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Abstract

Two cytoplasmic, glucosamine resistant mutants of

Saccharomyces cerevisiae, GR6 and GR10, were examined to

determine whether or not the lesions involved were located

on mitochondrial DNA. Detailed investigation of crosses

of GR6 and GR10 or their derivatives to strains bearing

known mitochondrial markers demonstrated that:

1. the frequency of glucos~~ine resistance in

diploids was independent of factors influencing mitochon

drial marker output.

2. upon tetrad analysis a variety of tetrad ratios

was observed for glucosamine resistance whereas mitochon

drial markers segregated 4:0 or 0:4 (resistant:sensitive).

3. glucosamine resistance and mitochondrial

markers segregated differentially with time.

4. glucosamine resistance persisted following

treatment of a GRIO derivative with ethidium bromide at

concentrations high enough to eliminate all mitochondrial

DNA.

5. haploid spore clones displayed two degrees of

glucosamine resistance, weak and strong, while growth due

to mitochondrial mutations was generally thick and confluent.

6. a number of glucosamine resistant diploids and

haploids, which also possessed a mithchondrial resistance

mutation, were unable to grow on medium containing both

glucosamine and the particular drug involved.
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These observations 1~ 6 provided strong evidence

that the cytoplasmic glucosamine resistant mutations

present in GR6 and GRiO were not situated on mitochondrial

DNA.

Comparison of the glucosamine resistance mutations

to some other known cytoplasmic determinants revealed

that:

7. glucosamine resistance and the expression of

the killer phenotype were separate phenomena.

8. unlike yeast carrying resistance conferring

episomes GR6 and GR10 were not resistant to venturicidin

or oligomycin and the GR factor exhibited genetic behaviour

different from that of the episomal determinants.

These results 7--+8 suggested that glucosamine

resistance was not associated with the killer determinant

nor with alleged yeast episomes. It is therefore proposed

that a yeast plasmid(s), previously undescribed, is respon

sible for glucosamine resistance. The evidence to date is

compatible with the hypothesis that GR6 and GR10 carry

allelic mutations of the same plasmid which is tentatively

designated (GGM).
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ABBREVIATIONS

The following abbreviations are used in the text:

mitochondrial deoxyribonucleic acid.

allelic forms of the cytoplasmic genetic
determinant conferring glucosamine
sensitivity/resistance.

allelic forms of the mitochondrial RiB)
locus conferring erythromycin sensitivity/
resistance.

allelic forms of the mitochondrial OLI2
locus conferring oligomycin sensitity/
resistance. The OLli locus was not used
in this study.

allelic forms of the mitochondrial PAR1
locus, conferring paromycin sensitivity/
resistance.

allelic forms of the mitochondrial omega
locus.

/1+/1'-:

K+/K-:

grande/cytoplasmic petite.

presence or absence of the killer phenotype.
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INTRODUCrfION

The study of mitochondrial function and biogenesis

has been under investigation in many laboratories over the

past several years (for a review see KROON and SACCONE,

1974). Interest in mitochondrial genetics has increased

concomitantly due to its use in the examination of mito

chondriogenesis. This usefulness has resulted from the

characterization of several important genetic phenomena.

Among these perhaps the most significant have been the

mitochondrial DNA (mt DNA) directed drug resistance mutations

discovered in the facultative yeast Saccharomyces cerevisiae.

The compounds used to test resistance have in the main been

either inhibitors of mitochondrial protein synthesis or of

the mitochondrial ATP synthetase complex.

Several years ago Dr. A.J.S. Ball initiated a search

for a novel type of resistance mutant with which to study

mitochondrial control phenomena. The investigation centered

on the Crabtree effect (also glucose effect. for a review

see IBSEN. 1961). This phenomenon, essentially the repres

sion of mitochondrial function (i.e. respiration), is

caused by the stimulation of fermentation as a consequence

of the presence of excess fermentable substrates (e.g.

glucose). However the effect is temporary, derepression

occurring upon the exhaustion of glucose. The problem

then was to find a compound which caused a non-transient

respiratory repression and so would permit genetic analysis.
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A glucose analogue D(+) glucosmnine, which irreversibly

mimicked the glucose effect, was chosen.

In the presence of glucosamine the growth of

sensitive yeast on non-fermentable carbon sources (e.g.

glycerol) is inhibited. The toxic effect of glucosamine

is thought to be due to a depletion of inorganic phosphate

from the mitochondrial pool. This phosphate is utilized

in the phosphorylation of glucosamine as it enters the

cell. Phosphorylated sugars normally proceed through the

glycolytic pathway whence the phosphate is recovered.

However S. cerevisiae cannot metabolize glucosamine and

the phosphate is effectively lost.

Mutants resistant to glucosamine induced respira

tory inhibition were isolated after U.V. treatment of

sensitive strains and preliminary descriptions were

published (ELLIOT and BA'LL, 1973 J ELLIOT and BALL, 1974;

ERRINGTON and BALL, 1974). Thereafter studies were

undertaken to characterize inheritance patterns and to

determine the location and the number of loci involved.

Two unlinked nuclear loci, gay1 and gay2 , were found

to confer glucosamine resistance (ELLIOT, 1975; WONG,

1975). Two cytoplasmic mutants, GR6 and GRI0, displayed

patterns of inheritance consistent with those of known

mitochondrial mutations (ELLIOT, 1975; ELLIOT and BALL,

1975). Analysis of a third group of mutants suggested

that the interaction of two or more nuclear genes,

independent from g~~ and g~y2, could also produce the



13

resistant phenotype (MATHIES, 1976).

An examination of the biochemical aspects of the

GR mutations has suggested that several different effects

may be responsi bJ.e for glucosamine resistance (MAHESHWARI t

1976). The cytoplasmic mutants GR6 and 10P3r (a deriva

tive of GRiO) appear to be defective in sugar transport.

Resis,tance in these cases could be effected by slowing the

uptake of glucosamine and so reducing the rate of loss of

phosphate to non-lethal levels. Mutants representative
-

of the gay1', and gay2 loci may be resistant by virtue of

lowered rates of ATP production. The complexity of the

biochemical nature of these mutations has not yet permttted

an exact determination of the causes of resistance.

The previous genetic investigations established

that at least two nuclear loci conferred glucosamine

resistance. However the site of the cytoplasmic mutations,

although tentatively concluded to be mitochondrial had not

been unequivocally established. Therefore the present

study was undertaken to more fully characterize the

cytoplasmic mutations present in GR6 and GR10 and to

determine whether or not the lesions were located on

mt DNA.
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CHAPTER ONE

REVIEW OF THE LITERATURE

A. The Life Cycle and Genetics of Yeast

The budding yeast Saccharomyces ~erevisiae has

been and remains one of the most studied eukaryotes.

Originally this was due to its availability and impor

tance in the baking and brewing industries. It has

retained its popularity because it is an eukaryote that

can be grown and genetically manipulated like bacteria.

Although s. cerevisiae can be cultured like certain

prokaryotes it has much of the collular complexity of

higher eukaryotes. Cytological studies have indicated a

nucleus bounded by a nuclear membrane, mitochondria, an

endoplasmic reticulum, golgi bodies and vacuoles (MATILE,

MOOR and ROBINSON, 1969).

Steps in the life cycle of S. cerevisiae (Fig. 1)

were elucidated as early as the 19th century (for a

review see WINGE and ROBERTS, 1958). However it was

WINGE (1935) who first demonstrated that the diploid

nucleus underwent reduction, at spore formation, to

produce four haploid ascospores. The further work of

WINGE and LAUSTSEN (1937, 1939) and LINDEGREN and

LINDEGREN (1943, 1944) unequivocally established an

alternation of generations and demonstrated the Mendelian

segregation of nuclear genes in yeast.
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The isomorphic alternation of generations exhibited

by S. cerevisiae allows the induction of recessive muta~

tiona in haploid cells and their subsequent analysis by

complementation in diploids. Factors such as the minimal

number of techniques and media required for genetic

analysis, as well as the rapid growth and versatility of

the orgaftism, have resulted in an increasing interest in

yeast genetics (since the early work of Winge and Linde

gren).

The information gained and techniques used have

been recently reviewed by several authors and these

articles are highly recommended: MORTIMER and HAWTHORNE

(1966); MORTIMER and HAWTHORNE (1969); FOGEL and MORTIMER

(1971) and HARTWELL (1974).



Figure 1. The Life Cycle of Saccharomyces cerevisiae*

Diploid cells (a/~)(l) will under certain nuitri-

tional conditions pass through a developmental process

leading, via meiosis and sporulation, to the formation

of four haploid ascospores, two of each mating type

(a and~)(2). The spores germinate to form haploid cells

(IN)()) which divide mitotically(4), as can the diploid

cells (2N)(S). If haploid cells of opposite mating type

are mixed they can fuse to form diploid cells(6) which

can then divide mitotically or sporulate.

* Modified from CARTER, 1975.
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B. Mitochondrial Genetics

The origin of the study of motochondrial genetics

can be correlated with the first description of the cyto~

plasmic petite mutation by Ephrussi and co-workers

(EPHRUSSI, HOTTINGUER and CHIMENES, 1949; EPHRUSSI,

HOTTINGUER and TAVLITSKI, 1949). These studies demon-

strated the non-Mendelian behaviour of the mutation in

genetic crosses.

The mutation was irreversible and led to an

inability to grow on non-fermentable substrates due to

respiratory deficiency. Cytochromes a/a), b and c1 were

found to be absent from these mutants (SLONIMSKI, 1949.

EPHRUSSI and SLONIMSKI, 1949). A cytoplasmic factor,

which controlled cytochrome production, was postulated

to explain the transformation of a wild type cell to the

petite type (EPHRUSSI, L'HERITIER and HOTTINGUER, 1949).

This factor was later termed "rho" (SHERMAN, 1963).

Heterokaryon tests of crosses involving petite mutations

later confirmed the cytoplasmic inheritance of the petite

phenotype (WRIGHT and LEDERBERG, 1957).

In contrast to "vegetative" petites, which dis..

played non-Mendelian inheritance, some petites exhibited

typical Mendelian inheritance and were termed "segregational"

petites (CHEN, EPHRUSSI and HOTTINGUER, 1950). These were

found to lack cytochromes a or a) and b (EPHRUSSI and

SLONIMSKI, 1950)0 There are at least 18 of these pet
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mutations in yeast, most of which have not been biochemi

cally characterized (SHERMAN, 1963; REILLY and SHERMAN,

1965; HAWTHORNE and MORTIMER, 1968).

Ephrussi later "reported that the cytoplasmic

factors of some petites interferred with the replication

or expression of the normal factor when crossed to wild

ty'pe strains (EPHRUSSI, de MARGERIE-HOTTINGUER and ROMAN,

1955). These ·'suppressive'· petites transmitted the

petite phenotype to a variable fraction (less than 1% to

greater than 9~) of the diploid progeny in crosses to

normal yeast (EPHRUSSI and GRANDCHAMP, 1965; EPHRUSSI,

JAKOB and GRANDCHAMP, 1966). On the other hand "neutral"

(non-suppressive) petites, when crossed to wild type

yeast, did not transmit the petite phenotype to either

the vegetative diploid progeny or to the haploid meiotic

progeny.

Following the discovery of DNA in the mitochondria

of yeast (SHATZ, HASLBRUNNER and TUPPY, 1964) the relation

ship between the petite mutation and the mitochondrial

DNA (mt DNA) was investigated. It was detel~ined that

petite mutants often contained mt DNA with novel physical

and chemical characteristics. These included changes in

buoyant density, deletions of some sequences found in

wild type mt DNA and concommitant amplification and

rearrangement of the remaining sequences (MOUNDOLOU,

JAKOB and SLONIMSKI, 1966; MEHROTRA and MAHLER, 1968;

FUKUHARA, FAURES and GENIN, 1969; GROSSMAN, CRYER,
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GOLDRING and MARIVIUR, 1971; FAYE, FUKUHAR,A, GRANDCHAMP,

LAZOWSKA, MICHEL, CASEY, GETZ, LOCKER, RABINOWITZ, BOLOTIN

FUKUHARA, eDEN, DEUTSCH, DUJON, NETTER and SLONIMSKI,

1973; LOCKER, RABINOWITZ and GETZ, 1974). Since suppres

sive petites had alterations in their mt DNA (CARNEVALI,

MORPURGO and TECCE, 1969; MICHAELIS, DOUGLAS, TSAr and

CRIDDLE, 1971) and neutral petites J.acked detectable

amounts of mt DNA (NAGLEY and LINNANE, 1970; MICHAELIS

at aI, 1971) it appeared that the presence of altered

mt DNA was responsible for the suppressive character of

the mutants.

A number of chemical mutagens were found to induce

th,e petite mutation. These illcluded acriflavin (EPHRUSSI

at al, 1949), euflavin (EPHRUSSI and HOTTINGVER, 1950),

ethidium bromide (SLONIMSKI, PERRODIN and CROFT, 1968)

and berenil (MAHLER and PERLMAN, 1973). In addition,

heat treatments (SHERMAN, 1959) and U.V. irradiation

(PITTMAN, 1959) were also effective inducers of the

mutation.

Work with ethidium bromide revealed that it

inhibited mt DNA replication (GOLDRING, GROSSMAN, KRUPNIK,

CRYER and, MARMUR, 1970) as well as oausing the fragmentation

of pre-existing mt DNA molecules (GOLDRING at aI, 1970;

PERLMAN and MAHLER, 1971). Prolonged treatment produced

a population of petite cells some of which retained mt DNA

while the majority lacked it completely (NAGLEY and LINNANE,

1970, 1972; GOLDRING, GROSSMAN and MARMUR, 1971).
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Thus the action of ethidium bromide on mt DNA,

resulting in the petite mutation and the physical changes

of mt DNA in petite cells related the rho factor to the

mt DNA.

The cytoplasmic petite mutation had kindled

interest in mitochondrial genetics. Further study was

facilitated by the discovery of mitochondrial antibiotic

resistance mutations.

WILKIE, SAUNDERS and LINNANE (1967) had demon

strated that chloramphenicol, spiramycin and erythromycin

selectively inhibited amino acid incorporation by yeast

mitochondria but did not affect the cytoplasmic ribosomal

system. Simultaneously THOMAS and W'ILKIE (1968A) and

LINNANE, SAUNDERS, GINGOLO and LUKINS (1968) provided

evidence for the cytoplasmic control of erythromycin

resis·tance. Both groups showed that when resistant stra.ins

were crossed to sensitives the .individual smaples of the

vegetative progeny varied in degree of erythromycin

resistance. This was due to the presence of both (erythro

mycin) resistant and sensitive cells in the diploid progeny

colonies. THOMAS and WILKIE (1968A) found that \J/hen

sensitive diploids were sporulated tetrad ratios of 0:4

(resistant:sensitive) resulted. LINNANE at al (1968)

determined that when resistant and sensitive isolates were

subcultured only resistant or sensitive cells were in the

vegetative clones. These dipl.oi.ds gave rise to J:,,:O or 0:4

(resistant:sensitive) tetrad ratios when sporulated.
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continuing their investiga~ions THOMAS and WILKIE

(1968B) utilized cytoplasmic petites to further examine

mitochondrial drug resistance. Erythromycin resistant

cells were treated with acriflavin. When petites derived

from the resistant strains were crossed to ~ + sensitive

cells sensitive and resistant diploids arose. Upon sporu

lation of these diploids tetrad ratios were again 0:4 or

4:0 (resistant:sensitive).

The characteristic results obtained by both sets

of authors (i.e. vegetative segregation of the mutation

at mitous, lack of segregation of the mutation at meiosis

and loss of muta-tion tlpOn transformation of the cell

to .,0.-) became the accepted cri teria for determining

mitochondrial inheritance.

utilizing these cri teria and tecIlni.ques various

authors associated a number of additional resistance

mutations with mt DNA: spiramycin and paromomycin (THOMAS

and WILKIE, 1968B) ol~gomycin and rutamycin (STUART, 1970),

chloramphenicol, lincomycin, carbomycin, oleandomycin and

tetracycline (BUNN, MITCHEL, LUKINS and LINNANE, 1970)

and triethyl tin and venturicidin (HOUGHTON, LANCASHIRE

and GRIFFITHS, 1974).

Following the discovery of mitochondrial inheri

tance of drug resistance Slonimski and colleagues contri

buted greatly to the study of mitochondrial genetics.

