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In yeast, two main classes of mitochondrial
mutants have been described: (i) rho- mutants
and (ii) antibiotic-resistant mutants. The first
class consists of two groups, namely, neutral
rho- mutants which have lost the genetic
information of mitochondrial deoxyribonucleic
acid (DNA), therefore called rho' (6, 8, 9), and
suppressive rho- which retain at least some
mitochondrial DNA with meaningful genetic
information (9). The presence of this genetic
information was demonstrated by experiments
on recombination and hybridization of mitochondrial DNA (2, 3). Expression of the residual information has not been observed, because
all rho- mutants tested so far are deficient in

MATERIALS AND METHODS
Strains. The temperature-sensitive mutant is derived from the haploid strain of Saccharomyces
cerevisiae M 12 a ilv5, trp2, ura3, originating from
S. N. Kakar. The following strains were used in
crosses: 1761 a gall, his4, trpl, ade2, leu2, lys2, tyr6
(Seattle Stock Culture); 1422 a his2, trp5, ura3, met2,
adel, leul, lys7 (originating from 0. C. Hawthorne);
26III a lys7, met2, trp (derived from M12 and 1422);
H243 a adel, lys2, trpl (spore isolate from D 243,
kindly provided by F. Sherman); and IL 126-2A/52
a ura, rho°, (analyzed and kindly provided by P. P.
Slonimski).
Media. The media used were essentially those
described earlier in detail (1, 7). Complete media are
based on Wickerham minimal medium supple-

mitochondrial protein synthesis (10). Their mented with yeast extract (1%) and glucose (3%) or
usefulness in uncovering the information con- glycerol (3%). The selection of diploids and the
tent of the mitochondrial DNA, therefore, analysis of auxotrophic markers were performed on
Wickerham minimal medium supplemented with
seems to be limited. The second class of mito- amino
acids and bases as needed and with glucose
chondrial mutants comprises types resistant to (5%). Sporulation
was obtained on acetate agar
different antibiotics inhibiting mitochondrial plates
(sodium acetate, 0.4%; agar, 1.5%).
protein synthesis (4, 13) or oxidative phosphoIsolation of temperature-sensitive mutants.
rylation (5, 11). These mutants have proved to Cells of strain M 12, previously grown in glycerol,
be useful in experiments on mitochondrial were incubated with N-methyl-N'-nitro-N-nitrosogurecombination and promise to be helpful in the anidine at doses leading to 80 to 90% inactivation.
Cells were then cultured for three to five generations
identification of products coded by the mito- in
glucose media and were subsequently plated on
chondrial DNA (2). A new mutant, belonging
media at 23 C. Colonies arising on these
to a third class, is described in this paper. At 35 glucose
were replica plated to test temperature-senplates
on
form
to
colonies
C, this mutant is unable
sitive growth on glycerol.
media with the nonfermentable carbon source
Mitotic segregation. Cells of both mating types
glycerol. Data are presented which prove the were grown for at least four generations in glycerol
extrakaryotic, presumably mitochondrial, in- liquid media (respiratory-deficient cells in glucose),
heritance of this temperature-sensitive insta- mixed (2 ml of each culture), and grown for about six
generations in static culture with glucose (5%) as
bility of the rho factor.
307
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A newly isolated, temperature-sensitive mutant of a haploid strain of
Saccharomyces cerevisiae is described. Its shift to nonpermissive temperature
(35 C) resulted in an irreversible change to rho-, causing, within four to six
generations, more than 90% of the cells to form petite colonies. Genetic analysis
revealed extrakaryotic inheritance of this temperature-sensitive mutation. Data
presented indicate mutation of a gene in the mitochondrial deoxyribonucleic
acid affecting the maintenance of the rho factor.
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carbon source. After dilution, the mixture was plated
on Wickerham minimal medium to form single
colonies. These colonies were differentially replica
plated and grown, i.e., on glycerol at 23 and 35 C, and
on glucose at 35 C. After 3 to 4 days, the plates were
scored for temperature-sensitive growth on glycerol
and for petite colonies (no growth on glycerol).
Tetrad analysis. Diploids were sporulated on
acetate agar. Asci were digested by use of glucuronidase (Boehringer, Mannheim) and dissected by use
of a micromanipulator (Leitz, Wetzlar). Spores were
grown to colonies and tested by replica plating on
different media.

