets of SNPs from different chromosomes and
calculating €.

For this analysis, we used SNPs with frequencies of between 4-5%, which is close to the
observed frequency of the alternative alleles (4.4%). These SNPs were obtained by merging a
VCF file provided by Peter et al. (/2), and a VCF file we generated from data provided by Duan
et al. (/7). For the data from Peter et al. we removed sites with more than 5% missing data,
indels, and sites that were not biallelic. The study by Duan et al. contained an additional 266
strains but did not provide a VCF file. We therefore downloaded the reads from the short-read
archive (SRA) and generated a VCF file using the standard Genome Analysis Toolkit (GATK,
v4.1.3.0) variant calling pipeline (40). We removed sites that had overall coverage less than 30,
QUAL scores less than 100, and more than 5% missing data. We also removed sites that were
indels and were not biallelic using veftools (v0.1.15). We merged these VCEF files together and
set any missing sites to the reference using the “—missing-to-ref”” option in bcftools (v1.9)(41).
This merged VCF file contained a total of 1,803,186 SNPs and had 16,451 SNPs with a
frequency of between 4-5%.

Phylogenetic analysis of the alternative and reference galactose alleles

To visualize the phylogenetic relationships between all 1,276 strains, we created a
neighbor joining tree following similar methods as described by Peter et al. (12). In more detail,
we extracted all variants from a merged VCF file generated using bcftools with default
parameters. We filtered this merged VCF to remove sites with greater than 5% missing data and
sites with a minor allele frequency less than 5%. Next we generated a dissimilarity matrix using
SNPRelate (v1.18.1)(42). This matrix was used to build a neighbor joining tree with ape
(v5.3)(43). We visualized this tree using the ggtree (v1.16.4) package (44). We colored the
branches based on which combination of the galactose alleles each strain had.

To visualize the phylogeny of the alternative galactose alleles, we performed
phylogenetic clustering of the GALI, GAL10, GAL7 coding sequences from CBS2888
(alternative), SacCer3 (reference), S. par, S. mik, S. uva, K. afr, and K. nag (45, 46). We did not
use GAL?2 in this analysis because this gene is only found in the Saccharomyces genus. We
aligned each gene using Clustal Omega (v1.2.4) and concatenated the sequences. We used
RAXML (v 8.1.21) with a GTR + GAMMA model for tree generation (47). We set the outgroups
to be K. afr and K. nag. We performed 100 rapid bootstraps to assess the confidence of the
branches.
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To identify divergent regions of the duplicated GAL2 genes, we calculated the pairwise
sequence identity of GAL2a and GAL2b for the alternative, Chinese, S. uva, and S. eubayanus (S.
eub) sequences. This pairwise sequence identity was calculated in 50 base-pair windows with a
10 base-pair step. To investigate the phylogenetic relationships between the alternative, Chinese,
and reference GAL2 genes, we performed phylogenetic clustering of the GAL2 coding sequence
from CBS2888 (alternative), BAM (Chinese), SacCer3 (reference), S. par, S. mik, S. uva, and S.
eub. GAL? is only found in the Saccharomyces genus, so we used the K. afr and K. nag HXT7
genes as the outgroups. We aligned the protein sequences of all of these genes using
DECIPHER. We annotated the cytosolic, extracellular, and trans-membrane domains of the S.
cer GAL2 gene using TMHMM (48). We performed phylogenetic sub-clustering analysis using
the codon-aligned protein and DNA sequences of the N-terminal domain comprising the first 67
amino acids of the reference sequence. We also performed phylogenetic sub-clustering analysis
of the trans-membrane and C-terminal cytosolic domain using the codon-aligned protein and
DNA sequences comprising amino acids 68 through 575 of the reference sequences.

Population genetic analysis of the alternative and reference galactose alleles

We estimated the synonymous substitutions per site (dS) between the reference and
alternative galactose genes using the codonseq package of Biopython (v1.70) with the NG86
method (49, 50). We note that this method utilizes the Jukes-Cantor correction that explicitly
incorporates back mutations and converts the raw proportion of observed synonymous changes
into a time linear distance between the sequences. If there are many differences between the
sequences this can lead to estimates of dS that are greater than 1. To calculate a 95% confidence
interval on all our dS estimates, we performed 200 bootstraps in which we resampled codons
with replacement and then recalculated the dS. When the number of synonymous substitutions is
too large the NG86 method can return an error, for these bootstrap samples dS was set to 3.23.
To obtain a background distribution of synonymous differences, we performed a global
alignment using ssearch36 (v36.3.8f) to identify the reference genome open-reading frames in
the CBS2888 genome (57). We only considered alignments that contained a complete open
reading frame. We calculated the dS for each aligned gene using codonseq. We aligned the
alternative and reference PGM 1 promoters and calculated the distance between the sequences
using the DistanceCalculator from Biopython with the ‘identity’ method. For every pair of
neighboring genes in the reference genome, if such pairs both align to the same CBS2888 contig
we extracted the sequences between them for both the reference and CBS2888 assemblies and
calculated percent identity using the method described above for the PGM 1 promoters.

