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Letter

Industrial fuel ethanol yeasts contain adaptive
copy number changes in genes involved
in vitamin Bl and Bé biosynthesis

Boris U. Stambuk,'-%3 Barbara Dunn," Sergio L. Alves, Jr.,> Eduarda H. Duval,?

and Gavin Sherlock'3

’Department of Genetics, Stanford University, Stanford, California 94305-5120, USA; ZDepartamento de Bioquimica, Universidade
Federal de Santa Catarina, Floriandpolis, Santa Catarina 88040-900, Brazil

Fuel ethanol is now a global energy commodity that is competitive with gasoline. Using microarray-based comparative
genome hybridization (aCGH), we have determined gene copy number variations (CNVs) common to five industrially
important fuel ethanol Saccharomyces cerevisiae strains responsible for the production of billions of gallons of fuel ethanol per
year from sugarcane. These strains have significant amplifications of the telomeric SNO and SNZ genes, which are involved
in the biosynthesis of vitamins Bé (pyridoxine) and Bl (thiamin). We show that increased copy number of these genes
confers the ability to grow more efficiently under the repressing effects of thiamin, especially in medium lacking pyri-
doxine and with high sugar concentrations. These genetic changes have likely been adaptive and selected for in the
industrial environment, and may be required for the efficient utilization of biomass-derived sugars from other renewable

feedstocks.

[Supplemental material is available online at http://www.genome.org. The microarray data from this study have been
submitted to the Gene Expression Omnibus (http:// www.ncbi.nlm.nih.gov/geo/) under accession no. GSE13875.]

The use of the budding yeast Saccharomyces cerevisiae as a producer
of fuel ethanol is becoming increasingly important as concerns
regarding the depletion, environmental impact, and security of
nonrenewable fossil fuel sources make renewable fuel alternatives
highly attractive. Fuel ethanol, which is already produced in large
amounts in Brazil and the USA, is by far the most common re-
newable fuel; it is thus poised to contribute greatly toward goals of
energy independence and environmental sustainability (Farrell
et al. 2006; Goldemberg 2007). Indeed, Brazilian sugarcane ethanol
is now considered a global energy commodity that is fully com-
petitive with gasoline due to several technological achievements in
the industrial sector (Amorim 2005; Andrietta et al. 2007).

The fermentation process in Brazil uses very high yeast cell
densities in a semicontinuous fed-batch mode to ferment broths
(cane juice and/or diluted molasses) containing up to 150-200 g/L
of total sugar, producing high ethanol concentrations (9%-12%
v/v) with high yield (90%-92% of the theoretical maximum)
and productivity (each fermentation cycle lasts 6-10 h, allowing
two to three fermentations per day). At the end of each fermen-
tation cycle, the yeast cells are collected by centrifugation, washed
in dilute sulfuric acid, then recycled back for each subsequent
fermentation during the entire 6- to 9-mo crop season (Andrietta
et al. 2007; Basso et al. 2008). Thus, the fermentative capacity and
viability of the yeast cells, as well as their ability to withstand
stressful industrial conditions—high temperatures and osmotic
pressures, high ethanol concentrations, low nutrients and pH,
process interruptions, etc.—are important traits required for the
efficient production of fuel ethanol.
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The predominant microorganisms responsible for the effi-
cient production of fuel ethanol are selected strains of the yeast S.
cerevisiae. Studies of the microbiological dynamics of the industrial
fermentors revealed a very rapid succession of yeast strains dur-
ing fuel ethanol fermentations, and consequently the original
“starter” yeast (usually commercial baker’s yeast strains) was com-
pletely replaced by other strains in a matter of weeks (Silva-Filho
et al. 200S5; Basso et al. 2008). A few highly productive yeast strains
then tended to dominate the fermentor during the entire pro-
duction season, allowing efficient and stable fermentations. Some
of these selected strains became commercially available in the late
1990s, and, at present, more than half of the distilleries in Brazil
use one, or more commonly a mixture of two or more, of these
selected strains as starters in the fermentation process, which col-
lectively produce billions of gallons of fuel ethanol per year (Basso
et al. 2008). Despite their economic importance as highly efficient
fuel ethanol producers, almost nothing is known about the genes,
traits, and/or physiological adaptations that allow these selected
yeast strains to produce large amounts of ethanol while apparently
thriving in the competitive and stressful fermentor environment.

Analysis of genomic variation among a fairly large number
of wild-type, laboratory, and industrial S. cerevisiae strains has
revealed not only significant genetic variability, but has also
shown that, in general, these strains cluster according to techno-
logical application rather than geographical origin (Fay and
Benavides 2005; Legras et al. 2007; Liti et al. 2009; Schacherer et al.
2009). We wished to identify sources of genomic variation in the
fuel yeast strains that might be linked to (and possibly responsible
for) important industrial traits. We used microarray-based com-
parative genomic hybridization, also known as aCGH or micro-
array karyotyping, which has been used previously to distinguish
between yeast strains (Dunn et al. 2005; Carreto et al. 2008; for
review, see Gresham et al. 2008), to assay the genomes of five in-
dustrially important Brazilian S. cerevisiae fuel ethanol strains for
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copy number variations (CNVs). Our results indicate that relative
to the reference laboratory S. cerevisiae strain, S288C, all five fuel
strains showed significant amplifications of the telomeric SNO and
SNZ genes, which are involved in the biosynthesis of vitamins B6
(pyridoxine) and B1 (thiamin). We further show that increased
copy number of these genes confers on the laboratory strain the
ability to grow more efficiently under the repressing effect of thi-
amin, especially in the absence of pyridoxine and in high sugar
concentrations. These data suggest that these gene amplifications
provide an important adaptive advantage under the industrial
fermentation conditions in which the yeast are propagated.

