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SUMMARY

The relative frequency of retention of two mitochondrial loci, determining
resistance to oligomycin (olil) and erythromycin (eryl), has been analysed in
petite (rho( —)) mutants derived from a number of unrelated strains of Saccharo-
myces cerevisiae. The frequency of retention of one marker relative to the other
in spontaneous petites showed marked variation dependent on the strain of
origin. The differences between strains in this characteristic were shown to be
mitochondrially determined. Further, for individual strains, the relative
retention of the markers in petites derived after UV-irradiation varied con-
siderably in several cases from that observed with spontaneous petites. The
observations on relative marker retention and the varied effects of UV-
irradiation are discussed in terms of possible structural differences in the
mitochondrial genomes of the various strains.

1. INTRODUCTION

The characterization in recent years of antibiotic-resistance mutations encoded on the
mitochondrial genome of Saccharomyces cerevisiae has promoted intensive investigation
of the mitochondrial genetic system. Proceeding in parallel with this work have been
extensive studies of the physical structure of the mitochondrial genome. Recently both
physical and genetic studies have suggested that differences exist between the genomes
of wild-type strains. For instance, in a series of crosses between strains of diverse genetic
background, Howell et al. (1973) observed a wide variation in parameters relating to
mitochondrial gene recombination, namely, the frequency of mitochondrial gene trans-
mission, frequency of recombination and polarity of recombination. The determination
of some of these differences, other than those attributable to the polarity alleles (<u+/w~)
described by Bolotin et al. (1971), have been shown to be encoded in the mitochondrial
genome (Linnane, Howell & Lukins, 1974). Direct physical studies by Bernardi, Prunell
& Kopecka (1975) with mitochondriai DNA (mtDNA) and restriction enzymes, have
also indicated that there are considerable differences in the primary nucleotide sequences
of rho( + ) strains.

In this communication we report on the determination by the mitochondrial genome
of some further parameters of mitochondrial function and discuss the differences observed
in relation to a possible wide divergence of structure in the mitochondrial genomes of
strains of S. cerevisiae.
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RESULTS

(a) The relative frequency of retention of different mitochondrial markers in petite isolates
I t has been previously reported by Molloy, Linnane & Lukins (1975) that the relative

frequency of retention of different mitochondrial markers among petite isolates was
dependent on the parental rho{ +) strain. These observations have been extended by an
analysis of relative gene retention among petite mutants derived from a number of un-
related strains. These strains all carry mutations to resistance to erythromycin and
oligomycin at loci shown to be allelic with the previously described olil and eryl muta-
tions. The relative retention of these markers in petites derived from seven strains is
shown in Table 1; the frequency of petite types retaining one but not the other of these
two markers ranged from 11 to 30% among petite isolates from the different strains.

Table 1. Retention of the olil and eryl loci in petite mutants from a series of strains

Frequency of petite genotype (%)
Petite Number , * , Batio:

frequency of petites olil-r olil-0 olil-r olil-0 olil-0 eryl-r
Strain (%) analysed eryl-r eryl-r eryl-0 eryl-0 olil-r eryl-0

761-7A 0-4 226 35 8 9 48 0-9
770-7B 0-8 303 15 12 8 65 1-4
863-2C 30 427 21 6 5 68 1-3
750.17-2C 1-1 211 15 14 6 65 2-4
413.16 2-5 436 11 4 26 59 0-14
652.1.2 11 364 60 14 6 20 2-2
D515-1B.47.3 1-5 328 12 6 20 62 0-3

The genotypes of the strains used are as follows: 761-7A, a argi-17 Iys2 wra [<y+ olil-r eryl-r
capl-r]; 770-7B, a arg4-17 Iys2 trpl [&>+ mikl-r olil-r eryl-r capl-r]; 863-2C, awa[o>+ parl-r
mikl-r olil-r eryl-r capl-r]; 750.17-2C, a his trpl ura [w+ olil-r eryl-r cap2-r]; 413.16, a adel Iys2
[w- olil-r* eryl-r capl-r]; 652.1.2, a ilv met trp [(i)~ olil-r* eryl-r*]; D515-1B.47.3, ahis2[(o~
olil-r* eryl-r*]. Markers indicated with an asterisk were isolated independently from other
mutations conferring the same phenotype and shown to be allelic by recombination.

