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Isolation and Characterization of Linear Deoxyribonucleic
Acid Plasmids from Kluyveromyces lactis and the Plasmid-
Associated Killer Character
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Two linear deoxyribonucleic acid plasmids, designated pGKIl1 and pGKI2, were
isolated from the yeast Kluyveromyces lactis IFO 1267. pGKI1 and pGKI2 had
molecular weights of 5.4 X 10° and 8.4 X 10°, respectively. Both plasmids possessed
the same density of 1.687 g/cm?, lighter than the densities of mitochondrial (1.692
g/cm®) and nuclear (1.699 g/cm®) deoxyribonucleic acids. A restriction map of
pGKI1 was constructed from digestions by EcoRI, HindIIl, Pstl, and BamHI.
pGKI2 was cleaved by EcoRI into seven fragments and by BamHI into two
fragments. K. lactis IFO 1267 killed Saccharomyces cerevisiae sensitive and killer
strains and certain strains of Saccharomyces italicus, K. lactis, Kluyveromyces
thermotolerans, and K. vanudenii. All K. lactis strains lacking the pGKIl plasmids
were nonkillers. A hybrid was constructed between K. lactis IFO 1267 and a
nonkiller K. lactis strain lacking the plasmids and subjected to tetrad analysis
after sporulation. The killer character was extrachromosomally transmitted in all
tetrads in association with the pGKIl plasmids. The double-stranded ribonucleic
acid killer plasmid could not be detected in any K. lactis killer strains. It is thus
highly probable that the killer character is mediated by the linear deoxyribonu-
cleic acid plasmids. A single chromosomal gene was found which was responsible
for the resistance to the K. lactis killer. -

The presence of a 2-um circular DNA plasmid
in the yeast Saccharomyces cerevisiae has been
reported previously (4, 11, 15, 27). Attempts to
isolate 2-um DNA from nuclei or mitochondria
were unsuccessful (2, 5). Recently, however, the
association of 2-um DNA with folded chromo-
somes has been reported (32). The replication or
maintenance is under the control of nuclear
genes, whereas the mode of inheritance is non-
Mendelian (18, 19). The 2-um DNA was joined
with bacterial plasmids, and the resulting hybrid
DNA molecules were used as shuttle vectors for
genetic manipulation in yeast and Escherichia
coli systems (1, 6, 9, 30). The existence of 2-um
or 2-um-like DNA in Saccharomyces italicus
(16) and Schizosaccharomyces pombe (6) has
also been demonstrated; however, no other DNA
plasmids have been detected in yeasts. We have
searched for plasmids among 70 strains of yeasts
belonging to 17 different genera. As a result, a
strain of the petite negative yeast Kluyvero-
myces lactis was found to harbor two novel
linear DNA plasmids, designated pGKIl1 and
pGKI2. The K. lactis strain with the pGKI plas-
mids expressed a killer phenotype toward all of
the Saccharomyces cerevisiae strains tested and
certain strains of S. italicus and Kluyveromyces
spp. The present paper describes the isolation

and characterization of the linear DNA plasmids
from yeasts and the possible control of the killer
character by the plasmids.

