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Identification of the underlying molecular mechanisms for a de-
rived phenotype by adaptive evolution is difficult. Here, we
performed a systems-level inquiry into the metabolic changes oc-
curring in the yeast Saccharomyces cerevisiae as a result of its ad-
aptive evolution to increase its specific growth rate on galactose
and related these changes to the acquired phenotypic properties.
Three evolved mutants (62A, 62B, and 62C) with higher specific
growth rates and faster specific galactose uptake were isolated.
The evolved mutants were compared with a reference strain and
two engineered strains, SO16 and PGM2, which also showed
higher galactose uptake rate in previous studies. The profile of
intermediates in galactose metabolism was similar in evolved
and engineered mutants, whereas reserve carbohydrates metabo-
lism was specifically elevated in the evolved mutants and one
evolved strain showed changes in ergosterol biosynthesis. Muta-
tions were identified in proteins involved in the global carbon
sensing Ras/PKA pathway, which is known to regulate the reserve
carbohydrates metabolism. We evaluated one of the identified
mutations, RAS2Tyr112, and this mutation resulted in an increased
specific growth rate on galactose. These results show that adap-
tive evolution results in the utilization of unpredicted routes to
accommodate increased galactose flux in contrast to rationally
engineered strains. Our study demonstrates that adaptive evolu-
tion represents a valuable alternative to rational design in bioen-
gineering of improved strains and, that through systems biology,
it is possible to identify mutations in evolved strain that can serve
as unforeseen metabolic engineering targets for improving micro-
bial strains for production of biofuels and chemicals.

In the field of industrial biotechnology, there is a need to develop
efficient cell factories for the production of fuels and chemicals.

Even though the concept of metabolic engineering (1) is fre-
quently used in both academia and industry for the development
of unique cell factories, evolutionary engineering methods are still
widely performed (2). The power of adaptive evolution, some-
times in combination with metabolic engineering, is well illus-
trated in several recent examples (3, 4). Despite its advantages,
conventional random mutagenesis and screening are hampered
by the difficulties associated with finding the underlying molecular
mechanisms for a derived phenotype and, hence, the combination
of adaptive evolution with more rational approaches like meta-
bolic engineering is attractive. Tools from systems biology and the
ability to perform deep sequencing of several strains have offered
new opportunities for establishing links between genotype and
phenotype and, hereby, allow for combinations of random and
rational approaches to strain improvement (5, 6).
Understanding the evolutionary strategies of a cell to metab-

olize nonfavored carbon sources is an integral part of strain
development in cost efficient bioprocesses. Galactose is an
abundant sugar in nonfood crops (7), and it is therefore in-
teresting to generate strains that can efficiently use galactose as
a carbon source. However, the yeast Saccharomyces cerevisiae,
which is a frequently used cell factory in industrial biotechnology,
grows at half the rate on galactose compared with glucose, de-
spite the structural similarity between galactose and glucose (8).

There is extensive knowledge on the regulation of the Leloir
pathway in S. cerevisiae, the catabolic route for galactose metab-
olism, because this regulon has served as a paradigm for un-
derstanding eukaryotic transcription principles (9). Consequently,
much information on the regulation and structure of the compo-
nents involved in galactose metabolism has accumulated. There is
also a vast amount of high throughput data available that eluci-
dates galactose metabolism (10). Exploiting this abundant in-
formation, many elegant metabolic engineering approaches have
been implemented to increase the galactose uptake rate by mod-
ification of transporters, regulators, metabolic genes, or a combi-
nation of them (11, 12). Based on analysis of these and other
strains, it has been found that accumulation of metabolic inter-
mediates in the galactose metabolism, such as galactose-1-
phosphate and glucose-1-phosphate, may inhibit the flux through
the Leloir pathway and, hence, lead to a lower galactose uptake
rate (10). Therefore, successful strain development was performed
by balanced expression of structural genes through modification of
the regulatory system (12) or through overexpression of the final
enzyme of galactose metabolism, PGM2, which converts glucose-1-
phosphate to glucose-6-phospate (11). Both these engineered cells
had lower concentrations of the intermediates and a higher ga-
lactose uptake rate (8). Despite these successes on improving ga-
lactose uptake in yeast through metabolic engineering, there has
so far not been any description of using an evolutionary approach
for improving galactose utilization.
Adaptive evolution of bacteria has enabled increasing the

