Yeast
Yeast 2008; 25: 449–456.
Published online in Wiley InterScience
(www.interscience.wiley.com) DOI: 10.1002/yea.1598

Yeast Sequencing Report

Recent allopolyploid origin of Zygosaccharomyces rouxii
strain ATCC 42981
Jonathan L. Gordon and Kenneth H. Wolfe*
Smurfit Institute of Genetics, Trinity College Dublin, Dublin 2, Ireland

*Correspondence to:
Kenneth H. Wolfe, Smurfit
Institute of Genetics, Trinity
College Dublin, Dublin 2, Ireland.
E-mail: khwolfe@tcd.ie

Received: 7 March 2008
Accepted: 13 April 2008

Abstract
Zygosaccharomyces rouxii strain ATCC 42981 has been reported to have two copies
of several genes including HOG1 and SOD2, whereas the type strain of Z. rouxii
(CBS 732) has only one. To investigate the structure of the ATCC 42981 genome
we sequenced random fragments from this genome and compared the data to the
type strain. We found that ATCC 42981 contains two versions of the ribosomal RNA
array, one of which is identical in the ITS1–ITS2 and 26S D1/D2 regions to Z.
rouxii CBS 732, while the other is almost identical to a species provisionally named
Z. pseudorouxii. We found that most genomic regions from Z. rouxii CBS 732 map
in a one-to-two fashion to pairs of regions in ATCC 42981, with one of the ATCC
42981 regions having 97–100% DNA sequence identity to CBS 732 and the other
having about 80–90% identity. Complete sequencing of regions containing 30 pairs
of genes from ATCC 42981 and their orthologues in CBS 732 showed no evidence of
the gene deletions or pseudogene formation that might be expected if ATCC 42981
had undergone whole-genome duplication several million years ago and was in the
early stages of gene loss. Instead, we conclude that ATCC 42981 is a Z. rouxii–Z.
pseudorouxii interspecies hybrid that was formed so recently that its genome has not
had time to decay. Copyright  2008 John Wiley & Sons, Ltd.
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Introduction
Zygosaccharomyces rouxii is a yeast species that is
usually haploid and heterothallic (Wickerham and
Burton, 1960; Mori and Windisch, 1982; Kurtzman and Fell, 1998). It is often referred to as
osmophilic, but is more properly described as xerotolerant (Farkas, 2001) because it is able to grow
at very low water activities. Z. rouxii is also acidtolerant and can grow in media as acidic as pH
1.8 (Membre et al., 1999). Z. rouxii is used industrially in the production of soy sauce and miso
paste (Onishi, 1963) and is also of economic importance as a causative agent of food spoilage, often
being the first species to spoil items with high
sugar concentrations, such as fruit juices (Deak
and Beuchat, 1996; Spencer and Spencer, 1997;
Brul et al., 2003). One mechanism that allows Z.
Copyright  2008 John Wiley & Sons, Ltd.

