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Mutants of Saccharomyces cerevisiae capable of growth on a minimal medium
supplemented with ureidosuccinic and glutamic acids have been isolated from a
pyrimidineless strain. One of these mutants consistently yielded a non-Mendelian
meiotic segregation. Moreover, the mitotic transmission of the mutation was very
high. It is suggested that the mutation is nonchromosomal and could be mito-
chondrial. However, this mutation behaves very differently from other mito-
chondrial mutations.

The gene ura-2 of yeasts encodes aspartic trans-
carbamylase activity. A ura-2 mutant might be
expected to grow on a minimal medium supple-
mented with ureidosuccinic acid (USA), because
this metabolite is the product of the enzyme.
However, this is not the case; an additional mu-
tation is required for USA to be used by the
mutant. In an earlier study, a recessive mutation
showing a normal Mendelian segregation was
found and named ure-1. This mutation confers
on yeast cells the ability to incorporate USA. It
also decreases the glutamic acid level and in-
creases the glutamine level in the amino acid
pool. The incorporation of USA seems to be re-
lated to the depletion of glutamic acid in the
pool, because after growth on a high concentra-
tion of glutamic acid the mutant is no longer
able to incorporate USA. USA and glutamic
acid are not taken up by the same permease be-
cause there is no competition between them when
the initial kinetics of uptake is measured (2, 7;
Lacroute, Thesis, 1966).
To understand better the physiological mecha-

nisms implicated in this pool phenomenon, mu-
tants which are able to take up USA even in the
presence of large amounts of glutamic acid have
been selected. Such mutants are 30 times less
frequent than the ure-l mutants. These new mu-
tations have been studied genetically, and most
of them show Mendelian segregation when
crossed with the wild strain. They have been
shown to belong to a new locus named ure-2,
which is nonallelic with ure-1. One mutation of
this class gives non-Mendelian segregation. This
paper presents information obtained on that
mutant.

MATERIALS AND METHODS

Organisms. All yeast strains used were Saccharo-
myces cerevisiae derivatives from strain FL100 (hap-
loid, a, wild type; 2) and from an isogenic strain,
FL200 (haploid, a, wild type). The isogenic strain
FL200 was isolated by sporulation of a diploid re-
sulting from a cross between two different auxotrophic
mutants of FL100, one of them having been mutated in
the mating type (5).

Genetic analysis. The methods described by Mor-
timer and Hawthorne (4) were used.

Media and culture methods. Yeast Nitrogen Base
(Difco) without amino acids was used as the minimal
(nonsupplemented) growth medium. The other media
and the culture methods were the same as previously
described (3).

Chemicals. The biochemicals were purchased from
Calbiochem, Los Angeles Calif.. and from E. Merck,
A. G. Darmstadt, Germany.

RESULTS AND DISCUSSION
Isolation and characterization of non-

Mendelian mutant ure-3. Strain FL100, a, ura-2-
6, deficient in aspartic transcarbamylase activity,
was plated after ultraviolet (UV) mutagenesis on
minimal medium supplemented with DL-USA
(300 gg/ml) and L-glutamic acid (500 gg/ml).
This procedure should select mutants able to uti-
lize USA in the presence of glutamic acid. Thir-
teen colonies were obtained; subclones of these
mutants were tested on different media to verify
the phenotype and thus to discard the suppressor
mutations or reversions in the gene ura-2-6.
Seven subclones were able to grow on minimal
medium, and two subclones grew poorly on USA
with glutamic acid; these strains were not studied
further. The other four mutants were crossed

519



LACROUTE

with a strain of opposite mating type (FL201
ura-2-6), and the phenotypes of the diploids were
analyzed. Table I gives the growth requirements
of the parent strains, of the mutant subclones,
and of the diploids; it also shows whether they
excrete uracil in the presence of USA.
Comparisons of the phenotypes of the diploids

with the phenotypes of the parent strains show
that the ability to grow on USA is dominant in
all cases (the ure-l mutants obtained previously
were all recessive). The new mutations present in
subclones 1, 3, and 4 are semidominant (i.e., the
heterozygous diploids obtained with these mu-
tants are able to grow on USA but not on USA
with glutamic acid), whereas the diploid obtained
with subclone 2 is completely dominant and be-
haves exactly like subclone 2 itself.
The segregation of the ability to use USA was

tested in tetrads obtained from the diploids
FLI00 ura-2-6 subclone I x FL201 ura-2-6 and
FLI00 ura-2-6 subclone 2 x FL201 ura-2-6. The
sporulation of these two diploids was very poor.
Four tetrads were obtained from the diploid with
subclone 1, and they show perfect Mendelian
segregation; i.e., two spores are able and two
spores are unable to use USA in the presence of
glutamic acid. This mutation is located in a new
gene that has been shown to be distinct from ure-
I and has been named ure-2. This locus will not
be described in the present paper.

