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Abstract The Saccharomyces cerevisiae strains widely
used for industrial fuel-ethanol production have been
developed by selection, but their underlying beneficial
genetic polymorphisms remain unknown. Here, we report
the draft whole-genome sequence of the S. cerevisiae strain
CAT-1, which is a dominant fuel-ethanol fermentative
strain from the sugarcane industry in Brazil. Our results
indicate that strain CAT-1 is a highly heterozygous diploid
yeast strain, and the ~12-Mb genome of CAT-1, when
compared with the reference S228c genome,
tains ~ 36,000 homozygous and ~30,000 heterozygous
single nucleotide polymorphisms, exhibiting an uneven
distribution among chromosomes due to large genomic
regions of loss of heterozygosity (LOH). In total, 58 % of
the 6,652 predicted protein-coding genes of the CAT-1
genome constitute different alleles when compared with
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the genes present in the reference S288c genome. The
CAT-1 genome contains a reduced number of transposable
elements, as well as several gene deletions and duplica-
tions, especially at telomeric regions, some correlated with
several of the physiological characteristics of this industrial
fuel-ethanol strain. Phylogenetic analyses revealed that
some genes were likely associated with traits important for
bioethanol production. Identifying and characterizing the
allelic variations controlling traits relevant to industrial
fermentation should provide the basis for a forward
genetics approach for developing better fermenting yeast
strains.

Keywords Bioethanol - Genome - Saccharomyces -
Sugarcane - Industrial strains

Introduction

Concerns regarding the depletion, environmental impact,
and security of fossil fuel sources make renewable fuel
alternatives highly attractive. Fuel ethanol is an ecologi-
cally friendly, clean, and renewable alternative to gasoline
that can be produced from plentiful biomass (Farrell et al.
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2006; Goldemberg 2007). Bioenergy crops are able to
offset greenhouse emissions by converting atmospheric
carbon dioxide into organic carbon in biomass and soil.
In theory, the same amount of carbon that is released
when the fuel ethanol is burned is absorbed from the
atmosphere by the next year’s fuel crop through photo-
synthesis, thus completing the carbon cycle. The utility
of fuel-ethanol production platforms depends on both
their economic and environmental viability, and Brazil-
ian sugarcane ethanol has been shown to be fully com-
petitive with gasoline due to several technological
achievements (Goldemberg and Guardabassi 2010; Leal
and Walter 2010). The fermentation process in Brazil, an
adaptation of the Melle-Boinot process, uses very high
yeast cell densities in a semi-continuous fed-batch mode
to ferment broths (cane juice and/or diluted molasses)
containing high concentrations of sugar, producing high
ethanol concentration with high yield (90-92 % of the
theoretical maximum) and productivity (each fermenta-
tion cycle lasts 6-10 h). After centrifuging and washing
in dilute sulfuric acid, the yeast cells are recycled back
for each subsequent fermentation during the entire
6-9 months crop season (Andrietta et al. 2007). Thus,
an ideal yeast strain for ethanol production would thrive
in this harsh environment, enabling the outgrowth of
contaminating species and also producing ethanol
efficiently.

The predominant microorganisms responsible for the
efficient production of fuel ethanol are selected strains of
the yeast Saccharomyces cerevisiae. As with other non-
sterile industrial fermentations, contamination by bacteria
or other wild yeasts severely affect productivity. Indeed,
the microbiological dynamics of industrial fermentors
revealed a very rapid succession of yeast strains, and
consequently the original “starter” yeast (usually com-
mercial baker’s yeast strains) was completely replaced by
other strains in a matter of weeks (Silva-Filho et al. 2005;
Andrietta et al. 2007; Basso et al. 2008). A few highly
productive yeast strains then tend to dominate the fer-
mentor during the entire production season, allowing effi-
cient and stable fermentations. The positive impact of
selected yeast strains in increasing ethanol yield and
reducing production costs is due to their higher fermenta-
tion performance (including high ethanol yield and reduced
glycerol formation), maintenance of high viability during
fermentation and recycling, including no flocculation and
foam formation, and very high implantation capability in
the stressful industrial fermenters (Basso et al. 2008). Some
of these selected strains became commercially available in
the late 1990s, and at present, more than half of the dis-
tilleries in Brazil use one, or more commonly a mixture of
two (e.g., strains PE-2 and CAT-1), of these selected
strains as starters in the fermentation process, which
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collectively produce billions of gallons of fuel ethanol per
year (Basso et al. 2008).