COEN, DEUTSCH, NETTER, PETROCHILO and SLONIMSKI

(1970) and BOLOTIN, COEN, DEUTSCH, DUJON, NETTER, PETROCHILO
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and SLONIMSKI (1971) performed extensive analyses of crosses

involving chloramphenicol and erythromycin resistance

mutations. Two conspicuous features were noted in these

crosses: (1) a bias.in the transmission of parental

mitochondrial genotypes and (2) a bias in the frequency

of reciprocal recombinants. The transmission or output

bias was later attributed to nuclear gene effects (AVNER,

eOEN, DUJON and SLONIMSKI, 1973; WOLF, DUJON and SLONIMSKI,

1973; WAXMAN, EATON and WILKIE, 1973), to modifications

induced 'by cellular physiology (GOLDTHWAITE, CRYER and

MARMUR, 1974; PERLMAN and DEMKO, 1974), to the relative

contributions of mitocllondrial genomes, by the two parents,

to the cross (DUJON, SLONIMSKI and WEILL, 1974) and to the

mitochondrial gene arrangement (PERLMAN and. DEMKO, 1974).

The term polarity was used to describe the recom

bination bias and a specific metochondrial locus, omega

(~), was proposed to govern the polarity of recombination

(BOLOTIN et al. 1971). Two allelic :forms o:f tAl (cIJ. and 01'-)

accounted for the existence of polarity in heteropolar

crosses (~+ xca-) and its absence in homopolar crosses

("".+ x fJI'+ and,,- x.,-). In homopola.r crosses a.1l progeny

had the same fir allele as the parents whereas in heterop,olar

crosses cells of the parental genotype retained their

original 01' allele while all recombinants were,,+. After

some initial criticism of the tv locus hypothesis (RANK and

BECH-HANSEN, 1972; HOWELL, TREMBATH, LINNANE and LUKINS,

1973) it received general acceptance (WILKIE and THOMAS,

1973; PERLMAN and BIRKY g 1974; PERLMAN and DEMKO, 1974;
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LANCASHIRE and GRIFFITHS, 1975; MOLLOY, LINNANE and LUKINS,

1975). Recently an additional form of01(J!) was found

(DUJON, BOLOTI N-FUKUHARA, eDEN, DEUTSCH, NETTER, SLONIMSKI

and WEILL, 1976). This allele behaved as"'- in crosses to

w- strains and. as.,+ in crosses to,..,+ strains. No polarity

of recombination was observed in .",n x.,+ orc.cflX tAF crosses.

Following the demonstration of MICHAELIS, PETROCHILO

and SLONIMSKI (1973) that actual physical reconlbi.l1.ation of

rot DNA molecules occurred, several different approaches

were taken in mapping genetic loci on rot DNA. These

included (1) polarity mapping in heteropolar crosses, (2)

recombinational mapping in homopolarcrosses and (J)

deletion mapping using cytoplasmic petite mutants. In

general similar linkage relationships were observed with

all three methods.

Resistance to chloramphenicol, spiramycin and

erythromycin was found to be controlled by three linked

loci: RIB1, RIB2 and RIB) respectively (NETTER, PETROCHILO ,

SLOI\fIMSKI, BOLOTIN-FUKUHARA, eOEN, DEUTSCH and DUJON ,

1974) •. These loci were so named because of their location

near a segment of the mt DNA coding for 23srRNA (FAYE at aI,

1973; DEUTSCH, DUJON, NETTER, PETROCHILO , SLONIMSKI,

BOLOTIN-FUKUHARA and eOEN, 1974; FUKUHARA, FAYE, MICHEL,

LAZOWSKA, DEUTSCH, BOLOTIN-FUKUHARA and SLONIMSKI, 1974).

This ribosomal segment situated to the right of the~locus,

was found to constitute a polar region while other loci

were in non-polar regions (AVNER et aI, 1973; WOLF at aI,
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1973; NETTER at aI, 1974).

Two loci were initially located for oligomycin

resistance (OLli and OLI2) and one for paromomycin

resistance (PARi) (AVNER et aI, 1973; WOLF at aI, 1973).

LANCASHIRE and GRIFFITHS (1975) then demonstrated the

existence of a third oligomycin locus (OLI) linked to

the OLli locus. In addition these authors described a

locus for triethyl tin and venturicidin resistance but

could not order it in relation to the markers located by

Slonimski's group. Very recently a fourth oligomycin

locus (OLI4), linked to OLI2, has been reported. by

CLAVILIER (1976).

In vivo transcription studies of the mt DNA of

spontaneous and ethidium bromide induced petites had

suggested that the 16srRNA and 23srRNA genes were rlot

closely linked (FAYE et al, 1973; FAYE, JUJAWA and

FUKUHARA, 1974). utilizing petite mutants and DNA-RNA

hybridization it was demonstrated that the 16srRNA gene

lay in the vicinity of the PAR1 locus (FAYE, KAJAWA, DUJON,

BOLOTIN-FUKUHARA, WOLF, FUKUHARA and SLONIMSKI, 1975).

Further work situated the 16srRNA gene beside the PAR1

locus and separated from the 2)srRNA gene by various

tRNA genes (FAYE, KUJAWA, FUKUHARA and RABINOWITZ, 1976).

Very recently SLONIMSKI and TZAGOLOFF (1976)

ordered a series of mit-, mutants, lacking cytochome oxidase

or QH2- cytochrome c reductase, with respect to the rest

of the mitochondrial genome.
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The mapping data thus acquired indicated that the

various regions studied were dispersed on the mitochondrial

genome. In some instances regions of mutations involved

in the same function were found to be separated by other

regions which coded for extremely different functions.

These authors also proposed a circ'ular geneti c map for

rot DNA in accordance with the circular structures (25)rm

duplex circles) observed for isolated mt DNA (HOLLENBERG,

BORST and VAN BRUGGEN, 1970; PETES, BYERS and FANGMAN,

1973).

During the course of these studies various authors

noted the effects of nuclear genes on mitochondrial genetic

processes. AVNER and GRIFFITHS (1973) found an asymmetry

of transmission in crosses involving the oligomycin

sensitive strain D6 and oligomycin resistant strains

derived from D22. Since both strains were~+ and the

crosses homopolar, this asymmetry was unexpected.

This particular phenomenon was investigated in

more detail by AVNER at al (1973). The factor which

influenced the high transmission of one of the parental

genotypes, in homopolar crosses was found to be present

in the strain D6. However the factor was not specific

for the D6 mitochondrial genotype as the preferential

transmission of other mitochondrial genotypes, involved

in the crosses, occurred. In heteropolar crosses involving

D6 the overall frequency of recombination increased but

polarity was retained. While the D6 homopolar transmission
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pattern occassionally segregated 2+:2- at meiosis the

heteropolar recombination pattern was not recovered in

any of the spores from the same tetrads. It appeared

therefore that a series of nuclear genes was influencing

the segregation and recombination processes undergone by

the mitochondrial genomes.

While examining paromomycin resistance WOLF at al

(1973) determined that the strain from which the mutants

had been derived carried a nuclear gene(s) which diminished

the overall frequency of recombination in homopolar crosses.

One of the paromomycin resistant strains gave 3:1 (resistant:

sensitive) ratios in some tetrads arld many haploid clones

of this mutant were found to be of intermediate resistance.

Thus the phenotypic expression of the allele conferring

paromomycin resistance was also being modified by recessive

nuclear genes.

In a series o~ articles Waxman analyzed a simul

taneous asymmetric transmission of parental and recombinant

classes (WAXMAN at aI, 1973; WAXMAN and EATON, 1974;

WAXMAN, 1975). The strain D587-4b appeared to cause

preferential t~ansmission of its mitochondrial type. When

suppressive petites were crossed to D587-4b the suppressive

ness was modified to levels approaching that of neutral

petiteso Crosses to~+ and~ strains produced similar

results. Thus the nuclear factors involved were not

affected by the ... allele while the effect of thew allele

cou,ld be masked by the nuclear factors. Zygote progeny
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analysis demonstrated that little recombination occurred

in the zygotes and Waxman attributed the restriction on

rot DNA recombination to the influence of the nuclear

factors.

Although such nuclear influences on mt DNA recom

bination processes were noted the number of nuclear genes

involved has not yet been determined. HO'wever these

results are important to this study because our strains

are related to those described by A~nerf Wolf and Waxman.

The overall results obtained by Slonimski's group

led to the proposal of a model for mt DNA recombination

likening it to phage recombination (DUJON et aI, 1974).

This approach was not novel having been previously suggested

by WILKIE and THOl'v1AS (1973). They had compared zygote

formation and the concommitant establishment of a mixed

population of mt DNA molecules, to a bacteriophage cross

with the same potential for repeated interaction among

multiple genomes o

Three main points highlighted the model of DUJON

at aI, (1974). The fact that the observed upper limit of

recombination for unlinked markers was 25%, rather than

50%, suggested a panmictic pool of molecules. In this

pool homologous and heterologous pairings of rot DNA molecules

would occur but only the latter pairings would be geneti

cally detectable. A main factor affecting the constitution

of the pool would be the proportions of mt DNA molecules

contributed by each parent relative to the total number of
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mt DNA molecules in the pool. These input fractions could

not be determined experimentally but could be deduced from

the output fractions. Different crosses or different

cross conditions resulted in. varying output fractions for

the same allele. However in homopolar crosses there was a

coordination of the output fractions of alleles from the

same parent but belonging to different loci. This was

referred to as the covariance of transmission.

The occurrence of several "random in time" mating

rounds was the second feature of the model. It allowed

for several pairwise events to occur before an "average"

rot DNA would be sorted into a pure cell line. Thus the

genotypic constitution of the panmictic pool would also

be a function of the number of mating rounds.

The idea of non-reciprocal recombination was the

third point of the model. It was suggested that heteropolar

crosses resulted in an obligatory pairing of mt DNA molecll1es

at the W' locus. This would be followed by a unidirecttional

gene conversion process which commenced with an excision

of the V allele 0 Next a sequential degradation of the vF

mt DNA sequence 'would occur a'nd then a resynthesis would

take place using thear+ mt DNA as a template. At every

point in the conversion termination could occur with a

certain probability which would increase with distance

from~. In homopolar crosses, as well as heteropolar

crosses in non-polar regions, such non-reciprocal events

would occur at the population level with equal frequencies
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in opposite directions. A possible mechanism for the

process was volunteered by PERLMAN and BIRKY (1974) who

suggested that the.,- sequence was longer than the ar+

sequence. When pairing occurred a loop would be formed

in the~ region. This loop could then be attacked by

an endonuclease following which an exonuclease would

degrade a portion of the.,- strand. The gap created

would be repaired by mt DNA synthesis using the~+ strand

as a template.

Although the model of DUJON at al (1974) suited

the observed data well there were a number of weaknesses,

which included the experimental inaccessibility of some of

the parameters, the possible errors in biological assump

tions and the tautology of the model itself. On the

positive side the model was a reasonable approach to rot DNA

recombination and it offered an explanation for suppressive

ness. In addition. as noted by BIRKY (1975), a non

reciprocal gene conversion process would be useful in

achieving and maintaining genetic homogeneity among repeated

rot DNA sequences.

The timing of rot DNA recombination, while not

detailed in the model, had been investigated by various

authors. eOEN at al (1970) studied individual zygotic

clones obtained from drug resistant parents. Single

zygotes were found to produce several different stable

mitochondrial cell types. The authors proposed that these

buds were pure for mitochondrial genotype.
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However WILKIE and THOMAS (1973) and LUKINS, TATE,

SAUNDERS and LINNANE (1973) found that the first few

daughter buds isolated sometimes gave rise to diploid

colonies with a mixture of mitochondrial types. This

indicated that multiple recombination events were occurring

in some of the buds derived from the zygotes. WILKIE and

THOMAS (1973) reported that after removal of the first

four daughter buds the zygote possessed one mitochondrial

type only. In contrast WAXMAN at al (1973) noted that at

the sixth bud stage the zygote could still be mixed for

mitochondrial genotypes.

Recently FORSTER a11d KLEESE (1975) presented a

more extensive zygote pedigree analysis than previous

authors. In most crosses examined 75% or more of the

zygotes were pure by the eighth bud. These results indi

cated that the majority of zygotic recombinational events

occurred within the first 24 hr.

Thus the use of petite mutants and drug resistant

mutants has so far led to a relatively detailed map of the

mitochondrial genome, to a plausible model for mt DNA

recombination and to a "feel" for the timing of mi tochon

drial recombination processes. Further work will continue to

be facilitated by the use of petite mt DNA containing

defined mitochondrial genes. It may then be possible to

identify specific rot DNA coded proteins with the criteria

being their in vitro synthesis from defined mitochondrial

genes. Work along this line, involving the characterization
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of mitochondrial RNA polymerases, has been detailed by

SCRAGG (1974) and ECCLESHALL and CRIDDLE (1974). In the

end it should be possible to obtain a full inventory of

all genes on the mt DNA and their products. To this end

the study of mitochondrial genetics will aid in providing

a more complete description of the regulation of mito

chondrial biogenesis.

c. Non-Mitochondrial Cyto'plasmic Genetic Determinants

Killer Plasmid

Certain strains of Saccharomyces cerevisiae

(killers) were found to secrete a proteinaceous substance

(killer factor) which killed other strains (sensitives)

(MAKOWER and BEVAN, 1963: WOODS and BEVAN, 1968; BUSSEY,

1972). Strains which were not killers but which were able

to resist the effects of the toxin were termed neutrals

(MAKOWER and BEVAN, 1963). The killer phenotype was found

to be expressed only in the narrow pH range 4.6-4.8 (WOODS

and BEVAN, 1968). The ability to secrete killer factor

was then demonstrated to be inherited in a non-Mendelian

fashion (SOMERS and BEVAN, 1968) and the killer and neutral

phenotypes were associated with the extra-nuclear genetic

determinants K and n respectively (SOMERS and BEVAN, 1969).

Furthermore it was shown that k and n were maintained in

the cell only in the presence of the dominant nuclear genes

M (BEVAN and SOMERS, 1969), and Pets (FINK and STYLES,

1972). Five additional nuclear genes associated with the

killer phenomenon have since been described (WICKNER, 1974A).
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Maintenance genes makl and mak2 were distinct from Pets

but either could be identical to M. The expression of

killing was regulated bykexl and kex2 genes while the

gene re,x1 controlled the resistance to the killer factor.

Cells could be "cured" of the ability to kill and

of the resistance to killing by growth in cycloheximide

(FINK and STYLES, 1972) or at elevated temperatures

(WICKNER, 1974B). Progeny derived from these cells bred

true, remaining cured. However killer cells could not be

converted to the sensitive phenotype by ethidium bromide

treatment under conditions harsh enough to eliminate all

mt DNA (BEVAN, SOMERS and THIEVENDIRARAJAH, 1969; FINK

and STYLES, 1972). In addi"tion, spontaneously occurring

petite mutants were shown to have retained their original

killer or neutral phenotypes (SOMERS, 1973). Furthermore

the killer determinant did not influence the transmission

or recombination of mitochondrial markers (YOUNG and

PERLMAN, 1975). Thus the killer genome appeared to be

unassociated with mt DNA.

Investigations have correlated the ability to kill

with the presence of a double-stranded (ds) RNA (BERRY and

BEVAN, 1972; VODKIN and FINK~ 1973). BEVAN, HERRING and

MITCHEL (1973) found ds RNA. of molecular weights 2.5 x

106 and 1.4 x 106 encapsulated in virus-like particles.

Killers and neutral.s were found to contain both species

of ds RNA while sensitives lacked both or contained only

the heavier ds RNA. VODKIN, KATTERMAN and FINK (1974)
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They demonstrated that spontaneous non-killers had a

markedly reduced amount of L. Normal killer strains

contained 3-4 X as much L as the spontaneous non-killers

and only 1/3 as much as cycloheximide cured strains.

Because all killer strains possessed M while all others

lacked it, VODKIN at al (1974) concluded that M controlled

toxin production and suggested that gene products of L

cleaved L to M.

PSI Factor

While examining suppressor phenomena COX (1965)

discovered that when certain non-suppressed revertants,

from a suppressed strain of yeast, were backcrossed the

revertant phenotypes failed to reappear in the haploid

progeny. Additional crosses supported the hypothesis

that the action of the super-suppressor involved (SUQ:5)

was dependent on the presence of an extrachromosomal

element designated "psi" <,). The failure of the non

suppressed phenotypes to reappear in the haploid progeny

was attributed to the distribution of r to all of the

products of meiosis.