The retention of markers in petite mutants was determined as described in Molloy et al.
(1975) by crossing with rho( +) antibiotic-sensitive tester strains of the same polarity type
and analysing the diploid progeny for transmission of resistance determinants.

The relative frequency of the two gene types olil-0 eryl-r and olil-r eryl-0 among these
petites showed considerable variability, the ratio of the frequencies of the two genotypes
varying over a twentyfold range from 0-14 to 2-4. Thus, it is evident that the probability
of retention of a particular region of the mitochondrial genome relative to another
region hi a petite mutant is dependent on the parental rho( +) strain.

In order to determine whether these differences were inherent to the mitochondrial
genome or determined by nuclear factors, the two strains, 413.16 and 750.17-2C, yielding
the most extreme ratios of the petite types olil-0 eryl-r and olil-r eryl-0, were analysed
further. Isonuclear diploids were constructed by crossing each strain with the rho{0)
derivative of the other strain, the latter being produced by treatment with ethidium
bromide under conditions giving rise to elimination of all mtDNA (Nagley & Linnane,
1970). These diploids containing one or other mitochondrial genome were sporulated,
and petites were then isolated from the four meiotic products of a tetrad from each cross.
The petite mutants were spontaneous isolates, with the exception of those obtained from
spores 855-5A and 855-5D, which were induced with ethidium bromide because of the
very low spontaneous petite frequency of these strains. The relative retention of the
olil and eryl loci among these petites was analysed and the results are presented in
Table 2.

https://doi.org/10.1017/S0016672300016128 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300016128


T
ab

le
 2

. A
na

ly
si

s 
of

 t
he

 r
el

at
iv

e 
ge

ne
 r

et
en

tio
n 

am
on

g 
th

e 
m

ei
ot

ic
 p

ro
du

ct
s 

of
 d

ip
lo

id
s 

ca
rr

yi
ng

 d
iff

er
en

t 
m

ito
ch

on
dr

ia
l 

ge
no

m
es

P
ro

ba
bi

li
ty

 t
ha

t

St
ra

in
75

0.
17

-2
C

85
4-

1A
85

4-
lB

86
4-

10
85

4-
1D

41
3.

16
85

5-
5A

85
5-

5B
86

5-
5C

85
5-

5D

fr
ea

uG
nc

v
A&
 

V
U

H
V

1
4

V
 

1

10
/ 

\

\ 
M 1
1

0-
4

1
0

3-
3

0-
5

2-
5

41
t

0-
8

2-
3

7
t

N
um

be
r 

of
 p

et
it

es
 o

f 
ge

no
ty

pe

ol
il

-r
er

yl
-r

32 13 36 47 20 48 11 28 84 42

ol
il

-0
er

yl
-r

29 10 61 37 15 16 3 7 10 4

A

ol
il

-r
er

yl
-0 12 1 17 6 2

11
4

54 15 47 42

ol
il

-0
er

yl
-0

13
8 36 14
0

10
6

12
4

25
8

13
8 75 10
4 18

R
at

io
:

ol
il

-0
 

er
yl

-r
ol

il
-r

 
er

yl
-0

2-
4

10 3-
6

6-
2

7-
5

0-
14

0-
06

0-
5

0-
21

0-
1

di
ff

er
en

ce
T

ft
ti

l 
O

 f
ti 

C
X

 C
V

 V
L

\J
 

C
rl

£»

A 0-
2

0-
7

0-
8

0-
4

0-
65

< 
0-

00
5

< 
0-

00
5

< 
0-

00
5

< 
0-

00
5

< 
0-

00
5

fr
om

 m
ea

n
m

 if
i o

n 
n 

ti ̂
A

B

< 
0-

00
5

< 
0-

00
5

< 
0-

00
5

< 
0-

00
5

< 
0-

00
5

0-
96

0-
12

0-
02

0-
35

0-
55

•I 3
T

he
 s

po
re

s 
85

4-
1A

 t
o 

-I
D

 c
ar

ry
 t

he
 m

ito
ch

on
dr

ia
l 

ge
no

m
e 

of
 s

tr
ai

n 
75

0.
17

-2
C

, i
.e

. t
he

y 
ar

e 
of

 m
ito

ch
on

dr
ia

l 
ge

no
ty

pe
 (

a+
 o

li
l-

r 
er

yl
-r

 c
ap

2-
r.

