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The phylogenetic relationships between species of yeasts assigned to the
Saccharomyces sensu stricto group, which includes Saccharomyces cerevisiae
and Saccharomyces bayanus, were studied together with Saccharomyces
pastorianus and Saccharomyces paradoxus. The experimental approaches used
were RFLP analysis of the PCR-amplified rDNA internal transcribed spacer (ITS)
and intergenic spacer, and total ITS sequence analysis. Both RFLP and sequence
analyses gave fairly similar results. The gene trees generated with either of
the two data sets showed the distribution of the yeasts into two major, well-
separated, phylogenetic clusters called ‘cerevisiae’ and ‘bayanus’. The
‘cerevisiae’ cluster included the S. cerevisiae type strain, together with most
of the species (16 out of 23), whereas the ‘bayanus’ cluster included the
remaining seven type strains. Therefore, analysis of rDNA sequences
confirmed S. cerevisiae and S. bayanus as two well-defined taxa. However, S.
pastorianus and S. paradoxus, the two other usually accepted taxa of the now-
defined Saccharomyces sensu stricto complex, could not be clearly separated
from S. bayanus and S. cerevisiae, respectively. However, in both PCR-RFLP and
ITS sequence analyses, S. paradoxus had the outermost position in the
‘cerevisiae’ cluster. PCR-RFLP analysis of the ribosomal spacer sequences was
also carried out on 26 Saccharomyces strains isolated in various wine-growing
regions of France in an attempt to clarify their positions in the Saccharomyces
phylogenetic tree. Compared to the diversity of the Saccharomyces type
strains, less genetic diversity was detected among these yeasts and several of
them exhibited identical RFLP patterns. Most of the wine yeast strains (16 out
of 26) were closely related to each other and were found within the
‘cerevisiae’ cluster. The remaining 10 wine yeast strains branched within the
‘bayanus’ cluster. PCR-RFLP analysis of ribosomal spacer sequences thus
appears to be a useful and appropriate method for the correct characterization
of Saccharomyces yeast strains used in food processing.

Keywords: Saccharomyces cerevisiae, PCR-RFLP analysis of rDNA, rDNA ITS
sequence analysis, molecular phylogeny

expected, closely related species may differ from each
other by a very limited number of such characteristics

Conventional methods used for the identification of
yeast species rely extensively on the study of physio-
logical characteristics such as the ability of isolates to
assimilate and/or ferment different carbon sources. As

Abbreviations: RAPD, randomly amplified polymorphic DNA; mtDNA,
mitochondrial DNA; nDNA, nuclear DNA; ITS, internal transcribed spacer;
IGS, intergenic spacer; d, molecular distance value.

which, for some of them, may be controlled by single
mutable genes. This is the case within the genus
Saccharomyces Meyen ex Reess and more particularly
for species closely related to Saccharomyces cerevisiae,
which have been classically identified on their varying
abilities to use less than 10 different carbon sources (1).
The extreme proximity between species within this
group has led, in the past, to many different changes in
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Table 1. Saccharomyces sensu stricto type strains studied

Species CBS no. Original name Source ITS type IGS type  ITS sequence
accession no.

S. bayanus 3807 S. bayanus Beer I 1 795945
S. bayanus 3957 S. uvarum Currant juice I 1I 795946
S. cerevisiae 11717 S. cerevisiae Beer VI VI