Uncovering the genetic elements that determine the
most desirable traits for industrial fermentative microbes is
essential for understanding the biology behind an effective
fermentation reaction, and will provide the basis for a
forward genetics approach of targeted modification to
make superior ethanol producers that are more tolerant to
fermentation by-products and have greater process hardi-
ness. Genome-wide genetic approaches can certainly help
to identify and understand the molecular basis of these
complex traits. Since the complete genome sequencing of
strain S288c (Goffeau et al. 1996), the genomes of several
other S. cerevisiae strains have been sequenced (Brem et al.
2002; Wei et al. 2007; Borneman et al. 2008; Argueso et al.
2009; Liti et al. 2009; Novo et al. 2009; Araya et al. 2010;
Dowell et al. 2010; Otero et al. 2010; Esberg et al. 2011),
providing important molecular information regarding the
evolutionary and ecological diversity of this key model
organism. Such studies have also revealed a strong influ-
ence of human selection in the genome plasticity of the
different industrial strains. However, most of the published
whole-genome sequencing studies of industrial strains used
haploid representatives of the strains, and only very few
recent reports have analyze diploid genomes (Borneman
et al. 2011; Magwene et al. 2011; Akao et al. 2011). We
decided to identify sources of genomic variation in the
genome of fuel-ethanol yeast strains that might be linked to
(and possibly responsible for) important industrial traits.
Strain CAT-1 is one of the most common strains used
nowadays by the Brazilian fuel-ethanol plants, shows a
very efficient fermentation capacity, especially at high
sugar concentrations, and has also shown good fermenta-
tion characteristics for production of distillates from cere-
als, when compared with the other fuel-ethanol yeasts
(Amorim-Neto et al. 2009; Pereira et al. 2010). Our anal-
ysis of the diploid genome of the S. cerevisiae strain
CAT-1 revealed significant structural and sequence varia-
tion when compared with the genome of the reference
strain S288c, a subset of which is likely associated with
traits for prevalence and persistence during bioethanol
industrial fermentations.

Materials and methods
Yeast strains and growth media

The industrial CAT-1 strain was isolated by Fementec
Ltda. in 1998/1999 from Usina VO Catanduva located in
the State of Sdo Paulo (Brazil), and became commercially
available, distributed initially by Lallemand Inc. (www.
lallemand.com) from Canada and more recently by LNF
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Latino Americana Ltda. (www.Inf.com.br) from Brazil
(Basso et al. 2008). Yeast cells were routinely grown on
rich YPD medium (1 % yeast extract, 2 % peptone, and
2 % glucose) under standard conditions (Rose et al. 1990).

Genome sequencing

Genomic DNA was isolated from cells of strain CAT-1
with YeaStar columns (Zymo Research) according to the
manufacturer’s recommendations. Shotgun  genome
sequencing was performed using both the GS 20 and the
GS FLX system from the 454 Life Sciences (Margulies
et al. 2005). Contigs were obtained with automated shotgun
assembly and BLASTN-based contig end joining. Since it
is still a significant technical challenge to develop an
assembly process that faithfully maintains the integrity of
the allelic contribution from an underlying set of reads
originating from a diploid DNA source (Levy et al. 2007),
in this study we chose the software Newbler from 454 Life
Sciences to assembly the genome sequences first and
identify heterozygous alleles later by mapping reads onto
contigs with a customized ASW algorithm (Wang et al.
2007). Briefly, using the ASW algorithm, sequences reads
were mapped onto the assembled contigs. The contribution
of each sequence read to a single position was evaluated to
identify positions that contain more than one allele,
including small nucleotide polymorphisms (SNP) or InDels
(nucleotide insertion or deletion). Typically, more than
four reads were required for the initial identification of an
alternate allele where minor allele has to be present at more
than 30 % reads covering that region. Regions with more
than two apparent alleles represented either collapsed
repetitive sequence or a group of reads with systematic
base calling error, rather than true genetic variation. The
assembled contigs were then compared to all sequence
reads using the program BLASTN (Altschul et al. 1990) to
identify reads that landed at the ends of two contigs, which
was then joined together with bridging reads upon manual
inspections. Using tools in the Mummer package (Kurtz
et al. 2004), we further mapped these contigs to S288c
reference genome sequences, including those of the
2-micron plasmid and the mitochondrial genome (Goffeau
et al. 1996). The CAT-1 genome project has been deposited
at the NCBI Sequence Read Archive (SRA) (http://trace.
ncbi.nlm.nih.gov/Traces/sra/sra.cgi) under accession num-
ber SRA012578.