MATERIALS AND METHODS

Strains used for the plasmid detection. The
following species (and strains) were used: Saccharo-
myces cerevisiae (G706, 1035-186, 0708-11-16A, F38-
4A, B060 AF-1, 3026-1, 3027-1, KL-88, 55R5-3C/1, and
H-1), Saccharomyces italicus (IFO 0253, IFO 0725,
and IFO 1049), Saccharomyces rouxii (NISL-A31),
Schizosaccharomyces pombe (IFO 0346, M210, M216,
and SG55), Saccharomycodes ludwigii (M10, M15,
M18, M35, and M38), Candida krusei (IFO 0839 and
IFO 1395) Candida lipolytica (NRRL-Y-6795), Can-
dida solani (MCI 0632), Candida tropicalis (IFO
1400), Torulopsis famata (RIFY-7455), Torulopsis
candida (IFO 0664), Citeromyces matritensis (IFO
0954), Pachysolen tannophilus (IFO 1007), Debary-
omyces hansenii (IFO 0855), Metschunikowia pul-
cherima (IFO 1407 and IFO 1405), Metschunikowia
bicuspidata (MCI 1027), Pichia membranefaciens
(IFO 0864), Rhodosporidium toruloides (IFO 8766),
Leucosporidium scotti (IFO 1212 and MCI 1026),
Kluyveromyces lactis (IFO 0433, IFO 0648, IFO 1090,
IFO 1267, IFO 1903, WM37, W600B, L3a, K43, L4, K5,
and K51), Kluyveromyces fragilis (ATCC 10022),
Kluyveromyces thermotolerans (IFO 0662, IFO 1050,
IFO 1674, IFO 1778, IFO 1779, and IFO 1780), Kluy-
veromyces drosophilarum (IFO 1012), Kluyveromyces
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marxianus (IFO 0219), Kluyveromyces africanus (IFO
1671), Kluyveromyces phaffi (IFO 1672), Kiluyvero-
myces vanudenii (IFO 1673), Kluyveromyces wicker-
hamii (IFO 1675), Botryoascus synaedendrus (MCI
1025), Sporidiobolus johnsonii (MCI 1030), Endomy-
copsis fibuligera (MCI 2200), Hansenula anomala
(MCI 2321), and Hansenula capsulata (MCI 2325).

Detection and preparation of plasmid DNA.
Plasmid DNA was detected by a modification of the
procedure of Hirt (14). Cells of yeast grown in 40 ml of
YEPD medium (2% peptone, 1% yeast extract, 2%
glucose) were converted to protoplasts with Zymolyase
60,000 as described previously (12). The protoplasts
were washed and suspended in 4 ml of 0.1 M citrate-
phosphate buffer (pH 6) containing 0.8 M sorbitol and
0.01 M EDTA and then lysed by adding 0.5 ml of 10%
sodium dodecyl sulfate solution. After the addition of
5 M NaCl at a final concentration of 1 M, the mixture
was kept on ice overnight and subjected to centrifu-
gation at 17,000 rpm for 30 min. To the supernatant
were added two volumes of cold (—20°C) ethanol and
one-tenth volume of 3 M sodium acetate. The mixture
was incubated at —20°C for 2 h. The precipitate was
collected by centrifugation at 17,000 rpm for 20 min
and dissolved in 100 ul of TES buffer (30 mM Tris-
hydrochloride [pH 8.0], 50 mM NaCl, 5 mM EDTA)
containing 0.4% Sarkosyl. RNase A (Sigma Chemical
Co.; preheated for 5 min at 100°C) was added at a final
concentration of 50 ug/ml, and the mixture was incu-
bated for 30 min at 37°C. A portion of the DNA
sample thus obtained was subjected to agarose gel
electrophoresis. Plasmid DNA bands were visualized
under UV (365-nm) light.

Plasmid DNA was separated from gels by the freeze
and squeeze method described by Tanaka and Weis-
blum (33), and the recovered DNA was purified by
removing ethidium bromide with butanol treatment
and dialyzing against 0.1x SSC (0.15 M NaCl, 0.015 M
sodium citrate) containing 1 mM EDTA.

Detection of double-stranded RNA (dsRNA)
plasmids. Nucleic acid fraction was collected from
the sodium dodecyl sulfate lysate of yeast protoplasts
by adding two volumes of cold ethanol as described in
detection of plasmid DNA. A portion of the sample
was digested with DNase (20 pg/ml) and subjected to
0.7% agarose gel electrophoresis for the detection of
RNA plasmids. Cytoplasmic polyhedrosis virus RNA,
which consists of 10 dsRNA segments of known mo-
lecular weights (8), was used for molecular weight
markers.