rouxii to survive at high osmolarity is the production and accumulation of glycerol as a compatible solute, which protects the cell against lysis.
Another key mechanism is the efflux of Na+ from
cells in high concentrations of salt. Several Z. rouxii
genes involved in these processes have been characterized. Those involved in glycerol production
and accumulation include ZrHOG1 (Iwaki et al.,
1999), ZrFPS1 (Tang et al., 2005) and ZrGPD1
(Iwaki et al., 2001). Those involved in Na+ efflux
from the cell include ZrENA1 (Watanabe et al.,
1999) and ZrSOD2 (orthologue of S. cerevisiae
NHA1 ) (Watanabe et al., 1995).
Some early studies that cloned genes from Z.
rouxii used strain ATCC 42 981, which was originally isolated as a miso production strain (named
S-96) from Niigata prefecture, Japan (Kiuchi et al.,
1978). These studies reported that ATCC 42 981
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contains two copies of several genes that are singlecopy in S. cerevisiae and involved in osmotolerance, including HOG1 (Iwaki et al., 1999), SOD2
(Iwaki et al., 1998), GPD1 and GCY1 (Iwaki
et al., 2001). The increased copy number of these
genes in Z. rouxii was originally attributed to
the osmotolerance of the species. In 2000, the
Génolevures project included the type strain of Z.
rouxii (CBS 732) among the species it surveyed
by random plasmid end-sequencing (de Montigny
et al., 2000). Rather surprisingly, the Génolevures
data did not confirm any of the gene duplications
previously reported in Z. rouxii. Sychrova and colleagues resolved the confusion by showing that
HOG1 and SOD2 are both duplicated in ATCC
42 981 but not in CBS 732 (Kinclova et al., 2001).
Moreover, one of the two copies of each gene in
ATCC 42 981 was very similar to the CBS 732
gene, while the other was divergent in sequence
(Kinclova et al., 2001).
Further recent studies have shown that various
strains from yeast culture collections, all originally
identified as ‘Z. rouxii ’, comprise at least two
different genomic types: some that have genomes
similar to CBS 732, with only one copy of each
gene, and others that are like ATCC 42 981, with
two copies of many genes, only one of which is
highly similar to the CBS 732 sequence (James
et al., 2005; Solieri et al., 2006, 2007). These
results suggested that some strains of ‘Z. rouxii ’
were natural allopolyploid hybrids between one
parent similar to Z. rouxii CBS 732 and another,
more divergent, parent from elsewhere within the
genus Zygosaccharomyces. This second parent was
given the tentative name Z. pseudorouxii, but it
should be noted that this species has not been
formally described and only one isolate of it is
known (NCYC 3042; James et al., 2005). Although
Z. pseudorouxii is not a recognized species, for the
purpose of this study we will refer to NCYC 3042
as a Z. pseudorouxii strain.
We hypothesized that the duplicated genes in
Z. rouxii ATCC 42 981 might be the products of
a hybridization event that occurred a long time
ago. If so, ATCC 42 981 could represent a new
allopolyploid species and its genome would provide a way to study the outcome of a second wholegenome duplication (WGD) event in a yeast lineage
(Zygosaccharomyces) that is completely independent of the well-documented WGD that occurred in
an ancestor of Saccharomyces (Wolfe and Shields,
Copyright  2008 John Wiley & Sons, Ltd.
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1997; Kurtzman, 2003). To test this hypothesis, and
more generally to understand the genomic relationship among Z. rouxii strains, we sequenced
randomly chosen fragments of the ATCC 42 981
genome and compared them to CBS 732.

Methods
Z. rouxii strain ATCC 42 981 was purchased
from the American Type Culture Collection. A
clone library of random fragments of genomic
DNA (Sau3AI partial digestion, average insert size
approximately 8 kb) was constructed by AGOWA
(www.agowa.de) and both ends of about 5000
plasmids were sequenced. After vector trimming
and low-quality sequence removal, a total of 10 752
high-quality reads remained. ATCC 42 981 contigs
were
then
assembled
using
PHRAP
(www.phrap.org). We compared these data to
the sequences of some sections of the Z. rouxii
CBS 732 genome, containing the orthologues of
all genes from S. cerevisiae chromosome III that
we determined in another project (J.L.G. and
K.H.W., in preparation). To test for evidence of
genome degradation in ATCC 42 981 we completely sequenced plasmids from some regions
where we had clone coverage from both of the
subgenomes of ATCC 42 981 as well as from
CBS 732, to obtain 15–20 kb of sequence around
each of three loci (SWE1, POP2 and TIM23 )
in each subgenome (Accession Nos AM989974AM989979). For the ribosomal DNA analysis
we first used PHRAP to assemble the complete
sequence of the repeating unit of the rDNA array
in CBS 732 (Accession No. AM943655) from random sequence data for that strain (de Montigny
et al., 2000; J.L.G. and K.H.W., unpublished),
and then used our ATCC 42 981 shotgun data to
manually assemble contigs corresponding to the
sequences of the two types of ITS–D1/D2 regions
in ATCC 42 981 (Accession Nos AM943656 and
AM943657).