Five tetrads were obtained from the diploid
formed with subclone 2 (diploid named FL464),
and the four spores given by each of them were
able to grow on USA in the presence of glutamic
acid. This result could be explained in two ways:

(i) it could result from gene conversion or a mi-
totic crossing-over in the original diploid, or (ii)
the mutation present in subclone 2 is non-Men-
delian. To discriminate between these two hy-
potheses, five independent diploids were made
between FL100 ura-2-6 subclone 2 and FL201
ura-2-6; all of them again showed the completely
dominant phenotype. Since conversion and mi-
totic crossing-over are infrequent events, this
result makes the first explanation very unlikely.
Moreover, the four spores of one tetrad from
FL464 were backcrossed with ura-2-6 mutants
which are unable to use USA. The diploids ob-
tained were all able to grow on USA. The tet-
rads isolated after sporulation were examined for
USA utilization and gave, in most cases, four
spores able to use USA. For example, the dip-
loids which yield the highest sporulation were
obtained in the cross between FL464-lB (a ura-
2-6 ure x) and FL201 ura-2-6 (a ura-2-6 +).
From these diploids, 10 tetrads were analyzed: 8
of them gave 4 (ure) and 0 (+); I gave 3 (ure)
and I (+); and I gave 1 (ure) and 3 (+). Many
other crosses have been examined since, and
always a non-Mendelian segregation has been
obtained; the majority of tetrads were of the type
giving four (ure) and zero (+). It is, therefore,
clear that this new mutation, which has been
named ure-3, is non-Mendelian.
Trammissbility of the mon-Mendelian mutation.

The transmissibility of a non-Mendelian muta-
tion has been defined as the percentage of dip-
loids from a cross between a mutant and a wild
strain that exhibit the mutant phenotype. In our
case, the transmissibility is very high because,

TABLE 1. Phenotypes of the different mutant strains and their diploids on different mediaa

Uracil
Strain Genotype Minimal U racil USA USA + excretionmedium GA on USA

medium

FL 100 ura-2-6 ura-2-6 - +
FL20l ura-2-6 ura-2-6 - + - - -
FL100 ura-2-6 subclone I ura-2-6 ure-2 - + _ + +
FL100 ura-2-6 subclone 2 ura-2-6 ure-3 - + _ + +
FLIOO ura-2-6 subclone 3 ura-2-6 ure-2 - + X + +
FL100 ura-2-6 subclone 4 ura-2-6 ure-2 - + A + +
FL 100 ura-2-6 ura-2-6
x FL201 ura-2-6 ura-2-6 - +

FL100 ura-2-6 subclone I ura-2-6 ure-2
x FL201 ura-2-6 (FL 464) ura-2-6 + - + +

FL100 ura-2-6 subclone 2 ura-2-6 ure-3
x FL201 ura-2-6 ura-2-6 + - + _ + +

FL100 ura-2-6 subclone 3 ura-2-6 ure-2
x FL201 ura-2-6 ura-2-6 + - + -_

FL100 ura-2-6 subclone 4 ura-2-6 ure-2
x FL201 ura-2-6 ura-2-6 + - + -

USA = ureidosuccinic acid; GA = glutamic acid. The excretion of uracil was measured by the halo produced
on USA medium by an indicator pyrimidineless strain spread on the petri dish.
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without selection, every zygote that was isolated
produced progeny with the mutant phenotype. In
fact, all of the zygotes produced some mutants in
their progeny. FL464-lA (a ura-2-6 ure-3 +)
and FLlOO arg-32 (a + + arg-) were crossed,
and zygotes were selected by prototrophy.
Among 359 prototrophic colonies tested, all were

found to excrete uracil in the presence of USA,
showing thereby that clones contain a significant
portion of mutant diploid cells. Also, we spread
cells from each colony on minimal medium and
tested the ability of the new colonies formed to
excrete uracil in the presence of USA. The re-
sults establish that virtually all of the cells in the
initial colony had the mutant phenotype.