specific growth rate due to mutations that were not predicted by
rational engineering (5). We therefore decided to apply the
concept of adaptive evolution for the improvement of galactose
utilization by yeast, with the objective to evaluate if unique
strategies for improving galactose uptake could be identified.
Furthermore, through detailed characterization of evolved mu-
tants, we expected to expand our understanding of the galactose
metabolism in yeast. We therefore characterized adaptively
evolved mutants at the systems level for gaining better un-
derstanding of the molecular mechanisms that are responsible
for acquired phenotypes. We evolved a laboratory strain of yeast
for ≈400 generations in three different serial transfer lines and
analyzed the changes in transcriptome, metabolome, and genome
sequence that contribute to the phenotypic changes. Here, we
present results of integrated analysis of the data from the three
evolved mutants compared with wild-type yeast and two engineered
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strains that were developed by the rational approach in previous
studies (11, 12). Based on our analysis of the evolved strains,
unique strategies for improving galactose uptake were identified,
and one of these strategies was proven to result in an improved
galactose uptake. Furthermore, our analysis highlights that it is only
by an integrated systems biology approach that it is possible to map
out the mechanisms underlying evolved phenotypes.

Results
Physiological Changes in Evolved Mutants. Three adaptively evolved
strains that had 24% faster specific growth rates on galactose
were obtained through 62-d serial transfers of cultures to fresh
medium with galactose as the sole carbon source. The strains
were isolated from the last culture and were designated 62A,
62B, and 62C. The gross phenotype of the three evolved strains
was compared with those of the reference strain (CEN.PK113-
7D) and two engineered strains characterized in earlier studies:
SO16 with deletion ofMIG1, GAL80, andGAL6 (12) and PGM2
with overexpression of PGM2 (11). All mutants showed an im-
proved specific galactose uptake rate compared with the refer-
ence strain (Fig. 1 and Table S1). The difference between the
evolved mutants and the engineered strains was found in the
biomass yield, the specific ethanol production rate, and the speci-
fic growth rate (Fig. 1). The engineered strains exhibited the
highest ethanol yield at the expense of the biomass yield, whereas
the evolved mutants showed a similar biomass yield with the
reference strain. The evolved mutants from the three lineages
commonly exhibited a 24% increase in the maximum specific
growth rate compared with the reference strain, whereas they
differed in their specific galactose uptake rates and their specific
ethanol production rates. The specific galactose uptake rates
varied from an 18% increase in 62A strain to a 36% increase in
62C. The specific ethanol production rate in the evolved mutants
was increased from 31 to 170%. In an earlier study, we found that

several engineered strains were lying on a linear regression curve
when their specific ethanol production rate was plotted against
the specific galactose uptake rate (12). This experience led us to
plot data from all of the strains in a similar kind of plot, but we
found there to be a grouping pattern that clearly separated all
of the strains into two groups (Fig. 1B). The reference and the
two engineered strains were on the same regression curve (R2 =
0.99), whereas all of the evolved mutants were on a different
regression curve (R2 = 0.98), indicating a common phenomenon
underlying the increased galactose uptake rates. If data from all
of the strains are included in the same linear regression, a rather
poor correlation coefficient is obtained (R2 = 0.64).