Analysis of synonymous substitutions per site in CBS2888

Using the aligned genes between CBS2888 and the reference genome, we calculated the
dS in 200 amino acid overlapping windows genome-wide using codonseq. We used a step of 10
amino-acids for the windows. We repeated our analysis of loci linked to the alternative galactose
alleles using non-overlapping windows of 50, 75, 100, 150 and 200 base-pairs.

Analysis of sequence dissimilarity in EMP46

The CBS2888 EMP46 contains a premature stop codon, in addition to many insertions
and deletion relative to the reference gene. We calculated sequence identity of the alternative
EMP46 allele relative to the reference using Biopython with the ‘identity’ method. We
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performed this calculation in 300 base-pair windows with a 100 base-pair step. We calculated
these sequence identities using insertions and deletions as both missing and mismatches.

Population genetic simulations

Forward simulations were performed with SLiM (v3.4)(52).

Parameter choices

The population genetics of yeast has not been extensively characterized and several
important evolutionary parameters remain to be estimated. However, we were able to obtain a
number of realistic fixed parameters from the literature (Table S11). For all of our simulations,
we used an effective population size (Ne) of 10,000,000 (/2), a mutation rate (u) of 3.8e-10 (53),
and a meiotic recombination rate (r) of 3.133483¢-06 (6). We set the total number of generations
in all our simulations to 3.2 billion, which is our estimate for how many generations have passed
since the alternative and galactose alleles diverged. These parameters were fixed in every
simulation regardless of the model. Yeast are extremely inbred and often divide clonally, and
when undergoing meiosis mostly self. To model this behavior, we sampled the cloning rate (c)
from a uniform distribution from between 0.9 and 0.9995. Yeast outcross approximately once
every 50,000 generations (54), so we set the selfing rate (s) to be whatever was necessary to
ensure that the outcrossing events happened at this rate. We implemented selfing indirectly by
setting the meiotic recombination rate to 744; =r(1-s) (55). SIiM does not implement mitotic
recombination, which leads to loss of heterozygosity events when yeast divide clonally. To
model these loss of heterozygosity events in SLiM, we set a portion of the clonal evolution to be
performed by the selfing module in SLiM. The mitotic recombination rate was drawn from a
uniform distribution from between 0 and 0.1. All simulations were run for a neutral burn-in of
8Ne with the same population set-up used for the rest of the simulation and a migration rate
between all populations of 50%.

Simulated models

1) Ancient balancing selection

We modeled the multi-locus ancient balancing selection as a two-population model
where the populations were assigned to either a galactose-rich or a glucose-rich environment
with migration occurring between the populations. The two subpopulations were created with
sizes of Ne/2. We created six point mutations that are used to represent the reference and
alternative galactose alleles of GAL1/10/7, PGM1 promoter, and GAL?2. After the burn-in, we
placed these reference mutations at positions 5kb, 15kb, and 25kb into all the genomes from the
population in the glucose-rich environment, and vice-versa for the alternative mutations into the
galactose-rich environment.

We used fitness callbacks to implement the multi-locus balancing selection so that in the
galactose-rich environment individuals with all three alleles of the alternative pathway had a
selective advantage, and in the glucose-rich environment all three alleles of the reference
pathway had a selective advantage. For the alternative pathway the dominance was set to 0.98,
and for the reference pathway we set the dominance to 0.0001. These dominance coefficients
were chosen based on our experimental results, where the cost of the alternative pathway in the
reference environment was due to the constitutive expression, and the benefit of the alternative
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pathway in the alternative environment was partly due to a switching advantage, which is a
dominant trait. The unknown parameters in this simulation were the relative advantage of the
reference and alternative pathways in their environments. These selection coefficients were
drawn from a uniform distribution between 0.0002 and 0.3. We found that when using SLiMs
default settings, different selection coefficients and migration rates between the environments
influenced the observed outcrossing rate between individuals from the different environments.
To prevent this, we fixed the migration rate between the environments to 50% and chose the first
parent based on fitness and the second parent randomly from within each population. This
approach gave realistic outcrossing rates while not affecting the other dynamics of the
simulation.

2) Recent neutral introgression

We modelled introgression as a three-population model with two populations of size Ne/2
assigned to either a galactose-rich or a glucose-rich environment with migration occurring
between the populations. In this simulation, we included a third population of size Ne completely
isolated from the other populations. Introgressions events were modelled as a single generation
pulse from this third population into the galactose-rich environment at a specific frequency. After
the burn-in, the reference galactose alleles were fixed in both the galactose-rich and glucose-rich
environments, and the alternative alleles were fixed in the isolated population. If introgression
occurs at a frequency of ~0.5, then, in the absence of balancing selection, fixation or loss is
expected to occur on the order of 2.77Ne generations (56). Therefore, we only simulated neutral
introgression occurring between 1 and 50,000,000 generations ago. For each simulation, we drew
the generation from a uniform distribution. The pulse fraction was drawn from a uniform
distribution of between 0.5 and 1.

3) Introgression followed by the maintenance of the two pathways by balancing selection.