Further work (COX, 1971) demonstrated that when

another super-suppressor, SUQ2, was included in crosses

to ,,+ strains and the diploids sporulated a recessive

lethal mutation segregated. Death was determined to occur

only in the simttltaneous presence of" and SUQ2. In cells

with no super suppressors' did not affect the growth of

the culture nor the expression of genes.
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Evidence for the existence of a nuclear gene which

could elimlnate ~ was provided by YOUNG· and COX (1971).

These authors found that the expression of' was prevented

in certain haploids and diploids and that r was progressively

eliminated during the proliferation of certain zygotes.

A dominant nuclear allele, R, was postulated to code for a

repressor of' replication. No effect of R was observed on

mitochondrial respiratory competence nor on the expression

of mitochondrial genes for erythromycin resistance. Thus

, appeared to be distinct from mt DNA. This conclusion

was strengthened when YOUNG and COX (1972) demonstrated

that t' segregated independently of known mitochorldrial

markers.

URE 3 Determinant

Investigating nitrogen metabolism in yeast, LACROUTE

(1971) found that ural strains were unable to grow on a

minimal medium supplemented with ureidosuccinic acid (USA).

Nuclear mutants were recovered which could grow on USA but

not if glutamic acid (GA) which prevented USA uptake in the

mutants was also present. However one mutant, URE ), which

displayed non-Mendelian inheritance, could grow on USA in

the presence of GA. The mutant showed high transmissability

and was not affected by ethidium bromide treatments. This

finding suggested the non-localization of the URE 3 muta

tion on mt DNA.

Cytoduction experiments confirmed the extra

chromosomal inheritence of URE 3 (AIGLE and LACROUTE, 1975).
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In addition a recessive nuclear gene designated ure2

which gave the URE,) phenotype, was shown to be incompatible

with the presence of the URE-3 determinant. This provided

more evidence for a distinction between the URE 3 deter

minant and mt DNA. When p+ URE 3 strains were crossed

to p -ul'e~ strains, respiratory competent diploids arose

and these were shown to lack the URE 3 determinant.

A Yeast Episome

A multiply resistant mutant (oligomycin, venturicidrn,

triethyl tin, cycloheximide and chloramphenicol) was isolated

and the resistance was attributed to two genetic factors

designated "pi" \IT) and "tauf. (~) GUERINEAU, SLONIMSKI and

AVNER, 1974). Both factors displayed Mendelian segrega-

tion at meiosis and 7rshowed centromere linkage. However

~appeared able to shift its chromosomal location during

vegetative segrega,tion and l' ·,·could be eliminated by high

concentrations of ethidium bromide applied over a long time

period. Petite clones devoid of mt DNA retained Tr while

loss of 1r'did not lead to the p" state 0 In addition

both1r and ~ segregated independently from known mitochon

drial genes. Therefore by some criteria (2:2 segregation,

centromere linkage) the mutations appeared nuclear, while

by other criteria (loss during vegetative segregation,

apparent migration from chromosome to chromosome) they

acted like bacterial episomes.

GUERINEAU at al (1974) were able to establish a

correlation between the1r mutation and the presence of a
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small (2A&m) circular DNA molecule which had previously

been observed in the cytoplasm of yeast (HOLLENBERG, BORST

and VAN BRUGGEN, 1970; CLARK-WALKER, 1972). Clones which

were1Y+ contained this molecule while those which were~

lacked it. Since the resistance to drugs did not involve

changes in mitochondrial properties it appeared that the

2~m DNA played an informational role in the biogenesis

and/or function of cellular membranes.

A Mitochondrial (?) Episome

Studies by Griffiths and colleagues (LANCASHIRE and

GRIFFITHS, 1975; GRIFFITHS, HOUGHTON, LANCASHIRE and

MEADOWS, 1975; GRIFFITHS, LANCASHIRE and ZANDERS, 1975)

led to the proposal of a mitochondrial episome in

s. cerevisiae. A mutant strain of yeast resistant to

venturicidin and triethyl tin displayed some character

istics consistent with mitochondrial mutations. However

recombination values between the particular locus involved

and known mitochondrial loci exceeded the 25% limit, noted

by other authors (AVNER at aI, 1973; WOLF at aI, 1973;

DUJON e~t aI, 197L~) for unlinked mitorchondrial genes.

Ethidium bromide treatment harsh enough to eliminate all

mt DNA revealed that the venturicidin and triethyl tin

resistance could be I~etained or lost in the resultant

petites. However Griffiths has not yet been able to demon

strate an intra or extra-mitochondrial location for the

mutation nor to conclusively demonstrate its association

with mt DNA.
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In conclusion the yeast cytoplasm appears to

harbour several different genetic determinants and in

most cases these appear to be controlled or interact with

nuclear genes.
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CHAPTER TWO

MATERIALS AND METHODS

Yeast strains

The yeast strains used in this study are listed in

TABLES lA and lB.

Media

Except where noted all media recipes and methods

are taken or modified from SHERMAN, FINK and LUKINS (1970).

YPD:

A complex rich medium supporting the growth of all

strains: 1% yeast extract, 2% peptone, 2% glucose (All

percentages are weight to volume unless otherwise noted.)

YPDK.

A complex rich medium supporting the growth of all

strains and permitting the expression of the killer,

neutral and sensitive phenotypes (modified from SOMERS,

1973). As for YPD with the addition of a citrate-phosphate

buffer made by adjusting the pH of citric acid (1M) to 4.7

with potassium dihydrogen phosphate. The buffer was filter

sterilized separately and added to YPD at a final concen

tration of O.lM.

YPD-CYH.

A complex rich medium supporting the growth of all

strains butca'using "curing" of killer strains (FINK and

STYLES, 1972). As for YPD with cycloheximide sterilized

separately and added to a final concentration of O.53~/ml.
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TABLE lA

List of original haploid,.o + strains
used in this study

Name

4B2

4B"L

GR6

GR10

R2

D22

A13

Xl1

X12

L411

K12

814

Genotype*'

• hisl [KIL-~

a lysl [KIL-~

.,. hisl [GGM-6~ ~IL-K]

at hisl [GGM-101 [KIL-K]
a lySl

a ade2 [KIL-K]

a ade2 [W+O~4~ ~IL-K]

a ural [JE~2J

- r: - R Ja ilu5 trp2 ura3 aux lur P454

QC ura his

0( ade2, 5 i<IL-K]

~ade2,5

Origin t

F. SHERMAN

F. SHERMAN

A.J.S. BALL

A.J .S. BAI,L

D.E. GRIFFITHS

D. E. GRIFFItrHS

P •P. S'LONlrVlSKI

P.P. SLONIMSKI

A.W. LINNANE

H. BUSSEY

H. BUSSEY

* Each set of square brackets denotes one cytoplasmic genetic
determinant. These are included only if known and func
tional. Mitochondrial alleles are given with one letter
and a number, the superscriptR signifying the resistant
form (CLAVILIER, 1976)0 The killer plasmid is indicated
by the prefix "KIL" (WICKNER, 1974A). The glucosamine
resistance determina~nt is indicated by the prefix ttGGM··,
the number designates the strain of origin, either GR6 or
GR10, the uppercase ftR" indicating the resistant form.

t See Appendix A for details.
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TABLE lB

List of haploidP+ strains constructed
by crosses and meioses

Isolated from
the ,crosses

Name Genotype* a x at

D6-26c ~ hisl [GGM-6R] [KIL-K] D22 x GR6

D6-37B oc.. his1 [GGM-6R] [KIL-K] D22 x GR6

Dl0-21B ~ hisl [GGM-l0R] [KIL-K] D22 x GR10

D1C)-22B ~ his1 (GGM-l0R] [KIL-K] D22 x GR10

A35-1B a hisl [O~43] [GGM-l0~ [KIL-KJ Ai) x Dl0-22B

X21-4A '" ade2, 5 ['W'+E~21J Xii x S14

ESP1-1B [ + R R X12 XSl-4A0( trp2 tal E22lP454] x

LR-14C a lysl [KIL-K] R2 x L411

10LR-3C a lysl [GGM-l0R] [KIL-K] LR-14C x GRlO

10LR-7A a lysl [GGM-l0R] (KIL-K] LR-14C x GRiO

10LR-14C a-lysl [GGM-10R] [KIL-K] LR-14C x GRlO

10LR-16c a lysl [GGM-l0R] [KIL-K] LR-14C x GR10

* Cytoplasmic determinants designated as in TABLE lA.
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YPG:

A complex rich medium supporting the growth of

only respiratory competent strains. As for YPD but 3%

v/v glycerol substituted for 2% glucose.

G~:

A complex rich medium supporting the growth of

glucosamine resistant strains only (ELLIOT, 1975). As

for YPG with D( ) glucosamine hydrochloride, dissolved

in H20, sterilized separately and added to a final concen

tration of 0.05%.

Drug Resistance Testing Media:

YPG media containing erythromycin, oligomycin,

paromomycin and venturicidin were prepared by adding the

antibiotics to autoclaved media after it had cooled to

approximately 50°. Unless otherwise noted the following

final concentrations were used: erythromycin, 4 mg/ml

(SHERMAN at aI, 1970); oligomycin, 54g/ml (AVNER and

GRIFFITHS, 1973); paromomycin, 3 mg/ml (modified from

WOLF at aI, 1973) and venturicidin, 1~g/ml (HOUGHTON

et aI, 1974). All drugs added, other than paromomycin
, ,. ".~

were added as ethanolic solutions, paromomycin being added

as an aqueous solution.

SD:

A defined miminal medium supporting only proto

trophic strains. It was used to select diploids formed

between complementary haploid auxotrophs: 0.75% yeast

nitrogen base wlo amino acids, 2% glucose.
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20.0

20.0

20.0

mgtl

20.0

20.0

)0.0

(ade)

(his)

(ilu)

(lys)

(trp)

(ura)

Selective Media:

These were used to test for the nuitritional

requirements of isolated spore clones. As for SD with

the required supplement(s) sterilized separately and

added to the following concentrations.

Supplement

adenine

histidine

isolevcine

lysine

tryptophan

uracil

SM:

Sporulation medium (MONTENECOURT, KUO and LAMPEN,

1973) 0.25% yeast extract, 0.1% glucose, 1% potassium

acetate, 1.5% agas.

For solid medium 2% Difco agar was added unless

otherwise noted.

Growth Conditions

Growth on solid medium was in 100 x 15 mm or 60 x

15 rom petri dishes. Liquid culture was in 100 x 15 mm

screw capped. culture tubes containing approximately 4 ml

of medium o All cultures were incubated in the dark at 300

unless otherwise noted.
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Mating

Twenty-four hr. YPD broth cultures of mating type

a and mating type ~ were mixed and incubated at 30° for a

further 24 hr. A 0.1 ml aliquot was appropriately diluted

and dilutions were spread on SD solid medium. Diploid

clones were evident after 48 hr. at 30°.

Replica Plating

Replica plating was carried out according to

LEDERBERG and LEDERBERG (1952). When replica plating a

series of plates from the same velveteen impression, plates

conta,ining rich media were replica plated last.

Sporulation

Diploid strains were induced to sporulate by a

method modified from MONTENECOURT at al (1973). The super

natant medium was decanted from a 24 hr. YPD broth culture

of a diploid strain. The yeast pellet remaining was

resuspended with residual medium, decanted onto solid

sporulation medium (60 x 15 mm plates) and spread. Sporu

lation was microscopically ,detectable after 48 hr. incuba

tion at 30°. Microdissection was carried out after five

days incubation.

Snail Gut Enzyme Preparation

Commercial snail gut preparation was diluted 1:8

with a mixture of 50% v/v phosphate buffer (0.1 M KH2 P04•

ph 4.5) and 50% v/v distilled water. This mixture was
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passed through a O.454Millipore filter (Millipore Corp.,

Bedford, Massachusettes). Aliquots (0.2 ml) were stored

at 5° in sterile screw cap glass tubes until required.

Micromanipulation and Tetrad Analysis

Ascus digestion:

One loopful of sporulation culture was transferred

to a 0.2 ml aliquot of sterile snail gut enzyme, incubated

at 30° for 4 to 7 minutes and subsequently stored on ice.

Micromanipulation:

Tetrads were dissected according to the method of

JOHNSTON and MORTIMER (1959) with the following modifica

tiron. Tetrads were dissected on non-nuitrient agar (2%)

rather than nuitrient agar, to facilitate dissection,

using a Leitz Laborlux microscope (Ernst Leitz, Wetzlar,

Germany) fitted with a X20 f = 40 mm objective lens (Nippen

Kogak'u, K.K., Tokyo). The microneedle was held in a moving

stage apparatus purchased from William J. Hacker and

Company Incorporated, West Caldwell, New Jersey.

Clones from dissected spores were transferred to

YPD masterplates as point innocula for further testing.

Vegetative Segregational Analysis

After 24 hr. growth in YPD broth cells were diluted

with sterile distilled H20 and plated onto solid YPD medium

at a density of 150~200 cells per plate. Vegetative clones

arose after 48 hr. incubation at 30°. Replica plating was
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then carried out with replicate clones scored for growth

after 2-4 days incubation at 30°.

Assay of Killing and Resistance

The ability to kill was assayed essentially as

described by SOMERS and BEVAN (1969). Colonies grown on

YPD solid medium were replica plated to YPDK solid medium

which had been previously spread with a lawn of the sensi

tive strain, s14. Resistance to killing was checked by

streaking the killer strain K12 onto YPDK solid medium

which had been previously spread with a lawn of the strain

to be tested. Plates were then incubated for 24 hr. at

)0°. In each case killing is indicated by a clear zone

surrounding the killing s·train which is surrounded in turn

by growth of the lawn of sensitive cells.

Curing of the Ability to Kill

Cycloheximide Treatment: (FINK and STYLES, 1972)

The strain to be cured was plated onto YPD-CYH

solid medium at a concentration of 500-600 cells per plate

and incubated at 30° for 48 to 72 hr. Colonies which grew

up were thell assayed for killing and resistance.

Heat Treatment: (WICKNER, 1974B)

The strain to be cured was innoculated into 75 ml

of sterile YPD broth and incubated with shaking at 40° for

48 hr. At 24 and 48 hr. 0.2 ml aliquots were diluted in



48

sterile distilled water, plated on YPD solid medium and

incubated at 30° for 48-72 hr. Alternatively the strain

to be cured was plated onto YPD solid medium, at a density

of 500-600 cells per plate and then incubated at 40° until

colonies grew up. In either case when colonies appeared

they were assayed for killing and resistance.

Ethidium Bromide Mutagenesis

Ethidium bromide mutagenesis was carried out

according to a method modified from GOLDMAN et al (1970).

Yeast were innoculated into YPD broth containing either

10)&g/ml or 50Atg/ml of ethidium bromide and grown at 30°

for 24 hr. Aliquots (0.2 ml) were then diluted in sterile

distilled water, spread onto solid YPD medium and incuba~~d

for 72 hr. at 30°. In addition aliquots (0.2 ml) were

transferred into fresh YPD broth again containing either

10~g/ml or 50~g/ml of ethidium bromide and grown for a

further 24 hr. Aliquots from these tubes were then d.iluted,

plated and incubated as above.

Colonies that grew up after 72 hr. were subcultured

to YPD solid medium for further testing.

CHEMICALS

Bacto~agar, Bacto-peptone, Bacto Yeast Extract,

Yeast nitrogen base w/o amino acids and Dextrose were

purchased from Difco Laboratories, Detroit, Michigan.

Glycerol, amino acids, adenine and uracil were
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purchased from BDH (Canada), Laboratory Chemicals Division,

Toronto.

Cycloheximide was purchased from The Upjohn Company,

Kalamazoo, Michigan.

Dipotassium hydrogen phosphate was purchased from

the Fisher Scientific Company, Fairlawn, New Jersey.

Citric acid was purchased from Calbiochem, Los

Angeles, California.

n (+) glucosamine hydrochloride, ethidium bromide,

erythromycin and oligomycin were purchased from Sigma

Chemical Company, St. Louis, Missouri.

Paromomycin sulfate was the generous gift of

Parke Davis and Company, Detroit, Michigan.

venturicidin was the generous gift of Dr. D.E.