S. cerevisiae 40547 S. aceti Red wine XII XII 295931
S. cerevisiae 22477 S. capensis Grape must VII XI 795937
S. cerevisiae 400" S. chevalieri Palm wine XV XIII 795939
S. cerevisiae 56357 S. coreanus Grape must XV XVII 795942
S. cerevisiae 17827 S. diastaticus Infected wort X XVI 795935
S. cerevisiae 6006 S. gaditensis Wine v X 795951
S. bayanus 424T S. globosus Pear juice v I 795947
S. bayanus 425" S. heterogenicus Apple juice 111 I 795944
S. cerevisiae 4903 S. hienipiensis ‘Alpechin’ XV X1V 795940
S. bayanus 15467 S. inusitatus Beer 1 I 795948
S. cerevisiae 4597 S. italicus Grape must XV Vi1 795938
S. cerevisiae 382t S. logos Beer XI VIII 795936
S. cerevisiae 53787 S. norbensis ‘Alpechin’ XV XVII 795929
S. cerevisiae 3093T S. oleaceus Olives X1V XVII 795943
S. cerevisiae 30817 S. oleaginosus ‘ Alpechin’ XV XVII 795941
S. cerevisiae 5155 S. prostoserdovi Wine VIII X 795934
S. cerevisiae 4237 S. steineri Grape must X111 XV 795932
S. paradoxus 4327 S. paradoxus IX \Y% 795933
S. pastorianus 15387 S. pastorianus I 11 795949
S. pastorianus 1513" S. carlsbergensis Beer I v 795950

their taxonomic status. The originally 21 recognized
species of the Saccharomyces sensu stricto group (33)
were grouped by Yarrow (40) in a single taxon: S.
cerevisiae. According to Vaughan Martini & Martini
(37), S. cerevisiae sensu Yarrow has now been split into
three species: S. cerevisiae, Saccharomyces bayanus
and Saccharomyces pastorianus which constitute, to-
gether with Saccharomyces paradoxus (35), the
Saccharomyces sensu stricto complex. Furthermore,
studies of the genes whose enzyme products allow the
cells to utilize some of the carbon sources classically
used for species identification show that the number
and location of these genes in the genome can vary
between strains of the same species. This is, for
example, the case of the MEL genes (controlling
melibiose fermentation) which can either be absent or
present in one or multiple copies in the genomes of S.
cerevisiae strains (20). This situation, which is also
found for other yeast genes whose products protect the
cells against toxic compounds (22), may reflect the
adaptation of strains to local environmental conditions
but not their taxonomic status.

The criterion originally used to separate the four
above-mentioned species (S. cerevisiae, S. bayanus, S.
pastorianus and S. paradoxus) was DNA relatedness,
as measured in whole-cell DNA /DNA reassociation
experiments (35, 36, 37). This classification was further
substantiated by many other studies on electrophoretic
karyotypes (2, 8, 18, 38), mitochondrial DNA
(mtDNA) restriction endonuclease profiles (5),  DNA

restriction analysis (12), analysis of randomly ampli-
fied polymorphic DNAs (RAPDs) (13), and by studies
which showed that interspecific hybrids between these
species, although viable, gave abortive ascospores (14).

Most of these studies were intended to identify the four
different species and to classify different wild or
industrial strains of Saccharomyces. Few of these
studies (mtDNA and RAPD) allow a clear under-
standing of the phylogenetic relationships between
these four different species. In this article, RFLP
analysis and sequencing of nuclear rDNA spacers were
carried out on the 21 original Saccharomyces species
pooled by Yarrow (40) in one taxon. These data were
used to infer phylogenetic trees. RFLP analysis was
also carried out on 26 wine yeast strains to clarify their
positions in the Saccharomyces phylogenetic tree.

In S. cerevisiae, as in most fungal species, the four
different rDNA genes (5S, 5-8S, 18S and 26S) are
grouped in repeats which are arranged head-to-tail to
form a single cluster on chromosome XII. The 18S and
26S genes are separated from each other by the internal
transcribed spacers (ITS) and intergenic spacers (IGS),
which are non-coding sequences except for the short
5-8S and 35S genes, respectively. Both these spacer
sequences can easily be amplified by PCR using
oligonucleotide primers homologous to sequences
present at the ends of the rDNA genes (39). A model of
the secondary folding structure of the ITS sequence
from S. cerevisiae has been obtained ; this sequence has
been divided into several structural domains, each

296

International Journal of Systematic Bacteriology 48



Phylogenetic analysis of the Saccharomyces cerevisiae group

characterized by one or two loops (27). Interestingly,
the sequences of ITS regions from related yeast species
could be only partially aligned to the ITS sequence of
S. cerevisiae (34), thus making this sequence a good
candidate for the study of the molecular phylogeny of
closely related yeast species.