This result could be explained by a faster rate
of growth of the cells inheriting the non-Men-
delian mutation, but this was not the case. On
the contrary, they grow more slowly than the
wild type. If one assumes that there is a genetic
determinant in two allelic forms, a normal one
and a mutated one, and if there are multiple
copies of this genetic determinant in each cell, an

asymmetry in the transmissibility can be influ-
enced by two phenomena: (i) there could be an
asymmetry in the rate of multiplication of the
replicon bearing the mutated gene versus that of
the wild-type replicon, or (ii) there could be an
asymmetry in the probability of genetic exchange
or of recombination between the two replicons.
This second possibility was discussed in detail by
Coen et al. (1).

Since all of the strains used were isogenic, the
asymmetry in transmissibility favoring one of the
allelic forms was not probable; nevertheless,
there is an asymmetry and a very strong one.

There are no means to discriminate between the
two possibilities of asymmetry since it is neces-
sary to have at least two different mutations on a

replicon to demonstrate genetic recombination
and three different mutations to show an asym-
metry in genetic recombination. It seems more
likely, however, that it is an increase in the rate
of multiplication of the mutated replicon which
explains its high transmissibility.
A preferential inhibition of the mutated rep-

licon multiplication in the zygotes has been at-
tempted by submitting the parental strain
bearing the ure-3 mutation to UV irradiation
prior to the cross with the opposite mating type
strain. This technique was used successfully by
Sager and Ramanis (6) to inhibit the transmis-
sion of chloroplastic genes from a parental chlam-
ydomonas to the zygote.
Table 2 shows that UV irradiation has no ap-

preciable effect on the transmissibility, even with
a UV dose that severely impairs zygote forma-
tion. Only one diploid, among 23 tested, for the
time 3 min, did not receive the ure phenotype, so

TABLE 2. Effect of UV irradiation on the
transmissibility of the non-Mendelian mutation'

Irradiation Mating Diploids Diploids
(min) (hr) obtainedb curedc

0 6 570 x5100 0/26
1 6 224 x2100 0/31
3 9 5 x 10 1/23
6 9 117 0/28

a The cells of strain FL464-lA (ura 2-6 ure-3) were
irradiated in sterile water after exponential growth in a
complete medium. After each time of irradiation, the
cells were collected by centrifugation, and the pellet
was mixed on a petri dish of complete medium with
strain FL 100 arg-32 (a + + argi). The required time for
mating was long because UV irradiation introduces a
delay in the mating. The UV lamp used was a germi-
cidal tube, and the power was 5 erg per cm2 per sec.

b Number of diploids obtained for 2 pliters of mating
suspension.
cNumber of diploids cured of the non-Mendelian

mutation/number of diploids tested.

that even if this result was caused by the UV ir-
radiation the effect is very small. This result does
not support a mitochondrial localization of the
ure-3 mutation.
The transmissibility has also been measured in

crosses involving our ure-3 strain and noniso-
genic strains from other laboratories, especially
strain 4592C (M. Grenson) and strain X 1687-
12B (R. K. Mortimer); with these two strains the
transmissibility was as high as in isogenic
crosses. But, in a cross with a spore isolated
from Yeast Foam (YF-I B), the zygotes gave
wild diploids and ure-3 diploids in their progeny
and the transmissibility was reduced.
Two possibilities may account for the high

transmissibility of the ure-3 mutation. The ure-3
mutation could by itself give a higher rate of
multiplication to the corresponding replicon, but
this seems unlikely. The second possibility is that
another mutation in the replicon bearing the ure-
3 mutation must occur to induce a higher rate of
multiplication or a higher frequency of genetic
transmission of the replicon. This second type of
mutation would always be selected simultane-
ously with the ure-3 mutation, because the ure-3
mutation, being a recessive mutation, would ex-
press its phenotype only when the wild-type rep-
licon had disappeared from the cells. This sec-
ond possibility is more likely and is in agree-
ment with the scarcity of this type of mutation.
It must be possible, if this second hypothesis is
right, to obtain recombinants between the two
mutations, one recombinant having the wild-type
phenotype with a high transmissibility and the
other bearing a ure-3 phenotype with normal
transmissibility.
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Localization of the mutation. The non-Men-
delian mutants currently known in yeast have
generally been shown to be mutations in mito-
chondrial deoxyribonucleic acid. One easy way
to ascribe mutations to a change in mito-
chondrial deoxyribonucleic acid is to demon-
strate that the production of cytoplasmic petites
(p-) often results in loss of the non-Mendelian
mutation (I).
The strains FL 465-IA (a ure-3), FL465-5D (a

ure-3), FL464- IA (a ure-3 ura-2-6), and FL464-
I B (a ure-3 ura-2-6) were treated with ethidium
bromide for a short time, or overnight, to induce
p- mutants. The p- colonies recovered after the
two lengths of treatment were tested for the ure-
3 phenotype.