Griffiths, Dept. of Molecular Sciences, University of

Warwick, Coventry.
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CHAPTER 3

RESULTS

PHASE 1

The yeast strains GR6 and GR10 were previously

shown to exhibit non-Mendelian inheritance of glucosamine

resistance. It was tentatively concluded that the lesions

involved were situated on mt DNA (EliliIOT, 1975; ELLIOT and

BALL, 1975). Although the patterns of inheritance of

glucosamine resistance in GR6 and GR10 were found to be

consistent with those of mitochondrial mutants their

identity as such was not unequi'Vocally established.

A number of cytoplasmic, non-mitochondrial, genetic

determinants have been described in yeast. These display

inheritance patterns which are similar to those of mito

chondrial mutants. Thus the need to search for differences

between the genetic behaviour of the cytoplasmic, glucosa

mine resistant (GR) mutations and that of known mitochon

drial mutations was apparent (see also Lit. Review).

Accordingly the first phase of this study was

designed to: (A) compare the behaviour of GR6 ~~d GRlO

to that of mitochondrial mutations in the same genetic

crosses and (B) to determine whether or not the cytoplasmic

GR mutations were located on rnt DNA.
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GR-Mitochondrial Marker Crosses

Both GR6 and GR10 were crossed to the erythromycin

resistant strain X11 and to the oligomycin resistant strain

Ai]. Essentially equivalent results were obtained when

either GR6 or GR10 was crossed to the same strain (TABLE 2).

All of the diploids scored from each cross were glucosamine

resistant and many of the clones tested appeared to possess

the particular mitochondrial marker involved in the cross.

The clones which exhibited mt DNA directed drug resistance

were therefore expected to be capable of growth on medium

containing both glucosamine and the particular drug involved.

However in the crosses to A13 (OR) approximately 32% of the

expected double resistant clones were not able to grow on

glucosamine and oligomycin together. More notably none of

the clones derived from crosses to Xl1 (ER) displayed

resistance on medium containing both glucosamine and

erythromycin. This type of "detrimental phenotypic inter

action" had not been reported as characteristic of mito

chondrial crosses.

Following the dissection of sporulated diploids

from the crosses of GR6 and GR10 to Xll and Al) it was

found that only the cross of GR10 to A13 (GR x OR) produced

viable tetrads. A doubly resistant diploid (GROR) had been

chosen and sporulated. Unexpectedly not one of the spores

tested was resistant to oligomycin. Glucosamine resistance

segregated as in TABLE 3. Rather than the 4:0 (resistant:

sensitive) tetrad ratios characteristic of the segregation



52

TABLE 2

Frequencies of resistances* in diploids
from the crosses of GR6 and GR10 to A1) and X11

Diploids

GR6/A13

GR10/A1]

1.000

1.000

0.922 0.632

0.924 0.600

Total colonies
scored

358

383

GR6/Xl1

GR10/Xl1

1.000

1.000

0.889

0.855

0.000

0.000

380

352

* Frequency of resistance = (# resistant colonies/# YPG+
colonies)

GR6 and GR10 were Ol GRESOS • A1) was a GSESOR and
X11 _ was a GSEROS •
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of a mitochondrial marker, ratios of 3:1, 2:2 and 1:3

(resistant:sensitive) were observed. In addition two

degrees of glucosamine resistance, weak and strong, were

noted. Both types of resistance could be present in the

same tetrad along with sensitivity to glucosamine. This

response is generally atypical of the resistance displayed

by mitochondrial mutants following tetrad analysis in

yeast.

When the tetrads were scored for weak or strong

growth (see legend, TABLE 3) a variety of tetrad ratios

was obtained (TABLE 3).

GR-Derivative-Mitochondrial Marker Crosses

Secondary mutations which decreased the frequency

of spore germination appeared to be present in both GR6

and GRiO. These strains were therefore crossed to D22

(GS ) in an attempt to acquire derivatives which lacked

the secondary mutations. From each cross two glucosamine

resistant derivatives were chosen and each was mated to

A1) (OR) and X11 (ER). As before all diploids tested were

glucosamine resistant and the majority scored also

appeared to carry the particular mitochondrial marker

involved in the cross (TABI,E 4). The inability of potential

doubly resistant diploids to grow on glucosarnine and olig

omycin or erythromycin was again noted. As in the previous

crosses detrimental phenotypic interaction was more severe

in the case of erythromycin resistance.
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TABLE 3

Tetrad analysis of glucosamine resistance
in the cross GR10 x Ai)

Scored for*
Total

Tetrads
% Te·trad

ge:r~mination

Weak & strong
resis,tance 0 3 10 3 0 16 66

Weak
Resistance 0 0 2 10 4

Strong
Resistance 0 0 4 10 2

* strong resistance: the degree of resistance displayed by the
parental strains GR6 and GR10.

Weak resistance: less growth than that displayed by GR6
and GR10 but unequivocally resistant when
compared to a sensitive strain which
showed no growth at all.

t Only true tetrads, as judged by segregation of nuclear markers,
were scored.
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TABLE 4

Freotlel'lcies of resistances i.n diploids from the
crosses of GR6 and GR10 derivatives to Ai) and X11

GR OR GROR Total colonies
Diploids* scc)red

D6-26c/At) 1.000 0.938 0.755 212

D6-37B/A13 1.000 0.949 0.721 159

Dl0-21B/A13 1.000 0.92:1. 0.906 64

Dl0-22B/A13 1.000 0.611 0.414 4)8

GR ER GRER

D6-26CjXl1 1 0 000 0.954 0.000 199

D6-37B/Xl1 1.000 0.974 0.000 199

Dl0-21B/Xl1 1.000 0.916 0.000 12

Dl0-22B/Xl1 1.000 0.773 0.000 195

* The designation D6 or DiG indicates a derivative of the
GR6 x D22 cross or the GRiO x D22 cross respectively.

All D6 and Di0 derivatives were I( GRESOS• Ai) was

a GSESOR and Xii was a GSEROS•
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When the GR10-derivative Dl0-22B (GR) was crossed

to Al) (OR) and Xll (ER) the oligomycin and erythromycin

markers appeared at lower frequencies than when GRlO had

been crossed to the same two strains (TABLE 4). As shown

by the data the GR10 derivative Dl0-21B was a very poor

mater and no significance has been given to the crosses

involving this strain due to the small number of diploids

scored. The GR6-derivative crosses also displayed differ

ences in the frequencies of mitochondrial markers observed

in diploids as compared to the crosses involving GR6.

These differences could be attributed to nuclear influence

and/or mitochondrial dosage effects (see Lit. Review,

section B). However the frequency of glucosamine resis

tance was apparently not affected by those factors which

altered the output fractions of the mitochondrial markers.

Upon attempting tetrad analysis it was noted that

only crosses involving the GR10-derivatives produced viable

tetrads. Diploids resistant to glucosamine and oligomycin

together were sporulated but unfortunately no such double

resistant diploids were obtained from the GR10-derivative

Xli crosses (GR x ER). In an attempt to acquire suitable

GRER diploids coincident resistant clones from glucosamine

and erythromycin plates were subcultured onto YPD solid

medium and retested for resistance after 24 hr. A small

number of clones were then capable of growth on medium

containing both glucosamine and erythromycin. In a very

few instances both the clone originally selected from the
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glucosamine plate and the coincident clone from the erythr

omycin plate displayed double resistance (GRER). The

former clones were sporulated.

Both oligomycin and erythromycin resistance consis

tently segregated 4:0 (resistant:sensitive) and growth on

the drug plates was heavy. However glucosamine resistance

was again present in a range of tetrad ratios with two

degrees of resistance apparent (TABLE 5).

The detrimental phenotypic interaction was observed

in haploid spore clones from the GR10-derivative crosses

to A1) (GR x OR) albeit very much reduced. Two spore

clones out of 130 potential doubly resistant haploids

were unable to grow on glucosamine and oligomycin together.

From the GR10-derivative crosses to X11 (GR x ER) not one

of 104 potential double resistant haploids was capable of

growth on glucosamine and erythromycin together despite

the fact that the diploids sporulated were apparently

doubly resistant (GRER).

The results of the above crosses indicated that

glucosamine resistance was behaving differently from

known mitochondrial markers. However in each of the

previous crosses only one mitochondrial mutation was

involved. A multiple mitochondrial marker cross involving

a GR strain would permit a comparison between the vegetative

segregation of glucosami.ne resistance and that of several

mitochondrial mutations simultaneously.



TABLE 5

Tetrad analysis of glucosamine, erythromycin and oligomycin resistance
in the crosses of Dl0-21B and D10-22B to Ai) and Xli

Total %tetrad
Strain 4:0 '3:1 2:2 1'~ 0:4 tetrads germination• J

Dl0-21B/A13 6' (24)~ 7 8 :3 0 24 80

Dl0-22B/A13 9 (16) 4 3 0 0 16 53

Dlf)-21B/X 11 o (18) 10 7 0 1 18 60

Dl0-22B/Xl1 10 (26) 15 1 a 0 26 86

li1
00

* Only true tetrads, as judged by segregation of nuclear markers, were scored.

t Haploid spore clones were scored glucosamine resistant if they displayed
growth ~ weak resistance.

t Number of tetrads scored per tetrad class for ERyR and OLI R are given in
brackets only for the classes in which resistance occurred.

All DiO derivatives were_GRESOS• Ai) was a GSESOR and X11 was a GSEROS •
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GR-Drivative-Multiple Mitochondrial Marker Cross

A haploid derivative of GRi0, A35-1B, capable of

growth on glucosamine and oligomycin together was mated to

an erythromycin-paromomycin resistant haploid ESP1-1B.

While the frequencies of the mitochondrial markers varied

from cross to cross glucosamine resistance appeared con

sistently in all diploid clones (TABLE 6). No clones

tested were capable of growth on medium containing glucosa

mine plus all three drugs. Thus these crosses corroborated

previous data which showed that factors which altered

mitochondrial marker output did not affect the observed

frequency of glucosamine resistance.

Tetrad analysis was accomplished by sporulating a

coincident resistant clone from each of the four test

plates. In general mitochondrial markers segregated 4:0

or 0:4 (resistant:sensitive) as expected while glucosamine

resistance again displayed a range of tetrad ratios (TABLE

7). When diploids from one of the three drug plates were

sporulated the mitochondrial resistance to the particular

drug always segregated 4:0 (resistant:sensitive). However

that specific mitochondrial marker might also segregate

0:4 (resistant:sensitive) when the clone was chosen from

a different drug plate. This indicated that selection of

mitochondrial markers was occurring. The notable feature

of the analysis was that regardless of the test plate the

sporulated diploids were chosen from every tetrad examined



TABLE 6

Frequencies of resistances in diploids from the cross ESP1-1B x A35-1B

Cross
Number

1

2

GR

1.000

1.000

ER

0.885

0.900

OR

0.996

0.983

pR

0.786

0.858

GRERORpR

0.000

0.000

Total colonies
scored

262

120

0'\
o

Diploids were tested on medium containing either glucosamine, erythromycin,
oligomycin or paromomycin separately and on medium containing glucosamine plus
all three d~gs together. The cross was ESP1-1B (<< GSEROSpRK-) x
A35-1B (a GRESORpSK+).



TABLE 7 - Legend

* No diploids from this cross were capable of growth on
medium containing all four inhibitors (See Table 6).
However in many cases a single diploid clone was able
to grow on the four separate test plates. A coincident
resistant clone from each of four test plates was
sporulated. The four sets of tetrads derived were then
scored for resistance to glucosamine, erythromycin,
oligomycin and paromomycin.

i-Haploid spore clones were scored glucosamine resistarlt
if they displayed growth ) weak resistance.

*Only true tetrads, as judged by segregation of nuclear
markers, were scored.

The cross was ESP1-1B (- GSEROSpR) x A35-1B ( a GRESORpS).



rrABLE 7

Tetrad analysis of the cross ESP1-1B x A35-1B
.~ ......~", • Ii

Coincident resistant Total %Tetrad Resistance Tetrad classes scored (R:sl*
clones* selected from Tetrads germination scored 4:0 3:1 2:2 1:3 0:

Glucosamine plate 8 80 GR -t 6 2 0 0 0
R 4 0 0 0 4E

OR 4 0 0 0 4
pR 1 0 0 0 7

Erythromycin plate 5 50 GR 5 0 0 0 0

ER 5 0 0 0 0 0\

OR N
0 0 0 0 5

pR 0 1 0 0 4

Oligomycin plate 6 60 GR 0 3 3 0 0

ER
1 0 0 0 5

OR 5 1 0 0 0
pR 1 0 0 0 5

Paromomycin plate 3 30 GR 2 1 0 0 0

ER
1 0 0 0 2

OR 0 0 0 0 3
pR 2 1 0 0 0

GR 13 6 3 0 0

ER
11 0 0 0 11

Total tetrad classes scored OR 9 1 0 0 2
pR 4 2 0 0 16_.
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contained glucosamine resistant spores. Therefore

selection for- mitochondrial markers did not affect glucosa-

mine resistance.

The two degrees of glucosamine resistance were

always apparent while growth due to mitochondrial mutations

was in general thick and confluent. One tetrad examined

produced spores capable of growth on each of the four

different test media. However the haploid spore clones

we're unable to grow on medi urn co,ntaining all three drugs

plus glucosamine.

This data reinforced previous suspicions that the

glucosamine resistance mutation was being transmitted

independently of the mt DNA.

Vegetative Segregation of Glucosamine Resistance and

r\~i~tocll0ndrial rJIarkers During Prolonge Growth

If glucosamine resistance was coded for by a

genetic entity separate from mt DNA then differential

segregation of the two determinants might occur upon pro

longed growth. To test this possibility glucosamine

resistant diploids, also possessing a mitochondrial marker,

were selected from the crosses of GR6 and GR10 to A1) (OR)

and X11 (ER). They were grown for 24 hr in YPD broth and

a 0.2 ml was then innoculated into fresh YPD broth and

incubated for a further 24 hr. Aliquots were then diluted

and plated on YPD solid medium and after 48 hr diploid

clones were subcultured to YPD solid medium and incubated

for a further 24 hr. Frequencies of resistance were then

tested.
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When diploids from the crosses of GRiO and GR6 to

At) (OR) were scored a decrease in the frequency of oligo

mycin resistance was noted (TABLE 8, compare to TABLES 2,

4 and 6). A similar effe t was observed for erythromycin

resistance in diploids from the cross of GR6 to Xli (ER).

The frequency of erythromycin resistance in GR10/X11

diploids did not decrease significantly and in this case

virtually all diploids were capable of growth on glucosa

mine and erythromycin together. In all cases there was

no significant decrease in the high frequency of glucosa-

mine resistance previously observed.

Thus glucosamine resistance appeared to be segre

gating independently of mitochondrial markers present in

the same diploids.

Ethidium Bromide Treatment

Treatment with 50~g/ml ethidium bromide (E.B.)

for 24 hr should completely eliminate mt DNA (SAUiDERS,

GINGOLD, TREMBATH, LUKINS AND 'LINNANE, 1971). If the

lesion bestowing glucosamine resistance was present on

mt DNA then the resistance should be lost following such

treatment.

A haploid derivative GRiO, A35-1B which had

consistently displayed simultaneous resistance to glucosa

mine and oligomycin, was treated with 10.-g/rnl and 50«g/ml

E.B. as detailed in Materials and Methods. Growth in

l0Atg/ml E.B. converted the majority of haploids scored to

petites while treatment with 50~g/ml E.B. induced the
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TABLE 8

Vegetative segregation of glucosamine and
oligomycin or erythromycin resistances

during prolonged growth on YPD

Diploids* GR OR GROR

GR6/A13 0.990 0.045 0.045

GR1()/A13 0.994 0.219 0.213

GR ER GRER

GR6/Xl1 1.000 0.017 0.000

GR10/Xl1 1.000 0.792 0.780

Total colonies
scored

308

314·

300

314·

* Diploids were glucosamine resistant and carried the
particular mitochondrial marker involved-in the original
cross (See TABLE 2). They were selected from YPD
master plates.