Digestion with restriction endonucleases.
EcoRl, HindIll, BamHI, and Pstl were purchased
from Boehringer Co., and Hpal was purchased from
Bethesda Research Laboratories, Inc. Digestions were
carried out for 1 h at 37°C in the following buffers:
EcoRI buffer (10 mM MgCl,, 50 mM NaCl, 100 mM
Tris-hydrochloride at pH 7.5), HindIII buffer (7 mM
MgCl;, 60 mM NaCl, 7 mM Tris-hydrochloride at pH
7.4), BamHI buffer (10 mM MgCl;, 100 mM Tris-
hydrochloride at pH 7.5), PstI buffer (10 mM MgSO,,
90 mM Tris-hydrochloride at pH 7.5), and Hpal buffer
(20 mM KCl, 10 mM MgCl,, 1 mM dithiothreitol, 100
pg of bovine serum albumin per ml, 10 mM Tris-
hydrochloride at pH 7.4). Double digestions were done
with EcoRI plus HindIll in HindIIl buffer, with
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EcoRI plus Pstl in EcoRI buffer, with HindIII plus
Pstl in HindlII buffer, and with PstI plus BamHI in
BamHI buffer. Double digestions with EcoRI plus
BamHI and with BamHI plus HindIII were first done
with BamHI in BamHI buffer and then redigested
after adjusting the NaCl concentration to 50 mM with
EcoRI and HindlIIl, respectively. The reactions were
terminated by the addition of BJ solution (60% su-
crose, 0.005% bromophenol blue, 0.08 M Tris, 0.04 M
sodium acetate, 0.002 M sodium EDTA, and 0.5 ug of
ethidium bromide per ml at pH 7.9) and heated for 5
min at 65°C before agarose gel electrophoresis. For
determination of molecular weights of digested DNA,
HindIII fragments of A DNA and Hincll fragments of
$X174 DNA were used as molecular weight markers.

Test of killer phenotypes. The killer phenotype
was assayed by the methylene blue agar technique
described by Somers and Bevan (29). Cells of tester
strains grown in YEPD medium were suspended in
sterile water; 0.2 ml of the suspension (10 cells per
ml) was spread on an assay medium (1% yeast extract,
2% peptone, 2% glucose, 3 mg of methylene blue per
100 ml, and 2.5 to 3.5% agar) adjusted to pH 4.5, 5.0,
6.0, and 7.0 with 0.05 M citrate-phosphate buffer. For
examination of the killing activity, cells of various
yeast strains grown on YEPD agar were streaked onto
the above assay medium on which cells of a tester
strain were spread. After 2 to 3 days of incubation at
25°C, a clear killing zone was observed around the
streaks of killer yeasts. The following S. cerevisiae
strains were used as tester strains: killer strains BO60
(a haploid), F38-4A (a haploid), and B511-4C (a/a
diploid) and sensitive strains G102D (a haploid) and
M1-7C (a/a diploid).

Genetic analysis. Tetrad analysis was conducted
with the aid of a de Fonbrune micromanipulator by
the procedure of Johnston and Mortimer (17).

RESULTS

Detection of plasmid DNA. Sodium dodecyt
sulfate lysates of protoplasts from various yeasts

were examined for the existence of plasmids by - -

agarose gel electrophoresis. In investigating 70
strains of yeasts belonging to 33 different species
of 17 genera listed above, 2-um DNA was found
in all of 10 S. cerevisiae strains, except for strain
KL-88, and in two S. italicus strains (IFO 0253
and IFO 1049); two novel-type plasmids were
found in K. lactis IFO 1267. No DNA plasmids
were detected among the remaining yeasts.
Figure 1 shows the result of electrophoretic
analysis of plasmid samples from K. lactis IFO
1267 (lane A), S. cerevisiae 0708-11-16A (lane B)
and 8. italicus IFO 0253 (lane C). In lane A, two
discrete plasmid bands (pGKIl1 and pGKI2) with
different mobilities are revealed, in addition to
the top band DNAs corresponding to nuclear
and mitochondrial DNAs. All of these bands
disappeared when treated with DNase. The
plasmid and top band fractions from K. lactis
IFO 1267 were separately isolated from a num-
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Fi6. 1. Agarose gel electrophoresis of DNA ex-
tracts. Electrophoresis is from top to bottom. Photo-
graph shows DNA extracts from K. lactis IFO 1267
(lane A), S. cerevisiae O708-11-16A (lane B) and S.
italicus IFO 0253 (lane C). The top band of each lane
corresponds to nuclear and mitochondrial DNAs.
The 2-um DNA bands represent the open circular
(OC) and closed circular (CC) forms. The bands below
the 2-um DNA (OC) on the B and C lanes are 2-um
DNA dimers (CC), and the faint bands at the position
of pGKI2 are the OC form of 2-um DNA dimers (25).

ber of gels by the freeze and squeeze technique
(33) for further study.

