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ABSTRACT
As wild organisms adapt to the laboratory environment, they become less relevant as biological models.
It has been suggested that a commonly used S. cerevisiae strain has rapidly accumulated mutations in the
lab. We report a low-to-intermediate rate of protein evolution in this strain relative to wild isolates.

EN introduced into the lab, wild organisms

often undergo selection for easier growth. This
adaptation, and loss of selective pressures normally
present in the wild, may have wide-ranging effects, such
that the biology of a lab organism may no longer reflect
that of wild populations. This concern has arisen in the
recent literature for Saccharomyces cerevisiae (L1 et al. 1996;
BoONHIVERS et al. 1998; YVERT et al. 2003; DEUTSCHBAUER
and Davis 2005; DuNN et al. 2005; Gu et al. 2005; QIN
and Lu 2006). The S288C yeast strain was bred in the
1950s from wild and commercial strains (MORTIMER and
JonnsTON 1986) and passed into use as a common lab
strain. In a recent comparison of S288C with the clin-
ical strain YJM789 (Gu et al. 2005), isolated in 1989
(TAWFIK et al. 1989), the phylogenetic lineage to the lab
strain exhibited faster protein evolution. One inter-
pretation of this result is that S$288C accumulated more
mutations during its longer tenure in the lab. Here we
revisit this hypothesis in the context of a third strain,
the vineyard isolate RM11-1a, which was introduced
into the lab in 1996 (TOROK ¢f al. 1996; BREM et al. 2002).
To parallel previous calculations (Gu et al. 2005), we
first analyzed protein evolution in yeast strain pairs. We
obtained ORF alignments of S288C, RM11-1a (hereafter
RM), YJM789 (hereafter YM), and S. paradoxus ortho-
logs (RONALD et al. 2005) and eliminated frameshifts,
for a total of 4162 genes. We reasoned that most assump-
tions of molecular evolution methods would be as valid
here as when species are compared, and the approxi-
mation of constant generation time may be better in
this case. As such, for each pair of S. cerevisiae strains
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plus S. paradoxus, we used PAML (YancG 1997) to infer
maximum-likelihood branch lengths for the star tree
describing each gene, assuming an independent evolu-
tionary rate for each lineage. We then used nonsynon-
ymous and synonymous changes in inferred trees to
estimate genomewide evolutionary rates for each line-
age as described (CHIMPANZEE SEQUENCING AND ANAL-
vsis ConsorTiuM 2005; GuU et al. 2005). The results
are shown in Table 1. As expected, in a comparison of
S288C and YJM, the lineage to the lab strain had a faster
evolutionary rate. However, in other comparisons, the
rate for the RM lineage was faster still (Table 1). Thus,
the vineyard strain bears the strongest signature of rapid
protein evolution.

To confirm this, we sought to analyze the three
S. cerevisiae strains and S. paradoxus simultaneously. As
the genealogy of these genomes varies between loci
(RUDERFER ef al. 2006), we modeled each gene sepa-
rately. For each gene, we inferred branch lengths, as-
suming independent evolutionary rates on all branches,
fixing in turn each of the first three topologies in Figure
1. We then identified the maximum-likelihood tree
from among the three inferred trees. If this best tree
had an internal branch of length zero, we considered
the gene to follow the star topology. When multiple runs
of phylogenetic inference did not converge to the same
topology, we discarded the gene. The remaining data
set comprised 3682 genes. Their maximum-likelihood
topologies, shown in Figure 1, indicate that for the
majority of genes, RM diverged after the divergence of
YJM and S288C. Consistent with this, the estimated
time since the internal branch is longer at loci where
YJM and S288C are the most closely related strain pair,
relative to the rest of the genes (data not shown). We
conclude that longer waiting times were required for



542 J. Ronald, H. Tang and R. B. Brem

TABLE 1

Lineage-specific evolutionary rates from analysis of S. cerevisiae strain pairs

S. par. RM YJM S par. S288C YJM S.par. S288C RM
A.
S288C — 0.218 (0.209-0.227) 0.209 (0.200-0.219)
RM 0.262 (0.250-0.274) — 0.259 (0.249-0.270)
YJM 0.178 (0.169-0.186) 0.188 (0.180-0.196) —

S. paradoxus

B.
S. cerevisiae difference

0.126 (0.124-0.129)

<1071()

0.126 (0.124-0.129) 0.126 (0.124-0.129)

2.02 X 1077 <107

Each column represents one strain pair, illustrated by the trees above; branch lengths of the trees are not to
scale. (A) Each row represents one branch, designated at the left by the genome at its tip. The relative rate of
nonsynonymous-to-synonymous mutations along the indicated branch is given, calculated from the sum of
each class of changes, and the number of each class of sites, across all inferred gene trees as described (CHIM-
PANZEE SEQUENCING AND ANALYSIS CONSORTIUM 2005; GU et al. 2005). Confidence intervals of 95% from 1000
gene resamplings with replacement are given in parentheses. (B) The x* significance of the difference in the
number of nonsynonymous and synonymous changes in the two S. cerevisiae lineages indicated in the tree is

given.

migration and coalescent events between the lab and
clinical strain lineages.