Diploid strains GR6/A13, GR10/Ai3, GR6/Xl1 and GR10/Xl1
were grown for 24 hr in YPD broth. A 0.2 ml aliquot was
then innoculated into fresh YPD broth and incubated for
a further 24 hr. Aliquots were then diluted and spr-ead
onto solid YPD medium, incubated for 48 hr and resultant
clones were subcultured onto YPD solid medium. After
24 hr incubation the clones were tested for resistance.
Incubation temperature was 300.
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petite mutation in all haploids scored (TABLE 9). Petites

derived from the treatments were mated to 814, a glucos~~ine

and oligomycin sensitive strain, in order to recover any

resistance mutations still present (WILKIE and THOMAS,

1968B). Over 98% of the diploids from these crosses

displayed some degree of glucosamine resi.stance (TABLES

lOA-D). This ranged from the microcolony type l to thick,

confluent growth. The overall resistance to glucosamine

was somewhat weakened, but not eliminated, after the

50~/ml E.B. treatment. Oligomycin resistance was

retained only after the mildest of the treatments (10M g/ml/

24 hr) and this occurred in less than ~ft of the diploids

examined in that case. Thus after exposure to concentra

tions of E.B. capable of eliminating all mt DNA glucosamine

resistance persisted. These results provided strong

evidence that the cytoplasmic glucosamine resistance

mutation was not situated on mt DNA.

1 Small colonies within the innoculum perimeter
( ELLIOT, 1975).
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TABLE 9

Frequency of petite induction by ethidium bromide
treatment of the haploid A35-1B

Ethidium bram,ide
concentration Duration of Frequency of Toi;al colonies

(~g/ml) treatment (hi-) petite colonies* scored

10 24 0.823 245

10 24 + 2Lt, 0.856 256

50 24 1.000 225

50 24 + 24 1.000 294

* Frequency of petite colonies = (# YPG- colonies/# YPD+ colonies).

The haploid strain A35-1B (a GROR ) was innoculated into
YPD broth containing ei ther' 10).( g/ml or S0M, g/ml of ethidium
bromide and grown for 24 hr. Aliquots (0.2 ml) were then
diluted in sterile distilled water, spread onto solid YPD
medium and incubated for 72 hr. In addition aliquots (0.2 ml)
were innoculated into fresh YPD broth again containi.ng either
10~g/ml or 50~g/ml of ethidium bromide and grown for a further
24 hr. Aliquots from these tubes were then diluted, plated and
incubated as above. Colonies that grew up after 72 hr were
subcultured to YPD solid medium and then tested for the petite
phenotype. Incubation temperature was 300.
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TABLE 10A

Vegetative segregation of resistances in diploids
from the crosses of ethidium bromide (E.B.)

induced petites from A35-1B to s14

E.B. treatment
10~g(ml - 24 hr

GROR rrotal colonies
Diploid G~ OR scored

A14/A35-1Bl--jAl 124 " 0 124t:....

A2 113 0 0 113

A3 119 0 0 119

A4- 129 35 12 129

A5 120 13 2 120

A6 128 0 0 128

A7 130 0 0 130

A8 129 0 0 129

A9 133 0 0 133

A10 133 0 0 133

To"tals 1,258 50 14 1,258

Tables 10A-D: Selected petites derived from ethidi~m bromide
treatments of A35-1B (a GRaR) were mated to S14 (_GSOS).
After 24 hr incubation aliquots (0.2 ml) of the mating mixture
were appropI"'iately diluted a11d plated on mi!1irnaJ_ mediuln.
After 72 hr incubation the diploids that arose were sub
cultured to YPD solid medium, incubated for 24 hr and tested
for glucosamine and oligomycin resistance. Incubation temper
ature was 300 •
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TABLE lOB

Vegetative segregation of resistances in diploids
from the crosses of ethidiu~ bromide (E.B.)

induced petites from A35-1B to S14

E.B. trea~tment

10~g(ml - 24;- 24 hr To·tal colonies

Diploid GR OR GROR scored

S14/A35-1BP-/Bl 120 0 0 122

B2 124 0 a 124

B3 129 0 0 129

B4 108 0 0 113

B5 115 0 0 115

B6 108 a 0 109

B7 50 0 0 52

B8 98 0 0 98

B9 92 0 0 97

B10 105 0 0 105

'I'otals 1,049 o o 1,064

For procedure see legend TABLE lOA. A35-1B ( a GROR) ,
814 (OlG808 )o
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TABLE lOC

Vegetative segregation of resistances in diploids
from -the crosses of ethidium bromide (E.B.)

induced petites from A35-1B to 814

E.B. treatment
50.M.g/ml - 24 hr Total colonies

Diploid GR OR GRaR scored

S14/A35-1BP-/Cl 54 a 0 54

C2 108 0 0 109

C3 113 0 0 113

C4 112 a a 112

C5 118 0 0 118

C6 114 0 0 111+

C7 112 0 0 112

C8 114 0 0 111."

C9 113 0 0 113

C10 114 0 0 114

Totals 1,069 o o 1,070

For procedure see legend TABLE iOA. A35-iB ( a GRaR) ,
SlL~ (c GSOS ) •
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TABLE lOD

Vegetative segregation of resistances in diploids
from the crosses of ethidium bromide (E.B.)

induced petites from A35-1B to 814

E.B. treatment
50 g/ml - 24 + 24 hr Total colonies

Diploid GR OR GROR scored

S14/A35-1BP-/D1 114 0 0 114

D2 114 0 0 114

D3 114 0 0 114

D4 114 0 0 114

D5 113 0 0 114

D6 114 0 0 114

D7 111 0 0 111

D8 112 0 0 112

D9 102 0 0 102

D10 90 0 0 90

Totals 1,098 o o 1,099

For procedure see legend TABLE lOA. A35-1B ( a GROR) ,
s14 (te.GSoS).



Plate 1. The two degrees of glucosamine resistance and
the detrimental phenotypic interaction.

a) This shows heavy confluent growth on erythromycin
medium of erythromycin resistant haploid spore
clones obtained by tetrad dissection of diploids
from the cross D10-22B (~GRES) x X11 (aGSER).

Note that all ·tetrads are 4:0 (resistant:sensitive).

b) Thi S Sl10WS growth on glucos81nine mediurn of the same

haploid spore clones as in (a).
i) strong resistance to glucosamine.

ii) weak resistance to glucosamine.
iii) sensitivity to glucosamine.

c) This shows complete absence of growth, on medium
containing glu,eosamine and erythromycin together,

of the same haploid spore clones as in (a) and
(b). Since all haploid spore clones were erythro-
mycin resistant (::t,) anc] the rnaj ority were ellso

stl~O!lg1y resistant to glucosanline (b) this

detrimental phenotypic reaction is unexpected.



(a)

(b)

(c )
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PHASE 2

Detailed investigation of the patterns of inheri

tance of glucosamine resistance as compared to the

behaviour of mitochondrial markers in the same crosses

revealed the following features. Glucosamine resistance

was found in virtually all diploids scored whereas mito

chondrial marker output fluctuated from cross to cross.

A detrimental phenotypic interaction was observed when

glucosamine resistant diploids which also possessed a

mitochondrial antibiotic resistance mutation were grown

on medium containing both glucosamine and the particular

drug involved. This phenomenon was also found in haploids

derived from the aforementioned diploids. Tetrad analysis

demonstrated the occurrence of a range of tetrad ratios

for glucosamine resistance while mitochondrial markers

consistently segregated 4:0 (resistant:sensitive). In

addition, two degrees of glucosamine resistance, weak and

strong, were noted in haploid spore clones while mt DNA

directed drug resistance resulted in heavy, strong growth.

Prolonged growth of glucosamine resistant diploids,

carrying a mitochondrial marker, revealed differential

segregation of the two resistances with time. Finally,

ethidium bromide treatmerlt harsh enough to elimina,te all

mt DNA caused the loss of oligomycin resistance but not

glucosamine resistance in a doubly resistant haploid

CGROR) •
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These observations were inconsistent with the idea

of the cytoplasmic glucosamine resistance mutations bei.ng

located on rot DNA. Rather the results indicated the exis

tence of a genetic entity, separate from mt DNA, which

coded for glucosamine resistance. However other such

determinants had been described in Saccharomyces cerevisiae

(see Lit. Review). Thus the second phase of this study

was designed to (A) attempt to determine whether or not

the factor endowing glucosamine resistance, in GR6 and

GR10, was one of the previously described non-mitochondrial,

cytoplasmic, genetic determinants and (B) to investigate

the similarity of the GR6 and GR10 factors.

Comparison to Killer Plasmid

Although the behaviour of glucosamine resistanc

at meiosis differed from the segregation of mitochondrial

markers the range of tetrad ratios observed was similar to

that sometimes displayed by the killer phenotype at meiosis

(see BEVAN and SOMERS, 1969; TABLES 1, 4 and 5). Further-

more the ability to kill was found to be insensitive to

ethidium bromide treatment (BEVAN at aI, 1969; FINK and

STYLES, 1972).

When the glucosamine resistant strains utilized in

this study were tested all were found to be killers. Heat

treatment and growth on YPD medium containing cycloheximide

were shown to effectively Hcurefl killer strains and convert

them to sensitives (FINK and STYLES, 1972; WICKNER, 1974B).

Various glucosamine resistant strains were therefore

subjected to both curing methods and it was observed that
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while curing of the killer phenotype occured, glucosamine

resistance was not lost (TABLE 11). Growth on cyclohexi

mide resulted in petite induction in the strain D6-26c.

However when cured petites were crossed to Xll (GS ) glucos

amine resistance was recovered in all diploids scored

(TABLE 12).

To determine if the absence of the killer pheno

type affected the behaviour of glucosamine resistance the

GR derivative multiple marker cross of phase 1 was repeated

utilizing a heat cured (K-) derivative of A35-1B (GROR).

There appeared to be no effect on the frequency of glucosa

mine resistance nor on the output of mitochondrial markers

(TABLE 13). The results of the cross were comparable to

those of TABLE 6 both in the frequency of glucosamine

resistance and the output of the mitochondrial markers.

Comparison to Episomal Determinants

The yeast episomes reported to date (See Lit.

Review) have both displayed resistance to venturicidin.

The episome described by GUERINEAU et al (1974) also

provided resistance to chloramphenicol and oligomycin.

Both GR6 and GR10 were previously shown to be sensitive

to chloramphenicol and oligomycin (ELLIOT, 1975) and these

findings were verified during the course of this study.

In addition, all glucosamine resistant strains involved

in this investigation were tested on medium containing

venturicidin. No resistance to venturicidin was observed.
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TABLE 11

The frequencies of the killer phenotype and
glucosamine resistance in glucosamine resistant

strains subjected to killer curing methods

strain

GR6

GRiD

D6-26c

D10-21B

K+ GR Total colonies
Treatment* scored

CYH 0.020 1.000 258

HEAT 0.240 1.000 378

CYH 0.060 1.000 300

HEAT 0.220 1.000 400

CYH 0.490 t 300

HEAT 0.160 1.000 300

CYH 0.140 1.000 195

HEAT 0.800 1.000 20

* CYH: Cycloheximide treatment
HEAT: Heat treatment

t All haploids scored were of the petite phenotype.
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TABLE 12

Frequency of glucosamine resistance in diploids
from the crosses of cycloheximide induced

killer-cured petites of D6-26C to X11

GR Total. cc)lonies
Diploid scored

D6-26cp-K-/Xl1/1 1.000 195

/2 1.000 200

/3 1.000 100

Recovery of glucosamine resistance as in legend to
TABLE lOA. n6-26C ( GRK+), Xli (a GSK-).



TABLE 13

Frequencies of resistances in diploids from
the cross of killer cured A35-1B to ESP1-1B

Diploid GR

ESP1-1B/A35-1B 1.000

F R
"-'

0.789

OR

1.000

pR

0.678

GRERORpR

0.000

rrotal colonies
scored

199

-.....J
\.0

Tested as described in the legend to TABLE 6. The cross was ESP1-1B
(_GSEROSpRK-) x A35-1B (a GRESORpSK-)e
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The URE-3 Determinant and the ~ Factor

Suitable strains possessing either the URE-3

determinant or the' factor could not be obtained.

Therefore it was not possible to make direct comparisons. 1

Crosses of GR6 to GR10 Derivatives

The results of crosses of GR6 and GR10 to strains

bearing known mitochondrial markers indicated that the

glucosamine resistance mutations in the two strains

behaved similarly. Crosses of GR6 to GR10 derivatives

were initiated to investigate the compatability of the

two factors when present in the same strain. Due to the

secondary mutations present in GR6 suitable derivatives

could not be isolated and the reciprocal cross (GR10 to

GR6-derivatives) could not be performed.

W'hen the diploids from the GR6 x GR10-derivative

crosses were scored virtually all were found to be resistant

to glucosamine (TABLE 14). This suggested that the two

factors were not antagonistic. Thus the behaviour of

glucosamine resistance in diploids containing the GR6 and

GR10 factors together appeared similar. if not identical,

to its behaviour in diploids carrying either factor (GR6

or GR10) alone.

When tetrad analysis was attempted no viable tetrads

arose after the dissection of 64 asci. This very poor

germination was attributable to the secondary mutations

in GR6.

1 See Appendix C.
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TABLE 14

Frequencies of glucosamine resistance in diploids
from the crosses of GR10 derivatives to GR6

GR Total. colonies
Diploids scored

GR6/10LR-3C 1.000 303

GR6/10LR-7A 1.000 297

GR6/10LR-14C 0.997 )22

GR6/10LR-16C 1.000 295

Diploids were constructed by mating GR6, OC (GGM-6~
to four different derivatives, arGGM-10R] from
the cross of GR10 (0( GR ) to LR-i4C (a GS ). The
diploids were subcultured to YPD solid medi~m from
solid minimal medium, incubated for 24 hr at 300
and then tested for glucosamine resistance.
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CHAPTER 4

DISCUSSION

The Non-Mendelian Nature of the Glucosamine Resistanc~

Mutations

The high transmission (100%) of glucosamine

resistance noted in all crosses of this study was sugges

tive of nuclear inheritance. However the following obser-

vations noted by ELLIOT (1975), and where indicated

verified in this study, have clearly established the cyto

plasmic inheritance of glucosamine resistance in GR6 and

GR1D. Both strains displayed vegetative segregation of

resistance and when they were crossed to glucosamine sensi

tive strains a microcolony response was observed. Tetrad

analysis of parental backcrosses revealed a range of

tetrad classes for glucosamine resistance and all resis-

tant spores showed the microcolony response. The present

study has demonstrated that the distribution of tetrad

ratios for glucosamine resistance can vary from cross to

cross (TABLES 3 and 5) and between groups of diploids

selected from the same cross (TABLE 7). Further indications

of cytoplasmic inheritance included the findings that

sensitive spores could segregate resistant microcolonies

and that microcolony spore isolates placed under severe

selection pressure (growth in GNH broth) could give rise

to resistant isolates which displayed strong confluent

growth 0 This glucosamine resistance could be selectively
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enriched for under strictly vegetative conditions (also

verified during the present investigation, data not

shown). Finally it was demonstrated by ELLIOT (1975)

and during the course of this study that resistance to

glucosamine could be reduced by treatment with ethidium

bromide, an agent which attacks cytoplasmic DNA. These

results were not easily explainable on the basis of

Mendelian inheritance.

It was later suggested by Dr. F. Sherman that

some type of mitotic recombination phenomenon might

account for the vegetative segregation of glucosamine

resistance (see Addendum, ELIJIOT, 1975). However this

explanation would require the postulation of a chromosome

duplication in each of the haploid strains GR6 and GRiO.

Furthermore the necessary nuclear events (mitotic recom

bination and chromosome loss in aneuploids) have been

shown to occur at fairly constant frequencies for given

loci~(for a review see MORTIMER and HAWTHORNE, 1969).

Neither the variation in segregation rates of glucosamine

resistance, within or between strains, nor the frequencies

of abberrant tetrad ratios would be expected on a nuclear

basis unless, as pointed out by ELLIOT (1975), several

different glucosamine resistance loci present in the same

haploid were simultaneously subjected to chromosome dupli

cation. If this were the case it might explain vegetative

segregation, the enrichment of glucosamine resistant

isolates and the occurrence of non-Mendelian tetrad ratios.
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However it would not explain the simultaneous observations

of 4:0, 3:1, 2:2, 1:3 and 0:4 (resistant:sensitive)

tetrads noted by ELLIOT (1975) nor the varying distribu-

tions of tetrad ratios, between crosses or within selected

groups of diploids from a single cross, observed in the

present study (TABLES 3, 5 and 7).