origin (Table 1). Tetrads were analyzed for
temperature-sensitive growth on glycerol media. In crosses 1 and 3, all spores analyzed
showed wild phenotype. No temperature sensitivity was recovered after meiosis. At least
three auxotrophic markers were tested and
segregated 2:2. In cross 2, spores exhibited a
wide and varying range in their ability to grow
on glycerol at 23 C. A few spores showing
reduced growth on glycerol at 23 C were unable
to grow at 35 C on glycerol. These spores,
however, did not carry the temperature-sensitive mutation of the parent strain M 12/ts-8, as
demonstrated by their failure to induce rhomutation at 35 C. No meiotic segregation of the
temperature-sensitive mutation studied occurred, thus indicating an extrakaryotic inheritance of this mutation in strain M 12/ts-8.
Mitotic segregation. To prove the occurrence of mitotic segregation, cells of the mutant
M 12/ts-8 were diploidized with cells of several
wild-type strains. The diploids were grown for
about six generations in fermentable substrate
and then plated on glucose medium; the colonies arising were tested for the occurrence of
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FIG. 1. Cells of the mutant M 12/ts-8 were grown
at 23 C in 3% glucose medium to early stationary
phase. After dilution, the cells were grown at 35 C in
an aerated liquid culture containing 3% glucose. At
different times, cells were diluted and plated on
glucose media at 23 C to form single colonies. The
number of generations was calculated from the

number of colonies arising. These colonies were
differentially replica plated. Colonies which failed to
grow on glycerol plates, both at 23 and 35 C, are
petite. A more direct estimation of petite cells, by
differential plating, was not useful because of varying
colony-forming ability of the temperature-sensitive
cells on ulvcerol at 23 C.
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RESULTS
Growth characteristics and temperaturedependent, irreversible change to rho-. The
study of mutations affecting mitochondrial
functions is complicated by the high mutation
rate of most strains to rho-. To avoid these
difficulties as far as possible, we started induction and isolation of mutants with strain
M 12, which is known to have a low spontaneous rho- mutation rate of about 0.05% (1).
Cultures grown in glucose at 23 or 35 C contained less than 3% rho- cells.
The mutant M 12/ts-8 exhibited growth on
glucose media at 23 and 35 C. On glycerol,
growth of the mutant was slightly reduced at 23
C, as compared to the parental strain. At 35 C
on glycerol media, no growth was observed
after 4 to 6 days, when plating single cells, or
after replica-plating colonies previously grown
at 23 C. At 23 C, the mutation rate to rho- was
low. Cultures grown on liquid glucose media for
10 generations, contained less than 5% rhocells. When grown at 35 C, the mutant M
12/ts-8 showed a high instability of the rho
factor. With an increasing number of generations, there was an increase in the percentage of
cells forming petite colonies (Fig. 1). After four
to six cell generations at 35 C, more than 90% of
the temperature-sensitive cells had changed to
cells forming petite colonies. The genetic analysis of these petite colonies (complementation to rho+ and to suppressive and neutral
rho-) revealed that the petite cells were rho-.
This implies that growth of the temperaturesensitive mutant M 12/ts-8 at 35 C results in
mutation of the mitochondria to rho-. The
curve shown in Fig. 1 does not represent the
kinetics of manifestation of rho- cells at 35 C.
Its slope is affected by several factors resulting
in the formation of mixed colonies composed of
rho- and rho+ cells. Only pure colonies showing
no growth on glycerol after replica-plating were
taken as petite.
Tetrad analysis. The mutant M 12/ts-8 was
crossed to three wild-type strains of differpnt
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TABLE 1. Analysis of tetrads from crosses of the temperature-sensitive mutant M 12/ts-8 with wild-type
strains showing normal growth on glycerola
No. of tetrads analyzed and ratio

Cross
4-spore

RC-ts

3-spore

RC-ts

2-spore

RC-ts

M 12/ts-8 x 243 RC

12

4:0

53

3:0

55

2:0

M 12/ts-8 x 1422 RC

17
2
7

4:0
3: 1(
4:0

68
2
6

3:0
2: 1()
3:0

19

2:0

120

M12/ts-8x1761RC

TABLE 2. Mitotic segregation of the
temperature-sensitive mutation in crosses with rho+
strainsa
Cross

Diploids Pertested
tetd cent
RC

Percent
ts

Percent

1,280
230

70
99

29
0

1
1

M 12/ts-8 x 26 III RC
M 12 RC x 26 III RC

274
325

65
98

34
0

1
2

560
185

57
99

41
0

Cross
Cross

RD

M 12/ts-8 x 1761 RC
M 12 RC x 1761 RC

M 12/ts-8 x H 243 RC
M 12 RC x H 243 RC

TABLE 3. Mitotic segregation of the
temperature-sensitive mutation in crosses with rho'
or rho- strains

2
1

a
The experiments were repeated at least two
times, with similar results. RC, respiratory competent; ts, temperature-sensitive growth on glycerol
media; RD, respiratory deficient.