Genome sequence analysis

Highly heterozygotic diploid genome sequences compli-
cate ab initio gene predictions based on hidden Markov
model (HMM) approach such as AUGUSTUS (Stanke
et al. 2006). We chose to map S288c coding regions onto

CAT-1 contigs using the modified protein-nucleotides
mapping program LAP (Huang and Zhang 1996). First,
S288c coding regions were translated into amino acid
sequences, which were then mapped onto contigs. After
that, amino acid sequences were reverse-translated into
nucleotide sequences. Each predicted coding region was
then manually verified. For SNP detection, tools from the
Mummer package (Kurtz et al. 2004) were used to iden-
tify SNPs between any two sets of sequences compared.
Briefly, we first ran the program NUCMER to determine
the position and orientation of contigs in relation to the
reference genome sequence, filtered the alignments to
keep only one-to-one mapping between contigs and ref-
erence sequence using the program J-filter, and reported
difference in these one-to-one unambiguous alignments.
We reversed the order of the reference and query
sequence in the previous process and only kept those
SNPs reported in both processes. To construct a reliable
phylogeny of the yeast strains and species analyzed, we
identified SNPs between any pair of genomes and kept
those shared among all of them with a customized script
and generated an alignment of all species by concatenat-
ing all SNPs of each species accordingly. We then used
tools of the Phylip package (Felsenstein 1989) to con-
struct a phylogenetic tree based on the pseudo-genome of
concatenated SNPs.

The unbiased 454 sequencing technique and the depth of
sequencing (~26x) of CAT-1 genome allowed us to cal-
ibrate gene dosages and thus detect copy number variations
(CNV). All sequence reads were mapped onto the S288c
reference genome using the Program BLASTN (Altschul
et al. 1990), and coverage for each position was then
computed. Those positions with coverage greater than 1.5
times or less than 0.5 times of the average coverage of the
entire chromosome were identified. The microarray kary-
otyping analysis of strain CAT-1 was performed essentially
as described previously (Stambuk et al. 2009). To identify
genes that show a significant consensus CNV relative to the
genome of the sequenced reference strain S288c, the CGH-
Miner program (Wang et al. 2005) was employed using the
default parameters for BAC analysis. Four separate S288c
self-self hybridizations were used as “normal controls” in
the CGH-Miner program, and these were compared with
four independent DNA samples (from independent yeast
colonies) of strain CAT-1.

Results
Genome sequencing

A preliminary analysis (through sporulation and tetrad
dissection) of the industrial strain CAT-1, showing variable
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growth rates of the haploid cells even on solid rich YPD
medium (measured by colony size), indicated that the
genome of this diploid strain probably contained several
heterozygous alleles (data not shown). Thus, we decided to
sequence the whole diploid genome of strain CAT-1 to
uncover all possible genome variations that might be
involved in the superior industrial performance of this fuel-
ethanol yeast. We generated 2.5 million reads totalling 344
million bases for the diploid genome of strain CAT-1 with
a shotgun approach using both the GS 20 and the GS FLX
system from the 454 Life Sciences. A total of 1,211
contigs were obtained with automated shotgun assembly
and BLASTN-based contig end joining. The N50 contig
size is 66 kb and the largest contig size is 282 Kb. Using
tools in the Mummer package, we mapped these contigs
to the S288c reference genome sequences, including those
of the 2-pm plasmid and the mitochondrial genome. We
could not find sequences corresponding to the 2-pm
plasmid in any read. In total, 11,240,885 nucleotides were
placed into the S288c genome, interrupted by 426 gaps of
total length 649,458 nucleotides. In this study, we mapped
all reads onto de novo built contigs and recovered het-
erozygous alleles by examining mapping results at each
position and identified 34,503 heterozygous alleles in
total, a number that reflects the extensive heterozygosity
of the industrial strain CAT-1 and certainly one of the
highest found among diploid yeast strains (Akao et al.
2011; Borneman et al. 2011; Magwene et al. 2011).
Nevertheless, these heterozygous sites were unevenly
distributed among all chromosomal regions of strain
CAT-1 and there was significant large scale loss of het-
erozygosity (LOH), for example, in the right (large) arm
of chromosomes IV (Chr-1V), Chr-XII, and Chr-XV (see
Supplementary Table SI), some of which have already
been described in other diploid yeast strains (Akao et al.
2011; Esberg et al. 2011; Magwene et al. 2011). In the
case of Chr-XII, the large LOH segment was downstream
of the tandem rDNA array toward the right telomere and
related to frequent DNA lesions and mitotic recombina-
tion events at this chromosomal region (Ide et al. 2007,
2010; Magwene et al. 2011).