Undoubtedly an exceedingly complex and highly

coincidental nuclear model could be proposed to account

for the above findings but the simplest and most consistent

explanation, easily fitting the data of this study and

ELLIOT (1975) involves the cytoplasmic inheritance of

mixtures of glucosamine resistance and sensitivity con-

ferring genetic determinants. The high transmission of

glucosamine resistance in the crosses of this study can

be accounted for by noting that GR6 and GR1D were highly

enriched (five successive growth periods in or on glucosa

mine medium) prior to mating. Thus they probably contained

large proportions of the glucosamine resistance conferring

determinants. The derivatives of GR6 and GR10 were always

selected from glu·cosamine plates and were also enriched

on glucosamine medium prior to crosses.

The Non-Mitochondrial Nature of the Glucosamine Resistance
Mutatl0ns

The patterns of inheritance of glucosamine resis

tance were consistent with those of known mitochondrial
-

mutations and the lesions conferring glucosamine resistance

were proposed to be situated on rot DNA (ELLIOT, 1975;

ELLIOT and BALL, 1975). Although the cytoplasmic inheri-
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tance of glucosamine resistance was apparent there were

differences between certain observed phenomena and the

behaviour of mitochondrial markers. Selection for mito

chondrial drug resistance mutations was known to result

in the loss of sensitive mitochondria due to the presence

of the antibiotic (THOMAS and WILKIE, 1968A; BIRKY, 1973).

In the case of GR6 and GR10 glucosamine sensitive deter

minants were apparently maintained during growth on gluco

samine medium. It was suggested that this balance of

resistant and sensitive determinants accounted for the

microcolony response and the isolation of resistant micro

colonies from sensitive spores (ELLIOT, 1975). These

occurrences were atypical of the behaviour of mitochon

drial markers (LUKINS at aI, 1973; WOLF at aI, 1973) but

were attributed to an indirect effect of glucosamine on

mitochondria (ELLIOT, 1975).

More decisive evidence concerning the nature of

the glucosamine resistance conferring determinants was

obtained in the present study by crossing GR6 and G!tlO

or their derivatives to strains bearing known mitochondrial

mutations. Such crosses had not been performed by ELLIOT

(1975). Analysis of the resultant diploid progeny indicated

that the output of mitochondrial markers fluctuated from

cross to cross (TABLES 2, 4, 6 and i). These variations

were attriblltable to nuclear genes (W'OLF et aI, 1973)

and/or mitochondrial dosage effects (PERIMAN and DENIKO,

1974). The consistently high frequency of glucosamine
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resistance () 0.995) in the same diploids indicated that

it was unaffected by factors which altered the mitochon-

drial marker output.

Upon sporulation of these diploids a range of

tetrad ratios was obtained for glucosamine resistance

whereas mitochondrial markers segregated 4:0 or 0:4

(resistant: sensitive) (TABLES 3, 5 and 7). While growth

due to mt DNA directed drug resistance was consistently

heavy and confluent (Platel:a) the same haploid spore

clones displayed weak and strong resistance to glucosamine

(Plate lIb). When tetrads were scored for this weak or

strong resistance a range of ratios was found (TABLE 3).

Diploid clones resistant to glucosamine and to

oligomycin were obtained from the crosses of GR6 and GRiD

(It GROS ) to A13 (aGSOR). Continuous growth of these

diploids for a five day period revealed a differential

segregation of the two resistances with time. Virtually

all diploids tested remained glucosamine resistant while

the frequency of oligomycin resistance decreased notably

(compare TABLES 2 and 9). Similar results were seen for

GR6/Xii diploids regarding erythromycin resistance.

A haploid derivative, A35-1B (aGROR), of a

GR10/Ai) diploid was treated with high concentrations of

ethidium bromide (lO_g/rol and 50Alg/ml) to completely

degrade all mt DNA. Following such treatment oligomycin

resistance was eliminated whereas glucosamine resistance

persisted.
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This result was at odds with data previously

presented by ELLIOT (1975) and ELLIOT and BALL (1975)

which indicated that ethidium bromide treatment (5~g/ml 

24 hr) of 10P3r (an enriched derivative of GR10) elimi

nated glucos&~ine resistance from 98% of the diploid

clones scored.

It should be pointed out that additional attempts

by ELLIOT (1975) to correlate glucosamine resistance with

mt DNA by ethidium bromide treatment produced anamalous

results. A cross of the parental strain 4B2 (GS ) lacking

mt DNA to 10P3r should have produced diploids of homo-

geneous resistance which segregated only homogeneous meiotic

products if glucosamine resistance was due to a rnt DNA

mutation. When 4B2 was treated with ethidium bromide

(5_g/ml - 24 hr) to eliminate mt DNA and a resultant

petite was crossed to 10P3r- glucosamine resistance was

observed in the diploids. However " ••• neither the

increase in vegetative resistance nor the shift towards

greater resistance was of the magnitude that one might

predict". (ELLIOT, 1975). Furthermore when 6L4r (an

enriched derivative of GR6) was treated with ethidium

bromide (5Atg/ml - 24 hr) and a resultant petite crossed

to 4B2 (GS), 99% of the vegetative progeny displayed

glucosamine resistance. In addition spores derived from

these diploids were more resistant than the spores obtained

from crosses of GR6 to 4BL (GS ).

To account for these unexpected results it was
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postulated that the nuclear genes described by WAXMAN

(1973, 1974) and present in the parent of 4B2 were

affecting the transmission of the mitochondrial markers

in the crosses. It was suggested that if 6L4r did not

contain these loci and 4B2 did then the mitochondrial

markers of 4B2 would mimic suppressives. If this were

true and if glucosamine resistance was associated with

mt DNA then the exact opposite results should have been

seen (6L4'-/4B2 diploids being sensitive) since the markers

from 4B2 were sensitive. Recently WAXMAN (1975) provided

evidence that the particular nuclear genes discussed

restricted recombination rather than suppressing mitochon

drial gene expression. Thus explanations involving the

suppression of mitochondrial expression by these nuclear

genes seem inadequate.

Alternatively it was suggested that GS or GR

mt DNA remaIned in the petites selected from 4B2 or 10P3r

and 6L4r respectively. If this were the case it would

have necessitated the preferential retention of glucosa

mine loci following ethidium bromide treatrnent o Such

preferential retention of single mitochondrial loci has

not been reported. Furthermore the presence of wholly

intact mt DNA was ruled out since petite induction was

100% efficient.

Attributing the results of the 6L4~- x 4B2 cross

to high suppressivity of 6L4p- might have been acceptable

had a certain percentage of the diploid progeny been

petite. Apparently this was not the case.
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The data obtained by ELLIOT (1975) with the excep-

tion of the ethidium bromide treatment of 10P)r was not

inconsistant with a cytoplasmic, non-mt DNA location

for glucosamine resistance. Perhaps the anamalous result

was that obtained with 10P)r. Nuclear influences appear

to be at least partially responsible for the various

degrees of glucosamine resistance seen in this study

(Plate lIb, TABLE 3) and may be responsible for the sensi-

tivity in some haploid spore clones. It is conceivable

that the particular petite of 10P)r which was crossed to

4B2 may have been defective in the maintenance of the

glucosamine resistance conferrin,g determinants. In the

present investigation 40 petites were selected, following

ethidium bromide treatment of A35-1B (GROR) and over 4000

diploids tested from the recovery crosses. None of the

petites were suppressive and when the concentration of

ethidium bromide used was 50~g/ml not one of the petites

selected retained the oligomycin resistance marker which

had been present prior to treatment. These results indi

cated that all mt DNA was eliminated yet glucosamine

resistance persisted in over 98% of the diploids examined

(TABLES lOC and D).

Thus glucosamine resistance behaved differently

from known mitochondrial mutations present in the same

stl~ains. Emphasizing this differerlce W84S the detri.mental

phenotypic interaction, a phenomenon not reported for

crosses of mitochondrial markers (Plate 1:c, TABLES 2,
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4, 6 and 13). Some diploids (and haploids) capable of

growth on glucosamine and apparently carrying a known

mitochondrial antibiotic resistance mutation were unable

to grow on medium containing both inhibitors together.

The basis for this interaction is not clear as the same

diploids (and haploids) could grow on medium containing

either inhibitor alone. Nuclear factors may be involved

since the interaction was found to be less severe in

crosses involving A13 than in those involving Xli (TABIJES

2 and 4). Whatever the explanation it does appear to

concern the determinant conferring glucosamine resistance

since the interaction was seen in all crosses, involving

GR6 and GR1D or their derivatives, to strains bearing known

mitochondrial mutations.

Comparison to Known Cytoplasmic Non-Mitochondrial Genetic
Determinants

Phase 1 of this study demonstrated that the cyto

plasmic glucosamine resistance mutations in GR6 and GR10

were not situated on rot DNA. However the uniqueness of

the genetic entity conferring resistance to glucosamine

was not established as other non-mitochondrial cytoplasmic

determinants had been described. These included the killer

plasmid (MAKOWER and BEVAN, 1963) yeast episomes (GUERINEAU

at aI, 1974; GRIFFITHS at aI, 1975), the URE 3 determinant

(LACROUTE, 1971) and the ~ factor (COX, 1965).

Of these the greatest amount of data available

concerned the killer plasmid, a virus-like particle con-
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taining double stranded RNA, which enabled certain strains

of yeast to kill other strains via a diffusible toxin.

While GR6 and GR10 were found to be killers, the results

of Phase 2 indicated that methods which were successful

in curing the killer phenotype did not affect glucosamine

resistance (TABLE 11). When the multiple marker cross of

Phase 1 was repeated utilizing a killer cured isolate of

A35-1B (GROR) the results compared favourably to those

observed when killer was involved in the cross. Neither

the presence nor absence of the killer phenotype affected

the transmission of glucosamine resistance. It was

apparent that the killer plasmid was separate from the

glucosamine resistance conferring determinant.

Both GR6 and GR10 were sensitive to chloramphenicol,

oligomycin and venturicidin. Thus they differed pheno

typically from strains harbouring alleged yeast episomes.

In further contrast to the glucosamine resistance deter

minants the episome described by GUERINEAU at al (1974)

appeared to be nuclear (2:2 segregation, centromere

linkage) with episomal characteristics (apparent migration

from one chromosome to another, loss during vegetative

segregation). As previously described glucosamine resis

tance segregated not only 2:2 but also 4:0, 3:1, 1:3 and

0:4 and did not appear to be associated with particular

nuclear chromosomes carrying hisl or lysl.

The episome reported by GRIFFITHS et al (1975)

demonstrated varying transmission values for venturicidin

resistance in diploids depending on the sensitive strain
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involved in the cross. Furthermore loss of venturicidin

resistance was always accompanied by a conversion to the

petite phenotype while ethidium bromide treatment resulted

in a 50% decrease in the frequency of venturicidin resis

tance.

Glucosamine resistance was consistently highly

transmitted regardless of the sensitive strain involved

in the cross. The instances of glucosamine sensitivity

seen following vegetative segregation (TABLES 8 and 14)

were not accompanied by conversion to the petite pheno

type. Furthermore treatment with ethidium bromide (50. gj

ml) had little effect on glucosamine resistance.

Therefore there appeared to be no relation between

glucosamine resistance and either of the reported episomes.

The URE 3 determinant is known to affect nitrogen

metabolism, specifically the uptake of ureidosuccinic

acid. In addition strains possessing URE 3 have been

reported to grow more slowly than the wild type yeast

(LACROUTE, 1971).

The biochemical data so far available suggests

that the glucosamine resistance mutations in GR6 and GR10

affect sugar transport and not nitrogen metabolism

(MAHESH)IARI, 1976). Separate investigations by MAHESHWARI

(1976) have demonstrated that the growth rates of GR6 and

10P)r (a derivative of GRlO) are nOImal.

Thus the phenotypic differences between the URE 3

- determinant and the glucosamine resistance mutations

strongly suggest that two different genetic entities are
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involved. Direct comparisons have not yet been possible

due to the unavailability of suitable URE 3 strains.1

Although also unable to experimentally compare

glucos~~ine resistance to the ~ factor some differences

have been noted from the literature. The ~ factor has

been found to influence certain class 1 super suppressors

in yeast. It has had no effect 011 growth or gene expres

sion when present in strains lacking these super suppressors

( COX t 1971).

As mentioned previously the glucosamine resistance

conferring determinants appear to affect sugar transport

rather than nuclear phenomena. Their effect does not

seem to be conditional as any respiratory competent strain

possessing these determinants can grow on glucosamine

medium. Even in the absence of a direct comparison it

does not seem likely that the , factor and the determi-

nants conferring glucosamine resistance are similar.

The results of this study'have demonstrated that

the behaviour of glucosamine resistance in all crosses,

whether these involved GR6 or GR10 or derivatives of

either strain, is consistent. It was therefore of interest

to cross GR6 to GRiD. The extremely poor spore germina

tion attributed to secondary mutations in GR6 permitted

only the cross of GRiO derivatives to GR6. A series of

such crosses indicated that there appeared to be no anta

gonism between the determinants from GR6 and those from

GRiO and as virtually no wild types were scored there was

1 See Appendix C.



no evidence for recombination. The apparent compatibility

of the GR6 and GRiD determinants suggested that they were

similar if not identical.

The Glucosamine Resistance Plasmid

It has been demonstrated rather conclusively that

the glucosamine resistance mutations of GR6 and GR10 are

not nuclear in nature and that they are not situated on

rot DNA. Furthermore they do not appear to resemble other

known cytoplasmic non-mitochondrial genetic determinants

phenotypically and in some cases there are obvious genetic

differences.

The evidence obtained in this investigation is

compatible with the hypothesis that GR6 and GRiD possess

allelic mutations of a previously undescribed plasmid

which has been tentatively designated GGM. By analogy

with certain other cytoplasmic determinants the designa

tions [GGM-6R] and (GGM-10FG are proposed as the genotypes

for the strains GR6 and GR10 respectively.

Further investigation of this phenomenon should

be centered on more fully characterizing these plasmids

and attempting to identify the nucleic acid(s) involved.

Crosses of GR10 derivatives to known nuclear GR mutants

may aid in determining the nature of certain mutants which

appear to be resistant as a result of nuclear-cytoplasmic

interactions. It could be possible that a nuclear gene

which confers glucosarnine resistance also functions as a

type of maintenance gene for the GGM plasmid as in the

case of the ure2 gene and the URE 3 determinant (AIGLE
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and LACROUTE, 1975). Finally more complete comparisons

betvveen GR6 and GR10 and the strains bearing the 'I' factor

and related super suppressors and the URE 3 determinant

will be necessary to unequivocally establish the unique

ness of the GGM plasmid.



BEVAN,

BEVAN,

96

Literature Cited

AIGLE, M. and F. LACROUTE, 1975. Genetical aspects of
(URE 3 , a non-mitochondrial, cytoplasmically

inherited mutation in yeast. Molec. Gen. Genetics
1:.2.2.:)27-335.

AVNER, P.R., D. eOEN, B. DUJON and P.P. SLONIMSKI, 1973.
Mitochondrial genetics. IV. Allelism and mapping
studies of oligomycin-resistant mutants in.
s. cerevisiae. Molec. Gen. Genetics ~:9-52.

AVERN, P.R. and D.E. GRIFFITHS, 1973. Studies on energy
linked reactions: Genetic analysis of oligomycin
resistant mutants of Saccharomyces cerevisiae.
Europ. J. Biochenl. ~:ji2-j21.

BERRY, E.A. a~d E.A. BEVAN, 1972. A new species of
double-stranded RNA from yeast. Nature New
BioI. L.12: 279-280.

BEVAN, E.A., A.J. HERRING and D.J. MITCHEL, 1973. Preli
minary characterization of two species of dsRNA
in yeast and their relationship to the "killer"
character. Nature 245:81-86.

E.A. and J.M. SOMERS, 1969. Somatic segregation
of the killer <k) and neutral (n) cytoplasmic
genetic determinants in yeast. Genet. Res.
14:71-77_---.

E.A., J.M. SOMERS and K. THEIVENDIRARAJAH, 1.969.
Genes controlling the expression of the killer
character in yeast (S. cerevisiae). Free. 11th
Int. Bot. Congr. 14 {AbstJ.

BIRKY, C.W., 1973. On the origin of mitochondrial
mutants: Evidence for intracellular selection
of mitochondria in the origin of antibiotic
resistant cells in yeast. Genetics~:421-432.