Changes in the Transcriptome and the Metabolome. The evolved
mutants showed clear separation from the reference and the two
engineered strains in their transcriptome profile, using principal
component analysis (PCA) (Fig. 2A). The first principal com-
ponent (PC) (35%) separated the evolved mutants from the
other strains. Among the differentially expressed genes between
these two groups, the KEGG pathways involving trehalose and
glycogen metabolism were overrepresented (P < 1e−4).
Transcriptional differences (P < 0.01) between the evolved

mutants and the reference strain were categorized into those that
commonly changed in the three lineages and those that were
mutant-specific (Fig. 2B). Genes involved in trehalose and gly-
cogen metabolism were commonly up-regulated in all of the
evolved mutants, whereas genes encoding proteins involved in
the MAPK signaling pathway (also based on KEGG pathway)
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were down-regulated, relative to the reference strain (cumulative
hypergeometric probability, P < 1e−4). Interestingly, few genes
appeared to be differentially expressed between 62A and 62C,
even though they showed very different physiology. However,
several genes (≈600 genes) were differentially expressed in 62B,
and the genes involved in ergosterol biosynthesis were over-
represented among these genes.
We also measured the concentration of intracellular metabo-

lites of the Leloir pathway, redox cofactors, and amino acids.
Prompted by the transcriptional changes in genes involved in
glycogen, trehalose, and ergosterol metabolism (Table S2), we
also measured the levels of these compounds in the cell. Hier-
archical clustering of all of the metabolites separated 62B from
the other two evolved mutants, similar to the transcriptome data
(Fig. 3A). The evolved and engineered strains commonly showed
lower intracellular concentrations of sugar phosphates than the
reference strain. In general, the level of free amino acids was
higher only in 62B, relative to the other strains. The two engi-
neered ones exhibited the lowest levels of amino acids.
Significantly changed metabolites were classified as those

whose intracellular concentration changed commonly in all of
the evolved mutants or in one specific strain compared with the
reference strain (P < 0.05) (Fig. 3B). Trehalose and glycogen

were at a higher concentration only in all of the evolved mu-
tants, whereas the concentrations of galactose-1-phosphate and
glucose-1-phosphate, NADH, and ADP were lower in both the
engineered and evolved strains. Interestingly, despite having in-
creased transcriptional activity of the ergosterol pathway, the
intracellular concentration of ergosterol was much lower in 62B.
However, 62B was found to produce a higher amount of dihy-
droergosterol compared with any of the other strains, indicating
a redirection of carbon flux in the ergosterol biosynthesis path-
way to this metabolite.

Changes in Genotype. The genomes of the evolved mutants were
sequenced and compared with that of the parent strain, CEN.
PK113-7D (13) (Table S3). Only a small fraction of the genome
of the reference strain (0.7–1.4%) was not covered by the reads
for the three mutant strains, allowing for high quality mapping of
the genome sequence of the three evolved mutants. Based on the
raw sequence data, we identified in the order of 6,000 putative
mutations in all of the three evolved strains, but after filtering the
number of mutations, was reduced to 44, 334, and 40 in the 62A,
62B, and 62C, respectively (Table S4, Fig. S1, and Dataset S1).
We aimed for 20× coverage in the sequencing, but we received
a substantially higher coverage for strain 62B (≈55×) (Table S3).
We applied a filtering process, and this resulted in maintaining
a larger number of mutations in the 62B strain, which is likely
due to the high sequencing coverage for this strain. Of the
identified mutations, 21, 104, and 29 where single nucleotide
polymorphism (SNPs), respectively, whereas the remainder were
insertions and deletions (INDELs). Only about one-third of the
SNPs were in coding regions, and only very few of the INDELs
were in coding regions (none in 62A, 11 of 230 in 62B, and 3 of
11 in 62C). The number of mutations is much larger than ob-
served in an earlier study on evolution of E. coli (14), but we
believe that this difference could be explained by the rather poor
growth of the reference strain on galactose and possible also by
the larger genome size of S. cerevisiae. Surprisingly, no mutations
were detected in galactose regulatory and structural genes, even
in PGM2, which was considered the most beneficial target for
increasing the galactose uptake rate in previous studies based
on metabolic engineering (Dataset S2) (11). Furthermore, no
mutations in the trehalose and glycogen pathway genes were
found, which showed significant changes in the transcriptome
and metabolome level in all of the evolved mutants. Only genes
encoding proteins of the Ras/PKA signaling pathway were found
to carry mutations in all three evolved mutants (Table 1). 62A
and 62B had a mutation in RAS2 at different positions, whereas
62C had one mutation in CYR1, encoding adenylate cyclase.
Both genes are related to the cAMP-dependent stress response
signaling pathway. A mutation in ERG5 in 62B was identified,
which is a gene encoding one of the enzymes of the ergosterol
pathway. To evaluate whether these mutations are causing the
increased specific growth rate on galactose, we reconstructed the
mutation in position 112 of Ras2p resulting in an amino acid
substitution of aspartate with tyrosine. The resulting strain was
evaluated for its growth on galactose in shake flasks, and it was
found to have a 10% higher specific growth rate than the ref-
erence strain (P = 0.05) (Table S5).