We modelled introgression followed by balancing selection using the same setup for the
populations as the recent neutral introgression model until the generation the alternative
galactose alleles were introgressed. After this generation, we switch to using the same set-up as
the multi-locus ancient balancing selection model. We simulated three versions of this model to
capture different ranges of generations ago for when the introgression could have occurred, these
were: 1-25 million; 25-50 million, and 50 million-1 billion. For each of these models, the number
of generations in each simulation was drawn from a uniform distribution.

Computational speed-up

Forward simulations using the estimated population sizes are intractable with existing
computational resources and software. To proceed, we rescaled the parameters of our model by
dividing the population sizes by a factor and increased the mutation, recombination rate, and
selection coefficients by the same factor. To check whether this scaling affected the dynamics of
our simulations, we fixed a set of parameters and simulated from our ancient balancing selection
model with different factors (1,000, 5000, 10000, 50000, and 100,000) and investigated whether
the site frequency spectra of the resulting simulations differed between scaling factors (Fig. S22).

Summary statistic computation
We calculated the two summary statistics from the simulated data that support ancient
balancing selection. These were the entropy linkage disequilibrium index (eLD) and a vector
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representing the synonymous rate of substitution (dS) at each base pair. For our observed data,
we used the dS between the CBS2888 and S288C (SacCer3) galactose alleles shown in Figure 3.
To obtain an equivalent statistic from the observed data, we calculated the pairwise diversity
between haplotypes with the reference and galactose alleles in 600 base-pair windows with a 30
base-pair step. This window size and step is identical to the 200-amino acid windows and 10-
amino acid windows used to calculate the dS from the observed data.

To enable comparison of the observed and simulated dS signals, we removed the
GAL1/10/7, PGM1 promoter, and GAL?2 regions from the observed data. This approximates our
simulations where we modelled these selected regions as point mutations. We also had to convert
the dS signal to the coordinate system of the simulations. To achieve this, we first assigned each
locus to one of three 10kb chunks on a 30kb chromosome, making sure to center the observed
data in each chunk around the selected locus. Secondly, the windows in the observed data are
spaced according to the genes nearby the galactose alleles. We aligned each window in the
observed data to the window in the simulated data with which it had the largest overlap.

Approximate Bayesian Computation
We performed Approximate Bayesian Computation (ABC) with the R package abc

(v2.1)(57) and the rejection method to construct the posterior distribution of the random
parameters and the simulated and observed summary statistics described above. We used the
postpr function to calculate Bayes factors for the five evolutionary scenarios we simulated:
ancient balancing selection, neutral introgression, and introgression followed by balancing
selection in three time periods. We calculated these Bayes factors for a range of tolerances (0.01,
0.05, 0.1,0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50). The approximations used to generate the
Bayes Factors hold when the different models are all a priori equally likely, and the same
number of simulations are from each model are used in the comparison (58). We calculated
Bayes factors using 20,000 simulations from each of the five models.

Supplementary Text

Global distribution of the galactose alleles

We identified three most common combinations of galactose alleles: 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 GAL2 and the PGM promoter that differ from both
the reference and the alternative alleles (Table S9). In addition, one strain had a deletion of the
entire region containing GAL1/10/7, three strains contained reference alleles at all loci except
GAL7, and two strains were heterozygous at the PGM promoter and homozygous for the
reference alleles at the other loci, indicating that strains with alternative and reference galactose
alleles have not been completely reproductively isolated from each other. This is also
demonstrated by the phylogenetic distribution of the isolates with alternative GAL alleles (Figs.
2A and S8).

Dating the split between the alternative and reference galactose alleles

We combined the estimated number of synonymous substitutions per site (dS) with the
measured mutation rate p=3.8x101" per site per generation in yeast (53). Under neutral theory,
the dS value of 2.4 for the galactose alleles corresponds to a split between these alleles
approximately 3.2 billion generations ago (95% C.1.=2.5-4.5 billion generations), which pre-
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dates the most recent common ancestor of the Saccharomyces genus (15). This date is over 100
times older than the divergence between CBS2888 and the reference strain based on the average
number of synonymous substitutions per site (0.014) for all genes (Fig. S10, Table S10)

We calculated the synonymous substitutions per site between the reference genome and
the GALI, GAL10, and GAL7 genes of the 1,276 sequenced strains (Fig. S11). In agreement with
our comparison between CBS2888 and reference galactose alleles, the number of synonymous
substitutions per site was high in strains classified as having the alternative alleles (GAL7
dS=2.50, range=0.94-2.88; GAL10 dS=2.64, range=2.53-2.85; GALI dS=2.13, range=2.05-2.52).
The number of synonymous substitutions per site was low when comparing the alleles of strains
that we annotated as having the reference alleles (GAL7 dS=0.01, range=0-0.26, GAL10
dS=0.01, range=0-0.016, GAL=0.01, range=0-0.041).

The alternative and Chinese galactose alleles fall outside the Saccharomyces genus

We extracted GALI, GALI10, and GAL7 alleles from the genomes of 1,234 of the 1,276
strains with complete assembled ORFs at these sites. We removed the 3 strains with reference
alleles at all loci except GAL7. We performed phylogenetic clustering of the genes from the
remaining 1,231 strains and verified that all of the alternative GAL1/10/7 alleles fall outside the
Saccharomyces genus (Fig. S12).