Genomic phylogeny of strain CAT-1

The genomic sequence divergence among the industrial
fuel-ethanol production strain CAT-1 and other yeast
strains is estimated to be 0.5-1 % (approaching that seen
between humans and chimps), a sequence variation dis-
tributed throughout the genome. Such short evolutionary
distances largely prevent us from constructing a reliable
and high-resolution tree based on a few genetic markers. In
this study, we instead chose to use concatenated SNPs to
mimic each genome and then built a phylogenetic tree
based on pseudo-genomes. We first identified pair-wise
SNPs in the genome sequences of S. paradoxus (Kellis
et al. 2003) and five S. cerevisiae strains with good genome
sequence coverage: the reference laboratory strain S288c
(Goffeau et al. 1996), the clinical strain YIM789 (Wei
et al. 2007), the natural vineyard isolate RM11-1a (Brem
et al. 2002), a haploid derivative (strain JAY291) from the
fuel-ethanol production strain PE-2 (Argueso et al. 2009),
and strain CAT-1. The number of pair-wise SNPs is listed
in Table 1. Since the CAT-1 diploid genome was
sequenced, we listed only homozygous SNPs present in
CAT-1 to simplify the comparison with other species and/
or strains. These homozygous SNPs are differences in
orthologous sites between CAT-1 and the other strains,
where each of those sites in the CAT-1 genome is homo-
zygous. Note that the number of SNPs listed in Table 1 is
not necessarily proportional to the distance between the
two yeast strains compared, because this table only reports
SNPs from reliable alignments. The number of SNPs
reported is therefore related to two factors: the number of
sequence fragments that can be aligned undisputedly, and
the number of different sites found on those alignments.
Therefore, a greater number of SNPs might indicate a
closer relationship because more regions can be aligned
between two distantly related species (such as S. paradoxus
and S288c). However, we observe that the number of
alignments among closely related strains is relatively
constant. Therefore, while not a perfect measure, the
number of SNPs reported for a pair of closely related
strains such as CAT-1 and RM11-1a could be correlated

Table 1 Number of pair-wise SNPs among S. paradoxus (S. para) and five S. cerevisiae strains

Strain: JAY291 RMllI-1a YIM789 S288c S. para

CAT-1 20,331 21,537 37,386 36,902 117,182
JAY291 - 28,922 50,990 50,079 136,264
RMl11-1a - - 44,586 43,298 127,208
YIM789 - - - 56,124 133,586
S288c - - - - 138,921

Only homozygous SNPs of the CAT-1 genome are counted and listed in this table
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with the distance between them. Concatenated SNPs,
defined as polymorphic nucleotides that are flanked by a
fixed number of conserved nucleotides, can be used to
provide a less complex representation of the entire genomic
sequence (Li et al. 2007). Trees based on concatenated
SNPs have better resolution and are more robust than those
trees based on alignment of short genome region, because
more informative sites are sampled. In total, 92,609 SNPs
were identified among the six strains and concatenated to
generate an alignment of 92,609 columns. Using the pro-
gram dnaml from the Phylip package, we constructed the
maximum likelihood tree shown in Fig. 1. This tree placed
CAT-1 in the same clade with JAY291, another strain
widely used in fuel-ethanol production (Basso et al. 2008;
Argueso et al. 2009), and close to the vineyard strain
RMI11-1a. This tree also places the clinical YIM789 isolate
close to the laboratory strain S288c, which is consistent
with earlier results (Wei et al. 2007).