Discussion
In this study, we characterized adaptive evolution of yeast to
acquire faster growth and galactose utilization. First, we analyzed
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Table 1. Genetic changes

Strains Mutations Functions

Commonly mutated pathway
62A RAS2 [Gln77→Lys] Ras/PKA signaling pathway
62B RAS2 [Asp112→Tyr]
62C CYR1 [Asp822→Asn]

Uniquely mutated genes
62B ERG5 [Arg370→Pro] Ergosterol metabolism
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the phenotypic differences by gross kinetic parameters such as
maximum specific growth rate, specific galactose uptake rate,
and yield coefficients. These values indicated that the three
evolved mutants had obtained improved growth on galactose by
obtaining different mutations and also by different means than
the strategy applied in metabolic engineering studies for im-
proving the galactose uptake. To understand the underlying
metabolic changes that conferred the phenotypic differences of
the evolved mutants, we measured the variation of the tran-
scriptome and the metabolome of the evolved strains and com-
pared these with the reference strain and the earlier constructed
engineered strains. Changed transcription of genes involved in
trehalose and glycogen metabolism were detected in all three
evolved strains, and genes involved the ergosterol pathway were
noticed to have uniquely changed expression in the 62B strain.
From comparative genome analysis of the evolved mutants, we
could find no mutations in galactose and reserve carbohydrates
metabolisms, whereas proteins of the Ras/PKA signaling pathway
was discovered to contain mutations in all of the evolved mutants.
Furthermore, 62B had a unique missense mutation in ERG5.

Adaptive Evolution Achieves Improved Galactose Availability with
Different Physiology. All mutants, including the evolved mutants
and the two engineered strains, showed lower CO2 yield than the
reference strain, even though they had a higher ethanol yield
(Table S1). The lower CO2 yield along with the higher ethanol
yield indicates a reduced TCA cycle activity. The significant
decrease in the NADH concentration partially supports this
phenomenon because NADH is the main cofactor of the TCA
cycle (Fig. 3B). All mutants showed lower levels of sugar phos-
phates, such as galactose-1-phosphate and glucose-1-phosphate,
than the reference strain (Fig. 4A). Decrease in their concen-
tration is likely due to an increased flux downstream of these

metabolites. In the case of the two engineered strains, this re-
duction is realized solely by amplification of PGM2, which is
a final enzyme in galactose metabolism converting glucose-1-
phosphate to glucose-6-phosphate (11). For the evolved mutants
there is, however, besides increased expression of PGM2, likely to
be an increased flux through trehalose and glycogen.
Another common feature of the evolved mutants and the

engineered strains is that in a plot of the specific ethanol pro-
duction rate versus the specific galactose uptake rate, the three
evolved mutants lie on one regression line with a slope of ≈3 and
the engineered strains lie on another regression line together
with the reference strain also with a slope of ≈3 (Fig. 1B). The
results for the engineered strains are consistent with our earlier
findings that engineering of the GAL-regulon results in a slope
>2 in this kind of plot (12). If an increase in galactose uptake
resulted solely in ethanol production, this slope should be 2, but
because both sets of strains are ≈3, it shows that an increase in
the galactose uptake results in a redirection of flux from re-
spiratory metabolism, i.e., TCA cycle, to fermentative metabo-
lism. Thus, when the galactose uptake is increasing, then carbon
catabolite repression of the respiratory systems sets in, but
the transcriptome analysis did not provide any indication of
increased carbon catabolite repression and/or decreased resp-
iratory metabolism in the metabolically engineered strains
compared with the reference strain and in 62C and 62B com-
pared with 62A. Despite the similarity in slope for the two sets of
strains, it is interesting that the evolved mutants seems to find
a different metabolic operation that allows a higher galactose
uptake without increasing the ethanol production, probably
due to the redirection of flux through the storage carbohydrates
glycogen and trehalose.