Results

Microarray karyotyping of industrial yeast strains

We performed aCGH analysis of five industrial fuel ethanol yeast
strains that are commonly used in Brazil (BG-1, CAT-1, PE-2, SA-1,
and VR-1; Supplemental Table S1), assaying two independent
isolates from each strain. Visualization of the data within the Java
TreeView program (Saldanha 2004) revealed that all yeast strains
analyzed showed hybridization patterns with signals across most
of the array corresponding to R/G ratios near a value of 1.0, in-
dicating that the genomes of these industrial diploid yeast strains
lacked chromosomal aneuploidies (data not shown). The CGH-
Miner program (Wang et al. 2005) revealed that the genomes of
these five fuel ethanol yeast strains contained 225 genetic ele-
ments showing significant CNV with a consensus false discovery
rate (FDR) of <0.05 (Fig. 1A). Most CNVs were observed at telomeric
or subtelomeric chromosomal regions and generally correspond to
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Figure 1. Changes in gene copy number shared by the fuel ethanol yeast strains. (A) A consensus

genes that are depleted in copy number relative to the laboratory
strain. Clustering all the aCGH data for the fuel yeast strains with
data obtained from other representative industrial S. cerevisiae
strains (a baker’s, a wine, and an ale brewer’s strain) revealed that
the fuel yeast strains cluster together, and are more similar to the
baker’s yeast strain than to the brewing or wine strains (Fig. 1B).
The significant CNVs identified by the CGH-Miner program
were further analyzed, revealing 133 genes (~2% of the genome)
that were common to the fuel ethanol yeast strains, defined as
those loci where at least half of the fuel ethanol strains contained
a significant consensus CNV (see Methods). To determine which of
these CNVs might be specific to fuel ethanol yeasts, we then per-
formed aCGH on an expanded group of representative industrial
non-fuel yeast strains (four wine, four baker’s, and an ale brewing
strain; see Supplemental Table S1 for a complete list of strains
used). Within this group of nine non-fuel industrial yeast strains,
we identified 279 genetic elements showing significant CNV (rel-
ative to S288C) with a consensus FDR of <0.05 (Supplemental Fig.
S1); of these, 127 are present in at least half of these nine non-fuel
industrial strains. Comparison of the CNVs between the two
groups of industrial yeast (fuel vs. non-fuel) resulted in the iden-
tification of 72 genes that show altered copy number exclusively in
the fuel ethanol yeasts, 61 genes with CNVs in both the fuel eth-
anol and other industrial yeasts, and 66 genes with CNVs exclusive
to the other (non-fuel) industrial strains (Fig. 1C; Supplemental
Fig. S2). While a number of gene amplifications were found among
the fuel-yeast-specific CNVs, the CNVs exclusive to non-fuel in-
dustrial strains were mostly either deletions (or copy number de-
pletions) or highly polymorphic genetic elements (i.e., slightly
increased or decreased in hybridization, perhaps representing re-
gions of sequence divergence among the
strains; Fig. 1B; Supplemental Fig. S2B,C).
Of the significant CNV loci common to

C both groups of industrial strains, most

E were genes with reduced copy number;
uel yeasts

(133) for example, there are a large number of
Ty transposons present in the S288C ge-
nome that are apparently absent from the
genomes of all the industrial yeast strains
(Supplemental Fig. S2B). Other genes
significantly reduced in copy number in
both fuel and non-fuel industrial yeasts
include several gene families known to
be repeated in S288C and that are in-
volved in the transport of hexoses (HXT6,
HXT9, HXT15, and HXT16), a-glucosides
(MAL11, MPH2, and MPH3), or sodium
(ENA1, ENA2, and ENAS), as well as aspar-
aginases (ASP3-1 to ASP3-4) and poly-
morphic aryl-alcohol dehydrogenases
(AAD3,AAD4, AAD10, AAD15,and AAD16)

karyoscope plot pooling the results of all the fuel ethanol strains relative to the lab strain S288C was
generated by the program CGH-Miner (Wang et al. 2005). The plot displays statistically significantly
altered copy number variations along each chromosome, and the chromosomes are shown in numerical
order from top to bottom. (Red bars above the chromosome) significantly amplified regions, (green bars
below the chromosome) significantly depleted regions; the height of the bars indicates in how many of
the strains the significant observation was made (see reference scale within the figure). (B) Clustering
dendogram of the entire genome microarray CGH data for the selected fuel yeast strains, together with
the same data obtained with a baker’s, brewer’s, wine, and the lab strain S288C (self-self hybridization)
(top), and relative gene copy number of selected yeast genes among the different strains (bottom). A
scale of relative gene copy number is shown at the bottom. (C) Venn diagram of number of altered gene
copy number variations of the selected fuel-ethanol yeast strains that were shared (or not) with a group
of nine other industrial yeast strains (four wine, four baker’s, and one ale brewing strain). (Red) Amplified
genes, (black) polymorphic loci, (green) depleted genes (see Methods).