METHODS

Yeast strains. The characteristics of the 49 strains studied are
given in Tables 1 and 2. Twenty-three of them are the type
strains of the species recognized by van der Walt (Table 1).
Twenty-six are wine yeast strains collected in different
regions of France (provided by C. Cuinier, ITV, Tours,
France) (Table 2).

PCR-RFLP analysis. DNA was extracted from 5ml yeast
liquid cultures according to the method of Phillipsen ez al.
(25). Amplifications of the target sequences were carried out
ina 50 pl volume containing 1-10 ng genomic DNA, 100 nM
of each primer, 200 uM of each of the four ANTPs, 1 U Tag
DNA polymerase and the appropriate buffer supplied by the
manufacturer (Appligéne). The primers used to amplify the
ITS sequences were 3126T (5-ATATGCTTAAGTTCAG-
CGGGT-3"), which hybridized to the 5" end of the 268 gene,
and 2234C (5-GTTTCCGTAGGTGAACCTGC-3"), which
hybridized to the 3" end of the 18S gene (31). The primers
used to amplify the IGS sequences were 126 (5'-ACCAC-

CTAGGACGGTCATCA-3’), which hybridized to the 3’
end of the 26S gene, and 127 (5-GTAGAGTAGCCTTG-
TTGTTACGATC-3'), which hybridized to the 5" end of the
18S gene (4). For the ITS, after an initial denaturation at
95 °C for 2 min, the sequence was amplified by 35 cycles of
1 min at 95 °C, 1 min at 50 °C, and 1 min at 72 °C; this was
followed by a final extension of 2 min at 72 °C. For the IGS,
after an initial denaturation at 95 °C for 3 min, the sequence
was amplified by 37 cycles of 2 min at 95 °C, 1 min at 55 °C,
and 3 min at 72 °C; this was followed by a final extension of
7min at 72 °C. Appropriate amounts of the amplified
sequences were digested with the four-cutter enzymes Alul,
BstUl, Cfol, Ddel, Haelll, Hpall, Ndell, Rsal and Tagl,
and Hinfl which has a 5 bp recognition site. Restriction
fragments were separated by electrophoresis in 8 % poly-
acrylamide gels for the ITS and in 3% agarose gels [2%
NusSieve agarose (FMC Bioproducts), 1% agarose (Appli-
gene)]. After electrophoresis, the gels were stained with
ethidium bromide and photographed. For the ITS, only the
restriction fragments larger than the 100 bp pBR322 Hinfl
size marker were recorded; for the IGS, only those larger
than the 75 bp pBR322 Hinfl size marker were recorded.

The relationships between the amplified sequences of the
different Saccharomyces strains were evaluated by their
fraction (F) of co-migrating fragments [F = 2n,/(n +n),
where n,, is the number of co-migrating bands and n,and n,

Table 2. Origin and characteristics of the Saccharomyces wine yeast strains studied