T
he

 s
po

re
s 

85
5-

5A
 t

o 
-5

D
, w

hi
ch

 c
ar

ry
 t

he
 m

ito
ch

on
dr

ia
l 

ge
no

m
e 

of
 s

tr
ai

n 
41

3.
16

, 
ar

e 
of

 m
ito

ch
on

dr
ia

l 
ge

no
ty

pe
 w

~
 o

li
l-

r 
er

yl
-r

 c
ap

l-
r.

 G
en

e
re

te
nt

io
n 

in
 p

et
it

e 
m

ut
an

ts
 i

so
la

te
d 

fr
om

 t
he

 s
po

re
s 

w
as

 d
et

er
m

in
ed

 i
n 

cr
os

se
s 

w
it

h 
an

tib
io

tic
-s

en
si

tiv
e 

st
ra

in
s 

of
 t

he
 s

am
e 

po
la

ri
ty

 t
yp

e 
as

de
sc

ri
be

d 
in

 M
ol

lo
y 

et
 a

l. 
(1

97
5)

.
• 

P
et

it
es

 o
f 

th
e 

ge
no

ty
pe

s 
ol

il
-r

 e
ry

l-
0 

an
d 

ol
il

-0
 e

ry
l-

r 
w

er
e 

su
m

m
ed

 f
or

 t
he

 u
pp

er
 f

iv
e 

(A
) a

nd
 lo

w
er

 f
iv

e 
(B

) 
st

ra
in

s,
 a

nd
 t

he
 m

ea
n 

ra
ti

o
ca

lc
ul

at
ed

 f
or

 e
ac

h 
se

t 
of

 s
tr

ai
ns

. A
 x

2  *
es

t w
a

s  *
hen

 p
er

fo
rm

ed
 t

o 
de

te
rm

in
e 

th
e 

pr
ob

ab
il

it
y 

th
at

 t
he

 r
at

io
 f

or
 e

ac
h 

st
ra

in
 w

as
 n

ot
 s

ig
ni

fi
ca

nt
ly

di
ff

er
en

t 
fr

om
 e

ac
h 

m
ea

n.
t 

P
et

it
e 

m
ut

an
ts

 f
ro

m
 t

he
se

 s
tr

ai
ns

 w
er

e 
in

du
ce

d 
w

it
h 

et
hi

di
um

 b
ro

m
id

e.
T

he
 m

ea
n 

ra
ti

os
 A

 a
nd

 B
 w

er
e 

4-
0 

an
d 

0-
15

 r
es

pe
ct

iv
el

y.

C
O to

https://doi.org/10.1017/S0016672300016128 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300016128


322 P. L. MOLLOY, A. W. LINNANE AND H. B. LTJKENS

The relative retention of the olil and eryl loci in petite isolates from the spore products
was similar in all cases to that seen for the parent strain possessing the same mito-
chondrial genome. Statistical analysis was performed by grouping the two sets of five
strains containing the same mitochondrial genome. The number of petites of the different
genotypes were summed and the mean ratio of genotypes olil-0 eryl-rjolil-r eryl-0 calcu-
lated for each set. CAi-square tests of each spore with these two mean ratios revealed
that the two groups of strains were different with very high probability. The group of
strains possessing the mitochondrial genome of strain 750.17-2C was fairly homogeneous
and there was little evidence for the segregation of any nuclear genes affecting the rela-
tive retention of the olil and eryl loci. By contrast, the relative retention of the olil and
eryl loci among petite isolates from the two spores 855-5A and 855-5B differed sig-
nificantly from the mean ratio for the group of strains with the 413.16 mitochondrial
genome. It would appear, therefore, that the major determinant of the relative frequency
of retention of the olil and eryl loci was the mitochondrial genome, although nuclear
genes may also influence the relative frequency of gene retention.