(Fig. 1B; Supplemental Fig. S2). Most of
these gene families, as well as Ty trans-
posons, have been previously reported
to be missing and/or decreased in copy
number in wine and other non-5288C
S. cerevisiae strains (Dunn et al. 2005;
Edwards-Ingram et al. 2007; Carreto et al.
2008). Thus, these gene families proba-
bly reflect amplifications that occurred
solely in the S$288C genome, which
was mostly derived from a presumably
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non-industrial strain isolated from a rotting fig in the 1950s
(Mortimer and Johnston 1986).

In contrast to the gene depletions that comprised the ma-
jority of CNVs shared by all the industrial strains, the 72 CNVs
exclusive to the five fuel ethanol yeasts included many amplified
genome regions. Among the most significant gene amplifications
identified by CGH-Miner were those of the telomeric SNO2/SNZ2
and SNO3/SNZ3 gene pairs; these gene amplifications can be dis-
tinctly seen in our aCGH results (Fig. 1; Supplemental Fig. S2A).

Analysis of the SNO and SNZ loci in the industrial fuel ethanol
yeast strains

The SNO and SNZ genes, which occur in S. cerevisiae as divergently
transcribed SNO/SNZ gene pairs, each encode proteins that are
part of a heteromeric enzymatic complex involved in the syn-
thesis of the biologically active form of vitamin B6, pyridoxal
5'-phosphate (PLP), with orthologs in several bacteria and eu-
karyotes (Fitzpatrick et al. 2007; Neuwirth et al. 2009). In the ge-
nome of the sequenced laboratory S288C yeast strain, the SNO/
SNZ gene family (Rodriguez-Navarro et al. 2002) is composed of
three gene pairs: the SNO1/SNZ1 gene pair (Dong et al. 2004), lo-
cated in the middle (right arm) of chromosome XIII, and two
telomeric gene pairs, SNO2/SNZ2 (left arm, chromosome XIV) and
SNO3/SNZ3 (left arm, chromosome VI); it is the telomeric versions
of the SNO and SNZ genes that are amplified in the ethanol fuel
yeast strains (Fig. 1). These telomeric gene pairs are 99% identical,
but exhibit only 72%-80% identity with the SNOI and SNZ1
genes, respectively, indicating that the telomeric gene pairs are the
result of a relatively recent gene duplication event. It should be
noted that within the S288C genome, the SNO2/SNZ2 and SNO3/
SNZ3 gene pairs are located just distal to two other genes required
for thiamin biosynthesis, THI5 and THI12, respectively. These two
THI genes are part of a gene family containing yet two other sub-
telomeric members, THI11 (right arm, chromosome X) and THI13
(left arm, chromosome 1V), neither of which is associated with
a SNO/SNZ gene pair; instead, the gene groups HXT16/SOR1/MPH3
and HXT15/SOR2/MPH2 are immediately distal to THI11 and
THI13, respectively.

Figure 2 shows a chromosomal blot of the telomeric SNO loci
found in the laboratory S288C strain, as well as in the five fuel
ethanol yeast strains. Note that identical results were obtained
when a SNZ probe (see Methods) was used; we thus presume that
the SNO genes detected are paired with a corresponding SNZ gene.
Note also that neither probe detected the more divergent SNO1/
SNZ1 gene pair. While the S288C strain showed the expected SNO/
SNZ hybridization to only chromosomes VI and XIV, all the in-
dustrial fuel ethanol yeasts lacked SNO/SNZ genes on chromosome
VI (corresponding to the SNO3/SNZ3 loci in strain S288C), and
instead showed SNO/SNZ genes located on several other chromo-
somes, including chromosome XIV (corresponding to the SNO2/
SNZ2 loci in $288C), and new loci probably on chromosomes IX,
X, and II (as shown previously for some yeast strains; Padilla et al.
1998). Since most industrial yeast strains lack the two blocks of
telomeric HXT/SOR/MPH genes found in S288C (Fig. 1B), it is likely
that the extra SNO/SNZ gene copies arose by replacing the HXT/
SOR/MPH genes, putting new SNO/SNZ gene pairs distal to THI11
and/or THI13. Indeed, we confirmed through PCR that for two of
the fuel ethanol strains (strains CAT-1 and PE-2; Supplemental
Table S1) a SNZ gene is distal to THI11 on chromosome X (data not
shown). Note that there are at least two groups of differing loca-
tions of the SNO/SNZ gene pairs among the different fuel yeast

— o — SNOZ2

+~— SNO3

Figure 2. Detection of SNO2/3 genes in the industrial fuel ethanol
yeasts. (A) Separation of chromosomes of yeast strains by PFGE; gel
stained with ethidium bromide. (B) Southern blot of gel shown in panel 4,
hybridized with a probe for SNO2/3 to detect which chromosomes carry
SNO2 or SNO3 genes. (Lane T) Reference strain $288C, which contains
SNO2 on chromosome XIV and SNO3 on chromosome VI (also indicated
to the right of panel B); (lanes 2-6) strains CAT-1, PE-2, VR-1, BG-1, and
SA-1, respectively. Roman numerals to the left of panel A are the chro-
mosome numbers corresponding to the $288C chromosome bands (note
that many are seen as doublets).

strains, suggesting that the SNO/SNZ amplifications have arisen
independently at least twice.