Species* Original name and ITV no.f No. in Origing ITS type  IGS type
Fig. 1

S. bayanus S. uvarum L1708 1 Sancerrois, 1986 I XVIII
S. cerevisiae S. bayanus 13336 2 Touraine, 1981 XVII XXI1I
S. cerevisiae S. uvarum 1.579 3 Beaujolais, 1986 XV XXI
S. cerevisiae S. bayanus L3571 4 Savoie, 1987 XV XXI
S. bayanus S. uvarum 119 5 Touraine, 1978 1 XVIII
S. bayanus S. uvarum L99 7 Touraine, 1975 1 XVIII
S. bayanus S. uvarum 1490 8 Touraine, 1982 1 XVIII
S. cerevisiae S. uvarum 11425 10 Beaujolais, 1986 XV XXI
S. cerevisiae S. cerevisiae 1.1642 11 Sancerrois, 1986 XV XX
S. bayanus S. uvarum L3583 12 Savoie, 1987 XVI XVIII
S. cerevisiae S. bayanus L206 13 Beaujolais, 1986 XVIII XXI
S. cerevisiae S. cerevisiae 1.1656 14 Charentes, 1986 XV XXI
S. cerevisiae S. bayanus 1.541 15 Beaujolais, 1985 XVIII XXI
S. cerevisiae S. bayanus L601 16 Beaujolais, 1985 XV XXI
S. bayanus S. uvarum L259 17 Touraine, 1975 I XVIIT
S. cerevisiae S. cerevisiae 1.2835 18 Beaujolais, 1984 XV XXI
S. cerevisiae S. cerevisiae 1L649 19 Beaujolais, 1985 XV XXI
S. cerevisiae S. cerevisiae 1.3587 21 Savoie, 1987 XV XXI
S. cerevisiae S. cerevisiae 1.3380 22 Cotes du Rhone, 1981 XV XIX
S. cerevisiae S. bayanus L2006 24 Touraine, 1977 XV XX1
S. bayanus S. uvarum L85 25 Alsace, 1988 I XVIII
S. cerevisiae S. uvarum L2784 26 Beaujolais, 1984 XV XX
S. bayanus S. pretoriensis L3304 27 Touraine, 1981 I XVIII
S. bayanus S. uvarum L1609 28 Touraine, 1986 1 XVIII
S. cerevisiae S. bayanus 11392 29 Touraine, 1985 XVII XXII
S. bayanus S. cerevisiae 1926 30 Touraine, 1985 I XVIII

* Species as defined in this study.

+ITV, Institut Technique de la Vigne et du Vin, Tours, France.

§ Wine-growing regions of France.
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are the number of bands of strain x and strain y, respectively].
Molecular distances (d) were then estimated using the
mathematical model of Nei & Li (21). Cluster analysis of
these d values was performed using the neighbour-joining
method (29). The calculations were performed using a
hypercard compilation running on a Macintosh computer
(Marc Neyra; ORSTOM, Dakar; Ecologie Microbienne
CNRS, Lyon, France; unpublished).

Sequencing and data analysis. The ITS sequences were
amplified by using the PCR conditions described above. The
amplified products were purified and concentrated on
Centricon columns (Amicon). The purified double-stranded
PCR products were directly used for sequencing using the T7
sequencing kit from Pharmacia LKB based on the dideoxy
chain-termination method (30) according to J. Briolay and
others (unpublished). To sequence both strands, seven
primers were used: 2234C and 3126T as described above;
and AM2541 (5-GCATCGATGAAGAACGCAGC-3"),
AM2542 (5-GCTGCGTTCTTCATCGATGC-3'), AM454
(5-TCACTCACTACCAAACAGAA-3), AM1701 (5'-TT-
TCCTTCTCAAACATTCTG-3') and AM3393 (5-CCTT-
ACGGGTTTCTTTTTCAA-3"), which were deduced from
the published sequence of the S. cerevisiae HA6 strain
(GenBank accession no. U09327).

Sequences were aligned using CLUSTAL W (32) and manually
refined using SEAVIEW (3). All regions corresponding to a gap
in one sequence were excluded from the analyses. Matrix
pairwise comparisons were corrected for multiple base
substitutions by the two-parameter model of Kimura (10)
and a phylogenetic tree was generated by the neighbour-
Joining method using PHYLO-WIN (3). Bootstrap analysis
(1000 replications) was performed to assess the strength of
the internal branches of the tree.

RESULTS
PCR-RFLP analysis of the rDNA spacers

The ITS and IGS sequences were amplified from the
genomic DNA of all 49 studied yeast strains. In all
cases, a single DNA fragment was amplified and, for
each of these two DNA regions, no significant size
variation could be detected between strains after
agarose gel electrophoresis. The amplified ITS and
IGS were approximately 780 bp and 3-2kb long,
respectively.