Genome sequence analysis

As the CAT-1 genome was sequenced in its diploid format,
heterozygous alleles could affect the performance of hid-
den Markov model (HMM)-based gene prediction pro-
grams. To take the advantage of the close phylogenetic
relationship between this bioethanol strain CAT-1 and the
laboratory strain S288c, we chose a similarity searching
strategy to annotate the CAT-1 genome by mapping S288c
protein-coding region onto the nucleotide sequences of
contigs directly using a modified LAP program (Huang and
Zhang 1996). Most CAT-1 genes share the same coding
pattern as those of S288c, except for the mitochondrially
encoded COB, BI2, BI3, and BI4 genes present in the same

S288c

YJM789

%200

JAY291

CAT-1

. para

Fig. 1 Maximum likelihood tree based on the concatenated SNPs of
the S. paradouxus (S. para) and S. cerevisiae CAT-1, RM11-1a,
JAY291, S288c, and YIM789 genome sequences. The numbers along
branches indicate branch length except for those underlined numbers,
which represent bootstrapping support out of 100 replicates

multigenic loci. The first and second introns of the COB
gene in strain S288c are missing in CAT-1’s mitochondrial
genome. Indeed, the CAT-1 mitochondrial genome could
be better aligned with the mitochondrial genome of the
clinical isolate YIM789 (Wei et al. 2007). It is unclear
whether the missing introns in the COB gene have any
impact on the special industrial properties of CAT-1, but it
is noteworthy that the bioethanol industrial strain JAY291
does have both introns in its COB gene. A recent survey of
the genome content of industrial yeasts has also revealed
great variation in the intron content of this mitochondrial
gene (as well as other mitochondrial genes) among dif-
ferent strains (Dunn et al. 2012). A total of 20,239 het-
erozygous sites are found between the start and stop codons
of protein-coding regions. Of these, 264 are located in
introns and 3,974 (20 %) are at the first codon position,
2,936 (15 %) are at the second, and 13,065 (65 %) are at
the third codon position, a distribution proportional to the
known position-specific mutation pressure. Nevertheless,
3,830 (58 %) out of the 6,652 predicted protein-coding
genes of the S. cerevisiae CAT-1 genome constitute dif-
ferent alleles when compared with the genes present in the
reference S288c genome.

Because of the unbiased nature of the 454 sequencing
technology, where every genome position has roughly an
equal chance to be sequenced (Margulies et al. 2005), and
the deep coverage with which the CAT-1 genome was
determined, we were able to treat our data in a manner akin
to comparative genomic hybridization (CGH) data and thus
screen for genomic copy number variations (CNVs). We
mapped all sequencing reads onto the S288c chromosomal
sequences using the program BLASTN (Altschul et al.
1990) and computed the mapping coverage for each S288c
position to simulate CGH-array data and look for sequen-
ces that were missing or amplified in CAT-1 relative to
S288c (Fig. 2). The simulated CGH map closely matches
CGH results obtained by classical microarray approach
(see Supplementary Figure SI), except for a few differ-
ences. While most regions of the genome were present in
equal number in comparison to the S288c genome, those
regions in Fig. 2 shown in green were underrepresented
and the regions shown in red represented sequences that
were amplified in CAT-1 relative to S288c. As already
pointed out when the genome of another bioethanol strain
was analyzed, the telomeres seem to be highly variable
regions in the genomes of these industrial strains (Argueso
et al. 2009).

Regions near the telomeres of different chromosomes
shown in green could result from either being present in
only a single CAT-1 chromosome (a common situation
when considering telomeric gene families), being missing
in the CAT-1 genome, or being too diverged at the
sequence level from their corresponding S288c sequences
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Fig. 2 Relative gene dosage plots through mapping CAT-1 sequenc-
ing reads onto S288c chromosome sequences. Each horizontal line
corresponds to a specific S288c chromosome (labeled I to XVI). The
coverage was smoothed by a sliding window of the size 2 kb and step
size 1 kb to reduce noise. Gray areas are regions of coverage in the
range [0.5-1.5] of average coverage for the particular chromosome;
red areas are regions of coverage in the range [1.5— 4+o0], and green
areas are regions of coverage in the range [0-0.5]. S288c