Phenotypic consequence of the amplified SNO/ SNZ genes

Since genome duplications and gene amplifications are believed to
have played a major role in the evolution and success of S. cerevisiae
as an efficient sugar fermenter (Thomson et al. 2005; Piskur et al.
2006; Conant and Wolfe 2007), we analyzed in more detail the
impact of the telomeric SNO/SNZ gene amplifications on the
physiology of S. cerevisiae. Aside from the importance of vitamin
B6 itself for amino acid metabolism and many other biochemical
pathways, the biologically active form of vitamin B6 (pyridoxal
5'-phosphate, or PLP) serves another role in S. cerevisiae as the
precursor of thiamin (vitamin B1) (Rodriguez-Navarro et al. 2002;
Nosaka 2006). Vitamin B1 forms the cofactor thiamin pyrophos-
phate, which is essential for sugar utilization by S. cerevisiae, in
particular for sugar fermentation (Bataillon et al. 1996, Hohmann
and Meacock 1998; Mojzita and Hohmann 2006). Indeed, several
reports have shown significant up-regulation of thiamin metabo-
lism genes in fermenting yeast cells in various industrial settings
including wine, sake, and bread dough (Rossignol et al. 2003;
Tanaka et al. 2006; Wu et al. 2006), and in yeast cells cultivated in
sugarcane molasses (Shima et al. 2005), indicating that there is
a high demand for thiamin (and its precursors) under these in-
dustrial conditions.

However, it is well known that for S. cerevisiae, as well as for
other members of the Saccharomyces sensu stricto complex, the
presence of thiamin in the medium has a negative effect on the
initial growth phase of the yeast cells, although it does not affect
the final cell density (Minami et al. 1982; Nakamura et al. 1982;
Kamihara and Nakamura 1984). This thiamin-induced growth
inhibition has been extensively studied in yeast, and is a con-
sequence of the repressing effect of this vitamin on PLP bio-
synthesis (Minami et al. 1982; Nakamura et al. 1982; Kamihara and
Nakamura 1984; Hohmann and Meacock 1998; Rodriguez-
Navarro et al. 2002; Mojzita and Hohmann 2006; Nosaka 2006).
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Due to the resultant marked decrease in cellular vitamin B6 (e.g.,
pyridoxine) content, many metabolic pathways are repressed,
including a pronounced lowering of 3-aminolevulinate synthase
activity and decreased synthesis of heme, with consequent low-
ering of respiration and a significant alteration in membrane lipid
composition due to inhibition of sterol and unsaturated fatty acids
biosynthesis (Minami et al. 1982; Nakamura et al. 1982; Kamihara
and Nakamura 1984).

Given the interplay between vitamins B1 (thiamin) and B6
(pyridoxine) in yeast, and their effects on growth and sugar utili-
zation, we hypothesized that the observed SNO/SNZ amplifica-
tions in the fuel strains would enable them to grow more robustly
than strains with fewer SNO/SNZ genes under conditions that
would normally lead to thiamin-mediated growth repression. We
thus compared the growth properties of the laboratory S288C
strain and the fuel ethanol yeast strains in defined synthetic me-
dium lacking both vitamins, or in media containing thiamin and
lacking pyridoxine (Fig. 3A,B; Supplemental Fig. S3). As had been
previously observed, thiamin-induced growth inhibition is clearly
evident in the case of the laboratory strain, in which the presence
of thiamin in medium lacking pyridoxine causes a severe re-
pression of the specific growth rate (Figs. 3A, 4). This effect is
observed even at a very low (~0.15 uM) thiamin concentration
(Fig. 4A), a value eight to 20 times lower than the concentration
normally found in the most common synthetic defined yeast
media. Such growth inhibition at low thiamin concentrations (in
the absence of pyridoxine) likely reflects the very high affinity of
the yeast THI7 active thiamin transporter (Enjo et al. 1997),
probably leading to increasing intracellular thiamin levels with
resultant repression of cellular PLP biosynthesis.

0a . A -5288C

0D 600 nm

0.0

In contrast to the laboratory strain, none of the five fuel
ethanol yeast strains analyzed showed the thiamin-repressible
growth phenotype; instead, these industrial strains grow at their
maximum specific growth rate, independent of the presence thi-
amin (Fig. 3B; Supplemental Fig. S3). In fact, thiamin had no
negative effect on the growth of strain CAT-1 (Fig. 4A), even at
a significantly higher (~30 pM) concentration (data not shown).
Furthermore, a detailed analysis of the relationship between vita-
min supply and sugar utilization by yeast cells revealed that the
negative effect of thiamin on the growth rate of the S288C labo-
ratory strain (in media lacking pyridoxine) is even more accentu-
ated at high sugar concentrations (20% glucose), such as those
found in molasses and cane juice (Fig. 4B,C; Supplemental Fig. S4).
In contrast, the growth performance of the industrial fuel ethanol
strain CAT-1 was largely unaffected by the presence or absence of
either of these vitamins in the medium, even at a 20% sugar con-
centration. Competition assays between a CAT-1-derived strain
(EDHO4, see Methods) and the laboratory diploid S288C strain
(GSY157) indeed revealed that the industrial strain quickly over-
takes the laboratory strain in high-sugar media containing thiamin
and lacking pyridoxine (Fig. 4D); conversely, the laboratory strain
out-competes the fuel strain CAT-1 in 2-4 d of growth competition
in all other thiamin/pyridoxine combinations (data not shown).