M 12/ts-8 x IL 126-2A-52
rho°
M 12 RC x IL 126-2A/52
rho°
M 12/ts-8 x H 243 EB-1

Percent Percent Percent
ts
RD

~~RC

0

96

4

100

0

0

0

100

0

100

0

0

rhon0
M 12 RC x H 243 EB-1

rhon0
a RC, respiratory competent; ts, temperature-sensitive growth on glycerol media; RD, respiratory
deficient; rho0, loss of mitochondrial DNA.

the temperature-sensitive mutation by differLocalization of the mutation in the
ential replica-plating. The results of experi- mitochondrial DNA. To prove the mitochonments with three different strains are pre- drial type of extrakaryotic inheritance, cells of
sented in Table 2. The transmission of the the mutant strain M 12/ts-8 were diploidized
temperature-sensitive phenotype among the with a strain shown to be rhoo (Slonimski,
diploids was about 30 to 40% in these crosses. personal communication) and with a petite
A small number of the diploid colonies were mutant of strain H 243 used in the experiment
mixed, consisting of wild-type and tempera- reported in Table 2. This petite mutant 243ture-sensitive cells. After prolonged growth EB-1 was isolated after treatment of wild-type
of the diploid clones, up to 20 generations be- cells with high ethidium bromide concentrafore plating, the mixed colonies disappeared. tions and growth of the treated cells for more
The transmission rate, however, decreased as than 50 generations in fermentable substrate.
a result of a reduced growth rate of the tem- As this petite mutant proved to be neutral, it
perature-sensitive diploid clones in the media also is likely to be rhoo (9). The diploids of
used. In crosses with other wild-type strains, these crosses were temperature-sensitive (Tatransmission of the temperature-sensitive ble 3). Elimination of the rho+ information in
mutation was low. The occurrence of mitotic the temperature-independent parental strain
segregation proves extrakaryotic inheritance resulted in loss of temperature-independent
and indicates that the temperature-sensitive diploids (respiratory competent) in the mitotic
mutation is localized in the mitochondrion segregation experiment. From this, it is concluded that the temperature-sensitive muta(2).
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a In the second cross, and partly in other crosses, spore clones were isolated, plated to form single colonies,
and differentiated by replica plating. The question marks indicate that within this tetrad the phenotype of all
spores could not be analyzed beyond doubt. RC, respiratory competent; ts, temperature-sensitive growth on
glycerol media.
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mitochondrial genetics.

DISCUSSION
Three lines of evidence are presented which
prove the mitochondrial inheritance of the
temperature-sensitive mutation in strain M
12/ts-8: (i) absence of meiotic segregation in
crosses with rho+ wild-type strains (the spore
ratio in the tetrads is 4:0, wild type-mutant);
(ii) presence of mitotic segregation in crosses
with rho+ wild-type strains (the transmission of
the mutant phenotype amounts to 30 to 40%);
and (iii) loss of mitotic segregation in crosses
with rho' strains (100% of the diploids exhibit
the temperature-sensitive phenotype). The inheritance of the temperature-sensitive mutation follows the rules of mitochondrial genetics
as proposed by Bolotin et al. (2). The mutation
is assumed to be localized in the mitochondrial
DNA.
A "cold-sensitive" mutant showing a phenotype comparable to that of the mutant presented here was reported by Weislogel and
Butow (12). However, preliminary genetic analysis of this mutant indicates karyotic inheritance (12; personal communication). Growth at
nonpermissive temperature leads, within four
to six generations, to more than 90% rho- cells
in both mutants. Respiration decreases during
this process at a rate which seems to reflect a
dilution of functional mitochondria at nonpermissive temperature (data not presented here).
Inhibition of mitochondrial protein synthesis
by antibiotics, for 8 to 10 generations, was
shown to affect the maintenance of the rho
factor (12, 14). Preliminary experiments, however, indicate mitochondrial protein synthesis
in the mutant M 12/ts-8 to show no temperature sensitivity. It thus may be supposed that
in M 12/ts-8 cells the information coded by a
mitochondrial gene is changed, which affects
the replication of mitochondrial DNA in a
more direct way.
The number of mitochondrial genes detectable by mutations leading to antibiotic resistance is limited. Therefore, isolation of mutants
with temperature-sensitive phenotype may be
a promising approach for detecting new mitochondrial genes. Such mutants will be useful
both in recombination experiments and in the
identification of products coded by the mitochondrial DNA, thus widening the field of
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tion in strain M 12/ts-8 is localized in the
mitochondrial DNA.

