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ABSTRACT

On the n a tu re  of the contro l of the tra n sm iss io n  and 

the expression  of m itochondrial antibiotic re s is ta n ce  

fac to rs  in Saccharom yces ce rev isiae .

by M ichael F . Waxman 

A dvisor: P ro f. Norm an R. Eaton

The re su lts  of th is  study c lea rly  dem onstrated  that nuclear 

fac to rs  can an do contro l the d istribution  of m itochondria from  

zygotes to th e ir  daughter ce lls . A ll m ethods of analysis used; 

random  diploids, zygote clone and zygote ce ll lineage analysis 

a ttested  to th is  fact. It is  also  evident that the inhibition of nuclear 

RNA tra n sc rip tio n  an d /o r cytoplasm ic p ro te in  syn thesis in young 

zygotes fo r 90 m inutes consisten tly  a lte red  the p re fe ren tia l t r a n s ­

m ission  of m itochondrial types to zygote daughter ce lls , observed  

in un trea ted  zygotes.

Studies in which m itochondrial p ro te in  syn thesis  was inhibited 

with the an tib ac te ria l an tib io tics indicated  tha t m itochondrial p ro te in  

syn thesis  played little  o r  no p a r t in the events leading to the reco m ­

bination of M-DNA and subsequent tra n sm iss io n  of m itochondrial 

re s is ta n c e  fac to rs  to the descendants of the zygotes.

The analysis  of the d e rep ress io n  and re p re ss io n  of m itochondrial 

function p r io r  to m ating by growth on glycero l o r 10% glucose r e ­

spectively  indicated tha t th e re  m ight be som e form  of selection

iv



favoring the tran sm iss io n  of functional m itochondria (d erep ressed ) 

to zygote daughter ce lls . However, these  re su lts  w ere inconsisten t 

and the inconsistencies m ight be a ttribu ted  to the vary ing  degrees of 

re p re ss io n  o r d erep ressio n  of the cells p r io r  to and during m ating.

The genetic analysis  on the ce llu la r location of the control 

function showed it to re s id e  in the n uclear gemone, since the con­

tro l  function showed a M endelian segregation  p a tte rn  (2:2) at m eio sis . 

T hese re su lts  w ere consistent with the re su lts  of cyclohexim ide and 

thiolutin trea tm en t, which indicated that nuclear RNA tra n sc rip tio n  

and subsequent tran sla tio n  of th is  RNA into p ro te in s was n ec e ssa ry  

fo r the m anifestation of the contro l function.

The analysis  of su p p ressiv e  petite  m utants in c ro sse s  to s tra in s  

ca rry in g  n u clear contro l genes has shown that these  contro l genes 

could a lte r  the supp ressiv en ess  of the suppressive  pe tite  m utants 

to levels  approaching that of the n eu tra l petite  phenotype.

G enetic analysis has indicated that su p p ressiv en ess  and the 

contro l function responsib le  fo r the a sy m m etrica l d istribution  of 

m itochondrial re s is ta n c e  fac to rs  w ere not m anifestations of a 

common m olecu lar m echanism , but two independent m echanism s 

which could be additive in th e ir  effects.

The analysis  of the om ega fac to r and its  effects in c ro sse s  

to s tra in s  possessing  the n uclear contro l determ inants indicated 

that the om ega fac to r (&)+ o r Cd~) did not modify o r  a l te r  the

v



asy m m etrica l inheritance p a tte rn  of s tra in s  ca rry in g  n u c lear control 

genes.
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CHAPTER I

INTRODUCTION 

The phenomenon of cytoplasm ic inheritance f ir s t  rep o rted  by 

C orrens in 1909 (C orrens, 1909) has been in te rp re ted  (Ephrussi,

1953; Roodyn and W ilkie, 1968; Sager, 1960) to m ean that cytoplasm ic 

organelles might p o ssess  an independent genetic system . Mutants 

with .abnorm alities of ch lorop last o r  m itochondrial function, studied 

by c la ss ic a l genetic techniques, showed anom alous behavior. Instead 

of following the p a tte rn  of sim ple M endelian segregation  the mutant 

c h a ra c te r is tic  was tran sm itted  by a m echanism  that appeared  to de­

pend on the tra n s fe r  of cytoplasm . This behavior s trongly  suggested 

the p resen ce  of a cytoplasm ic genetic determ inant.