Increased copy number of the SNO/SNZ genes confers
improved growth under thiamin repressing conditions

To determine whether the additional copies of the SNO/SNZ genes
in the fuel ethanol yeast strains are directly responsible for their
higher specific growth rate in thiamin/sugar conditions that nor-
mally repress growth of laboratory and
other non-fuel strains, we sought to de-
termine whether the introduction of ad-
ditional SNO/SNZ gene copies into the
laboratory strain would confer a similar
phenotype. We thus PCR amplified SNO/
SNZ loci from the two industrial fuel
ethanol yeasts strains, CAT-1 and PE-2, as
well as from the laboratory S288C yeast
strain and cloned the loci into a URA3-
marked high-copy 2p-based plasmid.
Each of the resulting plasmids was shown
to contain a bona fide SNO-SNZ diver-

20 40 60 80 20 40
0.8

C-s283c+2u

OD 600 nm

D - s288C + 2,-SNOISNZ

gent gene pair with both full-length ORFs
represented; the inserts were sequenced,
and a small number of sequence dif-
ferences were seen among the three
strains (Supplemental Fig. S4). A diploid
ura3/ura3 S288C-derived yeast strain was
transformed with the plasmids, and three
independent transformants were chosen
for growth assays in high-sugar medium
with or without added thiamin (and
lacking pyridoxine). After transformation
with the high-copy SNO/SNZ plasmids,

60 80

] 20 40 60 80 0 20

60 80
Time (h)
Figure 3. Typical growth curves of the diploid S288C-derived laboratory yeast strain GSY157 (A), the

industrial fuel ethanol CAT-1 strain (B), as well as the diploid laboratory ura3/ura3 yeast strain FY1679
transformed with a multi-copy 2. URA3™ control (no-insert) plasmid (C), or with the same plasmid
containing a cloned SNO/SNZ gene pair from strain S288C (pBD1001) (D), in synthetic defined media
(see Methods) containing 200 g/L glucose and lacking both pyridoxine and thiamin (green), or the

same media supplemented with 1 mg/L of thiamin (blue).

derived from any of the three strains, the
laboratory strain S288C grows as well as
the CAT-1 fuel strain under conditions of
high sugar concentration in the presence
of thiamin and absence of pyridoxine
(Fig. 3B,D), indicating that an increased
copy number of the telomeric SNO/SNZ
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typic and phenotypic evolutionary ad-
aptations depend on the specific selective
pressures imposed on the cells. Examples
] include the increased copy number of the
high-affinity HXT6 and HXT7 hexose
transporters in cells grown in glucose-
limited chemostats (Brown et al. 1998;
Dunham et al. 2002; Kao and Sherlock
2008), or amplification of the high-af-

2 4 -] 8

100 200 0 100 200
Thiamin (M) Glucose (g L") Glucose (g L") Time (days) finity SULI sulfate transporter in cells
Figure 4. Influence of thiamin (A) and sugar concentration (8,C) on the specific growth rate (see ~ 8fown under sulfate limitation (Gresham

Methods) of the diploid $288C strain GSY157 (black circles) or the industrial strain CAT-1 (red triangles)
in synthetic defined media lacking pyridoxine and thiamin (B), or the same media supplemented with
thiamin (A, C). (D) Competition between the diploid $288C strain GSY157 (black circles) and the CAT-1-
derived industrial strain EHDO4 (red triangles) during sequential growth (see Methods) in synthetic
defined media lacking pyridoxine and supplemented with thiamin. Unless otherwise indicated, the
concentrations of glucose and thiamin in the medium were 200 g/L and 3 pM (1 mg/L), respectively.

genes is sufficient to confer this phenotype. In contrast, in the
control experiment, when transformed with the empty 2u-based
plasmid, no such improvement is seen in S288C (Fig. 3, cf. C and
D). Note, although novel alleles of the SNO and SNZ genes (with
one to three amino acid differences from the S288C strain) were
found in the genes cloned from the two fuel ethanol strains (Sup-
plemental Figs. S4, S5), transformants with any of the tested telo-
meric SNO/SNZ plasmids showed the same enhanced growth re-
sults (Fig. 3D; Supplemental Fig. S3). These results indicate that
indeed it is the amplification of these genes, and not novel SNO/
SNZ alleles, that confers the enhanced growth phenotype.

Discussion

There is increasing evidence that CNVs, and in particular gene
amplifications, are an important type of genomic variability that
allow adaptation to the selective pressures of changing environ-
ments and new ecological niches (Hastings 2007). Examples in-
clude increased copy number of the salivary amylase gene as an
evolutionary adaptation of humans to starch-rich diets (Perry et al.
2007), duplication of pepsin genes in Antarctic fish as an adapta-
tion for digestion at low temperatures (Carginale et al. 2004), and
amplification of genes allowing Plasmodium parasites to acquire
resistance to antimalarial drugs (Nair et al. 2008; Dharia et al.
2009). In the case of the yeast S. cerevisiae, there is evidence for
several rounds of evolutionary duplications, starting with the
whole-genome duplication (WGD) estimated to have occurred in
the ancestor of the Saccharomyces sensu stricto species complex
~100 million yr ago (Mya), and leading to the evolution of an
efficient fermentative lifestyle in this lineage (Conant and Wolfe
2007; Merico et al. 2007). A subsequent round of more localized
amplifications, including regions containing genes specifically
involved in hexose transport and thiamin uptake from the me-
dium, have been identified as allowing the successful fermentation
of fruit-derived sugars, an evolutionary event that occurred prob-
ably some 80 Mya in the Cretaceous age when fleshy fruits first
appeared (Thomson et al. 2005).