For the ITS, four of the 10 enzymes used (4/ul, BstUI,
Ddel and Hpall) did not reveal any polymorphism
between strains. Each of the six other enzymes gave
variable numbers of restriction profiles, from four for
Ndell and Cfol to six for Hinfl. After the restriction
profiles produced by the different enzymes had been
combined, 18 different ITS-RFLP types were dis-
tinguished. Several of the ITS of different strains were
identical in this analysis. This was observed with ITS
type XV, which was common to six different type
strains (Table 1) and 12 wine yeast strains (Table 2).
Interestingly, only five different ITS profiles charac-
terized the 26 wine strains (Table 2) while 15 different
ITS patterns were recorded amongst the Saccharo-
myces type strains (Table 1). Thirteen strains were each
characterized by a unique set of restriction profiles;
among them was S. cerevisiae CBS1171 type strain
which was the only one to have unique Haelll and

Rsal ITS profiles. RFLP analysis of this spacer
sequence yielded 41 different restriction fragments, of
which 35 (85 %) were polymorphic.

The 3-2 kb IGS sequences were more polymorphic. All
10 restriction enzymes tested gave several restriction
patterns, from four for Hinfl to 12 for Alul. However,
some of the strains could still not be distinguished
from each other. This was particularly the case among
the 26 wine yeast strains for which five sets of
restriction patterns were recorded; two of these sets
(IGS types XVIII and XXI) characterized 10 and 11
strains, respectively (Table 2). This is in contrast with
the 23 Saccharomyces sensu stricto type strains which
were distributed in 17 different IGS classes (Table 1).
Interestingly, the S. cerevisiae CBS1171 type strain
was the only strain which had a unique IGS restriction
profile for each of the 10 enzymes used. RFLP analysis
of the IGS yielded 184 different restriction fragments,
of which 170 (92 %) were polymorphic.

Data from RFLP analyses of the ITS and IGS
sequences were pooled and used to calculate pairwise d
values between the spacer sequences according to the
model of Nei & Li (21). The matrix of d values was
used to construct an inferred gene tree using the
neighbour-joining method. This tree was characterized
by two groups of phylogenetically close sequences, one
of which was called the ‘cerevisiae’ cluster and the
other, the ‘bayanus’ cluster (Fig. 1). The ‘cerevisiae’
cluster included most of the studied yeasts, i.e. 15 out
of the 23 type strains plus 16 out of the 26 wine yeast
strains. Within this cluster, the rDNA spacers were
highly similar with a maximum d value (d,,,,) between
them of 0-033 substitutions per site. The only exception
was the S. cerevisiae TDNA spacers, which were more
distantly related to the other sequences; minimum
value (d,,;,,) of 0:033 to Saccharomyces aceti and d_,,
of 0:056 to Saccharomyces chevalieri. The ‘bayanus’
cluster included the remaining yeasts except for S.
paradoxus, i.e. seven type strains and 10 wine yeast
strains (seven of which originated from the Touraine
region of France). As observed for the ‘cerevisiae’
cluster, most of the sequences of the yeast type strains,
including S. bayanus, were highly similar (d,,, of
0-:009). The sequence of the Saccharomyces uvarum
type strain was loosely linked to the latter type strains
(dpin of 0:063 to Saccharomyces heterogenicus). The
rDNA spacers of the wine yeast strains included in this
cluster were more related to the S. uvarum spacers
(dpax of 0:034) than to the spacers of the other type
strains. The two clusters ‘cerevisiae’ and ‘bayanus’
were clearly separated in this PCR-RFLP analysis, the
dyin and d, . values separating the spacer sequences
present in the two clusters were, respectively, 0-066
(Saccharomyces oleaceus/S. uvarum) and 0-101 (S.
cerevisiae/Saccharomyces  globosus). The rDNA
spacers of Saccharomyces paradoxus had a somewhat
intermediate position between the two clusters, being
closer to the ‘cerevisiae’ cluster (d,;, of 0-057 to S.
oleaceus) than to the ‘bayanus’ cluster (d;, of 0-085 to
Saccharomyces carlsbergensis). This intermediate pos-
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Fig. 1. Unrooted phylogenetic dendrogram
showing the taxonomic positions of
Saccharomyces type strains and wine yeast
strains, based on the PCR-RFLP study of the
ITS and IGS rDNA spacers. Numbers refer to
strains listed in Table 2. Bar, d value of
0-0051.
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Fig. 2. Variable nucleotide positions within the 1TS1-5-85-1TS2 region of 21 Saccharomyces type strains (Table 1) compared
to the corresponding sequence of the S. cerevisiae HA6 strain (GenBank accession no. U09327). Hyphens indicate

deletions; N, uncertain nucleotides.

ition of S. paradoxus resulted only from polymor-
phisms in the IGS; a tree based on only the ITS
included S. paradoxus in the ‘ cerevisiae’ cluster (results
not shown).