Twenty-eight p- colonies obtained from
FL465-IA were tested, and all were found to be
ure-3; in the same way, the 81 FL465-5D p col-
onies and the 52 FL464-IA p- colonies analyzed
were all ure-3. Only the FL464-1 B colonies
showed 2 wild types among 56 p- colonies tested.
It is clear that the p- induction is not related to
a frequent loss of the ure-3 genetic determinant.
This result was confirmed in the following way.
Eight independent p- ure-3 subclones, isolated
from FL465-IA, were crossed with FLIOO (a p+
+), and five independent zygotes were isolated
from each cross. All of the diploids obtained
were found to be p+ ure-3; this shows that there
is no interference between the high transmission
of ure-3 coming from FL465-IA and the high
transmission of p+ coming from FLIOO. Some
mitochondrial mutations are apparently not
linked to p+ (P. Slonimski, personal communica-
tion). Therefore, it is possible that ure-3 is a mi-
tochondrial mutation belonging to a replicon dif-
ferent from the replicon bearing the p+ informa-
tion; ure-3 could also be a mutation of a nonmi-
tochondrial cytoplasmic replicon, but the only
deoxyribonucleic acids that have so far been de-
tected in yeast are nuclear and mitochondrial

deoxyribonucleic acids.
Throughout the discussion of this work, it has

been assumed that ure-3 is a genic mutation, but
(as pointed out by B. Cox) there is still the possi-
bility that it is a case of stable hereditary pheno-
typic adaptation involving a double antagonistic
repressor system according to the NovijGk hy-
pothesis for stable adaptation. Such a model is
very difficult to differentiate from a genic cyto-
plasmic mutation, and a better understanding of
the molecular basis of the ure-3 phenotype would
be needed. The fact that we have obtained ure-3
mutations only after UV mutagenesis and never
spontaneously is not proof of a genic mutation
because UV irradiation also affects gene expres-
sion.

ACKNOWLEDGMENTS

This investigation was supported by contract 6801 501 of
the Del6gation Generale a la Recherche Scientifique et Tech-
nique and by a grant (no. 176) from the Centre National de ja
Recherche Scientifique to E.R.A.

LITERATURE CITED

1. Coen. D., J. Deutsch, P. Netter, E. Petrochilo, and P' P.
Slonimski. 1969. Mitochondrial genetics. 1. Methodology
and phenomenology. Symp. 24, Soc. Exp. Biol. The de-
velopment and interrelationships of cell organelles, Lon-
don, p. 449-495. Cambridge Univ. Press, London.

2. Lacroute, F. 1968. Regulation of pyrimidine biosynthesis in
Saccharomyces cerevisiae. J. Bacteriol. 95:824-832.

3. Meuris. P., F. Lacroute, and P. P. Slonimski. 1967. Etude
systematique de mutants inhibes par leurs propres
metabolites chez la levure Saccharomyces cerevisiae. 1.
Obtention et caracterisation des diff6rentes classes de
mutants. Genetics 56:149-161.

4. Mortimer, R. K., and D. C. Hawthorne. 1966. Genetic
mapping in Saccharomyces. Genetics 58:165 -173.

5. Roman, H., and S. M. Sands. 1953. Proc. Nat. Acad. Sci.
U.S.A. 39:171 179.

6. Sager, R., and Z. Ramanis. 1967. Biparental inheritance of
nonchromosomal genes induced by ultraviolet irradiation.
Proc. Nat. Acad. Sci. U.S.A. 58931-937.

7. Schoun, J., and F. Lacroute. 1969. Etude physiologique
d'une mutation permettant l'incorporation d'aeide
ureidosuccinique chez la levure. C.R.H. Acad. Sci. 269:
1412-1414.

522 J. BACTERIOL.