Significant gene CNVs and other chromosomal rearrange-
ments, such as intra- or interchromosomal translocations and
changes in chromosome copy number or ploidy level, have been
observed not only in natural S. cerevisiae isolates (Dunn et al. 2005;
Carreto et al. 2008), but also under controlled laboratory condi-
tions (e.g., Brown et al. 1998; Dunham et al. 2002; Kao and
Sherlock 2008). In general, these studies have revealed that geno-

et al. 2008).

Despite the relatively large number
of amplified genetic elements found ex-
clusively in the fuel ethanol yeasts (Fig. 1;
Supplemental Fig. S2A), unexpectedly,
none of these five strains showed ampli-
fication of the SUC2 gene, which encodes
the extracellular B-fructosidase (invertase) that is responsible for
sucrose hydrolysis and fermentation. Widespread presence of SUC
genes at multiple telomeric positions has been shown to be
a common feature of both baker’s and distillers’ yeast strains, and is
postulated to be an adaptation to sucrose-rich broths (Benitez et al.
1996; Codon et al. 1998). Note that amplification of the SUC2 gene
was indeed observed in the brewing and some baking yeast strains
(Fig. 1B; data not shown), but not in the wine strains, and thus this
gene was not identified by the CGH-Miner program as signifi-
cantly altered among the group of non-fuel industrial yeasts. Thus,
despite sucrose being the predominant sugar found in sugarcane
juice and molasses, these results indicate that invertase activity
probably does not limit sucrose fermentation during industrial
ethanol production by the fuel yeast strains we studied, and no
significant differences in the fermentation of sucrose or glucose
were observed between the fuel strains and the lab strains (data not
shown).

Our analysis of the genomes of the fuel ethanol yeast strains
revealed a significant gene amplification of the telomeric SNO2/
SNZ2 and SNO3/SNZ3 gene pairs involved in the sequential syn-
thesis of two important vitamins for yeasts, pyridoxine (vitamin
B6) and thiamin (vitamin B1), indicating that the fuel ethanol
industrial environment imposes a high demand for these co-
factors. These results suggest that there must be problems with the
bioavailability of these vitamins in the industrial process. In ad-
dition, recent data indicate that, contrary to the general view of
cofactor recycling during catalysis, the demand for these vitamins
might be greater than expected in high-sugar environments be-
cause the active form of thiamin (thiamin diphosphate) undergoes
a slow but substantial destruction during acetaldehyde (and con-
sequently ethanol) production (McCourt et al. 2006).

Taken together, our data reveal an important set of adaptive
gene amplifications present in the fuel ethanol yeast strains. In
sugar-rich environments where highly variable substrates (espe-
cially in vitamin content) are used—a situation frequently found
in industrial fuel ethanol producing units—yeast cells that carry
the amplifications of the telomeric SNO/SNZ genes would have
a clear competitive advantage during the fermentation itself and
when being reused for several successive fermentations. Because
Brazilian sugarcane biorefineries produce both sugar (sucrose) and
ethanol, most factories will first produce sucrose crystals, formed
after cane juice concentration and centrifugation, leaving a mo-
lasses syrup that is used as the fermentation substrate, usually di-
luted with water or new cane juice. Besides significant differences
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in the raw material (i.e., the type of cane, and processing routines
that can vary during the crop season), all treatments used to pro-
duce the sugar crystals (heating/boiling, sulfite/acid addition, etc.)
are known to affect the stability of vitamins B1 and B6 (Saidi
and Warthesen 1983; Mauri et al. 1989). Furthermore, the bio-
availability of vitamin B6 for the yeast cells is also of concern, as the
form normally found in plants is not readily available for yeast cell
usage (Gregory 1997). Not only do the SNO/SNZ gene amplifica-
tions cause cells to be less sensitive to fluctuations in levels of vi-
tamins B1 and B6 as we have shown here, it should also be em-
phasized that all of the physiological parameters that have
previously been shown to be affected or influenced by the SNO/
SNZ genes (correct vitamin supply, oxygen content, and mem-
brane lipid and sterol content) have been recently implicated as
important for the efficient production of high ethanol concen-
trations by S. cerevisiae (Alfenore et al. 2002, 2004; Cot et al. 2007).
While we have observed the SNO2/SNZ2 and SNO3/SNZ3 gene
amplifications exclusively in the sugarcane industrial fuel ethanol
yeasts (of the industrial strains we analyzed), we believe that this
genetic adaptation can also be utilized advantageously in the de-
velopment and engineering of yeast strains for the efficient utili-
zation of biomass-derived sugars from other renewable non-food
feedstocks from agriculture and forestry, a prerequisite for the
implementation of fuel ethanol on a global scale.

Methods

Yeast strains, media, and growth conditions

Supplemental Table S1 shows a list of the yeast strains analyzed
in this study. The five industrial fuel-ethanol yeast strains have
been described elsewhere (Amorim 2005; Andrietta et al. 2007;
Basso et al. 2008) and have been commercially available since
the late 1990s, distributed initially by Lallemand Inc. (http://
www.lallemand.com) from Canada, and more recently by LNF
Latino Americana Ltda. (http://www.Ilnf.com.br/) from Brazil. For
the competition experiments, strain CAT-1 had one copy of
the SUC2 gene replaced by the kanMX cassette from plasmid
pFA6a-kanMX6 as described (Petracek and Longtine 2002) using
plasmids SUC2-F1 and SUC2-R1 (Supplemental Table S2). Al-
though deleted in one copy of the invertase gene, the SUC2/
suc2::kanMX6 strain EHD04 (Supplemental Table S1) had normal
invertase activity and fermented sucrose as efficiently as the iso-
genic CAT-1 strain (data not shown). The diploid laboratory
strains FY1679 and GSY157 were GAL2 and ura™ (ura3-52) or URA3
derivatives, respectively, of the widely used laboratory yeast strain
$288C (Winston et al. 1995). Strain S288C was the first sequenced
S. cerevisiae genome, and is also the strain from which the ORFs
were obtained through PCR for the microarrays (see below).

