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Wild-type Kkiller yeast strains isolated from six South African wineries were identified using classical taxonomic meth-
ods. They were further characterized according to their cross-reactions with reference killer yeasts (K{-K;1) and by
electrophoresis of their double-stranded RNA molecules. All isolates belonged to the K, phenotype and were identified
as strains of Saccharomyces cerevisiae and Saccharomyces bayanus. The killer strains differed substantially in their abil-
ity to kill a sensitive wine yeast (Geisenheim GS-1). This phenomenon may be attributed to strain differences among the
killer yeasts as was shown by electrophoresis of total soluble cell proteins and gas chromatographic analysis of cellular

fatty acids.

Killer yeasts were discovered in laboratory strains of Sac-
charomyces cerevisiae by Bevan & Makower (1963).
They also classified yeast strains into one of three pheno-
types: killer (K), sensitive (S) and neutral (N). Killer yeasts
secrete proteinaceous killer toxins which are lethal to sus-
ceptible or sensitive strains of the same species, but are
themselves immune to their own toxins. Killer interactions
are generally restricted to strains of species within a genus,
but interactions between species of different genera have
been reported (Bussey, 1974; Mitchell & Bevan, 1983; Tip-
per & Bostian, 1984).

Many surveys have been conducted since 1963 to deter-
mine how widespread Kkiller yeasts are in the environment.
They have been found in numerous culture collections and
include yeast genera such as Saccharomyces, Candida,
Pichia, Debaryomyces, Hansenula, Kluyveromyces, Toru-
lopsis and Cryptococcus (Philliskirk & Young, 1975;
Stumm et al., 1977; Rosini, 1983). Killer strains of Sacch.
cerevisiae have also been isolated from natural habitats
such as grapes and grape skins (Jacobs, Fourie & Van
Vuuren, 1988), wine (Naumov & Naumova, 1973; Naumov
et al., 1973; Barre, 1984; Van Vuuren & Wingfield, 1986;
Heard & Fleet, 1987), beer (Maule & Thomas, 1973;
Rogers & Bevan, 1978) and saké fermentations (Imamura,
Kawamoto & Tokaoka, 1974).

The killer phenomenon in Sacch. cerevisiae is associat-
ed with cytoplasmically inherited virus-like particles
(VLPs) or mycoviruses containing the M (medium) and L
(large) double-stranded RNA (dsRNA) genomes (Herring
& Bevan, 1974). The M genome codes for the toxin and

immunity to this polypeptide (Mitchell, Herring & Bevan,
1976), while the L-dsRNA encodes the subunits of the pro-
tein coat of the VLPs (Tipper & Bostian, 1984).

Killer yeasts can be classified into at least 11 groups
(K-Ky}) according to the size differences of their
M-dsRNA molecules and the properties of their respective
toxins, i.e. the spectrum of activity against sensitive strains,
or by assay of the cross-reactivity (interaction) of killer
yeast. The classification of killer yeasts is based on these
properties. Five killer types have been reported in Sacch.
cerevisiae (Naumov & Naumova, 1973; Rogers & Bevan,
1978; Hara, Iimura & Otsuka, 1980; Extremera, Martin &
Montoya, 1982; Pfeiffer & Radler, 1982), namely K, K,
K;, KT28 and K;GR1. However, Wingfield ez al. (1990)
have recently shown that the M-dsRNA of K, and K;
strains share an extensive homology. They found that the
K, and K; killer types belong to the same class and sug-
gested that the Kj killer type should be included within the
K, killer class. The optimum pH for production and stabili-
ty of toxins from group K, ranges between 4,6 and 4,8
(Woods & Bevan, 1968) and is therefore not important in
winemaking. However, the optimum pH for the K, toxin
varies between pH 2,9 and 4,9 (Shimizu et al., 1985),
which means that these yeasts might pose a threat to the
wine industry. Despite unfavourable conditions related to
high concentrations of sugar, SO, and polyphenols, the K,
toxin has been shown to be active in grape must (Barre,
1980; Tredoux, Tracey & Tromp, 1986; Van Vuuren &
Wingfield, 1986).
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The industrial interest in killer yeasts stems from the
premise that these yeasts, when present, might eventually
dominate a fermentation initially inoculated with a sensi-
tive strain. Such contaminations can result in problems
such as lagging or stuck fermentations, high volatile acidi-
ty, H,S production and off-flavours (Rosini, 1985; Van
Vuuren & Wingfield, 1986; Heard & Fleet, 1987). Killer
strains of Sacch. cerevisiae have been found to be domi-
nant at the end of fermentations in some wineries but not in
others (Cuinier & Gros, 1983; Barre, 1984; Benda, 1985).
There are also conflicting reports on the number of killer
yeasts needed for sluggish fermentations to occur
(Table 1).