Structure and size of pGKl1 and pGKI2
plasmids. In electron microscope analysis (Fig.
2), the pGKI11 and pGKI2 plasmid fractions pur-
ified from gels were found to consist of homo-
geneous populations of linear DNA of 2.6 to 2.7
um (molecular weight, 5.4 X 10°) and 4.1 to 4.2
um (molecular weight, 8.4 X 10°%) in length, re-
spectively. No circular DNA molecules were de-
tected, except for the marker pBR322. Because
of the linear structure of the DNA molecules,
the estimation of molecular weights based on
the mobility by electrophoresis was conducted
by comparison with linear fragments from
HindIIl digestion of A DNA. As a result, the
pGKIl and pGKI2 DNAs were shown to have
molecular weights of 5.3 X 10° to 5.4 X 10° and
8.3 X 10° to 8.4 X 10° respectively. The values
are in agreement with the sizes estimated by
electron microscope, evidence of the linear struc-
tures of the pGKI plasmids.
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Digestion with restriction endonuclea-
ses. The pGKll and pGKI2 plasmids were
treated with EcoRI, HindIIl, BamHI, Pstl, and
Hpal, and the sizes of the resulting fragments
were determined by coelectrophoresis with
HindIII digests of A DNA and HinclI digests of
$X174 DNA. The results of single and double
digestions of pGKIl1 (Table 1) led to the con-
struction of restriction map (Fig. 3). No digestion
was observed with Hpal. pGKI2 was digested by
EcoRlI into seven fragments (molecular weights,
2.5 x 10°%, 2.3 % 10° 0.95 x 10°, 0.85 X 10°, 0.7 X
10°% 0.55 x 10° and 0.5 x 10°) and digested by
BamHI into two fragments (molecular weights,
4.8 X 10° and 3.6 X 10°. Double digestion by
EcoRI and BamHI indicated that the EcoRI
fragment (molecular weight, 0.85 X 10°) con-
tained the single BamHI site and was digested
by BamHI into fragments with molecular
weights of 0.65 X 10° and 0.2 x 10°. HindIII,
Pstl, and Hpal did not cleave pGKI2; therefore,
the physical map of pGKI2 was difficult to con-
struct. The existence of several definite cleavage
sites for restriction enzymes ruled out the pos-
sibility that the linear DNAs may have come
from random fragmentations of mitochondrial
or chromosomal DNAs during DNA isolation.
The top band DNAs, mainly consisting of chro-
mosomal DNA, gave diffuse fragments when
digested by EcoRI or HindIII.

Buoyant density. Buoyant densities of the
plasmid DNAs were determined in neutral CsCl
solution at 40,000 rpm for 42 h at 16°C in a
Hitachi analytical centrifuge model 282 by using
internal density markers of phage SPO1 DNA
(p = 1.742 g/cm®) and E. coli DNA (p = 1.710 g/
cm®). Both pGKl1 and pGKI2 plasmids showed
an identical density of 1.687 g/cm®. The DNAs
isolated from the top band fraction of gels were