Yeast strains were routinely grown on rich YPD medium (1%
yeast extract, 2% peptone, and 2% glucose), or synthetic YNB
medium (0.67% yeast nitrogen base) containing 2% glucose and
supplemented with all auxotrophic requirements (or lacking uracil
if uracil drop-out medium was required). To assay the influence of
different vitamins on the growth performance of yeast strains,
a defined synthetic medium (Verduyn et al. 1992) was used con-
taining per liter of demineralized water: 5 g of (NH4),SO4, 3 g of
KH,POy4, 0.5 g of MgSO4-7H,0, 15 mg of EDTA, 4.5 mg of
ZnS0O4-7H0, 0.3 mg of CoCl,-6H,0, 1 mg of MnCl,-4H,0, 0.3 mg
of CuSO4-5H,0, 4.5 mg of CaCl,-2H,0, 3 mg of FeSO4-7H,0, 0.4
mg of NaMoO4-2H,0, 1 mg of H3BO3, and 0.1 mg of KI. After heat
sterilization of the medium for 20 min at 120°C, a filter-sterilized
vitamin solution was added in order to achieve a final vita-
min concentration of 0.05 mg/L biotin, 1 mg/L calcium panto-

thenate, 1 mg/L nicotinic acid, 25 mg/L inositol, 0.2 mg/L para-
aminobenzoic acid, and the presence or not of 1 mg/L (4.9 uM)
pyridoxine and various concentrations of thiamin as indicated in
the main text and figures; glucose was similarly filter sterilized and
added to the medium to achieve concentrations of 20-200 g/L.
Yeast cells were pre-grown to stationary phase at least two times in
each growth medium to be assayed, and 1:100 dilutions of these
precultures were used to determine the growth rate at 30°C in 96-
well plates in a Tecan GENios microplate reader, each well con-
taining 100 pL of synthetic medium with the indicated vitamins
and sugar concentrations. Growth of each culture was monitored
by measuring the ODg( every 15 min, with high-intensity orbital
shaking between measurements. All wells in the plate were tightly
sealed with AccuClear Sealing Film for qPCR (E & K Scientific), and
thus this growth condition should be considered oxygen-limited
(or microaerobic), as no significant growth is observed when fully
respiratory substrates (e.g., ethanol or glycerol) were used. All
growth curves were performed in triplicate, and the specific growth
rate (i, h™!) was determined by the slope of a straight line between
the natural log of the ODgoo and time (h) during the initial expo-
nential phase of growth. For growth competition assays between
the laboratory strain GSY157 and EDHO04 (CAT-1 SUC2/suc2::
kanMX6), approximately equal amounts of each strain were in-
oculated into the synthetic media described above, and a daily
1:100 dilution was reinoculated into new media every 24 h. The
percentage of the industrial and the laboratory strain in the media
was quantified after appropriate dilutions of the cultures were
spread on rich YPD plates either lacking or containing 200 mg/L
geneticin (G-418) sulfate.

aCGH protocol

The microarray karyotyping analysis of the industrial yeast strains
was performed essentially as described previously (Dunn et al.
2005), using arrays spotted with PCR products corresponding to
full-length S. cerevisiae strain S288C ORFs (DeRisi et al. 1997). Ge-
nomic DNA was isolated with YeaStar columns (Zymo Research)
and cut with Haelll (New England Biolabs); 1 mg was then fluo-
rescently labeled (usually with Cy3-dUTP and Cy5-dUTP [Perkin-
Elmer] for the reference and experimental strains, respectively),
using the BioPrime random-prime labeling system (Invitrogen).
Labeled DNA was purified using Zymo Clean&Concentrate col-
umns (Zymo Research), hybridized to microarrays at 65°C, scanned
with an Axon 4000A scanner, and the data were extracted with
GenePix (Molecular Devices Corp.). The array data were treated and
analyzed as described previously (Dunn et al. 2005); note that all
arrays contained duplicated spots for each gene, and all data pre-
sented are the averaged values of the duplicate spots. The data for all
microarray hybridizations reported in this paper have been de-
posited in the Stanford Microarray Database (SMD) (Hubble et al.
2009) where they can be retrieved for further analysis, as well as in
the Gene Expression Omnibus under accession no. GSE13875.