The Chinese and alternative GAL?2 alleles both contain a GAL2 duplication. We
compared the centromere-proximal alternative and Chinese GAL?2 alleles and found that these
two alleles are more similar to each other (dS=1.37) than they are to the reference (Chinese
GAL?2 compared to reference dS=1.91, alternative GAL2 compared to reference dS=2.38).
Phylogenetic clustering revealed that the transmembrane and C-terminal regions of the Chinese
and alternative GAL2 genes cluster with each other (Fig. S19C). This result provides evidence
that the Chinese, alternative, and reference galactose alleles have an ancient origin in
Saccharomyces.

The Chinese and alternative PGM 1 promoter alleles are more similar to each other
(70.6% sequence identity) than either is to the reference (Chinese PGM promoter compared to
reference, sequence identity=47.0%; alternative PGM 1 promoter compared to reference,
sequence identity=46.7%). The low sequence conservation between the PGM1 promoters in
outgroup species prevented us from performing phylogenetic clustering, however, we did note
that the alternative and Chinese PGM1 promoter alleles are missing a lysine tRNA that is present
in every species of the Saccharomyces genus (Fig. S13). This places the Chinese and alternative
PGM1 promoter alleles outside the Saccharomyces genus

A signature of ancient balancing selection

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 (Figs. 3 and S15). A signature that persists when using non-overlapping
windows for calculating dS (Fig. S14). No comparable signatures were seen at other genomic
loci in the CBS2888 genome (Fig. S16). The diversity of alternative alleles of the strains that
carry them falls within the distribution of diversity among other regions of the genome,
providing evidence that the alternative galactose pathway was not recently introgressed (Fig.
S17).

In agreement with our analysis of the CBS2888 genome, we observed a strong signature
of balancing selection at the galactose genes of the 1,276 sequenced strains classified as having
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the alternative or Chinese galactose alleles (Fig. S18). We did not observe this signature when
comparing strains classified as having the reference galactose alleles.

Searching for the alternative galactose alleles in other budding yeast species
We searched for the alternative galactose alleles in the genome sequences of 332 budding

yeast species (38). We did not find any matches of greater than 90% identity to the alternative of
Chinese galactose alleles, indicating that these alleles were not recently introgressed from any of
these species.

Forward genetic simulations

To distinguish between evolutionary scenarios that could have given rise to the signatures
found in the observed data, we performed forward simulations under five possible models using
SLiM (52) and used Approximate Bayesian Computation (ABC) to fit parameters and perform
model selection (57). The models we simulated were: 1) ancient multi-locus balancing selection
that has been acting since the galactose alleles diverged; 2) a recent neutral introgression of the
alternative galactose alleles occurring between 50 million and 1 generation ago; and 3) a
introgression of the alternative galactose alleles followed by maintenance of the alleles by multi-
locus balancing selection in three different time periods (M1, M2, and M3)(Fig. S21). The large
effective population size (Ne=10°) and extremely large number of generations (3.2x10°) made
these models computationally intractable. To overcome this challenge, we rescaled our
simulations by a factor of 50,000, which although large, preserved the behavior of our
simulations (Fig. S22). The two summary statistics we calculated were entropy linkage
disequilibrium index (eLD) and a vector representing the synonymous rate of substitution (dS).
We converted the dS signal from the observed data to the coordinate system of the simulations
(Fig. S23).

We first investigated whether the simple model of neutral introgression occurring
between 0 and 50 million generations ago was a better fit to the observed data than a model of
ancient balancing selection. We performed 24,679 simulations of the neutral introgression model
and found that in only 5,180 (21%) did all six alleles survive until the end of the simulation. This
is expected, as without balancing selection these alleles will be lost or become fixed over time.
The timing of the introgression was more recent in simulations where all six alleles were
retained, with the introgression occurring on average ~7 million generations ago (95%
CI=250,000-23 million)(Fig. S24). We compared 20,000 neutral introgression simulations to
20,000 ancient balancing selection simulations, and found decisive evidence that the neutral
introgression model was a worse model (Bayes Factor=298.6 for the ancient balancing selection
model compared to the neutral introgression model at a tolerance of 0.05) (Fig. S25A). To
understand more about the resulting summary statistics from the neutral introgression model, we
examined the two accepted simulations with the lowest distance to the observed data (i.e. the two
best simulations). We found that these simulations did not display a clear signature of elevated
sequence divergence at linked neutral sites (Fig. S25B) and had eLD values (€) of 0.24 and 0.44,
which are much lower than our estimate for the observed data (e=0.59). These results provide
strong evidence that recent introgression without selection is not the evolutionary process that
gave rise to the reference and alternative galactose alleles.