T

F1G6. 2. Electron micrograph of pGKll and pGKI2

Uk o AL
= :

plasmids: a, pGKl1; b, pGKI2; c, open circular form

of pPBR322. The bar represents 1 um.
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TaBLE 1. Molecular weights of restriction fragments of plasmid pGKi1
Mol wt (10°) of restriction fragments of the following enzymes:
Frag- EcoRI  EcoRI HindIl .
te® . coRI HindIII Pstl plus
men EcoRl Hindlll BamHI  Pstl HPlua . Bg:sm plus Pstl Bﬁ:sm plus Pstl  BamHI
A 3.0 34 2.7 39 1.8 2.7 2.5 2.1 29 2.2
2.7
B 24 1.5 I 1.0 1.6 24 14 14 1.0 1.7
C — 0.5 — 0.5 1.5 0.3 1.0 13 0.5 1.0
0.5
0.5
D — — — — 0.5 — 0.5 0.5 — 0.5
Total 5.4 5.4 54 54 5.4 54 54 5.3 5.4 54
* Fragments were designated A to D in order of increasing molecular weight.
b _, No fragment.
=] == =]
R 3 s R
x a. - o = a.
T ™ T i 6
05 05 14 03 1.2 10 0.5 x 10 d.

F16. 3. Restriction map of the pGKIll plasmid. The map was constructed on the basis of the data of

Table 1.

resolved into two peaks: a main peak of a density
of 1.699 g/cm® due to nuclear DNA (20, 21, 28)
and a faint peak of a density of 1.692 g/cm® due
to mitochondrial DNA (20, 21, 28). Thus, the
densities of the plasmids are lower than those of
the mitochondrial and nuclear DNAs, in con-
trast to the density of the 2-um DNA of S.
cerevisiae, which is the same as the density of
nuclear DNA (p = 1.700 g/cm® and is higher
tha;n that of mitochondrial DNA (p = 1.683 g/
cm®).

Killing activity of K. lactis IFO 1267. Kill-
ing activity of yeasts was examined as described
above. S. cerevisiae killer strains B060, F38-4A,
and B511-4C killed S. cerevisiae sensitive strains
G102D and M1-7C at a suitable pH (pH 5)
(Table 2). The killer strains did not kill each
other, indicating that they were immune to toxic
substances produced by themselves. The 12
Kluyveromyces lactis strains listed above were
tested for killing activity against S. cerevisiae
strains and among themselves. As a result, K.
lactis IFO 1267 carrying the pGKI1 and pGKI2
plasmids was found to kill the S. cerevisiae
sensitive and killer strains and K. lactis strains
IFO 1903, IFO 0433, L3a, W600B, 14, and L5. K.
lactis strains K43, WM37, K51, IFO 0648, and

IFO 1090 were not killed. The 11 K. lactis strains
lacking the pGKI plasmids did not kill any of the
strains of S. cerevisiae and K. lactis mentioned
above. All K. lactis strains were resistant to the
S. cerevisiae killers.

To further characterize the killer phenotypes
of K. lactis IFO 1267, the killing tests were
extended to strains of other yeasts: Saccharo-
myces italicus, several Kluyveromyces species,
and Schizosaccharomyces pombe (Table 2). The
S. cerevisiae killers killed all of the S. italicus
strains tested, whereas K. lactis strain IFO 1267
weakly killed S. italicus strains IFO 0253 and
IFO 1049, but did not kill S. italicus IFO 0725.
On the other hand, K. lactis IFO 1267 killed K.
thermotolerans IFO 0622 and K. vanudenii IFO
1673, although the S. cerevisiae killers and the
11 K. lactis strains lacking the pGKIl plasmids
did not kill them. Schizosaccharomyces pombe
strains were not killed by either group of yeasts.

The effect of pH on the killing was tested by
using S. cerevisiae strains as testers. S. cerevi-
siae killers were active in the range of pH 4.5 to
5, but not at pH 6, in agreement with the pre-
vious reports (23, 29) (Table 3). In contrast, the
killing of K. lactis IFO 1267 was expressed in the
range of pH 5 to 7, but not at pH 4.5. Thus, the
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TAaBLE 2. Killing activity of various yeasts®

Killing of background lawn strains:

r
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TasBLE 3. Killing action at various pH’s
Killing of S. cerevisiae strains®:

Streaked

. G102D B511-4C

45* 5 6 7 45 5 6 7

S. cerevisiae
G102D
B060
B511-45C

K. lactis
W600B
IFO 1267
Tetrad 8A
Tetrad 8B
Tetrad 8C
Tetrad 8D

@ NT, Not tested; +, killing; —, nonkilling; +, weak killing.
% pH value.