Sequence analysis of the ITS regions

This was carried out on the 23 type strains. Repeated
attempts to sequence the PCR-amplified ITS of S.
cerevisine CBS1171 type strain always gave several

bands at most nucleotide positions suggesting that
different sequences had been co-amplified by PCR.
This strain was not studied further and the ITS
sequence of S. cerevisiae strain HA6 (GenBank ac-
cession no. U09327) was used for comparison instead.
The entire sequences of the ITS1 and 5-8S and the
sequence of ITS2, excluding the last 10 nucleotides,
were obtained for all other strains except Saccharo-
myces gaditensis for which the first 19 nucleotides of
ITS1 and the last 150 nucleotides of ITS2 could not be
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Fig. 3. Unrooted phylogenetic dendrogram
showing the taxonomic positions of
Saccharomyces type strains, based on the
ITS1-5-85-ITS2 sequences. Bootstrap supports
higher than 60% are displayed. Bar, d value
of 0-002.

read. If we exclude this latter strain, a total of 747
nucleotides including the 5-8S gene, representing the
full-length sequences, could be aligned without any
ambiguities. Only 8 bp were not read in the different
sequences (Fig. 2). Several sequences had 1-5bp
insertions at various positions; three sequences (those
of S. aceti, S. gaditensis and Saccharomyces prostoser-
dovi) shared an identical 24 bp deletion between
nucleotides 131 and 154 in ITS1. Most of the variable
nucleotide positions were within I'TS1 (39 out of a total
of about 369 nucleotides) while ITS2 was less variable
(10 variable positions out of about 220 nucleotides).
The 5-8S gene was the most conserved part of the
sequence with six variable positions out of 157 nucleo-
tides (Fig. 2). Within ITS1, the variable positions were
not evenly distributed ; most were found in domains II
and III (126 and 13-7%, respectively, of variable
positions) while domains IV and V were more con-
served (21 and 5-5%, respectively, of variable
positions).

The sequence alignment was used to construct an
inferred phylogenetic tree by the neighbour-joining
method (Fig. 3). For the calculation, 26 variable
positions were considered. Inclusion or exclusion of
the partial sequence of S. gaditensis in the calculation
did not significantly change the topology of the tree
and the bootstrap values of the nodes (results not
shown). This comparative sequence analysis clearly
showed the distribution of Saccharomyces type strains

ITS sequences into two major clusters which were
called ‘ bayanus’ and ‘ cerevisiae’. Within the ‘ bayanus’
cluster, which included the ITS of seven type strains
among which were those of S. bayanus and S.
pastorianus, the different sequences were highly hom-
ologous with a d,,,, between two sequences of 0-0117
(S. carlsbergensis/S. heterogenicus). The ‘cerevisiae’
cluster included the other 16 type strain sequences
among which were those of S. cerevisiae HA6 and S.
paradoxus. The d_,, within this group was 0-0137 (S.
paradoxus/Saccharomyces capensis).

The ‘bayanus’ and ‘cerevisiae’ clusters were clearly
separated; the d,;, between sequences in these two
groups was 0-0196 (S. heterogenicus/Saccharomyces
logos, Saccharomyces norbensis, Saccharomyces itali-
cus). Furthermore, the two nodes between these two
groups were separated by a high bootstrap value of
100% (Fig. 3). Although the S. paradoxus ITS se-
quence branched outside the ‘cerevisiae’ cluster, this
node was not supported by a significant bootstrap
value and therefore the sequence was not excluded
from the ‘cerevisiae’ cluster.