Another evolutionary scenario that could explain our observations is that the alternative
galactose alleles were introgressed at some point in the past and have been maintained by multi-
locus balancing selection ever since. To investigate this scenario, we performed simulations from
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three models representing ranges of possible dates when the introgression could have occurred.
While pinning down the exact timing of such an introgression is challenging in this case because
of uncertainty around many important parameter values, we wanted to see if there was support
for a recent (M 1), moderately old (M2), or ancient (M3) introgression followed by balancing
selection. We specified the time periods in terms of generations as follows: 1 and 25,000,000
(M1); 25 million and 50 million (M2); and 50 million and 1 billion generations ago (M3)(Fig.
S21). We compared these three models (n=20,000 per model) to the ancient balancing selection
model (n=20,000) and found evidence that the M1 and M2 models were not well supported
across a range of tolerances (Fig. S26A). We compared the ancient introgression model with
balancing selection to the model of ancient balancing selection (M3; n=20,000) and found that
neither model was favored. For all of these models, the two simulations with the lowest distance
match the observed data well (Fig. S26B). The analysis further showed that if the alternative
alleles were introgressed, the best estimate for the time of introgression is ~108 million
generations ago (Fig. S27). These results suggest that we can reject the recent and moderately
old introgression models in favor of the ancient introgression with balancing selection or ancient
balancing selection model. Overall, these results reinforce our hypothesis that ancient balancing
selection has maintained the alternative and reference galactose alleles.
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Fig. S1.

Additive QTL for the three galactose regions in two independent crosses. A) logarithm of the
odds (LOD) traces for 943 segregants derived from a cross between CBS2888 and YIJM981. B)
LOD traces for 867 segregants derived from a cross between CBS2888 and YJM981. The y-axis
was truncated at 45. Note the large-effect QTL on chromosome XV coming from the
CBS2888xCLIB219 cross. CLIB219 was found to have a de novo mutation in ADE2 on this
chromosome that affects all traits. C) LOD traces for chromosome II, XI, and XII of segregants
from a cross between CBS2888 and YIM981. D) LOD traces for chromosome II, XI, and XII of
segregants derived from a cross between CBS2888 and CLIB219. On all panels the red vertical
lines show the regional boundaries of the galactose genes. On chromosome II, the red bars
highlight the GAL1/10/7 region. On chromosome XI, the red bars highlight the PGM promoter.
On chromosome XII, the red bars highlight the GAL?2 region.
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Replication of the three-way genetic interaction another panel of segregants. top) Boxplots
showing the growth of 943 segregants on 2% galactose agar plates. These segregants were
derived from a cross between CBS2888 and CLIB219. bottom) Boxplots showing the growth
(s.d units) of 867 segregants on 2% galactose agar plates. These segregants were derived from a
cross between CBS2888 and YIM981. Segregants are partitioned on the x-axis based on their
genotypes at eight combinations of the three galactose loci (Chrll: GAL1/10/7, ChrXI: PGM1,
and ChrXII: GAL?2). Alleles at the QTL loci from CBS2888 are designated as ALT, and alleles
from CLIB219 and YJM981 are designated as REF.

24




a) Genes b) Promoters

1500
4000
3000 10001
=
3 2000
@)
500
1000
0- 1 0- T
70 80 90 100 40 60 80 100
Percent identity Percent identity
Fig. S3.

Sequence identity between the genes and promoters of the reference and CBS2888.

a) Histogram of the percent identity of 4,780 genes in the CBS2888 genome when these genes
were aligned to the reference genes. The average sequence identity of the diverged GALI,
GALI10, GAL7, and GAL2 (77%) when aligned to the reference galactose alleles is shown in red.
b) Histogram of the percent identity of 2,583 promoters of CBS2888 when aligned to the
reference. The sequence identity of the diverged PGM1 promoter (48%) when aligned to the
reference promoter is shown in red.
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Fig. S4.

Genomic organization of the alternative and reference galactose alleles. Regional genome plots
showing the relative lengths and locations of the GAL loci and surrounding regions. We
annotated any GAL4 upstream activating sequence (UAS) that we found at each of the loci. a)
GAL1/10/7,b) PGM1, ¢c) GAL2. The centromere-proximal copy of GAL2 in CBS2888
(alternative) is denoted as GAL2a, and the other copy as GAL2b.
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Growth curves for allele replacement strains that contain all eight combinations of the alternative
and reference galactose alleles. Growth curves for 6 replicates of each allele replacement strain
grown in 2% glucose. Each growth curve is colored according to the genotype of the
corresponding strain.
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Allele
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Allele-specific expression of PGM1 throughout a galactose induction time course. Allele-
specific expression of a hybrid (CBS2888xBY) that is heterozygous for the alternative and
reference alleles when grown in 2% glucose medium and transferred to 2% galactose medium.
The line graph shows the log: allele counts for the CBS2888 (alternative) alleles and BY

(reference) alleles.
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Fig. S7.

Galactose responsive PGM1 is necessary for the proper functioning of the alternative galactose
pathway. Growth rates of allele replacement strains when grown in 2% galactose medium. The
strains are from left to right: A strain with all three alternative alleles. A strain with the reference
promoter and the alternative GAL1/10/7 and GALZ2. A strain with all three alternative alleles and
a non-functional GAL4-UAS (CGGN;CCG-> CGGN1ACQG). A strain with all three reference
alleles. Each dot shows a biological replicate.
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Fig. S8.