+4 1
++
I
]
I
|
!

NEEEN
e R
+HE A+
+H+H 4+
EEEEN
A+
+H++ 4
333333

killer phenotype of K. lactis IFO 1267 was dis-
tinguishable from that of S. cerevisiae with re-
gard to the killing spectrum against various
yeasts and the pH range of killing.

Cells of K. lactis IFO 1267 were grown in
YEPD medium which contained 20% glycerol to
stabilize the toxin (22) and centrifuged. The cell-
free solution showed the klllmg activity, but did
not when treated with papain.

Association of the killer character with
the pGKIl plasmids. To understand the genetic
relationship of the killer character with the
pGKI plasmids, K. lactis IFO 1267 (mating type
a prototroph) was crossed with K. lactis W600B
(a adel ade2 leu), one of the nonkiller K. lactis
strains lacking the pGKIl plasmids, and the re-
sulting hybrid was subjected to tetrad analysis
after sporulation. Out of 17 tetrads dissected, all
gave 2:2 segregation for mating types and leu
marker and irregular (2:2, 1:3, and 0:4) segrega-
tion for ade marker, which was due to the in-
dependent segregation of adel and ade2 muta-
tions involved in the cross. In contrast, the killer
phenotype of K. lactis IFO 1267 was segregated
in a 4:0 ratio (Table 4): all tetrads from the cross
killed S. cerevisiae sensitive and killer strains,
the six nonkiller K. lactis strains (IFO 1093, IFO
0433, L3a, W600B, L4, and L5), S. italicus IFO
0253 and IFO 1049, K. thermotolerans IFO 0622,
and K. vanudenii IFO 1673, as did K. lactis IFO
1267 (Table 2, tetrads 8A to 8D). Again, killing
was expressed in the range of pH 5 to 7, but not
at pH 4.5, against S. cerevisiae strains (Table 3,
tetrads 8A to 8D). From these 17 tetrads, 7 were
selected at random and examined for the exist-
ence of plasmids. All four spores from the tetrads
contained both pGKl1 and pGKI2 plasmids (Ta-
ble 4). Thus, both the pGKI1 and pGKI2 plas-
mids exhibited an extrachromosomal inherit-
ance and were associated with the killer char-
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TaBLE 4. Tetrad analysis of a cross between K.
lactis IFO 1267 (a) and K. lactis W600B (a adel
ade2 lew)*

Strain/tetrad ~ MT ade leu , % pGKIl pGKL2
ity
K. lactisIFO1267 a + + - - -

K lactisW600B o - - - - -

Tetrad
1A a - - + + +
1B a + + + + +
1C a + + + + +
1D a - - + + +
3A a - - + + +
3B a - + + + +
3C a + + + + +
3D a - - + + +
5A a - - + + +
5B a + + + + +
5C a - - + + +
5D a - + + + +
8A a + - + + +
8B a + + + + +
8C a - + + + +
8D a - - + + +
14A a - + + + +
14B a - + + + +
14C a - - + + +
14D a + - + + +
16A a - - + + +
16B a + + + + +
16C a - - + + +
16D a + + + + +
18A a - - + 4+ +
18B a + - + + +
18C a - + + + +
18D a - + + + +

¢ Out of 17 tetrads dissected, 7 were selected for the
detection of plasmids and the results listed above. The
remaining 10 tetrads gave 2:2 segregation for mating
types (MT) and leu marker and irregular segregation
(2:2 in 5, 1:3 in 4 and 0:4 in 1) for ade marker. Killing
activity segregated at a ratio of 4:0.

acter during meiosis.