BIRKY, C.W., 1975. Zygote heterogeneity and uniparelltal
inheritance of mitochondrial genes in yeast.
Malec. Gen. Genetics 141:41-58.-

BOLOTIN, M., D. eOEN, J. DEUTSCH, B. DUJON, P. NETTER,
E. PETROCHILO and P.P. SLONIMSKI, 1971. La
recombinaison des mitochondries chez Saccharomyces
cerevisiae. Bull. Inst. Pasteur ~:215-239.

BUSSEY, H., 1972. Effects of yeast killer factor on
sensitive cells. Nature New BioI. ~:73-75.



97

CARNEVALI, F., G. MORPURGO and G. TECCE, 1969. Cytoplasmic
DNA from petite colonies of Saccharomyces cerevisiae:
a hypothesis on the nature of the mutat1on.
Science ~:1331-1333.

CARTER, B.L.A., 1975. The organization and replication
of genetic material in yeast. Cell 6:259-268.

CHEN, S.Y., B. EPHRUSSI and H. HOTTINGUER, 1950. Nature
genetique des mutants a deficience respiratoire
de la souche B-11 de la levune de boulangerie.
Heredity 4:337-351 •....

CLARKE-WALKER, G.D., 1972. Isolation of circular DNA
from a mitochondrial fraction from yeast. Proe.
Natl. Acad. Sci. (USA) ~:388-392.

CLAVILIER, L., 1976. Mitochondrial Genetics XII. An
oligomycin-resistant mutant localized at a new
mitochondrial locus in Saccharomyces cerevisiae.
Genetics ~:227-243.

eOEN, D., J. DEUTSCH, P. NETTER, E. PET ROCHILO , P.P.
SLONIMSKI, 1970. Mitochondrial Genetics I:
Methodology and phenomenology. Symp. Soc.
Exp. BioI. ~:449-496.

COX, B.S., 1965. a cytoplasmic suppressor of super
suppressor in yeast. Heredity 20:505-521 •......

COX, B.S., 1971. A recessive lethal super-suppressor
mutation in yeast and other phenomena.
Heredity 26:211-232 •.......

DEUTSCH, J., B. DUJON, P. NETTER, E. PET ROCHILO, P.P.
SLONIMSKI, M. BOLOTIN-FUKUHARA and D. eOEN, 1974.
Mitochondrial Genetics VI. The petite mutation
in saccharomices cerevisiae: Interrelations
between the oss of the rho+ factor and the loss
of the drug resistance mitochondrial genetic
markers. Genetics 1£:195-219.

DUJON, B., M. BOLOTI N-FUKUHARA, D. eOEN, J. DEUTSCH,
P. NETTER, P.P. SLONIMSKI and L. WEILL, 1976.
Mitochondrial Genetics XI. Mutations at the
mitochondrial locus affecting the recombination
of mitochondrial genes in Saccharomyces cerevisiae.
Molec. Gen. Genetics ~:131-165.

DUJON, B., P.P. SLONIMSKI and L. WEILL, 1974. Mitochon
drial Genetics IX. A model for recombination
and segregation of mitochondrial genomes in
Saccharomyces cerevisiae. Genetics ~:415-437.



98

ECCLESHALL, T.R. and R.S. CRIDDLE, 1974. The DNA-dependent
RNA polymerases from yeast mitochondria in~
Biogenesis of Mitochondria, ed. by A.M. Kroon
and C. Saccone, Acad. Press. Inc., N.Y., pp.47-57.

ELLIOT, t.T.J., 1975. M. Se. Thesis: The genetics of
glucosamine resistance in yeast. Brock University,
St. Catharines, Ontario.

ELIJIOT, J.J. and A.J.S. BALL, 1973. Glucosarnine resistance
in the yeast Saccharomyces cerevisiae. Genetics
l.i: S71.

ELLIOT, J.J. and A.J.S. BALL, 1974. A preliminary analysis
of glucosamine resistance in yeast. Proc. Can.
Fed. BioI. Soc • .11: 50.

ELLIOT, J.J. and A.J.S. BALL, 1975. A new mitochondrial
mutation in yeast. Biochem. Biophys. Res. Commun.
64:277-281 •....

EPHRUSSI, B. and S. GRANDCHAMP, 1965. Etudes eur la
suppressivite des mutants a deficience respiratoire
de la levure I. Existence au niveau cellulair de
divers degres de suppressivite. Heredity lQ=1-7.

EPHRUSSI, B., P. L'HERITIER and H. HOTTINGUER, 1949.
Action de I'acriflavine sur les levures VI.
Analyse quantitative de la transformation des
populations. Ann. Inst. Pasteur (Paris) 21:1-20.

EPHRUSSI, B. and H. HOTTINGER, 1950. Direct demonstration
of the mutagenic action of acriflavin on Baker's
yeast. Nature 166:956 •.........

EPHRUSSI, B., H. HOTTINGUER and A. CHIMENES, 1949. Action
de I'acriflavine sur les levures I. La mutation
Hpetite colonie". Ann. Inst. Pasteur (Paris)
2i= 351-363.

EPHRUSSI, B., H. HOTTINGER and J. TAVLITSKI, 1949. Action
de l'acriflavine sur les levures II. Etudes
genetique du mutant "petite colonie'·. Ann., Inst,
Pasteur (Paris) 76:419-442.-

EPHRUSSI, B., H. JAKOB and S. GRANDCHAMP, 1966. Etudes sur
la suppressivite de mutants a deficience respira
toire de la levure II. Etapes de la mutation grande
en petite provoquee par Ie facteur suppressif.
Genetics 54:1-29.--

EPHRUSSI, B., H. de MARGERIE-HOTTINGER and H. ROMAN, 1955.
Suppressiveness: a new factor in the genetic
determinism of respiratory enzymes in yeast. Proc.
Natl. Acad. Sci. (USA) 41:1065-1071.

~



99

EPHRUSSI, B. and P.P. SLONIMSKI, 1950. La synthese
adaptive de cytochromes chez la levure de boul
angerie. Biochem. Biophys. Acta. ~256-267.

FAYE, G., H. FUKU}{ARA, C. GRAr~DCHAl\1P , J. LAZ OWSKA t

F. MICHEL, J. CASEY, G. GETZ, J. LOCKER,
M. RABINOWITZ, M. BOLOTIN-FUKUHARA, D. eOEN,
J. DEUTSCH, B. DUJON, P. NETTER and P.P. SLONIMSKI,
1973. Mitochondrial nucleic acids in the petite
colonie mutants: deletions and repetitions of
gerles. Biochimie ~:779-792.

FAYE, G. t C~ KUJAWA, B. DUJON, M. BOLOTIN-FUKUHARA,
K. WOLF, H. FUKUHARA and P.P. S'LONIMSKI, 1975
Localization of the gene coding for the mitochon
drial 16S ribosomal RNA using rho- mutants of
Saccharomyces cerevisiae. J. Mol. BioI. 22: 203-217.

FAYE, G., C. KUJAWA and H. FUKUHARA, 1974. Physical and
genetic organization of petite and grande yeast
rot DNA IV. In vivo transcription products of
rot DNA and localization of 23SrRNA in petite
mutants of Saccharomyces cerevisiae. J. Mol.
BioI. 88:185-203.-

FAYE, G., C. KUJAWA, H. FUKUHARA and M. RAISINOWITZ, 1976.
Mapping of the mitochondrial 16s ribosomal RNA
gene and its expression in the cytoplasmic petite
mutants of Saccharomyces cerevisiae. Biochem.
Biophys. Res. Commun. 68:416-482.

FINK, G.R. and C.A. STYLES, 1972. Cl1ring of a killer factor
in Saccharomyces cerevisiae. Prac. Natl. Acad.
Sci. (USA) 69:2846-2849.

FOGEL, S. and R.K. MORTIMER, 1971. Recombination in yeast.
Ann. Rev. Genetics 2:219-236.

FORSTER, J.L. and R.A. KLEESE, 1975. The segregation of
mitochondrial genes in yeast II. Analysis of
zygote pedigrees of drug-resistant x drug-sensitive
crosses. Molec. Gen. Genetics jJ2:341-355.

FUKUHARA, H., M. FAURES and C. GENIN, 1969. Comparison of
RNA's transcribed from mitochondrial DNA of cyto
plasmic and chromosomal respiratory deficient
mutants. Molec. Gen. Genetics 104:264-281 •.....-..

FUKUHARA, H., G. FAYE, F. MICHEL, J. LAZOWSKA, J. DEUTSCH,
M. BOLOTIN-FUKUHARA and P.P. SLONIMSKI, 1974.
Physical and genetic organization of petite and
grande yeast mitochondrial DNA I. Studies by
RNA-DNA hybridization. Molec. Gen. Genetics
l.lQ.: 215-2)8.



100

GOLDRING, E.S., L.I. GROSSMAN, D. KRUPNICK, D.R. CRYER
and J. MARMUR, 1970. The petite mutation in
yeast. Loss of mitochondrial deoxribonucleic acid
during induction of petites with ethidium bromide.
J. Malec. BioI. ~:32J-335.

GOLDRING, E.S., L.I. GROSSMAN and J. MARMUR, 1971. The
petite mutation in yeast II. Isolation of
mutants containing mitochondrial deoxyribonucleic
acid of reduced size. J. Bacterial. ~:377-381.

GOLDTHWAITE, C.D., D.R. CRYER and J. MARMUR, 1974. Effect
of carbon source on the replication and transmission
of yeast mitochondrial genomes. Malec. Gen.
Gerletics ..ll2: 87-104.

GRIFFITHS, D.E., R.L. HOUGHTON, W.E. LANCASHIRE and P.A.
MEADOWS, 1975. studies on energy linked reactions:
Isolation and properties of mitochondrial venturi
cidin-resistant mutants of Saccharomyces cerevisiae.
Eur. G. Biochem. 51:393-402.

GRIFFITHS, D.E., W.E. I~NCASHIRE and E.D. ZANDERS, 1975.
Evidence for an extrachromosomal element involved
in mitochondrial function: a mitochondrial episome?
F.E.B.S. Letters jl:126-130.

GROSSMAN, L.I., D.R. CRYER, E.S. GOLDRING and J. MARNIDR,
1971. The petite mutation in yeast III. Nearest
neighbour a~alysis of mitochondrial DNA from normal
and mutant cells. J. Molec. BioI. 62:565-575.---

GUERINEAU, M., P.P. SLONIMSKI and P.R. AVNER, 1974. Yeast
episome: oligomycin resistance associated with a
small covalently closed non-mitochondrial circular
DNA. Biochem. Biophys. Res. Commun. 61:462-469.---

HARTW'ELL, L., 1974. Saccharomyces cerevisiae: cell cycle.
Bact. Rev. ~:i64-i98.

HAWTHORNE, D.C. and R.K. MORTIMER, 1968. Genetic mapping
of nonsense suppressors in yeast. Genetics~:

735-742.

HOLLENBERG, C.P., P. BORST and E.F.J. VAN BRUGGEN, 1970.
Mitochondrial DNA V. Biochem. Biophys. Acta
(Arnst) ~: 1-15.

HOUGHTON, R.L., W.E. LANCASHIRE and D.E. GRIFFITHS, 1974.
A biochemical investigation of oligomycin and
related inhibitors. Biochem. Soc. Trans. 2:210-
21]. ~



101

HOWELL, N., M.K. TREMBATH, A.W. LINNANE and H.B. LUKINS,
1973. Biogenesis of mitochondria 30. An analysis
of polarity of mitochondrial gene recombination
and transmission. Molec. Gen. Genetics 122:37-51.-

IBSEN, K.H., 1961. The Crabtree effect: A review.
Cancer Res. 21:829-841.-

JOHNSTON, J.R. and R.K. MORTIMER, 1959. Use of snail
digestive juice in isolation of yeast spore tetrads.
Genetics 2§:292 •

KROON, A.M. and C. SACCONE, 1974. The Biogenesis of
Mitochondria. Academic Press Inc., N.y.

LACROUTE, F., 1971. Non-Mendelian mutation allowing
uneidosuccinic acid uptake in yeast. J. Bacterol.
106:519-522 •.-

LANCASHIRE, W.E. and D.E. GRIFFITHS, 1975. Studies on
ene'rgy-linlced reactions: Genetic analysi s of
venturicidin-resistant mutants. Eur. J. Biochem •
.i1.= 403-413.

LEDERBERG, J. and E.M. LEDERBERG, 1952. Replica plating
and indirect selection of bacterial mutants.
J. Bac·terol. ~: 339-J+o6.

LINDEGREN, G.C. and G. LINDEGREN, 1943. Segregation,
mutation and copulation in sacCharom*ces cerevisiae.
Ann. Missouri Botan. Garden:JIIQ:453-4 9.

'LINDEGREN, C.C. and G. LINDEGREN, 1944. Sporulation in
Saccharomyces cerevisiae. Botan. Gaz. ~:304-316.

LINNANE, A.W., G.W. SAUNDERS, E.B. GINGOLD and H.B. LUKINS,
1968. The biogenesis of mitochondria V. Cyto
plasmic inheritance of erythromycin resistance in
Saccharomyces cerevisiae. Froc. Natl. Acad. Sci.
(USA) 32:903-910.

LOCKER, J., M. RABINOWITZ and G.S. GETZ, 1974. Tandem
inverted repeats in mitochondrial DNA of petite
mutants of Saccharomyces cerevisiae. Proc. Natl.
Acad. Sci. (USA) 11:1366-1370.

LUKINS, H.B., J.R. TATE, G.W. SAUNDERS and A.W. LINNANE,
1973. Biogenesis of mitochondria 26. Mitochon
drial recombination: the segregation of parental
and recombinant mitochondrial genotypes during
vegetative division of yeast. Molee. Gen. Genet.
120:17-25.----



102

MAHESHWARI, P.L., 1976. M&SCe Thesis: Glucosamine resis
tance in yeast. Brock University, st. Catharines,
Ontario.

MAHLER, H.R. and P.S. PERLMAN, 1973. Induction of respira
tion deficient mutants in Saccharomyces cerevisiae
by berenil I. Berenil a novel, non-incalating
mutagen. Malec. Gen. Genetics 121:285-294.

MAKOWER, M. and E.A. BEVAN, 1963. The inheritance of a
killer character in yeast (S. cerevisiae). Prac.
Int. Congr. Genetics XI. 1: 202 •

MATILE, P., H. MOOR and C.F. ROBINSON, 1969. in The
Yeasts, Vol. 1, A.H. Rose and J.S. Harrison, eds.
Academic Press. N.Y., pp.219-302.

~~THIES, B.J., 1976. B.Se. Honours Thesis: Genetics of
glucosarnine resistance in yeast. Brock University,
St. Catharines, Ont.

MEHROTRA, B.D. and H.R. MAHLER, 1968. Characterization of
some unusual DNA's from the mitochondria from
certain petite strains of Saccharomyces cerevisiae.
Arch. Biochem. Biophys. 128:685-703.-

MICHAELIS, G., S. DOUGLAS, M.J. TSAI and R.S. CRIDDLE,
1971. Mitochondrial DNA and suppressiveness of
petite mutants in Saccharomyces cerevisiae.
Biochem. Genet. ~:48r1-495.

MICHAELIS, G., E. PETROCHILO and P.P. SLONIMSKI, 1973.
Mitochondrial genetics III. Recombined molecules
of mitochondrial DNA obtained from crosses between
cytoplasmic petite mutants of Saccharomyces
cerevisiae: physical and genetic characterization.
Molec. Gen. Genetics ~:51-65.

MOLLOY, P.L., A.W. LINNANE and H.B. LUKINS, 1975. Bio
genesis of mitochondria 37: Analysis of deletion
of mitochondrial antibiotic resistance markers
in petite mutants of Saccharomyces cerevisiae.
J. Bacterol. 122:7-18.

-"

MONTENCOURT, B. S., s. -c. KUO arld J. o. 'LAMPEN, 1973.
Saccharomyces mutants with invertase formation
resistant to repression by hexoses. J. Bacterol.
114:22]-238.-

MORTIMER, R.K. and D.C. HAWTHORNE, 1966. Yeast Genetics.
Ann. Rev. Microbiol. 20:151-168.-



103

MORTIMER, R.K. and D.C. HAWTHORNE, 1969. Yeast Genetics,
in The Yeasts Vol. I. A. Rose and J.S. Harrison
eds. Academic Press, N.Y., pp.385-460.