Genome-wide neighbor-joining tree of 1,276 sequenced yeast isolates. Clusters of branches with
the same genotypes at the three galactose loci are colored as follows: all three reference alleles
(grey), all three alternative alleles (red), alternative GAL1/10/7 allele and Chinese PGM1 and
GAL? alleles (blue), reference alleles of all genes except GAL7 (purple), heterozygous at the
PGM1 promoter and homozygous for the reference alleles at the other loci (pink), and a deletion
of the entire region containing GAL1/10/7 and reference alleles at the other loci (orange).
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Fig. S9.

Linkage disequilibrium between 10,000 random sets of three SNPs.

Distribution of the entropy-based linkage disequilibrium index (€) of 10,000 random sets of
three SNPs with a similar frequency (4-5%) to the diverged galactose alleles. In red is the value
of € of the galactose alleles (0.592). The largest value we observed in our 10,000 permutations
was 0.50. A larger € indicates that the sites are in high linkage disequilibrium.
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Fig. S10.

Synonymous substitutions per site (dS) when comparing the reference and CBS2888 genes.
Histogram of the dS of the CBS2888 genes when compared to the reference genes. In red is
shown the average dS of the alternative GALI, GAL7, GAL10, and GAL?2 galactose alleles when
compared to the reference genes.
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Synonymous substitutions per site (dS) for the alleles of GALI, GALI10, and GAL7 found in
1,276 sequenced yeast strains. Boxplots of the dS of GAL1, GAL10, and GAL7 extracted where
possible from the genomes of the 1,276 yeast strains when aligned to the reference genes. Strains
are partitioned on the x-axis based on whether they were assigned as having the alternative
(ALT) or reference (REF) allele for each gene.
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Fig. S12.

Phylogenetic clustering of the GAL1/10/7 alleles in a global sample of 1,276 sequenced yeast
strains. Maximum likelihood phylogenetic tree of the GAL1/10/7 alleles.

Gene sequences were successfully extracted from the 1,231 strains with high-quality assemblies
in this region. Gene sequences were also extracted from members of the Saccharomyces genus
(S. uvarum, S. mitakae, S. paradoxus), and the outgroup species (Kazachstania africana and
Kazachstania naganashii). Branches are colored according to the genotype of each strain at
GALI1/10/7; alternative alleles (red), reference alleles (grey), and other species (black). Scale bar
shows the estimated number of substitutions per site.
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The missing lysine tRNA in the alternative PGM1 promoter is conserved within the
Saccharomyces genus. Screenshot of the PGM1 promoter from the yeast gene order browser
(33). Species from the Saccharomyces genus (S. uvarum, S. kudriavzevii, S. mikatae, and S.
cerevisiae) all have a lysine tRNA (tk-CUU) in their PGM1 promoters whereas the alternative

PGM1 promoter does not.
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Fig. S14.
A signature of ancient balancing selection. Estimated rate of synonymous substitutions per site
(dS) between CBS2888 (alternative) and BY (reference) genes shown for regions surrounding
the galactose loci. Estimates of dS are plotted as dots for 75-codon windows stepped every 75
codons. a) genes adjacent to GAL1/10/7, b) genes adjacent to the PGM promoter, ¢) genes
adjacent to GAL2. dS was not estimated for EMP46 due to the presence of an early stop codon
interrupting this gene in CBS2888.
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A signature of ancient balancing selection in the EMP46 gene. Sequence dissimilarity (%)
between CBS2888 (alternative) and BY reference) EMP46 gene. The sequence dissimilarity (%)
is plotted in 300 base-pair windows with a 100 base-pair step. We calculated the sequence
dissimilarity by treating the indels as mismatches (red) or removing those positions (blue) from
the alignment. The relative position of the nearby genes (SIC1, GAL?2) are shown below.
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Genome-wide distribution of the synonymous substitutions per site (dS) 200-amino acid sliding
windows between the CBS2888 and reference genes. The distribution of dS in 200-amino acid
sliding windows with a step of 10-amino acids when the CBS2888 genes are aligned to the
reference genes. We have highlighted in red genes near the galactose loci, in blue are the
galactose genes (GALI, GAL10, GAL7, and GAL?2), and in grey are all other genes. GAL1/10/7
are on Chrll, PGM1 is on ChrXI, and GAL?2 is on ChrXII.

38



GAL1/10/7 PGM1 promoter

GAL2
30
301 30
20
201 20
I I I=
> > >
o o o
(&) (&) O
10 10 10
0 [ | I i B RN 0 [ | [ | 0 [ | I
0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03
Nucleotide diversity Nucleotide diversity Nucleotide diversity
Fig. S17.

Intra-allelic diversity of the alternative alleles compared to other regions of the genome. Intra-
allelic diversity was calculated between the alleles of strains with the a) alternative GAL1/10/7
(n=57), b) alternative PGM1 promoter (n=49), and c) alternative GAL2 (n=49). The observed
sequence diversity for each of the loci is shown in red. The histograms show the intra-allelic

diversity of 100 randomly selected background regions of the same length as each of the
alternative regions.
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Fig. S18.