Examination of dsRNA plasmids. RNA
fractions prepared from protoplast lysate were
subjected to agarose gel electrophoresis. As
shown in Fig. 4 (lane L), two discrete RNA
bands were detected from a killer strain of S.
cerevisiae: the molecular weights of the upper
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F16. 4. Electrophoresis of DNase-treated samples
of nucleic acid extract from protoplast lysates. A,
cytoplasmic polyhedrosis virus RNA: B, K. lactis IFO
1267; C, K. lactis W600B; D to G, tetrads 3A to 3D,
respectively; H to K, tetrads 8A to 8D, respectively; L,
S. cerevisiae killer strain F38-4A. Arrows 1 and 2 in
lane L correspond to dsRNA’s of molecular weights
2.7 X 10° and 1.3 X 10° respectively. Cytoplasmic
polyhedrosis virus RNA consists of 10 segments hav-
ing the following molecular weights (X 10%): 2.55, 2.42,
2.32, 2.03, 1.82, 1.12, 0.84, 0.62, 0.56 and 0.35 (8).

and lower bands were estimated to be 2.7 X 10°
and 1.3 X 105, respectively, by using cytoplasmic
polyhedrosis virus RNA for internal molecular
weight markers. The RNA bands were highly
resistant to digestion with T; RNase at 27°C for
15 min as compared with E. coli tRNA (Sigma)
(data not shown), indicating that they consisted
of dsRNA (26). The RNA fraction obtained from
sensitive strains of S. cerevisiae gave only a
single band corresponding to dsRNA of 2.7 X
105% the dsRNA with a molecular weight of 1.3
X 10° was not detected (data not shown). These
data are in agreement with the results of killer
and sensitive strains of S. cerevisiae reported
previously (2, 31, 35). When K. lactis strains IFO
1267 and W600B and tetrads from the cross were
examined by the same procedure, no dsRNA
bands could be detected (Fig. 4, lanes B to K).
Similarly, all of the 11 nonkiller strains of K.
lactis lacked both dsRNA’s. Thus, the killer
character of K. lactis strains could not be due to
the dsRNA.

A chromosomal gene controlling the re-
sistance to the K. lactis killer. K. lactis killer
strains (K. lactis IFO 1267 and tetrads from the
cross with strain W600B carrying the pGKIl plas-
mids) were immune to each other (Table 2),
implying that the plasmids encoded the resist-
ance to the Kkiller toxin. Certain strains of K.
lactis (K43, WM37, K51, IFO 0648, and IFO
1090), however, were also resistant to the K.
lactis killers in spite of the lack of pGKIl plas-
mids. This may be explained by assuming the
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involvement of chromosomal gene(s) in the re-
sistance. To prove this, a cross was made by
mating a resistant strain K43 (a #rp) with a
sensitive strain L3a (a met), and tetrad analysis
was conducted after sporulation. All of the 11
tetrads analyzed gave 2:2 segregation for mating
types and auxotrophic (met and ¢rp) markers
(Table 5). Sensitivity and resistance to K. lactis
killers (K. lactis IFO 1267 and tetrads 1A to 1D)
also segregated in a ratio of 2:2, showing that the
resistance of strain K43 to K. lactis killers was
controlled by a single chromosomal gene, kkr
(Kluyveromyces Kkiller resistance). The hybrid
between strains K43 and L3a was killed by K.
lactis killers; therefore, the kkr gene was reces-
sive. Linkage analysis indicated that the kkr
gene was closely linked to the trp gene (PD:
NPD:T = 5:0:6).

DISCUSSION

We searched for plasmids among 70 yeast
strains of 17 different genera and found two
novel DNA plasmids, pGKI1 (molecular weight,
5.4 x 10° and pGKI2 (molecular weight, 8.4 X
10%, in K. lactis IFO 1267. These plasmids were
characterized by a linear structure unlike the
circular structure of bacterial plasmids and 2-um
DNA. The isolation of a linear plasmid-like
DNA from a strain of Streptomyces sp. has been
reported (13). Two linear DNA species associ-
ated with mitochondria have been demonstrated
in a eucaryote, Zea mays (24). The present pa-
per, however, is the first to disclose the existence
of linear DNA plasmids in yeasts, although the
intracellular localization remains obscure at
present. The absence of the pGKl plasmids
among the K. lactis strains tested, except K.
lactis IFO 1267, indicates that the plasmids are
not necessary for proliferation of cells, in analogy
with the 2-um DNA in S. cerevisiae (19).