Results and Discussion
Two types of ribosomal DNA array in ATCC
42 981
We obtained >10 000 random sequencing reads
from a genomic plasmid library of ATCC 42 981.
Yeast 2008; 25: 449–456.
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The contigs assembled from these reads revealed
the presence of two different types of rDNA array
in this strain. We were unable to assemble consensus sequences for the complete (∼9.9 kb) repeating
rDNA unit of each type, because the rDNAs appear
to be almost identical over large stretches of the
18S and 26S rRNA genes, but we were able to
assemble two types of consensus for a 1.7 kb segment that includes both the ITS1-5.8S-ITS2 region
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and the D1/D2 region at the 5 end of the 26S rRNA
gene.
We refer to the two types of rDNA in ATCC
42 981 as ‘T-type’ and ‘P-type’ because they
clearly originate from donors similar to the Z.
rouxii type strain and to Z. pseudorouxii, respectively. The T-type and P-type sequences are substantially different from each other in the ITS
region (Figure 1), and there are 15 substitutions

Figure 1. ClustalW alignment of the ITS1–ITS2 regions of rDNA from Z. rouxii strains ATCC 42 981 and CBS 732 (this
study) and ABT 301 (data from Solieri et al., 2007). The rRNA genes are shaded. Also highlighted are the three sites where
the ATCC 42 981 P subgenome differs from ABT 301 copy 2, and the single site where ABT 301 copy 1 differs from CBS
732 and the ATCC 42 981 T subgenome. The site in the 5.8S gene where the P and T subgenomes differ is ringed. The
numbering scheme for each sequence is that of the corresponding nucleotide database entry (in order from top to bottom:
AM279696, AM279464, AM943657, AM943656, AM943655 and AM279465). We sequenced the complete rDNA array
repeating unit (9940 bp) from CBS 732, and assembled 1.7 kb regions from the T and P subgenomes of ATCC 42 981 that
include the D1/D2 region of 26S rDNA (not shown) as well as the ITS regions shown here. The 1.7 kb sequence from the
ATCC 42 981 T subgenome is identical to the sequence from CBS 732, except for one point in the 26S rRNA gene where
ATCC 42 981 has G10 and CBS 732 has G8 (positions 6111–6118 of Accession No. AM943655)
Copyright  2008 John Wiley & Sons, Ltd.

Yeast 2008; 25: 449–456.
DOI: 10.1002/yea

452

between their D1/D2 regions (not shown). The
T-type sequence of ATCC 42 981 is identical to
CBS 732 in the ITS region, and indeed over the
whole 1.7 kb region except for a 2 bp difference
in a homopolymer in the 26S rRNA gene (outside the D1/D2 region). It is also very similar to
ITS copy 1 from strain ABT 301 (Solieri et al.,
2007), differing by only one deletion (Figure 1).
The 1.7 kb P-type sequence of ATCC 42 981 is
identical in the D1/D2 region to the sequence
of Z. pseudorouxii NCYC 3042 (Accession No.
AJ555406). The ITS region of NCYC 3042 has
not been sequenced, but the ATCC 42 981 P-type
sequence shows only two differences from ITS
copy 2 of ABT 301.
The rDNA structure of ATCC 42 981 thus
contains both Z. rouxii- and Z. pseudorouxiiderived sequences. The rDNA arrangement in
ATCC 42 981 is similar to that in ABT 301
(Solieri et al., 2007) but there are significant differences. ATCC 42 981 has two ITS and two D1/D2
sequences, as expected for a simple allopolyploid, but ABT 301 also has a third type of
ITS (Figure 1) and has only a single (Z. pseudorouxii ) type of D1/D2 sequence (Solieri et al.,
2006, 2007).