In 1986 Van Vuuren & Wingfield reported a case where
a killer yeast contaminant (T 206) was responsible for pro-
tracted and stuck wine fermentations in a South African
wine cellar. The abundance of wild killer yeasts under
winemaking conditions is well documented (Rosini, 1985;
Heard & Fleet, 1987). Jacobs, Fourie & Van Vuuren (1988)
reported on the isolation of two hundred and thirty killer
yeasts from Chenin blanc grapes and grape skins collected
from six local wineries. The isolates were divided into nine
groups based on their colony morphology and colour on
modified Wallerstein laboratory nutrient agar. Preliminary
work showed that considerable heterogeneity exists among
these groups with respect to their ability to kill different
sensitive strains. In this study we report on the identifica-
tion and further characterization of isolates from each of
the nine groups.

MATERIALS AND METHODS

Yeasts strains: Wild-type killer yeast strains (K-25; K-
54; K-73; K-83; K-102; K-103; K-106; K-125 and K-174),
representing nine different colour and morphological
groups, were isolated and classified as described previously
(Jacobs, Fourie & Van Vuuren, 1988). A strain of Sacch.
cerevisiae obtained from Geisenheim (GS-1, Stellenbosch
Farmers’ Winery) was used as the sensitive strain through-
out this study. All strains were kept on YM agar slants (1%
glucose, 0,5% Bacto peptone, 0,3% malt extract, 0,3%
yeast extract and 1,5% Bacto agar) at 5°C.

Identification of isolates: Yeast strains were identified
according to the methods and criteria of Kreger-van Rijj
(1984).

Determination of Killer phenotype: The killer pheno-
type was determined by using the methylene blue agar
(MBA) technique of Somers and Bevan (1969). Plates were
seeded with 4 x 10 5 cells/ml of a wild-type killer strain and
samples of reference killer yeasts were streaked on top. The
plates were then incubated at 25°C for 72h. If the inoculat-
ed strain was surrounded by a region of blue coloured cells,
or by a clear zone of inhibition bounded by coloured cells,
it was designated as a killer strain, and the seeded strain as
a sensitive one.

Protein electrophoresis: Cell-free extracts were pre-
pared according to the technique of Van Vuuren & Van der
Meer (1987). SDS gel electrophoresis was performed in an
SE 600 Vertical Slab Gel Unit (Hoefer Scientific Instru-
ments) using the method described by Weber & Osborn
(1969). Protein concentrations were determined and stan-
dardised by the Bradford method (Bradford, 1976). All
chemicals used for the preparation of gels were from E.
Merck (Darmstadt, West Germany).

Cellular fatty acid analysis: Cultivation of yeast
strains, fatty acid extraction and preparation of methyl
esters were done as described in “Method B” of Augustyn
& Kock (1989). Fatty acid extracts were analysed by gas
chromatography on a J & WDB wax capillary column
(30 m x 0,32 mm L.D., coating 0,15u) according to the
method of Augustyn (1989). The relatedness of any two
strains was computed by applying the formula developed
by Holman (1978):

R _(Cx)(Cx+Cy N Cx)(Cx+Cy
WW=ley /U200 /7 cy /N 200 /s

In this formula R represents the index of relationship, x
and y are the two strains being compared, C is the concen-
tration expressed as a relative percentage and 1 through n
are the fatty acids used to differentiate between the strains
(n = 10 in this instance).