DISCUSSION

Several studies on yeast strains belonging to Saccharo-
myces cerevisiae sensu Y arrow, especially those relative
to nuclear DNA (nDNA)/nDNA reassociations (35,
37) have established that this species was genetically
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heterogeneous and consisted of four distinct sibling
taxa: S. cerevisiae, S. bayanus, S. pastorianus and S.
paradoxus. In this paper, analysis of the intergenic
rDNA spacers of different yeast strains belonging to
the Saccharomyces sensu stricto group (33) has re-
vealed sequence polymorphisms which allow inference
of the phylogenetic links existing between the sequences
analysed. Both combined PCR-RFLP analysis of the
ITS and IGS spacers and direct sequencing of the ITS
lead to a similar grouping of the studied isolates, their
rDNA spacer sequences being distributed in two well-
separated clusters called ‘ cerevisiae’ and ‘bayanus*. As
for the sequences of S. paradoxus and S. pastorianus,
they do not form separate clusters but instead are
included in the ‘cerevisiaze’ and ‘bayanus’ clusters,
respectively.

The ‘cerevisiae’ cluster includes the sequences of 16
out of the 23 studied type strains. Yeasts within this
cluster are those whose genomic DNAs showed a very
high level of relatedness (more than 89%) to the
genomic DNA of the S. cerevisiae CBS1171 type strain
(36). In RAPD analysis based on the use of three
different 10 bp oligonucleotides, these strains appeared
rigorously identical (13) whereas a certain amount of
sequence polymorphism exists between their rDNA
spacers.

The phylogenetic position of the S. paradoxus type
strain relative to the other yeasts in the ‘cerevisiae’
cluster cannot clearly be established from our results.
This species belongs to the cluster when considering
only the ITS sequences, whereas it branches outside
the cluster in the RFLP analysis, which takes into
account polymorphisms in both the ITS and IGS
spacers. This taxonomic proximity to the ‘cerevisiae’
cluster is consistent with the nDNA /nDNA reassocia-
tion values reported between the two species (in the
range 40-50%), which are significantly higher than
those reported with S. bayanus and S. pastorianus (34
and 23 %, respectively) (35, 36, 37). The close phylo-
genetic relatedness between S. paradoxus and S.
cerevisiae was also pointed out in two RFLP studies,
one relative to the mitochondrial genome (5) and the
other to the small- and large-subunit rRNA genes (11).
Despite the similarities between these two species,
interspecific crosses between monosporic isolates
always gave hybrids producing non-viable ascospores
(15,17, 19).

The ‘bayanus’ cluster includes the sequences of the
seven remaining type strains. This group appears
highly homogeneous as judged from the low d values
between the sequences. The only exceptions were S.
uvarum and S. heterogenicus, which branched some-
what outside the cluster in only the PCR-RFLP study
for the former and in only the ITS sequence analysis
for the latter. Yeasts within the ‘bayanus’ cluster are
those whose nDNA showed a high percentage (above
72 %) of reassociation to the nDNA of the S. bayanus
type strain (35, 36). Nevertheless, the ‘ bayanus’ cluster
as defined in our study includes two of the recognized
species of the S. cerevisiae complex, namely S. bayanus

and S. pastorianus (35, 37). S. pastorianus is assumed
to be a rare natural hybrid between S. cerevisiae and S.
bayanus as its nDNA reassociates at a significant level
to the DNAs of both these species (53 and 72%,
respectively) (35). It appears that the rDNA types of S.
pastorianus and of its synonym S. carlsbergensis are
both extremely similar to that of S. bayanus, thus
confirming, as already suggested (9, 24), that it has
inherited of the rDNA locus of only one of its two
possible parents: S. bayanus. A similar situation was
also reported in the case of the mitochondrial genome
for which only that of S. bayanus was shown to be
present in S. pastorianus cells (5, 23).