Two subgenomes in ATCC 42 981
Many of the contigs we assembled from the ATCC
42 981 random sequencing data are similar but not
identical to other contigs from the same strain.
We compared these pairs of contigs to some completely sequenced sections of the Z. rouxii CBS
732 genome (J.L.G. and K.H.W., unpublished data)
and find that in each case one ATCC 42 981 contig exhibits 97–100% nucleotide sequence identity to CBS 732, while the second contig generally has 80–90% identity (Figure 2B). A similar
pattern is seen when we map pairs of end-reads
from individual plasmids from the ATCC 42 981
library onto the CBS 732 data (Figure 2C). These
results confirm that ATCC 42 981 is an allopolyploid containing a T subgenome derived from Z.
rouxii and a P subgenome derived from Z. pseudorouxii. As far as we can tell from our limited
data, this pattern of one-to-two mapping between
CBS 732 and ATCC 42 981 is present across the
whole genome; we did not find any evidence of
large deletions from either of the ATCC 42 981
subgenomes.
Copyright  2008 John Wiley & Sons, Ltd.
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Lack of genome degeneration
To investigate whether any degeneration of the
ATCC 42 981 genome had occurred after the
allopolyploidization, we identified and completely
sequenced a number of plasmids from the ATCC
42 981 library (in total, 105 kb) that allowed us
to make three-way comparisons between single
regions in CBS 732 and pairs of regions in ATCC
42 981. Such trios of Z. rouxii sequences were collected from three different genomic regions, containing a total of 30 genes. These regions were
chosen simply because they appeared to have a
high gene density and clone coverage from both
of the ATCC 42 981 subgenomes. In each region
we saw conservation of protein-coding DNA and
divergence of intergenic DNA (Figure 3). These
regions did not show any evidence of gene structure degeneration, such as gene deletions or pseudogene formation; for all 30 loci strain ATCC
42 981 contains two copies of the gene that were
both intact and presumably functional, and one of
which was almost identical to the sequence from
strain CBS 732. The average level of synonymous
nucleotide substitution (estimated using the program yn00; Yang, 2007) between the ATCC 42 981
P and T subgenomes is 0.58 substitutions/site,
which is similar to that seen among different Saccharomyces sensu stricto species, indicating a comparable divergence time of perhaps a few tens of
millions of years (Kellis et al., 2003).
Apart from a few short in-frame length differences, we found essentially no changes in gene
structures between the ATCC 42 981 T subgenome
and CBS 732 in the 30 genes we examined. We
did not, for example, find any frameshifts close to
the 3 end of genes, even though this is a frequent
phenomenon among Saccharomyces species (Giacomelli et al., 2007). This lack of difference was
surprising in view of the previous examples of gene
structure divergence that were highlighted by Kinclova et al. (2001) as being of possible functional
significance. In particular, in the SOD2 homologues, there is an in-frame deletion of 45 basepairs
near the 3 end of the gene in the ATCC 42 981 T
subgenome (Z-SOD2 ) relative to its homologues
in CBS 732 (ZrSOD2-22 ) and the ATCC 42 981
P subgenome (Z-SOD22 ) (Kinclova et al., 2001).
Our shotgun data confirms this deletion, which is
not present in the corresponding T subgenome of
strain ABT 301 (Solieri et al., 2007). We do not,
Yeast 2008; 25: 449–456.
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Figure 2. Bimodal distribution of DNA sequence identity between ATCC 42 981 and CBS 732. The horizontal scale in
all three panels indicates nucleotide position in a completely sequenced 44 kb region of the CBS 732 genome. (A) Gene
content of this region in CBS 732. Genes are named according to their S. cerevisiae orthologues. Names written above
the horizontal line are tRNA genes. (B) Plot of sequence identity between CBS 732 and pairs of contigs assembled from
the ATCC 42 981 shotgun sequencing data. We infer that the contigs labelled in black are derived from the T subgenome,
and those labelled in grey are derived from the P subgenome. (C) Plasmid clones from the ATCC 42 981 library that map
to this 44 kb region were identified by BLASTN searches of their end-sequence data. Their locations and levels of DNA
sequence identity to CBS 732 are plotted, joined by a straight line for each plasmid. We infer that the plasmid clones
labelled in black are derived from the T subgenome, and those labelled in grey are derived from the P subgenome