Isolation and electrophoresis of double-stranded
RNA: Extraction of double-stranded RNA (dsRNA) from

TABLE 1
Ratio of killer: sensitive strains found to cause sluggish wine fermentations.
Ratio

Country Killer:Sensitive Reference

France 1:50 Barre, 1984

Australia 1:1 Heard & Fleet, 1987

Japan 100:1 Shimizu et al. 1985

Japan 25:1 Seki, Choi & Ryu, 1985
-U.S.S.R. 1:20 Tyurina et al. 1986

Germany 1:1000 Radler, 1988

South Africa >1:40 Tredoux, Tracey & Tromp, 1986

South Africa 1:500 Van Vuuren & Wingfield, 1986
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virus-like particles and electrophoresis in 1% agarose gels
were done according to the methods described by Van
Vuuren & Wingfield (1986). Sizing of the dsRNA
molecules was done according to Wingfield, van Vuuren &
Pretorius (1989).

Determination of toxin activity: The lyophilization
method described by Radler & Knoll (1988) was used to
concentrate killer toxins. Aliquots (50 L) of concentrated
toxin (10x) were assayed in 5 mm diam. wells of methy-

59

lene blue plates (pH 4.5) seeded with 1 x 103 cells/ml of
the sensitive strain GS-1.

RESULTS AND DISCUSSION

Nine killer yeast isolates representing nine different
colour and morphological groups were identified using
classic taxonomic criteria. Eight strains were identified as
Saccharomyces cerevisiae and one (K-54) as Saccha-
romyces bayanus (Table 2).

TABLE 2
Assimilation of carbon by killer yeasts.
Carbon source
Strains Identity
Gluc. Malt. Suc. Treh. Raff. Gal. Gly. Lac. EtOH. Succ. Citr.

K-25 + + + +d + + - + - - Saccharomyces cerevisiae
K-54 + + + +d - - +d + - - Saccharomyces bayanus
K-73 + + + + +d + - + + - - Saccharomyces cerevisiae
K-83 + + + + + + - + + + - Saccharomyces cerevisiae
K-102 + + + + + + - + + - - Saccharomyces cerevisiae
K-103 + + + + + + - + + - - Saccharomyces cerevisiae
K-106 + + + + +d + - + + - - Saccharomyces cerevisiae
K-125 + + + + + + - +d + - - Saccharomyces cerevisiae
K-174 + + + + + - - + - Saccharomyces cerevisiae
K2 (NCYC 738) + + + + + + - + + - Saccharomyces cerevisiae

(+) Assimilation, (-) No assimilation, (+d) Delayed assimilation; Gluc, Glucose; Malt, Maltose; Suc, Sucrose; Treh,
Trehalose; Raff, Raffinose; Gal, Galactose; Gly, Glycerol; Lac, Lactose; EtOH, Ethanol; Succ, Succinate; Citr, Citrate.

TABLE 3

Inhibition of a sensitive yeast by killer yeasts and interactions between killer yeasts. Killer isolates were plated and the killer

yeasts (K;-K,) streaked.

. .Zo.ne.: .Of Interaction Killer
Strains ‘mhlt.)mon Zones No zones Phenotype
(diam. in mm)* formed formed
K-25 18 mm KKy K,,K3,Ks-K K,
K-54 17 mm KKy K,.K3.Ks-K K,
K-73 14 mm KK, K,.K3.K5-Kg K,
K-83 16 mm KKy K,.K3,Ks5-K o K,
K-102 16 mm KK, K,.K3,K5-Kg K,
K-103 10 mm KK, K,.K3,Ks-K K,
K-106 14 mm KK, K,.K3,Ks-K K,
K-125 14 mm KK, K,.K3.Ks-K K,
K-174 15 mm K.K4 K,.K3.Ks-Ko K,
K,(NCYC 738) 16 mm K..K4 K5.K3.Ks-K o K,

*MBA medium seeded with Geisenheim (GS-1). K; = Sacch. cerevisiae D587-2A; K, = Sacch. cerevisiae NCYC 738; K3‘=
Sacch. capensis NCYC 761; K, =T. glabrata NCYC 388; K5 = H. subpelliculosa NCYC 16; K¢ = K. fragilis NCYC 587; K,
= P. membranaefaciens NCYC 333; Kg = H. anomala NCYC 435; Kq = H. mrakii NCYC 500;K,q = K. drosophilarum

NCYC 575.
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It is evident from the carbon assimilation profiles in
Table 2 that differences exist among the eight Sacch. cere-
visiae strains, and that only one strain (K-174) was pheno-
typically identical to the K, reference strain NCYC 738.