Array data analysis

Since all array data were normalized by setting the average log ratio
of all array elements to a value of zero, differences in hybridization
intensity due to ploidy differences among strains (if any) are
eliminated. An amplification (three or more gene copies per diploid
genome) in the industrial strain is thus expected to have a R/G
hybridization ratio of =1.5 (log, = 0.58) when normalized as de-
scribed above, while a R/G hybridization ratio of <0.5 (log, =< —1.0)
corresponds to less than one gene copy per diploid genome, in-
dicating a gene deletion. To account for technical variation, we did
not consider as significant values for a given gene that were within
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two standard deviations of the mean calculated from four S288C
self-self hybridizations; thus, we only considered data with log,
values <—0.4 or >0.45. “Polymorphic” genes were defined as those
having log, R/G values outside this technical variation, and in-
between log, values of —1.0 and 0.58 (see above); in other words,
“polymorphic” genes appear as genes that are “slightly” increased
or decreased in copy number, and thus may represent amplified or
depleted regions where hybridization is somewhat altered, perhaps
to sequence differences among the industrial strains.

In order to identify genes that show a significant consensus
CNV relative to the genome of the sequenced reference strain
S$288C, the CGH-Miner program (Wang et al. 2005) was employed
using the default parameters for BAC analysis to improve detec-
tion of single probes showing significant CNV (Dunn et al. 2005;
Carreto et al. 2008). Four separate S288C self-self hybridizations
were used as “normal controls” in the CGH-Miner program, and
these were compared with two independent DNA samples (from
independent yeast colonies) of each of the five industrial fuel
ethanol yeasts (a total of 10 microarrays), or against the microarray
data obtained with nine other industrial strains, including brewing
(one strain), wine (four strains), and baker’s yeasts (four strains). A
plot of the genes in industrial strains showing significant altered
CNV relative to S288C was generated by the CGH-Miner program
(Fig. 1A); this “consensus gene list” was further curated to obtain
only CNVs shared by at least three of the five strains in the group of
fuel yeasts, or by at least five of the nine strains in the group of
other (non-fuel) industrial strains; this curated list was used to
generate the Venn diagram in Figure 1C. To determine the re-
latedness among strains (Fig. 1B), the microarray data were clus-
tered in SMD (Hubble et al. 2009), which uses XCluster, using the
Pearson correlation as the metric of similarity.

Cloning telomeric SNO-SNZ genes onto high-copy
plasmids, and yeast transformation

Using the S288C sequence from SGD (Cherry et al. 1998), primers
SNO/SNZ-For and SNO/SNZ-Rev (Supplemental Table S2) were
designed to amplify a 3-kb region spanning the duplicated SNO-
SNZ divergent gene pairs found close to the left telomeres of either
chromosome VI or chromosome XIV. Note that because of the very
high sequence identity between these duplicated regions, the se-
quences are identical at both chromosomal locations, and thus ei-
ther chromosomal gene pair could be cloned with these primers.
Vent polymerase (New England Biolabs) was used to amplify this
region from the genomic DNA of three different strains: S288C,
CAT-1, and PE-2 (Supplemental Table S1). The fragments obtained
from each of the three strains were cloned into the BamHI site of
the 2p-based high-copy plasmid YEplac195 (Gietz and Sugino
1988) containing the selectable URA3 yeast marker; one plasmid for
each of the three strains’ inserts was selected for further study. Note
that all three plasmids chosen had their inserts in the same orien-
tation, with the PstI site of the SNO-SNZ insert further from the
endogenous Pstl site in the plasmid backbone. The plasmid names
(and strains from which their inserts derived) are: pBD1001
(5288C), pBD1002 (PE-2), and pBD1003 (CAT-1). ABI Big-Dye DNA
sequencing of each insert was performed using the Seq-SNZ-Fx and
Seq-SNZ-Rx primers (spaced evenly across the cloned region)
(Supplemental Table S2). Using a standard lithium acetate trans-
formation protocol (Gietz and Woods 2006), each plasmid, plus the
2 vector alone, was introduced into the diploid ura3-52 S288C-
based laboratory strain FY1679 (Supplemental Table S1). Three in-
dependent yeast transformants for each plasmid (including the 2.
vector) were chosen for subsequent growth assays (note that all
transformants were verified by plasmid loss assays to have been
transformed only with plasmids, not by integrative events).

PFGE, chromosome blotting, and hybridization

Yeast chromosomes were prepared as previously described
(Guerring et al. 1991) from 1 mL of yeast cells pregrown in YPD
medium. The agarose blocks containing the yeast chromosomes
were subjected to pulsed-field gel electrophoresis (PFGE) at 10°C
using a Gene Navigator pulsed-field system (Pharmacia Biotech)
for a total of 27 h at 200 V. The pulse time was stepped from 70 sec
after 15 h to 120 sec for 12 h. Following electrophoresis, the
chromosomes in the gel were stained with ethidium bromide,
photographed, and transferred to a nylon filter (Biodyne A,
GIBCO BRL) by capillary blotting. Probes corresponding to nu-
cleotides +54 through +519 relative to the translational start site
of the SNO2/SNO3 genes, or from +495 through +874 relative to
the translational start site of the SNZ2/SNZ3 genes, were gener-
ated by PCR using genomic DNA from strain S288C as template
and primers SNOZ2/3-For, SNO2/3-Rev, and SNZ2/3-For and
SNO2/3-Rev (Supplemental Table S2), respectively. Labeling of
DNA probes and pre-hybridization, hybridization, stringency
washes, and chemiluminescent signal generation and detection
were performed by using an AlkPhos kit (Amersham Biosciences) as
recommended by the manufacturer. After hybridization, an auto-
radiography film (Hiperfilm ECL, Kodak) was exposed to the
membrane for 2 to 3 h before it was developed. Images were
obtained by scanning with an ImageScanner (Amersham Bio-
sciences) and annotated using Microsoft PowerPoint.
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