A signature of balancing selection in the global
yeast population. Synonymous substitutions per
site (dS) in 200-amino acid sliding windows
between the 1,276 sequenced yeast strains and
the reference in regions surrounding the
galactose loci. The dS for strains with only
alternative alleles are shown in red. The dS for
strains with only reference alleles are shown in
grey. The dS for strains from China with the
alternative GAL1/10/7 allele and alleles of
GAL?2 and the PGM1 promoter that differ from
both the reference and the alternative alleles are
shown in blue. The dS was not estimated for
EMP46 due to the presence of an early stop
codon interrupting this gene in strains with the
alternative alleles.
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Fig. S19.

Phylogenetic analysis of GAL2 across Saccharomyces species. a) Pairwise sequence similarity
(%) between GAL2a and GAL2b calculated in 50 base-pair windows with a 10-base-pair step.
Alternative (red) and Chinese (blue) alleles, S. uvarum (purple) and S. eubayanus (orange). In all
cases, we denoted the centromere proximal GAL2 as GAL2a, and the other as GAL2b. Annotated
under the graph is the GAL2 gene, with the N-terminal cytosolic domain highlighted in green. b)
Bootstrapped maximum likelihood phylogenetic clustering of the N-terminal cytosolic region of
GAL?2 (amino acids 1-67 reference aligned) from members of the Saccharomyces genus. Gene
sequences were extracted from CBS2888 (alternative), BAM (Chinese), other members of the
genus (S. uvarum, S. eubayanus, S. paradoxus, S. mikatae), and the outgroup species
(Kazachstania naganashii, and Kazachstania africana). The outgroup branches (dotted lines)
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were rescaled to the average branch length. The S. cerevisiae alleles are colored according to
their classifications, alternative (red), Chinese (blue), and reference (grey). Scale bar shows the
estimated number of substitutions per site. ¢) Bootstrapped maximum likelihood phylogenetic
clustering of the remaining portion of the GAL2 gene (amino acids 68-575 reference aligned).
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Fig. S20.

Proposed evolutionary history of the alternative and reference galactose pathways. The ancestral
pathway of both the alternative and reference galactose pathways arose before the birth of the
Saccharomyces genus 10-20 MY A. This is represented on the phylogenetic tree by the striped
red and grey region. This ancestral pathway diverged into the alternative and reference pathway
and balancing selection maintained both of these pathways until present day in S. cerevisiae. The
evolutionary history of a pathway that is known to be present is drawn with a solid line. The
missing pathways (dotted lines) may have been lost or remain unsampled. Gene flow has been
occurring across the rest of the genome within all species since these pathways diverged millions
of years ago.
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Diagrams of models explored using forward simulations. A) Ancient balancing selection B)

Neutral introgression C) Introgression

in three different time periods followed by maintenance of

the alternative and reference galactose alleles with multi-locus balancing selection. The black
arrow depicts migration occurring at 50% throughout the entire history of the two populations.
The colored arrows in B and C depict the introgression pulse of 10-50% and the ranges of
generations ago we simulated the introgression to occur. For all models, the simulation was run
for 3.2x10° generations with a burn-in of 8Ne.
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Fig. S22.

Parameter rescaling does not change the behavior of simulations using our ancient balancing
selection model. A) The site frequency spectrum for simulations run using seven different
scaling factors 5000, 10000, 20000, 30000, 40000, 50000, and 100000. We rescaled the
population size of our models by this factor and increased the mutation rate, recombination rate,
and selection coefficients by the same factor. B) The pairwise diversity between haplotypes with
the reference and alternative alleles, summarized in 600 base-pair windows with a 30 base-pair
step using these same seven scaling factors. For this simulation, we used a fixed set of
parameters and only modified the scaling factor. These parameters were: a mitotic recombination
rate of 0.1, a selfing rate of 0.998, a cloning rate of 0.99, a relative fitness for the alternative
pathway in the alternative environment of 0.1, and a relative fitness for the reference pathway in
the reference environment of 0.1.
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Fig. S23.

Synonymous rate of divergence (dS) presented in Figure 3, converted to the coordinate system of

the simulations.
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Fig. S24.

Loss of alleles in neutral introgression simulations. Categorization of whether all six galactose
alleles survived to the end of each simulation (top), or at least one of the alleles got lost (bottom).
For these simulations, we used a pulse introgression model, where the introgression was
randomly chosen to occur between 50 million and 1 generation ago.
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Fig. S25.

Comparisons of the ancient balancing selection to the neural recent introgression model. A)
Bayes factor P(D | ancient balancing selection)/ P(D| neutral introgression) for the support of the
ancient balancing selection over the neutral recent introgression model. B) The two simulations
most similar to the observed data from the neutral recent introgression model (top), and the
ancient balancing selection model (bottom). The dS values from the observed data are plotted in
yellow. The eLD (€) for each of these simulations is written at the top of each subplot. For
reference the observed € was 0.59.
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Fig. S26.