however, confirm the reported differences between
the HOG1 genes of CBS 732 and the ATCC 42 981
T subgenome. Instead, we found that there are
frameshift errors near the 3 ends in the sequences
reported by both Iwaki et al. (1999) and Kinclova
et al. (2001). When corrected, the resulting proteins
have identical C-termini that are also more similar
to the C-termini of Hog1 proteins in other species.
We have submitted our sequences of the 3 end
of HOG1 from the ATCC 42 981 T subgenome
and CBS 732 to the databases (Accession Nos
AM944569 and AM944570); we do not have data
Copyright  2008 John Wiley & Sons, Ltd.

for the 5 end of the gene or for the ATCC 42 981
P subgenome.

Implications for laboratory strains
The discovery of allopolyploidization in Zygosaccharomyces makes it necessary to revisit the origins of the strains used in Z. rouxii genetics and
molecular biology. Wickerham and Burton (1960)
isolated a heterothallic pair of mating strains,
NRRL Y-2547 (mating type MT a) and NRRL Y2548 (mating type MT α). One of these, NRRL
Yeast 2008; 25: 449–456.
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Figure 3. Plots of DNA sequence identity across three genomic regions. The upper graph in each panel shows a
comparison between the ATCC 42 981 T subgenome and CBS 732, and the lower graph shows a comparison between the
ATCC 42 981 P subgenome and CBS 732. Gene locations are indicated at the top. Each comparison spans approximately
16 kb. Lighter shading shows the locations of intergenic regions and introns (in NOG2, RPL39 and RPS14A). The region of
zero identity in (C) is an artifact caused by a small unsequenced gap in the P subgenome data. The drop-off in the BRE5
gene in the lower part of (A) is due to an in-frame deletion of 108 bp from a repetitive region in the P subgenome relative
to CBS 732. The plots were generated by zPicture (http://zpicture.dcode.org/)

Y-2547 (= NCYC 1682), is a Z. rouxii–Z. pseudorouxii hybrid (James et al., 2005) and unfortunately the status of the other, NRRL Y-2548,
has not yet been investigated. The type strain,
CBS 732 (= IFO 1130 and NCYC 568) is nonhybrid and mating type MT a (Ushio et al., 1988).
Some commonly used laboratory strains are therefore hybrids (ATCC 42 981, NRRL Y-2547 and
MA11-3, which is a derivative of NRRL Y-2547),
and others such as strain ME3 are the products of laboratory crosses between hybrid and
Copyright  2008 John Wiley & Sons, Ltd.

non-hybrid strains (Ushio et al., 1988). A further
complication is that the convention that has been
used to name mating types in Zygosaccharomyces
turns out to be opposite to that used in Saccharomyces: the type strain CBS 732 behaves as mating type MT a (Ushio et al., 1988) but the DNA
sequence of its mating type loci (both its MAT
locus and its two HM-type cassettes) is homologous to the MAT α idiomorph of S. cerevisiae
(Butler et al., 2004; J.L.G. and K.H.W., unpublished). Thus, it is important to distinguish between
Yeast 2008; 25: 449–456.
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behavioural (MT ) and molecular (MAT ) genotypes.