We next grouped all genes with the same topology in
Figure 1 and, for each group, estimated evolutionary
rates as above. The results are given in Table 2. In each
case the lineage to RM, rather than to the lab strain, has
the fastest evolutionary rate of all branches. Interest-
ingly, accelerated protein evolution does not seem
unique to RM. At loci where the lab or clinical strain
shares recent ancestry with RM, both lineages below
the internal branch are enriched for nonsynonymous
changes, in contrast to loci where S288C and YJM are
most closely related to each other (Table 2A). Certain
complex demographic scenarios are consistent with this
pattern. However, we favor the hypothesis that variation
in the ages of branches drives apparent differences in
evolutionary rates. Assuming that some existing non-
synonymous changes are mildly deleterious, these al-
leles are expected to be in excess on recent branches
relative to ancient ones, because purifying selection has
had a longer time to act on the latter (WILLIAMSON and
ORIVE 2002). As the evolutionary time since the internal
branch is longest for loci where S288C and Y]JM are most

/N D AN

RM YJM S288C S.par. RM

1203 genes

S. par. YJM RM S288C S.par.

1143 genes 943 genes

§288C RM YJM S. par.

393 genes

closely related (see above), branches below the internal
node represent a longer period of purifying selection
and bear fewer coding changes; at loci where such
branches involve the more recently diverged RM, they
bear more coding changes. Recent changes in effective
population size and adaptation to viticulture niches
(MoRTIMER 2000; TOWNSEND et al. 2003; AA et al. 2006),
and to laboratory and pathogenic niches, likely account
for additional variation in protein evolutionary rates.
We have shown that the lab strain S288C evolved at a
slow-to-intermediate rate relative to two natural isolates,
suggesting that growth in the lab has not engendered
deleterious mutation on a wide scale. Other reports
indicate that lab strains are not exceptionally diverged
from other subpopulations (DE BARROS LOPES et al
1999; WINZELER ¢t al. 2003; BEN-ARTI et al. 2005; FAY and
BENAVIDES 2005; AA et al. 2006), although certain S288C
alleles were almost certainly selected in the lab (L1u et al.
1996; BONHIVERS e/ al. 1998). By contrast, the vineyard
isolate RM has the fastest rate of protein evolution
genomewide, and nonsynonymous changes are en-
riched in other strains where these strains share recent
ancestry with RM. Future work will be needed to test our

Frcure 1.—Distribution of gene genealogies.
Every tree represents a genealogy relating one
S. paradoxus and three S. cerevisiae strains. Text
under each tree represents the number of genes
whose maximum-likelihood tree follows the indi-
cated topology. Branch lengths are not to scale.

YJM  S288C
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TABLE 2

Lineage-specific evolutionary rates from analysis of three S. cerevisiae strains

/N /DD AN

S. par. YJM RM S288C S. par. S288C RM YJM 8. par. RM YJM S288C S.par. RM YJM S288C
A.
S288C 0.313 (0.284-0.346) 0.197 (0.183-0.214) 0.198 (0.172-0.231) 0.314 (0.274-0.361)
RM 0.354 (0.319-0.393) 0.298 (0.263-0.334) 0.286 (0.255-0.326) 0.362 (0.316-0.417)
YIM 0.166 (0.155-0.180) 0.258 (0.228-0.292) 0.199 (0.168-0.237) 0.257 (0.217-0.301)
S. paradoxus 0.134 (0.129-0.139) 0.126 (0.121-0.132) 0.129 (0.122-0.137) 0.130 (0.119-0.145)
Internal 0.208 (0.194-0.224) 0.187 (0.173-0.201) 0.208 (0.184-0.235) —
B.
S288C-RM-YJM <1071 3.47 X 107° 2.04 X 107° 0.004
S288C-RM 0.09 3.84 X 107* 1.30 X 10~* 0.20
RMY]M <1071 0.10 1.98 X 10~ 0.001
S288C-Y]M <10°1° 4.13 X 10~ 0.99 0.05

Each column represents one tree topology; branch lengths are not to scale. (A) Each row represents one branch, designated at
left by the genome at its tip. The evolutionary rate of the indicated branch, with 95% confidence intervals in parentheses, cal-
culated as in Table 1 over all genes whose maximume-likelihood tree follows the indicated topology, is given. Results for the most
recently diverged lineages of each branched tree are in italics. (B) The x?® significance of the difference in the number of non-
synonymous and synonymous changes among the indicated S. cerevisiae lineages is given. Results were similar when we analyzed
blocks of contiguous genes with the same branched topology (data not shown), suggesting that intragenic recombination does not

influence the analysis.

hypothesis that apparently accelerated protein evolu-
tion in recently diverged individuals reflects slow selec-
tion against mildly deleterious alleles destined to be lost.
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