All killer strains under investigation were tested for dif-
ferences in both their ability to kill other killer strains and
in their immunity to other killer toxins. No killer yeast was
found to be suicidal under the assay conditions used, and
only one distinct pattern of interaction was found (Table 3).

All nine wild-type killer strains formed inhibition zones
on the K; and K, background lawns, indicating that these
two strains are sensitive to the killer toxins produced by the
yeast isolates. No interaction was detected amongst the
wild-type killers and the eight reference killer strains K,,
K; and Ks5-K, indicating that the nine strains under inves-
tigation belong to either the K, or K; killer phenotype
(Young & Yagiu, 1978). The size of the M-ds RNA
genomes isolated from the nine wild-type killer yeasts
ranged from 1,3 kb to 1,8 kb (Fig. 1).

The reported sizes of the M, (K,) and M(K5) molecules
are 1,5 and 1,3 kb respectively (Young, 1987), although
variations ranging from 1,5 to 2,0 kb have been reported
for the M, genome (Sommer & Wickner, 1984; Wingfield,
van Vuuren & Pretorius, 1989). These variations might be
attributable to variations in both growth conditions and the
size of the AU-rich region known to occur in both the M,
and M, genomes (Hannig, Thiele & Leibowitz, 1984; Som-
mer & Wickner, 1984). However, Wingfield et al. (1990)
have shown that the K, M-dsRNA and K; molecules share

an extensive homology. Our nine killer strains were there-
fore regarded as K, killer strains.

The killer isolates were also compared in terms of the
amount and/or specific activity of the toxins produced.
Clear inhibition zones ranging from 10 to 18 mm in diame-
ter were formed on the seeded MBA medium by the vari-
ous toxin preparations (Table 3). The largest inhibition
zones (17 and 18 mm in diameter) were formed by the tox-
ins derived from strains K-54 and K-25 respectively. The
toxin from strain K-103 formed a zone of only 10 mm. The
halos surrounding the wells also differed in colour and size.
These findings are consistent with those of Shimizu et al.
(1985), who found that the K, toxins produced by the com-
mercially available killer yeast Prise de Mouse, 71B, and
Montpellier (V-1116) were much more active than that pro-
duced by the wild K, killer strain G-9. It appears, therefore,
that considerable heterogeneity exists between the various
K, killer strains in the extent to which they produce killer
toxins, and perhaps also in the specific activities of these
toxins.

Electrophoresis of total soluble cell proteins as well as
gas chromatography of cellular fatty acids was used in
order to differentiate between the different killer strains. In
1987 Van Vuuren and Van der Meer reported that different
genetic groups of Sacch. cerevisiae could be distinguished
by using electrophoretic profiles, and that this technique
was also suitable for characterizing and fingerprinting indi-
vidual strains. The protein profiles of the nine killer yeast
isolates and the reference K, killer strain (NCYC 738) are
presented in Figure 2.

L-ds RNA

b M-ds RNA

78 9 10 1

FIGURE 1

Agarose gel electrophoresis of dsRNA isolated from killer yeasts. 1) Phage lambda DNA (cut with HindIII and EcoRI)
2)K-54 3)K-103 4)K-102 5)K-125 6)K-83 7)K-25 8)K-174 9)K-73 10)K-106 11)K,(NCYC 738). The
high molecular weight band in lanes 2 and 3 is chromosomal DNA.
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Based on electrophoretic protein patterns, at least four
groups of strains were distinguished. Sacch. cerevisiae
strain K-25, K-174, K-103, K-73, K-106 and K-83 com-
prised the first group. The second group consisted of
Sacch.cerevisiae strain K-125 and K-102. Strains within
each group showed almost identical protein patterns. The
overall protein pattern of Sacch. cerevisiae NCYC 738 was
similar to those of the other Sacch. cerevisiae strains. How-
ever, in the lower part of the gel, more peaks were found
and variations in the concentration of certain peaks were
noted. The overall protein pattern of Sacch. bayanus (K-54)
was different from those of the Sacch. cerevisiae strains.

Another method that can be used to differentiate
between yeast species, and between strains within a
species, is gas chromatographic analysis of cellular fatty
acids. Augustyn (1989) indicated that it was possible to dif-
ferentiate between 46 strains of Sacch. cerevisiae by using
the mean relative percentages (MRPs) of 10 fatty acids. In
our study the MRPs of 8 of the most important cellular
fatty acids, viz. C14:0, C14:1(9), C15:0, C15:1(9), C16:0,
C16:1(9), C18:0(9) and C18:1(11), were used to distin-
guish between the killer yeasts (Table 4).