Conclusions
Our results show that the previous reports that
ATCC 42 981 contains two copies of some genes
can be extended to the whole genome. This strain is
an allopolyploid formed by hybridization between
strains of Z. rouxii and Z. pseudorouxii. The two
parental genomes are quite divergent (averaging
about 85% nucleotide sequence identity) but two
lines of evidence indicate that the hybridization
event that formed ATCC 42 981 happened relatively recently. First, the two subgenomes of ATCC
42 981 do not show any evidence of degeneration. From observations made in the Saccharomyces lineage, both on evolutionary (Scannell
et al., 2007) and laboratory timescales (Antunovics
et al., 2005), we expect that a polyploidization
event will be followed quickly by the deletion of
unnecessary extra copies of genes. Such gene loss
has not happened in ATCC 42 981, most probably because there has not been enough time for it
to happen. Second, the T subgenome is approximately 99% identical in DNA sequence to the
CBS 732 genome. This low divergence implies that
their last common ancestor existed recently, but the
allopolyploidization must have occurred after this
point because it happened specifically on the lineage leading to the T subgenome after it had split
from the CBS 732 genome. It will be interesting to
investigate whether the other apparent Z. rouxii–Z.
pseudorouxii hybrids (James et al., 2005; Solieri
et al., 2006) all share a single origin, or whether
there have been multiple events of similar interspecies hybridizations, as seems to have occurred
among Saccharomyces sensu stricto species (Groth
et al., 1999; Gonzalez et al., 2006, 2008; Lopandic
et al., 2007).
Pulsed-field gel analysis by Pribylova et al.
(2007a) showed that ATCC 42 981 has eight chromosomal bands and CBS 732 has seven. They
commented that the ATCC 42 981 genome is larger
but did not estimate its size. Our results indicate
that the genome of ATCC 42 981 contains approximately twice as much DNA as the genome of CBS
732. This difference seems more substantial than
the difference observed in the karyotypes, and suggests that some of the chromosomal bands in the
Copyright  2008 John Wiley & Sons, Ltd.
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ATCC 42 981 karyotype could be doublets. One
chromosome of CBS 732 (chromosome V) clearly
lacks a same-size counterpart in ATCC 42 981
(Pribylova et al., 2007a), so the T subgenome of
the hybrid must have undergone some structural
rearrangement relative to the type strain, despite
being almost identical in sequence.
Pribylova et al. (2007a; 2007b) also documented
numerous morphological and physiological differences between Z. rouxii CBS 732 and strain ATCC
42 981. These differences could be the results of the
duplicated nature of ATCC 42 981, although some
of them may reflect the different origins of these
two strains: ATCC 42 981 originates from industrial
miso fermentations, whereas CBS 732 was isolated
from concentrated grape must (Kurtzman and Fell,
1998). The ATCC 42 981 cells are larger than CBS
732 cells, which is expected for a hybrid cell with
a larger genome. Physiologically, ATCC 42 981 is
capable of growing in more extreme conditions
than CBS 732, although it grows less efficiently
in normal media (Pribylova et al., 2007a). The cell
wall of ATCC 42 981 is more flexible and elastic,
which may be linked to both the larger size of the
cell and its ability to survive in harsher conditions
than its parental species (Pribylova et al., 2007b).
The data from comparisons between ATCC 42 981
and CBS 732 indicate that there is possibly a cost
in growth efficiency in exchange for the ability to
withstand harsh environments. If this is true, then
polyploidization could be an evolutionary device
to deal effectively with strong selection pressures
during times of environmental instability by doubling all genes, including any that may increase the
survival of the organism. In many respects the relationship of the Z. rouxii type strain CBS 732 to the
industrial strain ATCC 42 981 resembles that of S.
cerevisiae laboratory strains to the allopolyploid (S.
pastorianus) strains used in the brewing industry,
although the latter show evidence of a more complex history than simple allopolyploidization (Bond
et al., 2004).

Acknowledgments
This work was supported by Science Foundation Ireland.