A closer relatedness of S. pastorianus to S. bayanus
than to S. cerevisiae or S. paradoxus was also deduced
from analysis of RAPD patterns (13). S. bayanus and
S. pastorianus also share at least two common physio-
logical characteristics, i.e. an active fructose transport
system and a maximum temperature for growth in the
range 28-35 °C (28). Conversely, an active fructose
transport system is absent in both S. cerevisiae and S.
paradoxus, both of which have a higher maximum
temperature for growth (in the range 3543 °C). These
data, together with our results, strongly suggest that if
S. pastorianus is a natural hybrid between S. cerevisiae
and S. bayanus it is a partial one which has inherited
far more genetic material from the latter parent than
from the former one. The presence of S. cerevisiae-
specific DNA sequences in the genome of S. pas-
torianus has been established in the case of some
metabolic genes such as MET?2 (6, reviewed by 9).

The study of rDNA spacers has led to the discrimi-
nation of two well-separated clusters within which
some polymorphism does exist between the yeast
strains. However well-separated the ‘cerevisiae’ and
‘bayanus’ clusters may be, they consist of very closely
related yeasts when the whole genus Saccharomyces is
considered (7, 11, 12, 13). Thus, a phylogenetic tree
based on the 18S gene sequences of species belonging
to Saccharomyces and related genera showed that the
genus Saccharomyces 1s very heterogeneous, whereas
the species of the Saccharomyces sensu stricto complex
form a natural group quite separated from other
Saccharomyces and non-Saccharomyces species ex-
amined (7). Another example is given by the ori-rep—tra
mitochondrial sequence, cloned from S. cerevisiae,
which, when used as a probe, hybridizes to the DNA of
S. cerevisiae as well as to S. bayanus, S. paradoxus and
S. pastorianus, but not to the DNA of any of six other
species of the yeast genus Saccharomyces: Saccharo-
myces castellii, Saccharomyces dairensis, Saccharo-
myces exiguus, Saccharomyces kluyveri, Saccharo-
myces servazzi and Saccharomyces unisporus (26). This
was also observed when we attempted to align the ITS
sequence of S. cerevisiae to that of S. kluyveri (Gen-
Bank accession no. U(09328), the only one available in
the databases (R. Messner, H. Prillinger, M. Ibl & G.
Himmier, unpublished). If only ITS2 is considered, the
sequences of all the yeasts of the two ‘cerevisiae’ and
‘bayanus’ clusters could be perfectly aligned with only
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10 variable positions among the 220 nucleotides. To
align the same sequence of S. kluyveri to that of S.
cerevisiae or S. bayanus, it is necessary to create in the
former two large gaps of about 20 bases each and only
about 65 % of the remaining positions can be aligned.

We extended the PCR-RFLP study to a collection of
26 wine yeast strains assigned to the S. cerevisiae sensu
stricto group on the basis of traditional phenotypic
characters. The rDNA spacer sequences of these
strains were distributed in either of the two clusters
‘cerevisiae’ or ‘bayanus’. For most of the strains, this
classification was in disagreement with the original
identification (Table 2), thus confirming the unsuit-
ability of the classical taxonomic criteria within the S.
cerevisiae sensu stricto group. However, these results
are in perfect agreement with those reported by
Naumov et al. (16), who performed genetic crosses and
electrophoretic karyotypes on six of the strains we
studied (nos 1, 3, 5, 7, 8 and 10). Unexpectedly, a lower
level of RFLP was detected in the rDNA spacers of the
wine yeast strains, included in either of the two clusters,
compared to the polymorphism revealed between the
corresponding sequences of the type strains (Fig. 1). A
possible explanation could be that a limited number of
lineages have adapted to the grape must or, alter-
natively, that the wine yeasts studied have been isolated
over a short period of time in a limited number of sites
all located in France as opposed to the varied origins of
the type strains.

In conclusion, the analysis of polymorphisms within
the rDNA spacers demonstrates that the species of the
Saccharomyces sensu stricto group are clearly distri-
buted in two well-separated clusters which have
recently diverged from one another as judged by the
high similarities between their ITS sequences. This
result also clearly shows that the study of rDNA spacer
polymorphisms is a valuable tool to infer the phylo-
genetic position of very closely related yeasts.
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