MOUNOLOU, J.C., H. JAKOB and P.P. SLONIMSKI, 1966.
Mitochondrial DNA from yeast petite mutants:
Specific changes of buoyant density corresponding
to different cytoplasmic mutations. Biochem.
Biophys. Res. Commun • .£i:218-224.

NAGLEY , P. and A.W. LINNANE, 1970. Mitochondrial DNA
deficient petite mutants of yeast. Biochem.
Biophys. Res. Commun. j2:989-996•

NAGLEY, P. and A.W. LINNANE, 1972. Biogenesis of mito
chondria 21: Studies on the nature of the mito
chondrial genome in yeast: The degenerative effects
of ethidium bromide on mitochondrial genetic
information in a respiratory competent strain.
J. Molec. BioI. £§:181-193.

NETTER, P., E. PET ROCHILO, P.P. SLONIMSKI, M. BOLOTIN
FUKUHARA, D. eOEN, J. DEUTSCH and B. DUJON, 1.974.
Mitochondrial genetics VII. Allelism and mapping
studies of ribosomal mutants resistant to chlor
amphenicol, erythromycin and spiramycin in
S. cerevisiae, Genetics ~ll063-1100.

PERLMAN, P.S. and C.W. BIRKY, JR., 1974. Mitochondrial
genetics in bakers' yeast: A molecular mechanism
for recornbinational polarity and suppressiveness.
Prec. Nat1. Acad. Sci. (USA) 11:4612-4616.

PERLMAN, P.S. and C.A. DEMKO, 1974. Effects of gene
dosage on mitochondrial marker transmission in
Saccharomyces cerevisiae. Genetics 77:550.

PERLMAN, P.S. and H.R. MAHLER, 1971. Molecular consequences
of ethidium bromide mutagenesis. Nature New BioI.
lll.: 12-16.

PETES, T.D., B. BYERS and W.L. FANGMAN, 1973. Size and
structure of yeast chromosomal DNA. Prac. Natl.
Acad. Sci. (USA) 12=)072-3076.

PITTMAN, D.D., 1959. Ultraviolet induction of respiration
deficient varients of Saccharomyces and their
stability during vegetative growth. Cytologia
24:315.-



104

RANK, G.H. and N.T. BECH-HANSEN, 1972. Somatic segregation,
recombination, asymmetrical distribution and
complementation tests of cytoplasmically-inherited
antibiotic resistance mitochondrial markers in
s. cerevisiae. Genetics 12:.:1-15.

REILLY, C. and F. SHERMAN, 1965. Glucose repression of
cytochrome a synthesis in cytochrome-deficient
mutants of yeast. Biochem. Biophys. Acta.
95:650-651.-

SAUNDERS, G.W., E.B. GINGOLD, M.K. TREMBATH, H.B. LUKINS
and A.W. LINNANE, 1971. Mitochondrial genetics
in yeast. Segregation of a cytoplasmic determinant
in crosses and its loss or retention in the petite.
in Autonomy and Biogenesis of Mitochondria and
Chloroplasts. N.K. Boardman, A.W. L1nnane and
R.M. Smillie eds. North Holland, N.Y., pp.185-193.

SCRAGG, A.H., 1974. A mitochondrial DNA directed RNA
polymerase from yeast mitochondria. in The Biogenesis
of Mitochondria. A.M. Kroon and C. Saccone eds.
Acad. Press Inc., N.Y., pp.47-57.

SHATZ, G. t H. HASLBRUNNER and T. TUPPY, 1964. Deoxyri
bonucleic acid associated with yeast mitochondria.
Biochem. Biophys. Res. Commun, • .!.j:127.

SHERMAN, F., 1959. The effects of elevated temperatures
on yeast II. Induction of respiratory-deficient
mutants. J. Cell Comp. Physiol. 54t37-52.

SHERMAN, F., 1963. Respiration deficient mutants in
yeast I. Genetics ~:39-48.

SHERMAN, F., G. FINK and H.B. LUKINS, 1970. Laboratory
manual for a course: Methods in yeast genetics.
Cold Spring Harbour Laboratory for Quantitative
Biology, Cold Spring Harbour, N.Y.

SLONIMSKI, P.P., 1949. Action de I'acriflavine sur les
levures IV. Mode d'utlization du glucose par les
mutants "petite colonie". Ann. Inst. Pasteur
(Paris) ~:510-5JO.

SLONIMSKI, P.P. and B. EPHRUSSI, 19490 Action de
l'acriflavine sur les levures V. Le systeme des
cytochromes des mutants f'peti te colonie". Ann
Inst. Pasteur (Paris) 2Z: 47-63.



105

SLONIMSKI, P.P., G. PERRODIN and J.H. CROFT, 1968. Ethidium
bromide induced petite mutation of yeast mito
chondria: complete tI,arlsformation of cells into
respira~toxllY deficient non-chromosomal ffpeti tes·'.
Biochem. Biophys. Res. Commun. ]2:232- 239.

SLONIMSKI, P.P. and A. TZAGOLOFF, 1976. Localization in
yeast mitochondrial DNA of mutations expressed in
a deficiency of cytochrome oxidase and/or
coenzyme QH2 - cytochrome C reductase. Eur. J.
Biochem. 61:27-41 •.-

SOMERS, J.M., 1973. Isolation of suppressive sensitive
mutants from killer and neutral strains of
SaccharomycesH cerevisiae. Genetics 74=571-579.

SOMERS, J.M. and E.A. BEVAN, 1968. The inheritance of
the killer character in yeast. Genet. Res.
ll: 71-83-

STUART, K.D., 1970. Cytoplasmic inheritance of oligomycin
and mitamycin resistance in yeast. Biochem.
Biophys. Res. Commun. l.2: 1045-1051..

THOMAS, D.Y. and D. WILKIE, 1968A. Inhibition of mito
chondrial synthesis in yeast by erythromycin:
Cytoplasmic and nuclear factors controlling
resistance. Genet. Res. 11:33-41 •......

THOMAS, D.Y. and D. WILKIE, 1968B. Recombination of
mitochondrial drug resistance factors in Saccharomyces
cerevisiae. Biochem. Biophys. Res. Commun.
l2.l36S- 372.

VODKIN, M.H. and G.R. FINK, 1973. A nucleic acid assoc
iated with a killer strain of yeast. Proe. Natl.
Acad. Sci. (USA) 70:1069-1072.-

VODKIN, M.H., F. KATTERMAN and G.R. FINK, 1974. Yeast
killer mutants with altered double-stranded
ribonucleic acid. J. Bacterol. JllZ:68t-686.

WAXMAN, M.F., 1975. The restriction of the recombination
of mitochondrial DNA molecules in the zygotes of
Saccharomyces cerevisiae. Molec. Gen. Genetics
141:283-290.-

WAXMAN, M.F. and N.R. EATON, 1974. Nuclear factors and
the control of suppressiveness in petite mutants
of Saccharomyces cerevisiae. Molec. Gen. Genetics.
J..:U: 37-45



106

\flAXMAN, l'v1.F., N.R. EATON and D. WILKIE, 1973. Effect of
antibiotics on the transmission of mitochondrial
factors in Saccharomyces cerevisiae. Molec. Gen.
Genetics ~:277-284.

WICKNER, R.B., 1974A. Chromosomal and non-chromosomal
mutations affecting the "killer character fl of
S. cerevisiae. Genetics ~:423-432.

WICKNER, R.B., 1974B. "Killer characterH of S. cerevisiae:
Curing by growth at elevated temperatures.T.e-,t.p.I~:
"". 1)'1.

WILKIE, D., G. SAUNDERS and A.W. LINNANE, 1967. Inhibition
of respiratory enzyme synthesis in yeast by
chloramphenicol: relationship between chloram
phenicol tolerance and resistance to other anti
bacterial antibiotics. Genet. Res. 10:199-20).-

WILKIE, D. and D.Y. THOMAS, 1973. Mitochondrial genetic
analysis by zygote cell lineages in Saccharomyces
cerevisiae. Genetics 22:367-377.

W'INGE, 0., 1935. On haplophase and diplo~phase in some
Saccharomycetes. Compt. rend. trav. lab. Carlsberg,
sere physiol. 21:77-112.

WINGE, O. and O. LAUSTSEN, 1937. On two types of spore
germination and on genetic segregations in
Saccharomyces, demonstrated through single spore
cultures. compt. rend. trav. lab. Carlsberg, sere
physiol. 22:99-116.

~

WINGE, O. and O. LAUSTSEN, 1939. Artificial species
hybridization in yeast. Compt. rend. tray. lab.
Carlsberg, sere physiol. 22:235-244.-

WINGE, O. and C. ROBERTS, 1958. in The ChemistrY and
BiOlog* of Yeasts, ed. A.H. Cook. Acad. Press
Inc., ... Y.

WOLK, K., B. DUJON and P.P. SLONIMSKI, 1973. Mitochondrial
genetics V. Multifactorial mitochondrial crosses
involving a mutation conferring paromomycin
resistance in Saccharomyces cerevisiae. Molec.
Gen. Genetics~:53-90.

WONG, D. K-K., 1975. B.Sc. Honours Thesis: The genetics
of glucosamine resistance in yeast. Brock
University, St. Catharines, Ont.

WOODS, D.R. and E.A. BEVAN, 1968. Studies on the nature
of the killer factor produced by S. cerevisiae.
J. Gen. Microbiol. ~115-126.



108

WRIGHT, R.E. and J. LEDERBERG, 1957. Extranuclear trans
mission in yeast heterokaryons. Proc. Natl. Acad.
Sci. (USA) ~:919-923.

YOUNG, C.S.H. and B.S. COX, 1971. Extra chromosomal
elements in a super suppression system of yeast
I. A nuclear gene controlling the inheritance of
the extrachromosomal elements. Heredity 26:413-422.

~

YOUNG, C.S.H., and B.S. COX, 1972. Extra chromosomal
elements in a super suppression system of yeast
II. Relations with other extrachromosomal elements.
Heredity 28:189-199 •......

YOUNG, R.A. and P.S. PERLMAN, 1975. Killer character does
not influence the transmission of mitochondrial
genes in Saccharomyces cerevisiae. J. Bacteriol
124:290-295•.........



109

Appendix A. List of Strain Contributors

strain Origin

4B2 Derived from D587-4b

4BL Derived from D585-11c

GR6 u.v. mutagenesis of 4B2

GR10 D.V. mutagenesis of 4B2

R2 ts-revertant of GR81

Original Designation

Contributor

Dr. F. Sherman
Dept. of Radiation Biology
Rochester University, N.Y.

Dr. A.J.S. Ball

Dr. A.J.S. Ball

Dr. A.J.S. Ball

D22

A13

X11

X12

L411

K12

S14

D22

D22-A13

lL216-1A

lYl12/.54

L411

K12

S14

Dr. D.E. Griffiths
Dept. of Molecular Sciences
University of Warwick,
Coventry, England.

Dr. P.P. Slonimski
Centre de Genetique
Moleculaire du C.N.R.S.
Gif-sur Yvette, France.

Dr. A.W·. Linnane
Biochemistry Dept.
Monash University
Clayton, Australia.

Dr. H. Bussey
Dept. of Biology
McGill University
Montreal, Quebec.



Appendix B.

PAR1

RIB1

OLIi

'110-152

M5-16

RIB1, RIB2, RIB): mutations affecting ribosome functions
and lying within the 23S rRNA gene (NETTER et aI, 1974;
FAYE et aI, 1973).

OLIi, OLI2: mutations affecting the ATP synthetase complex
(AVNER et aI, 1973).

PARi: a mutatio11 affect~ing ribosomal function and lying
close to the 16s rRNA gene (WOLF et aI, 1973; FAYE
et al, :1.976).

M5-16, M9-94, Ml0-152, M12-193, M15-190, MI5-208: mutations
at loci affecting cytochrome oxidase (SLONIMSKI and
TZAGOLOFF, 1976).

M6-200, Ml0-152: mutations at loci affecting coenzyme
QH2 cytochrome c reductase (SLONIMSKI and TZAGOLOFF,
1976) •

Two additional oligomycin resistance mutations, OLI3 and
OLI4, linked to OLI1 and OLI2 respectively, have been
described but not ordered on rot DNA (LANCASHIRE and
GRIFFITHS, 1975; CLAVILIER, 1976).
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A Note Add~d in Proof
~£i~'·~'>:· -~. -m$~m:e:ill l&~

The lJRE 3 d,eterminarlt 'present in a strain requil'-'i11g

only uracil should permit the uptake of ureidosuccinic

acid (USA)p its conversion to uracil and thus the growth

of the strain (LACROUTE~ 1971). Very recently a URE 3

strain MA2J-9C (a ural [URE 3-1]) was obtained from

M. Aigle (Laboratoire de Genetique Physiologique, Institut

de Biologie Moleculaire et Cellulaire, Strasbourg, France)e

It was able to grow on URE-test medium: yeast carbon base

w/o amino acids: 0.75%, NE4as nitrogen source: 5 mg/ml,

USA: filter sterilized and added separately to a final

concerltr~ation of 100 J~ g/ml, 2c;~ aga4r (AIGL}~, persona.l commll-

nication)~ This indicated that the URE 3 determinant was

present and functionale However when tested this strain

vvas not able to grow ori glucosamine rneditun.

Both GR6 and GR1D required only histidine •. Thus

they should have been able to grow on URE 3 test medium,

supplemented with histidine, whether or not the URE 3

determinant was present. If it was present then USA should

[laVe been con,rerted to ura,cil and t11e excess uracil. excreted.

To monitor for this URE 3 response GR6 and GR10 were grown

on URE 3 tes~t rnedium (su~pplemented wi th histidin.e: 20 mg/rnl),

which had been previously spread with a lawn of the uracil

requiring strain I\1A40 (a/t< ul~a2/ura2). A halo of growth of

MA40 about GR6 or GR10 would have indicated the excretion of

uracil. No growth of the background lawn was observedo
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Thus the phenotypic differences noted between

GR6 or GRiO and MA 23-9C strongly suggested that glucosa

mine resistance ald the URE 3 respons~ were independent

phenomena~
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Addendum

It has been suggested that the detrimental phenotypic interaction

might be explained, in part, if glucosamine resistance was due to a

mitochondrial mutation. Following crosses of GR strains to XII restriction

of mtDNA recombination concommitant with incomplete segregation of

R R . RS SR
G and E mtDNA could result In clones composed of G E and G E cells.

The former cells would grow only on glucosamine medium and the latter

cells only on erythromycin medium. No cells would grow on medium containing

both glucosamine and erythromycin.

However, this explanation is not consistent with the recovery of

glucosamine resistance in GR/XII diploids selected from erythromycin medium.

Furthermore, the finding that treatment with high concentrations of ethidium

bromide had little effect on glucosamine resistance was very strong evidence

that the cytoplasmic GR mutations were not located on mtDNA.

Following the prolonged growth of glucosamine resistant diploids,

which also possessed a mitochondrial marker, on non-selective medium, an

apparent selection against the mitochondrial markers was found to have occurred.

Biochemical studies have suggested that the cytoplasmic glucosamine resistance

mutation causes a defect in sugar transport (MAHESHWARI, unpublished results).

If this defect was due to altered cell membrane components (e.g., lipids) then

it might be possible that the mitochondrial membrane constituents of cells

possessing G
R

determinants could be similarly affected. Mitochondrial ribosomes

are altered in ER strains (e.g., XII) (GRlVELL, NETTER, BORST and SLONIMSKI,

1973)1 while membrane associated proteins of the mitochondrial Fl ATP-ase

are modified in OR strains (e.g., Al3) (HOUGHTON et aI, 1974). These

alterations might result in adverse interactions of the mitochondrial ribosomes
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and Fl ATP-ase with the modified mitochondrial membrane components in GR

cells. If no such interaction occurred in GR ES or GR OS cells then

mitochondrial mutants could be selected against during growth on YPD.

This type of adverse reaction might also provide a partial explanation

for the detrimental phenotypic interaction.

1 GRIVELL, L.A., P. NETTER, P. BORST and P.P. SLONIMSKI, 1973.

Mitochondrial antibiotic resistance in yeast. Ribosomal mutants

resistant to chloramphenicol, erythromycin and spiramycin.

Biochim. Biophys. Acta. 312: 358-367.