(b) Ultraviolet light induction of petite mutants
Ultraviolet light is a potent inducer of the petite mutation in yeast (Raut & Simpson,

1955) and can also exert a marked effect on the transmission and recombination of mito-
chondrial genes when a strain is irradiated prior to crossing (Bolotin et al. 1971). Because
of these effects of UV irradiation on mitochondrial genomes an investigation of the
effects of UV irradiation on gene retention among petite isolates from a number of strains
was undertaken. An analysis of this type involving a few related strains has been reported
previously (Molloy et al. 1975), and even among these strains marked differences in the
response of different strains to UV irradiation were seen.

As shown in Table 3, the effects of UV irradiation on relative gene retention were
found to be critically strain-dependent, the ratio of petite types olil-0 eryl-rjolil-r eryl-0
ranging from 17-5 to 0-03. For some strains, 863-2C and 413-16, relative retention of the
eryl and olil loci was similar among spontaneous and UV induced mutants. However, for
other strains, UV irradiation markedly effected the outcome of petite mutagenic events,
the ratio of petite types olil-0 eryl-rjolil-r eryl-0 being increased relative to that observed
among spontaneous petites for one strain (770-7B) and decreased for others (829-5B,

Table 3. Retention of the olil and eryl loci in UV-induced petite mutants
isolated from a number of strains

Ratio of olil-0 eryl-rjolil-r eryl-0

Strain
761-7A
770-7B
413.16
652.1.2
D515-1B.47.3

Petite
frequency

(%)*
45
25
24
35
33

Number
analysed

670
521
279
243
164

UV-induced
mutants

6-8
17-5
0-08
0-66
0025

Spontaneous
mutants f

0-9
1-4
014
2-2
0-32

* Induction of petite mutants with UV-light was performed as described in Molloy et al.
(1975).

f Data was taken from Table 1.

652.1.2 and D515-1B.47.3). The changes do not merely represent an accentuation of the
bias in gene retention seen among spontaneous mutants, since for strain 652.1.2, the
preferentially retained locus was reversed. In addition, the response observed here to
UV irradiation is clearly not related to the effects of UV irradiation on recombination
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as reported by Bolotin et al. (1971) and Avner et al. (1973), since strains 770-7B, 829-5B,
863-2C and D515-1B.47.3 are w+ and 413.16 and 652.1.2, «-.

(c) Bate of growth on non-fermentable substrate
It was noted in the course of these experiments that some derived strains, carrying

two or more mitochondrial antibiotic-resistance alleles, grew at much slower rates than
other laboratory strains on non-fermentable substrate.

Two of these strains, 761-7 A and 770-7B, were taken for further analysis. The genera-
tion times (6-7 and 5-7 h respectively) of these strains on enriched medium with 1% (v/v)
ethanol as substrate were significantly longer than those of the standard laboratory
strains, L2000 (3-5 h) and D253-3C (3-8 h). Biochemical studies indicated that the
efficiency of substrate utilization was not impaired, the final growth yield being the same
for all strains; the rate of pro tern synthesis in vitro was also found to be similar hi all
strains. However, the level of cytochromes and respiration rates of these slow-growing
strains were lowered considerably compared with wild-type strains. The nature of the
primary lesion has not, however, been characterized.

Table 4. Analysis of mode of inheritance of 'slow-growth' characteristic

Strain Generation time (h)
761-7A 6-7
L2000 3-5
D253-3C 3-8
770-7B 5-7
761-7Arfco(0) x D253-3C rho( + ) 3-5
761-7Arfco( + )xD253-3Cr7io(0) 5-4
761-7Arfto(0) xL2000 rho( + ) 3-4
761-7Arfco( + )xL2000 rho(O) 4-1
770-7B rho(0) XD253-3C rho{ + ) 3-6
77O-7B rho( + ) x D253-3C rho(0) 5-3
770-7B rho(O) xL2000 rho( + ) 3-6
770-7B rho( +) x L2000 rho(0) 6-0

The media used for determination of growth rates contained 1 % (w/v) yeast extract
(Difco), 2 % (w/v) peptone (Bacto) and ethanol, 1 % (v/v). The media was filter sterilized.
If glucose, 1 % (w/v) was used in place of ethanol as carbon source generation times of all
strains lay within the range 1-3-1-7 h.