to be alignable by BLASTN. Among those S288c genes
encoded in these telomeric regions underrepresented in
CAT-1 are several genes belonging to gene families
involved in flocculation and nutrient uptake: FLOI and
FLO9 in Chr-I; MPH2, SOR2, and HXTI5 in Chr-1V; and
MPH3, SORI, and HXT16 in Chr-X; DAK2 and AGP3 in
Chr-VI; SNO4 and ERR3 in Chr-XIII; and AADI5 and
BDS]1 in one arm of Chr-XV; and FIT2, FIT3, FRES, and
PHRI in the other arm. Another telomeric gene present in
the S288c genome but underrepresented in CAT-1 is
MALII (also known as AGTI) in Chr-VII. Regions
apparently absent in the genome of CAT-1 that were not
telomeric corresponded to regions containing tandem
repeated genes in S288c (HXT6 and HXT7, and ENAI,
ENA2, and ENAS in Chr-1V; and CUPI-1 and CUPI-2 in
Chr-VIII). Since almost all industrial strains seem to have
single copies of these genes, it is likely that they have
expanded in the genome of the laboratory strain. Finally,
there are also less transposable elements in the genome of
the fuel-ethanol strain CAT-1, when compared with the
genome of the reference laboratory strain S288c (Fig. 2).
Regions labeled in red near the telomeres indicate genes
amplified in the CAT-1 genome relative to S228c: SEOI in
Chr-1; ADH7 and RDS1 in Chr-111; DDI2, SNO3, and SNZ3
in Chr-VI; and DDI3, SNO2, and SNZ2 in Chr-XIV; MCH?2
and YKL222C in Chr-XI; and SAM3, SAM4, and SGEI in
Chr-XVI. In the genome of CAT-1, only one non-telomeric
overrepresented gene is found: YNL134C in Chr-XIV
(Fig. 2), an uncharacterized protein belonging to the qui-
none oxidoreductase family of medium-chain dehydroge-
nase/reductases (Riveros-Rosas et al. 2003).
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representative genes are marked in regions with under- or over-
representation peaks. Arrows with tails denote Ty transposons. Note
that the “amplification” of the ribosomal DNA (rDNA) region into
the YLR162W gene (adjacent to the variant ribosomal RDNS5-6 gene)
shown in Chr-XII is an artifact due to only some rDNA and RDNS5
genes annotated in the reference S288c genome sequence, while
normally yeast strains harbor several (even hundreds) of these genes
in their genome (colour figure online)

Identification of gene polymorphisms related
to bioethanol production

Yeasts used in industrial fermentation for bioethanol pro-
duction are exposed to very stressful conditions such as
initial high sugar concentrations, high temperature, high
ethanol concentrations at the end of the process, as well as
several other stresses caused by salts, acidity, sulfite, and
bacterial contamination (Andrietta et al. 2007; Basso et al.
2008). S. cerevisiae strains that are prevalent and persistent
in industrial fermentations must bear traits to tolerate
those stressful conditions. CAT-1 and PE-2 are the two
S. cerevisiae strains most widely used in Brazil industrial
fermentation and share similar performances in different
industrial fermentation setups (Basso et al. 2008). The
availability of JAY291 genome sequence (Argueso et al.
2009), a haploid spore of PE-2 with a close genomic
phylogeny to CAT-1 as shown in Fig. 2, allows us to carry
out genome-wide comparisons for genetic variants proba-
bly involved in bioethanol industrial fermentations.

An example of such approach is illustrated in Fig. 3,
were it is shown the phylogenetic trees obtained for two
genes (IRAI and IRA?2) that participate as inhibitors of the
Ras-cAMP-PKA pathway by increasing the rate at
which Ras proteins hydrolyze GTP (Broach 1991). The
Ras-cAMP-PKA pathway plays a central role in the regu-
lation of the transcriptional response of yeast cells to the
presence of fermentable (glucose, sucrose) sugars, inducing
rapid growth and also determining the stress resistance/
sensitivity of yeast cells (Thevelein and de Winde 1999;
Park et al. 2005; Zaman et al. 2009). The phylogenetic tree
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of IRAI is dramatically different from that of IRA2, and
only IRA2 of CAT-1 and JAY291 form a tight clan. The
discrepancy of IRAI and IRA2 phylogenetic patterns is
consistent with biochemical and genetic evidence that
shows that these genes are not functionally redundant and
may be involved in responding to different environmental
stresses (Tanaka et al. 1990; Park et al. 2005). Indeed, a
recent comparison between the transcriptional response of
the laboratory strain BY4724 and the vineyard strain
RMIl1-1a to the presence of glucose in the medium
revealed that the majority of variations seen in the
expression of many growth-related and energy metabolism
transcripts were explained by polymorphisms in the /RA2
gene (Smith and Kruglyak 2008; Litvin et al. 2009),
indicative of a selecting pressure acting on this gene.