Holman’s index of relationship proved to be a useful
tool for indicating the degree of similarity between fatty

acid profiles and thus also between strains (Table 5).

Values for R ranged from a minimum of 0,828 [Ry_s4
with g_j3] to a maximum of 0,987 [Ry g3 with g_jo6]. All
strains except K-54 had an R value greater than 0,900 with
the reference strain NCYC 738. Five strains (K-25, K-73,
K-83, K-106 and K-125) had an R value greater than 0,950
and three (K-102, K-103, K-174) an R value greater than
9,000 but less than 0,950.

The killer yeast population on grapes and grape skins
under South African conditions consists of K, strains of
Sacch. cerevisiae and Sacch. bayanus. Results obtained
by protein gel electrophoresis and gas chromatographic
analysis of cellular fatty acids confirmed the existence of
three groups of strains among the K, killer yeast isolates.
However, isolates K-103, K-125 and K-174 were not
placed in the same group based on results obtained by these
two techniques. Furthermore, K, killer strains differ in the
amount of K, toxin produced and/or the activity of their
toxins. These differences are now being utilized in mixed
culture fermentations in order to obtain a better understand-
ing of the interaction between killer and sensitive yeast
strains during wine fermentations.

kD
94 000

67 000

43000

30000

FIGURE 2

Total soluble cell protein patterns of killer yeasts determined by SDS gel electrophoresis. 1) K-174 2) K-103 3) K-73
4)K-106 5) K-83 6) Pharmacia low MW markers 7) K-125 8) K-102 9) K-54 10) K-25 11) K, (NCYC 7338).
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TABLE 4

Mean relative percentage (MRP) of fatty acids from 10 killer yeast strains.

Characterization of Killer Yeast Isolates from Chenin blanc Grapes and Grape Skins

Killer Yeast Fatty Acid (MRP)

Strains C14:0 C14:109) C15:0 | C15:1(9) C16:0 | C16:1(9) | C18:0(9) | C18:1(11)
K-25 1,22 0,53 0,16 0,19 9,04 45,47 4,59 37,44
K-54 1,50 0,56 0,35 0,24 13,81 47,23 3,63 32,07
K-73 1,07 0,49 0,14 0,20 8,37 46,26 4,71 37,39
K-83 1,14 0,50 0,10 0,13 8,72 46,08 4,55 38,46
K-102 1,11 0,46 0,19 0,20 10,78 43,57 5,89 37,18
K-103 1,10 0,58 0,11 0,11 8,37 43,90 3,62 41,57
K-106 1,01 0,43 0,13 0,13 8,95 45,90 4,77 38,31
K-125 0,96 0,36 0,19 0,18 10,78 44,48 5,15 37,51
K-174 1,12 0,51 0,16 0,19 7,15 46,22 5,06 37,38
K2(NCYC 738) 1,13 0,43 0,13 0,14 9,69 45,07 4,80 38,24
X 1,14 0,49 0,17 0,17 9,57 45,42 4,68 37,60

Values printed in bold represent the minimum and maximum values for each fatty acid.

TABLE 5

Index of relationship (R), based on fatty acid profiles for all combinations of the killer strains studied.
Strains K-25 K-54 K-73 K-83 K-102 K-103 K-106 K-125 K-174 K2(NCYC 738)
K-25 1,000 0,870 0968 0970 0939 0918 0972 0955 0,952 0,969
K-54 - 1,000 0872 0869 0860 0,828 0,867 0,870 0,858 0,865
K-73 - - 1,000 0973 0929 0916 0,971 0,944 0,966 0,956
K-83 - - - 1,000 0,926 0931 0987 0943 0955 0,972
K-102 - - - - 1,000 0907 0932 0973 00919 0,948
K-103 - - - - - 1,000 0926 0912 0,898 0,927
K-106 - - - - - - 1,000 0,952 0,953 0,979
K-125 - - - - - - - 1,000 0,934 0,966
K-174 - - - - - - - - 1,000 0,941
K2(NCYC 738)| - - - - - - - - - 1,000
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