The genotypes of the antibiotic-sensitive strains L2000 and D253-3C are a. adel trpl and
a hisl trpl respectively; those of strains 761-7A and 770-7B are given in the legend to Table 1.

To establish whether the slow growth-rate was primarily determined by the nuclear
or mitochondrial genome, or resulted from nuclear-cytoplasmic interaction, isonuclear
diploid strains carrying different mitochondrial genomes were constructed, as shown in
Table 4. For example, rho(0) derivatives of strains 761-7A and D253-3C were prepared
by ethidium bromide treatment and were then crossed with the rho( +) strains D253-3C
and 761-7A respectively. Diploids carrying the mitochondrial genome of strain 761-7A
were found to grow more slowly (generation time, 5-4 h) than those containing the mito-
chondrial genome of strain D253-3C (3-5 h). This pattern was repeated for the four pairs
of isonuclear diploids studied, the presence of the mitochondrial genome from a slow-
growing strain always resulting in a slow growth rate with ethanol as substrate. The
extent of the difference varied, being least for the pair of strains 761-7A and L2000. It
was evident, however, that the mitochondrial genome was the major determinant of
these differences hi growth rate.

These differences could be caused by a direct phenotypic interaction of the gene
products of the mutant (antibiotic-resistance) alleles carried by these strains, but as this
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phenomenon has not been observed for other strains carrying similar combinations of
antibiotic-resistance markers, it appears likely that the observed slow growth may be
dependant on other properties of the mitochondrial genomes of the strains studied.
Further work is in progress to define the nature of the differences between these strains.

2. DISCUSSION
In this paper we have demonstrated the importance of the mitochondrial genome in

determining the relative frequency of retention of different loci {eryl and olil) among
petite mutants. The variations observed must derive from differences in the mito-
chondrial genomes of the strains studied other than the presence of different antibiotic-
resistance mutations or «+/«- alleles. Further genetic evidence for the presence of wide-
spread divergence among yeast mitochondrial genomes is the wide variability in
polarities of recombination and transmission of mitochondrial genes observed in crosses
of a number of strains by Howell et al. (1973), the determination of which appears to be
partly mitochondrial (Linnane et al. 1974).

Bernardi et al. (1975) have presented direct physical evidence for such divergence.
Comparison of the restriction fragments obtained following digestion of mtDNA from
different strains with the Hpall restriction endonuclease showed the presence of wide-
spread differences between wild-type strains. It was concluded that these differences
were too great to be accounted for by a small frequency of point mutations.

The presence in the mitochondrial DNA of 'spacer' regions of high A.T content,
interspersed with G.C-rich. informational regions (Prunell and Bernardi, 1974) provides
a possible explanation for the extent of divergence. As the A.T-rich regions are pre-
sumably not translated into protein products the selection pressure in these regions must
not be based on the function of gene products but on the function of these regions, as
yet undefined. The pressure for conservation of sequences in these regions is probably
much less, therefore, than for other regions of the genome.

It has been proposed by Prunell & Bernardi (1974) and Clark-Walker & Miklos (1974)
that petite mutagenesis may proceed via internal recombination events between A.T-
rich regions. The probability of such events occurring in A.T-rich rather than G.C-rich
regions is very high; on the assumption that a sequence of eight paired bases was required
to initiate an illegitimate recombination event, the probability of such sequences existing
in an A.T-rich region is about thirty times greater than in a G.C-rich region. It is possible
that our observation of differences in relative gene retention between strains may reflect
differences in these A.T-rich spacer regions. The marked effects of UV-hradiation, which
would be expected to preferentially affect A.T-rich regions, on relative retention of the
eryl and olil loci provides initial evidence supporting the concept that divergence in the
A.T-rich regions of the mitochondrial genome could be a major cause of differences in the
genetic behaviour of strains.
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