References
Antunovics Z, Nguyen HV, Gaillardin C, Sipiczki M. 2005.
Gradual genome stabilization by progressive reduction of the

Yeast 2008; 25: 449–456.
DOI: 10.1002/yea

456

Saccharomyces uvarum genome in an interspecific hybrid with
Saccharomyces cerevisiae. FEMS Yeast Res 5: 1141–1150.
Bond U, Neal C, Donnelly D, James TC. 2004. Aneuploidy and
copy number breakpoints in the genome of lager yeasts mapped
by microarray hybridisation. Curr Genet 45: 360–370.
Brul S, van der Vossen J, Boorsma A, Klis FM. 2003. Yeasts and
food spoilage. In Topics in Current Genetics, de Winde JH (ed.).
Springer-Verlag: Berlin; 272–296.
Butler G, Kenny C, Fagan A, et al. 2004. Evolution of the MAT
locus and its Ho endonuclease in yeast species. Proc Natl Acad
Sci USA 101: 1632–1637.
de Montigny J, Straub M, Potier S, et al. 2000. Genomic exploration of the hemiascomycetous yeasts: 8. Zygosaccharomyces
rouxii. FEBS Lett 487: 52–55.
Deak T, Beuchat LR. 1996. Handbook of Food Spoilage Yeasts.
CRC Press: Boca Raton, FL.
Farkas J. 2001. Physical methods of food preservation. In Food
Microbiology: Fundamentals and Frontiers, Doyle MP (ed.).
ASM Press: Washington DC; 567–591.
Giacomelli MG, Hancock AS, Masel J. 2007. The conversion of
3 UTRs into coding regions. Mol Biol Evol 24: 457–464.
Gonzalez SS, Barrio E, Gafner J, Querol A. 2006. Natural hybrids
from Saccharomyces cerevisiae, Saccharomyces bayanus and
Saccharomyces kudriavzevii in wine fermentations. FEMS Yeast
Res 6: 1221–1234.
Gonzalez SS, Barrio E, Querol A. 2008. Molecular characterization of new natural hybrids between S. cerevisiae and S. kudriavzevii from brewing. Appl Environ Microbiol (in press).
Groth C, Hansen J, Piskur J. 1999. A natural chimeric yeast
containing genetic material from three species. Int J Syst
Bacteriol 49: 1933–1938.
Iwaki T, Higashida Y, Tsuji H, et al. 1998. Characterization of a
second gene (ZSOD22 ) of Na+ /H+ antiporter from salt-tolerant
yeast Zygosaccharomyces rouxii and functional expression of
ZSOD2 and ZSOD22 in Saccharomyces cerevisiae. Yeast 14:
1167–1174.
Iwaki T, Kurono S, Yokose Y, et al. 2001. Cloning of glycerol-3phosphate dehydrogenase genes (ZrGPD1 and ZrGPD2 ) and
glycerol dehydrogenase genes (ZrGCY1 and ZrGCY2 ) from
the salt-tolerant yeast Zygosaccharomyces rouxii . Yeast 18:
737–744.
Iwaki T, Tamai Y, Watanabe Y. 1999. Two putative MAP kinase
genes, ZrHOG1 and ZrHOG2, cloned from the salt-tolerant
yeast Zygosaccharomyces rouxii, are functionally homologous to
the Saccharomyces cerevisiae HOG1 gene. Microbiology 145:
241–248.
James SA, Bond CJ, Stratford M, Roberts IN. 2005. Molecular
evidence for the existence of natural hybrids in the genus
Zygosaccharomyces. FEMS Yeast Res 5: 747–755.
Kellis M, Patterson N, Endrizzi M, et al. 2003. Sequencing and
comparison of yeast species to identify genes and regulatory
elements. Nature 423: 241–254.
Kinclova O, Potier S, Sychrova H. 2001. The Zygosaccharomyces
rouxii strain CBS732 contains only one copy of the HOG1 and
the SOD2 genes. J Biotechnol 88: 151–158.
Kiuchi K, Suzuki O, Ohta T, et al. 1978. Isolation of halotolerant
yeasts capable of assimilating linoleate in miso. Nippon
Shokuhin Kogyo Gakkaishi 25: 508–514.
Kurtzman CP. 2003. Phylogenetic circumscription of Saccharomyces, Kluyveromyces and other members of the Saccha-

Copyright  2008 John Wiley & Sons, Ltd.