Discussion

Presented here is the sequencing and preliminary analysis
of the S. cerevisiae diploid genome of strain CAT-1, which
is one of the most widely used strains in Brazil’s fuel-
ethanol industries. The diploid genome of CAT-1 reveals a
high degree of heterozygosis, and although the fuel-ethanol
strains CAT-1 and JAY291 are the nearest neighbors on the
SNPs-based phylogenetic tree (Fig. 1), the IRAI phyloge-
netic tree (Fig. 3) suggests that multiplicity of events have
taken place throughout the evolutionary history of these
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Fig. 3 The phylogenetic relationship of IRAI (upper) and IRA2
(lower) genes. The coding regions of IRAI and IRA2 genes from S.
paradouxus (S. para) and CAT-1, JAY291, YIM789, RM11-1a, and
S288c were aligned with Clustalw, and the trees built with the
program Phylip. Numbers along branch denote phylogenetic distance

strain’s genomes. This is also consistent with the difference
in the mitochondrial COB gene structure found between
JAY291 and CAT-1. Strain CAT-1, as well as many other
industrial yeast strains currently in use in Brazil, is known
to be defective in flocculation and foam production, traits
important for yeast handling and process performance in
the fuel-ethanol industry (Basso et al. 2008). Strain S288c
is non-flocculant due to a nonsense mutation in the tran-
scription regulator FLOS (Liu et al. 1996), but both CAT-1
and JAY291 have a normal coding sequence for this gene.
However, in our current CAT-1 genome analysis, the
flocculin genes FLOI and FLO9 are both absent (Fig. 2),
while other genes related to flocculation have either a large
gap in the middle of their coding region (FLOI0), or only
the N-terminal (FLOS) or C-terminal (FLOI11) part of the
gene are present, which may explain the lack of floccula-
tion and foam formation phenotype of this industrial strain.
Both strains also show several other common CNV, and an
example is the amplification of the SAM3 and SAM4 genes
present at the left telomere of Chr-XVI. These two genes,
together with another pair of physically linked telomeric
genes (MMP1 and MHTI), are involved in the metabolism
of S-adenosylmethionine, a biochemical cofactor that par-
ticipates in a variety of metabolic pathways (Rouillon et al.
1999; Vinci and Clarke 2010).

Another pair of telomeric genes amplified in the Bra-
zilian bioethanol strains are the SNO2/SNO3 and SNZ2/
SNZ3 genes recently shown to be required for efficient
sugar utilization through its effects on pyridoxine (vitamin
B6) and thiamine (vitamin B1) metabolism (Stambuk et al.
2009). In both CAT-1 and JAY291, these SNO/SNZ genes
are not located in the telomere of Chr-VI as in the genome
of S288c (this telomeric region also lacks the AGP3 and
DAK?2 genes; see Fig. 2), but instead these genes are
amplified in several other chromosomal telomeres,
including Chr-X where these SNO/SNZ gene pair replace
the MPH3, SORI, and HXT16 genes, and probably also the
MPH?2, SOR2, and HXT15 genes of Chr-1V (Stambuk et al.
2009; Argueso et al. 2009). Indeed, our sequence coverage
across the entire genome suggests that there is only one
copy of this MPH/SOR/HXT cassette present on one
chromosome out of the homologous pair of chromosomes
in the diploid genome of CAT-1. Another gene present
only in a single copy in CAT-1 is the AGTI a-glucoside
transporter present in the right arm of Chr-VII (Fig. 2).
Indeed, recent data indicate that this telomere of Chr-VII is
highly heterozygous for the MAL locus, having both the
AGTI and MALI11 (identical to MAL31 of Chr-II, which is
amplified in CAT-1; see Fig. 2) genes. The CNV of the
MPH2/3, MALxI and AGTI genes have been recently
correlated with the ability of these industrial strains to
ferment maltose and maltotriose (Alves-Jr et al. 2008;
Duval et al. 2010).
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Both in CAT-1 and JAY291 genomes, the SEOI gene,
encoding a permease of the allantoate transporter subfam-
ily (Isnard et al. 1996), and ADH?7, encoding for a NADPH-
dependent medium-chain alcohol dehydrogenase with
broad substrate specificity (Larroy et al. 2002), are ampli-
fied. Other amplified genes in CAT-1 are apparently
involved in the resistance to toxic materials, including the
transcription factor RDS1 involved in conferring resistance
to cycloheximide (Akache and Turcotte 2002), the pleio-
tropic multidrug transporter SGEI (Jacquot et al. 1997),
and the three ARRI-ARR3 genes involved in resistance to
arsenic compounds (Bobrowicz et al. 1997). The RDSI
gene is the most heterozygous among all CAT-1 protein-
coding genes, with 44 out of 75 sites non-synonymous. It is
important to note that the genes present at the right telo-
meric region of Chr-XVI (including SGEI and ARRI-
ARR3) have been shown to be also amplified in the gen-
omes of industrial sake yeasts (Ogihara et al. 2008).