Up-Regulation of PGM2 and Activation of Reserve Carbohydrates
Metabolism Are Detected as Common Changes in All Evolved Mu-
tants. The significant changes in the levels of metabolic inter-
mediates of the Leloir pathway did not arise because of tran-
scriptional differences between the strains, except for PGM2 (Fig.
4B). The concentration of galactose-1-phosphate and glucose-1-
phosphate were much lower in all of the evolved mutants com-
pared with the reference strain (Fig. 4A). Both the changes in the
levels of sugar phosphates and expression of PGM2 were com-
mon with the two engineered strains. These results reveal that
adaptive evolution used partially the same strategy as designed
using rational engineering. However, for the evolved strains,
trehalose and glycogen metabolism showed significant change
in the transcriptome and metabolome data in all three evolved
mutants compared with the other strains (Figs. 2 and 3). The
concentration of glycogen and trehalose were clearly increased
(Fig. 4A), and the transcription level of structural genes in the
metabolism of these storage carbohydrates was remarkably in-
creased (Fig. 4B). The induction of this pathway for increasing
galactose utilization could be explained simply by the fact that
glucose-1-phosphate is used as a precursor for the production of
these reserve carbohydrates. Ugp1p converts glucose-1-phosphate
to UDP-glucose, which is a branch point metabolite in the tre-
halose and glycogen metabolism.
Trehalose and glycogen are reserve carbohydrates for main-

taining the energy charge of yeast cells (15). Their metabolism is
very closely linked to the concentration of glucose, which is the
most favored carbon source to yeast (16). Upon sensing glucose
limitation, yeast mobilizes energy reserve to balance the rate of
glycolytic activity and retain the energy charge. Trehalose pro-
duction is induced especially under stress condition. However,
galactose seems not to trigger activation of glycogen and treha-
lose metabolism. Wild-type yeast showed no change of the
concentration of trehalose and the glycogen during growth on
galactose (17). The evolved mutants probably have higher energy
charge and, therefore, are capable of having an increased specific
growth rate. This interpretation is supported by higher ratio of
ATP/ADP in these cells (Fig. 4A; ref. 18).
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Adaptive Evolution of Yeast on Galactose Generates No Mutations in
Galactose and Reserve Carbohydrates Metabolism. In general, when
microorganisms face a new carbon source, they evolve the
structural or regulatory genes that are related to the metabolism
of it. For example, all adaptively evolved mutants of E. coli on
glycerol had mutations commonly in glpK, glycerol kinase (5).
However, in our case, no mutations were identified in the ga-
lactose metabolism, including promoter regions of the GAL
genes (there were also no considerable changes in transcription
levels). Furthermore, no mutations were detected in genes in-
volved in the reserve carbohydrates metabolism, but there were
significant changes in both the transcripts and the levels of tre-
halose and glycogen. These findings indicate that the phenotypic
changes are consequences of mutations in regulatory systems
and, indeed, all evolved mutants had mutations in proteins in-
volved in the Ras/PKA signaling pathway, which is related to
PGM2 overexpression and activation of reserve carbohydrates
metabolism (19). Reduced activity of Ras2 or Cyr1 lead to
a decreased concentration of cAMP, and lower levels of this
metabolite can release the blocking effect of PKA on the tran-
scription factors Msn2/4. Release of the Msn2/4 transcription
factors from PKA control results in up-regulation of genes
having STRE elements in their promoter region, such as PGM2
and UGP1. 62A and 62B have mutations commonly in RAS2
(RAS2Lys77 and RAS2Tyr112, respectively), whereas 62C has a mu-
tation inCYR1 (CYR1Asn822). RAS2Lys77 in 62A and CYR1Asn822 in
62C appear to exert similar control, as reflected by the close pat-
terns in their transcriptome and metabolome profiles. In contrast,
62B showed a very different pattern in its omics data, even though
it had mutations in RAS2 like 62A. The trehalose concentration in
this strain was the highest among the evolvedmutants, whereas the
concentration of glycogen was the lowest (Fig. 4A). Also, the
transcript level of this strain in reserve carbohydrates metabolism
was much lower than for the other two evolved mutants, the 62A
and 62C strains (Fig. 4B). These unique features of 62B indicate
that the changes of the reserve carbohydrates metabolism caused
a mechanism that is different from that in 62A and 62C. It is in-
teresting to note that the ergosterol biosynthesis and the concen-
tration of ergosterol showed marked changes in this strain (Fig.
4A). A unique mutation was identified in ERG5Pro370. It has been
found that a knockout mutant of ERG5 (desaturase) produces
dihydroergosterol instead of ergosterol (20). Because 62B had low
levels of ergosterol and high levels of dihydroergosterol, it seems
plausible that the mutation in ERG5 results in reduced activity of
Erg5p, and we speculate that this declined activity may also be
closely linked to the increased trehalose production. Both ergos-
terol and trehalose are regarded as protectants for stress response
(21), and a changed sterol composition in the cell membrane can
induce trehalose accumulation. The 62B strain will have changed
cell membrane rigidity, because dihydroergosterol has more
loosened structure than ergosterol because of the loss of one
double bond (22), and this looseness may trigger the accumulation
of trehalose and, consequently, affect the galactose metabolism by
consuming glucose-1-phosphate as a precursor of trehalose. The
effect of one of the identified mutations in the Ras/PKA signaling
pathway was evaluated, and site-directed mutagenesis of amino
acid 112 in Ras2p resulted in an increased specific growth rate
on galactose.
The different strategies of adaptive evolution of yeast for