J. L. Gordon and K. H. Wolfe

romycetaceae, and the proposal of the new genera Lachancea,
Nakaseomyces, Naumovia, Vanderwaltozyma and Zygotorulaspora. FEMS Yeast Res 4: 233–245.
Kurtzman CP, Fell JW (Eds) 1998. The Yeasts: A Taxonomic Study.
Elsevier: Amsterdam.
Lopandic K, Gangl H, Wallner E, et al. 2007. Genetically
different wine yeasts isolated from Austrian vine-growing
regions influence wine aroma differently and contain putative
hybrids between Saccharomyces cerevisiae and Saccharomyces
kudriavzevii . FEMS Yeast Res 7: 953–965.
Membre JM, Kubaczka M, Chene C. 1999. Combined effects of
pH and sugar on growth rate of Zygosaccharomyces rouxii,
a bakery product spoilage yeast. Appl Environ Microbiol 65:
4921–4925.
Mori H, Windisch S. 1982. Homothallism in sugar-tolerant
Saccharomyces rouxii . J Ferment Technol 60: 157–161.
Onishi H. 1963. Osmophilic yeasts. In Advances in Food Research,
Chichester CO, Mrak EM, Stewart GF (eds). Academic Press:
New York; 53–94.
Pribylova L, de Montigny J, Sychrova H. 2007a. Osmoresistant
yeast Zygosaccharomyces rouxii : the two most studied wild-type
strains (ATCC 2623 and ATCC 42981) differ in osmotolerance
and glycerol metabolism. Yeast 24: 171–180.
Pribylova L, Farkas V, Slaninova I, et al. 2007b. Differences
in osmotolerant and cell-wall properties of two Zygosaccharomyces rouxii strains. Folia Microbiol (Praha) 52: 241–245.
Scannell DR, Frank AC, Conant GC, et al. 2007. Independent
sorting-out of thousands of duplicated gene pairs in two yeast
species descended from a whole-genome duplication. Proc Natl
Acad Sci USA 104: 8397–8402.
Solieri L, Cassanelli S, Giudici P. 2007. A new putative
Zygosaccharomyces yeast species isolated from traditional
balsamic vinegar. Yeast 24: 403–417.
Solieri L, Landi S, De Vero L, Giudici P. 2006. Molecular
assessment of indigenous yeast population from traditional
balsamic vinegar. J Appl Microbiol 101: 63–71.
Spencer JFT, Spencer DM. 1997. Yeasts and the life of man: Part
I: Helpers and hinderers. ‘Traditional’ yeast-based industries;
spoilage yeasts. In Yeasts in Natural and Artificial Habitats,
Spencer JFT and Spencer DM (eds). Springer-Verlag: Berlin;
226–242.
Tang XM, Kayingo G, Prior BA. 2005. Functional analysis of
the Zygosaccharomyces rouxii Fps1p homologue. Yeast 22:
571–581.
Ushio K, Tatsumi H, Araki H, et al. 1988. Construction of
a host-vector system in the osmophilic haploid yeast
Zygosaccharomyces rouxii . J Ferment Technol 66: 481–488.
Watanabe Y, Iwaki T, Shimono Y, et al. 1999. Characterization
of the Na+ -ATPase gene (ZENA1 ) from the salt-tolerant yeast
Zygosaccharomyces rouxii . J Biosci Bioeng 88: 136–142.
Watanabe Y, Miwa S, Tamai Y. 1995. Characterization of
Na+ /H+ -antiporter gene closely related to the salt-tolerance of
yeast Zygosaccharomyces rouxii . Yeast 11: 829–838.
Wickerham LJ, Burton KA. 1960. Heterothallism in Saccharomyces rouxii . J Bacteriol 80: 492–495.
Wolfe KH, Shields DC. 1997. Molecular evidence for an ancient
duplication of the entire yeast genome. Nature 387: 708–713.
Yang Z. 2007. PAML 4: phylogenetic analysis by maximum
likelihood. Mol Biol Evol 24: 1586–1591.

Yeast 2008; 25: 449–456.
DOI: 10.1002/yea