Unexpectedly, strain CAT-1 did not show amplification
of the SUC2 gene, encoding for the extracellular S-fruct-
osidase (invertase) responsible for sucrose hydrolysis and
fermentation. Widespread presence of SUC genes at sev-
eral telomeric positions has been shown to be a common
feature of both baker’s and distillers’ yeast strains, and
postulated to be an adaptation to sucrose-rich broths (Be-
nitez et al. 1996; Codon et al. 1998). RTM1, another gene
usually found in association with the telomeric SUC genes
and implicated in the resistance of yeast cells to molasses
(by an unknown mechanism; Ness and Aigle 1995), is
absent in the CAT-1 genome, although it has been recently
shown to be present in the genome of the pathogenic strain
YJM789 and some brewing yeast strains (Wei et al. 2007,
Borneman et al. 2011). Since neither SUC gene amplifi-
cations nor the RTMI gene were also observed in strain
JAY291 (Argueso et al. 2009), these results indicate that
these genetic elements are not necessary by the selected
yeast strains for bioethanol production using sucrose-rich
sugarcane or molasses broths commonly used by the Bra-
zilian fuel-ethanol industries, and opens new opportunities
to further improve the ethanol yield in this important
industrial process (Basso et al. 2011).

Although it is not simple to directly correlate genome
sequence data to the phenotypic differences among yeast
strains (Dowell et al. 2010), some examples of how the
genome sequence of a relevant strain can be used for
specific biotechnological applications have started to
appear (Otero et al. 2010; Madsen et al. 2011). Compara-
tive genomic sequence analysis is a powerful means of
inferring functional sequences based on evolutionary con-
straints (Hardison 2000, 2003; Sidow 2002). With the
availability of increasing number of genome sequences of
industrial fuel-ethanol yeast strains as well as other yeast
strains, a new paradigm could occur in the identification of
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genetic motifs, or at least prioritized lists of putative
functional sequences selected by stressful conditions
encountered by fuel-ethanol yeast strains. For example, the
IRA2 allele involved in the Ras-cAMP-PKA pathway
identified in this study (Fig. 3) may contribute to increase
the stress resistance of the fuel-ethanol industrial yeast
cells, but it is a hypothesis that needs further experimental
verification. A thorough understanding of the plasticity of
industrial yeast genomes is a prerequisite for the systematic
understanding of yeast physiology and the development of
next-generation strains for dedicated industrial applica-
tions. While the phenotypic effects of most of the identified
structural and sequence polymorphisms between CAT-1
and the reference S288c genome are largely unknown and
remain to be explored, with more bioethanol yeasts to be
sequenced in future studies we believe that more of those
genetic motifs and alleles could be pinpointed. The genome
information now available for the diploid industrial CAT-1
strain will be used not only for their possible industrial
applications, including the production of new biofuels from
sugarcane (including lignocellulosic bioethanol), but
undoubtedly, with more fuel-ethanol yeast genomes
available, the phylogenetic analysis could be more pow-
erful to determine the most-desirable traits for biofuel
production, ensuring a sustainable and renewable energy
future.
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