K. lactis IFO 1267 was found to kill both
sensitive and killer strains of S. cerevisiae at pH
5 to 7, but not at pH 4.5, in contrast to S.
cerevisiae killers with dsRNA, which showed
the killing at pH 4.5 to 5, but not at pH 7. In
studying the killing action of various yeasts be-
longing to the genera Saccharomyces, Hansen-
ula, Kluyveromyces, Pichia, Debaryomyces,
Candida, and Torulopsis, Philliskirk and Young
(23) have also demonstrated that a pH of 4.5 is
optimum or close to optimum for the killing
function of most yeasts. Thus, it appears that
the killing at pH 5 to 7 is rather unique to the K.
lactis killer. All of the 11 tested strains of K.
lactis lacking the pGKll and pGKI2 plasmids
were nonkillers. Tetrad analysis indicated an
extrachromosomal inheritance of the killer char-
acter in association with the pGKl plasmids. In
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TABLE 5. Tetrad analysis of the cross K43 (a trp) X
L3a (a met)

LINEAR DNA PLASMIDS IN KILLER YEAST

Killing by:®
K. lactis

Tet-
rads
W600B 1A-1D

Strain/tetrad MT°® met trp

IFO
1267

+

il
+
|

K. lactis K43
K. lactis L3«

R
|
+
+
|

Tetrad
1A
1B
1C
1D

004+
04
I+
P
|+ W

P PR KR

2A
2B
2C
2D

PR
I+ + 1
+00+
+00+
L
+10+

3A
3B
3C
3D

RPRE
++ 11
++ 11
++ 11
[ |
++ 11

4A
4B
4C
4D

®PRRK
10+
411
P4+
N
L+ 1+

5A
5B
6C
5D

o PR R
1+ +
I+ 4+
I+ 4+ 1
[ |
I+ 4+ |

o

6A
6B
6C
6D

L+ +
I +H
[
I+ H

hﬂﬂl
+10 4+

7A
B
7C
D

PR K
+ 041
+10 4+
+ 14+
L
+ 1410

8A
8B
8C
8D

P RMR
I+ 1+
I+ 41
+ 1+
[ I |
+ 1+ 1

9A
9B
9C
sD

R
I+ + 1
[ |
I+ + 1

++ 11
I+ 1 +

10A
10B
10C
10D

PRR®
+10+
L+ 41
1+ +
P
1+ +

11A
11B
11C
11D

RPPR
L+ 1+
+4+ 11
+4+ 11
L
W40

* MT, Mating type.
® 4+, Killing; —, nonkilling; +, weak killing.
¢ —, Nonmating.
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addition, electrophoretic analysis has revealed
that the killer character was not due to the
presence of dsRNA, which encodes the produc- -
tion of protein toxin in S. cerevisiae (3). Thus,
it seems highly probable that the killer character
of K. lactis strains was under the control of the
pGKI plasmids. To further evidence this, simul- -
taneous curing of the killer character and the
pGKIl plasmids was attempted. The treatments
with ethidium bromide and acriflavine were in-
effective. Cycloheximide treatment (7) and
growth at an elevated temperature (38°C) (34)
have been reported to eliminate the dsRNA
killer plasmid of S. cerevisiae, but they also gave
negative results so far. Hereupon, it will be in-
teresting to study whether nonkiller K. lactis or
S. cerevisiae strains are transformed into killer
strains with one or both of the pGKI1 and pGKI2
plasmids. Such transformation experiments are
now in progress.

Young and Yagiu (36) have investigated var-
ious killer strains of different yeast genera and
have found that killer yeasts other than Saccha-
romyces sp. do not carry dsRNA plasmids.
Whether chromosomal gene(s) are responsible
for the killings of such killer yeasts or whether
the pGKIl or other DNA plasmids are involved
remains to be studied.
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ADDENDUM IN PROOF

Since this paper was submitted for publication, we
have noticed that the pGKIl plasmids and the killer
phenotype were cured in the presence of ethidium
bromide or by heat shock at 65°C. The details will be
published elsewhere.
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