improving galactose metabolism are summarized in Fig. 5. As
mentioned above, increasing the flux through trehalose and
glycogen results in a drain of glucose-1-phosphate, which may
have a positive effect on the galactose uptake. Furthermore, the
increased flux toward glycogen and trehalose may lead to in-
creased levels of UDP-glucose, which is a cosubstrate in the
conversion of galactose-1-phospate to glucose-1-phospate, and
this reaction may lead to improved conversion of galactose-1-
phospate, which also acts as a feed-forward inhibitor of Pgm2p
(8). That increased concentration of UDP-glucose may have
a positive effect on the flux through the Leloir pathway is partly
supported by earlier findings that the Gal7/Gal10 enzyme system
is not controlling the flux through the pathway (23).

In conclusion, our study showed that through adaptive evo-
lution the cells may find different ways to ensure an increased
flux through the Leloir pathway. This pathway is, despite its
few steps, quite complex because it involves the conversion of
galactose-1-phospate to glucose-1-phospate with the cocurrent
conversion of UDP-glucose to UDP-galactose by galactose-
1-phospate uridylyltransferase (encoded by GAL7), and further
regeneration of UDP-glucose from UDP-galactose by UDP-
glucose 4-epimerase (encoded by GAL10). Because there is
further feed-forward inhibition of galactose-1-phospate on
phosphoglucomutase (encoded by PGM2), it is clear that activity
of the Gal7/Gal10 enzyme system is very important for proper
function of the pathway. We, however, earlier found that over-
expression of Gal7/Gal10, either alone or together with the other
structural GAL genes, does not result in an improved flux
through the pathway (on the contrary the flux was decreased),
indicating a high level of metabolic regulation. Through adaptive
evolution, the cells find a way to circumvent this regulation. It
up-regulates expression of PGM2, which partly takes care of the
problem of feed-forward inhibition by galactose-1-phospate, as
in the engineered strains, but it further up-regulates the flux from
glucose-1-phospate to glycogen and trehalose. This alteration is
likely to result in increased levels of UDP-galactose that may
allow an increased flux through the Gal7/Gal10 enzyme system
and, hence, an increased flux through the pathway. Thus, as in
other studies on adaptive evolution, it is clear that this strategy
allows the generation of new strategies that cannot be found
from a rational approach. The most crucial advantage of adap-
tive laboratory evolution is the finding of unpredictable and
unexpected beneficial mutations. In E. coli, this phenomenon is
well known (5). Thus, when this bacterium was evolved for im-
proved growth on glycerol, it resulted in mutations in glk (glyc-
erol kinase) that is a key enzyme in the glycerol pathway.
However, more effective mutations were detected in unpredicted
genes such as RNA polymerase b and b′ subunits (24). In the
case of yeast, adaptive laboratory evolution on galactose gener-
ated no mutations in the galactose pathway but generated un-
foreseen ones in other pathways such as carbon regulatory
pathway and ergosterol biosynthesis. The main hurdle of galac-
tose metabolism in yeast may therefore not be in Leloir pathway,
and increased expression of the GAL genes results in reduced
galactose metabolism (12). The beneficial changes are detected
in the consuming reaction of glucose-1-phosphate that is directly
linked to glycolysis and reserve carbohydrates metabolism, and
these changes comes around through mutations in the regulatory
PKA pathway.
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Fig. 5. Summary of evolution changes in the three evolved mutants; 62A,
62B, and 62C. Color circular boxes indicate genes having genetic mutations.
Color lines indicate activated fluxes inferred from transcriptome and
metabolome analysis.
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Besides our findings on unique strategies for improving the
galactose uptake, our study clearly provides two key lessons for
success in terms of identifying the underlying genotypes of
mutants with improved phenotypes:

It is essential to combine detailed phenotypic analysis, e.g.,
involving transcriptome and metabolome analysis, with ge-
nome sequencing. Each of these techniques do not allow for
drawing solid conclusions, but combined they provide a clear
picture of the consequences of identified mutations.
It is important to analyze several evolved mutants with differ-
ent control strains because this comparison allows for identi-
fication of conserved mutations that result in the same
phenotype. Each of the three evolved mutants has several
mutations that probably do not contribute to the evolved phe-
notype, but by identifying conserved mutations, a clear picture
emerged.

From these two lessons, we are confident that there is opened
up for wider use of systems biology and genome-sequencing for
identifying the underlying genotypes for evolved phenotypes in
eukaryotic cells.

Materials and Methods
Yeast Strains and Adaptive Evolution. S. cerevisiae CEN.PK113-7D was used as
a reference and starting strain for the adaptive evolution. Two engineered
strains, SO16 (Δgal6 Δgal80 Δmig1) and PGM2 (overexpression of PGM2)
were constructed in previous study (11, 12). Three adaptively evolved strains,
62A, 62B, and 62C, were generated from CEN.PK 113–7D after daily serial
dilution for 62 d (≈400 generations) on galactose (20 g/L) minimal media.
Three culture lines were independently carried out at 30 °C and × 0.76 g in
cotton-covered 500-mL Erlenmeyer flasks with baffles with 100 mL of media.

The cells were cultivated until they reached midexponential phase, before
they were transferred to new fresh media. Single clone isolates were
obtained from the last shake flasks. The construction of site-directed mutant
(RAS2Tyr112) and growth rate measurements in a flask is explained in SI
Materials and Methods.

Batch Fermentation and Measurement of Cell Mass and Extracellular Me-
tabolites. Biological duplication of all strainswas performed from seed culture
to sample preparation for omics data analyses. Additional details are pro-
vided in SI Materials and Methods. The dry cell weight and extracellular
metabolites were determined as described (12).

Transcriptome Analysis. Affymetrix Yeast Genome 2.0 Array was used for
transcriptome analysis. Gene expression data were deposited to the Gene
Expression Omnibus (GEO) database with accession number GSE27185. De-
tailed methods are included in SI Materials and Methods.

Metabolome Analysis. Quenching and extraction of intracellular metabolites
were done with biological duplicates of all strains as described (8). Venn
diagram was used to represent common and specific features of all of the
evolved mutants.

Illumina/Solexa Genome Sequencing. Genome sequencing was performed by
Fasteris SA who used Illumina/Solexa technology. Details are provided in SI
Materials and Methods.
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