Comparisons of the ancient balancing selection to three models of introgression followed by
maintenance of the alleles by balancing selection. A) Bayes factor P(D | Ancient balancing
selection)/ P(D| M) for the support of the ancient balancing selection over a model of
introgression followed by balancing selection over three time periods. The three time periods for
the introgression followed by balancing selection model was between: 1 and 25,000,000 (M1);
25 million and 50 million (M2); and 50 million and 1 billion generations ago (M3). B) The two
simulations with the lowest distance to the observed data from all four models (M1, M2, M3, and
Ancient balancing selection). The observed dS signature is plotted in light green. The eLD (¢)
for each of these simulations is shown at the top of each subplot.
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Posterior distributions of parameters for the introgression followed by balancing selection model,
in which the introgression occurred between 1 billion and 50 million generations ago. A) Shows
the posterior distributions of the generations ago each simulation was performed. A vertical
black line was drawn at the posterior mode of 108 million generations ago. B) Posterior
distributions of other parameters randomly chosen in each simulation. Simulations were accepted
in the ABC framework using the reject method with the tolerance threshold set to 0.05. The prior
distribution for each parameter was uniform.
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Fig. S28.

Growth of allele replacement strains in 2% glucose medium. The doublings per hour in 2%

glucose medium for allele replacement strains. Alleles at the QTL loci from CBS2888 are

designated as ALT, and alleles from BY are designated as REF. Each dot shows a biological

replicate.
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Fig. S29.

Strains with the diverged galactose alleles do not experience a diauxic shift when they switch
from glucose to galactose medium. a) Growth curves for all eight allele replacement strains when
grown in 1% glucose/1% galactose medium. Each growth curve is a summary of three biological
replicates from each of the two strains for all eight possible combinations of alleles. b) The
growth rate between 0.8 and 1.1 OD600 units for all eight allele replacement strains. Each dot
represents a biological replicate. Quantifying this range of the growth curve captures the degree
of diauxic shift.
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The alternative (CBS2888) galactose alleles are constitutively expressed in glucose and are more
highly expressed in galactose. Allele-specific expression of a hybrid (CBS2888xYJIM981) that is
heterozygous for the alternative and reference alleles when grown in 2% glucose medium and
transferred to 2% galactose medium. The line graph shows the log; allele counts or transcripts
per millions (TPM) for the CBS2888 (alternative) alleles and BY (reference) alleles. We denote
the centromere-proximal copy of GAL2 in CBS2888 as GAL2a, and the other one as GAL2b.
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Table S1.

Three-way linear model coefficients and fits for segregants and allele replacement strains when
grown in galactose. The model with the segregants included the intercept term, a term for each of
the QTL markers, the three two-way QTL interaction terms, and the three-way QTL interaction
term. The model with the allele replacement strains included the intercept term, a term for the
identity of the three galactose loci, the three two-way interaction terms, and the three-way
interaction term. The normalized colony size was used for the segregant model. The doublings
per hour were used as the phenotype for the model with the allele replacement strains. For the
QTL mapping the CBS2888 allele was coded positive, and the YJIM981 allele was coded
negative. For the allele replacement strains, the CBS2888 allele was coded as 1, and the
reference allele was coded as 0.

Table S2.

Variance explained from a additive, two-way, and three-way linear model for segregants and
allele replacement strains grown in galactose. Coefficient of determination (R?) for the different
models.

Table S3.

Significant three-way QTL interactions. The three-locus interaction term comes from a joint
linear model, that includes all additive, and two-way interaction effects between the three loci.
The p-value is derived from a likelihood ratio test in which the full model is compared to a
model where only the additive and two-way interactions terms were fit.

Table S4.

Summary statistics for alignments between the alternative and reference galactose alleles.
Synonymous substitutions per site (dS) could not be calculated for the PGM1 promoter.
Confidence intervals were calculated by bootstrapping codons 200 times.

Table SS5.
Strains used in this study.

Table S6.
Primer used in this study.

Table S7.
Plasmids used in this study.

Table S8.

Allele-specific expression of a hybrid (CBS2888xYJM981) that is heterozygous for the
alternative and reference alleles when grown in 2% glucose medium and transferred to 2%
galactose medium. a) All genes with at least 5 reference and 5 alternate counts, a false-discovery
rate adjusted P-value of less than 5% from a binomial test, and a log> fold-change of greater than
2 are reported in the table. b) Allele-specific expression for the galactose genes (GALI, GAL10,
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GAL7, GAL2). The log; fold-change is calculated using the estimated counts of the reference and
CBS2888 galactose genes.

Table S9.

Classification of galactose loci in the global collection of 1,276 yeast strains. For each strain we
report the geographical location, isolation, and the assignment of each allele to reference or
alternative version. The alternative GAL1/10/7 allele was further subdivided into each gene since
we found that some strains did not exclusively have the alternative or reference version of the
entire region.

Table S10.
Estimates of the synonymous substitutions per site (dS) between the genes of the reference and
CBS2888.

Table S11.
Parameters used for the population genetic forward simulations.
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