It is  now generally  recognized that the m itochondrion contains 

DNA (M-DNA) which is  d istinct from  n u c lear DNA, as well as the 

enzym atic m achinery  n e c e ssa ry  to tra n sc r ib e  and to tra n s la te  genetic 

inform ation into p ro te in  products (Ashwell and W ork, 1970; Schatz,

1970; Rabinowitz and Swift, 1970; B o rs t and Kroon, 1969).

Our cu rren t knowledge of the inform ational content of M-DNA 

is  s ti l l  poor. Recently it has been rep o rted  (Hollenberg et a t . , 1969) 

that in yeast M-DNA is  found as  closed covalent c irc le s , about 26tam 

long (equivalent to about 5 x 10 daltons). In m ost stud ies investiga to rs  

have found that M-DNA com prises  between 15% and 23% of the to ta l DNA



of the yeast cell. The proportion of M-DNA in the to tal DNA of 

haploid cells  is about the sam e as diploid ce lls . The diploid cell 

contains about 0. 009pg (5. 4 x 10® daltons) of M-DNA and a haploid 

cell about 0. 005pg (3x10® daltons) (W illiamson, 1970). If the con­

tou r length of M-DNA is  26pm, then the haploid ce ll contains about 

50 and the diploid ce ll 100 M-DNA m olecules. On the b a s is  of the 

estim ate  by A vers e t_ a l., (1967) that a diploid cell contains 40 to 

50 m itochondria, th ere  a re  about two copies of M-DNA m olecules 

p e r  m itochondrion. Recently, Hoffman and A vers, (1973) have r e ­

ported  that in an e lectron  m icroscopy study of yeast th e re  appears 

to be only one giant m itochondrion p e r cell. However, in view of 

the m assive  evidence to the con trary , (Damsky et^al^ 1969; Osumi 

and Sando, 1969; P la ttn e r  et al, 1970; P la ttn e r  and Schatz, 1969;

M ahler et al, 1970) we m ust wait for m ore  inform ation bearing  on 

th is  point before we can reach  any conclusions on the num ber of 

m itochondria p e r yeast cell.

M oleculear hybridization studies have shown that m itochondrial 

ribosom al RNA is  a lm ost ce rta in ly  derived from  M-DNA. In N eurospora 

(Wood and Luck, 1969), yeast (Fukuhara, 1967; W in tersberger, 1968), 

and Tetrahym ena (Suyama, 1967), m itochondrial ribosom al RNA 

hybrid izes to M-DNA but not nuclear DNA. Saturation levels up to 

10% a re  obtained. In N eurospora (Schafer and Kuntzel, 1972) M-DNA
7

with a m olecu lar weight of 6 to 7 x 10 daltons is  believed to contain



one c is tro n  for each ribosom al RNA. M-DNA does not hybridize 

with cytoplasm ic ribosom al RNA dem om strating  that the cytoplasm ic 

and m itochondrial ribosom al RNA a re  tra n sc rib e d  from  different 

so u rces . The m itochondrion also  contains som e species of tRNA 

which a re  specified  by M-DNA in yeast (Casey el^al^ 1969; Faye 

et al, 1973) and in ra t  liv e r  (Nass and Buck, 1969). Recent work 

by Dawid (1970) strongly  suggests that in Xenopus laev is egg 

m itochondria the specification of stab le  m itochondrial RNA com ­

ponents occupies a la rge  fraction  of the available genetic inform ation. 

E stim ates  of combined m olecu lar weights of the two ribosom al RNA's 

of Xenopus m itochondria a re  between 1.1 and 1. 3 x 10 daltons.

Since the m olecu lar weight of Xenopus M-DNA is  about 10 x 10 

daltons one expects to find a hybridization level of 12% fo r ribosom al 

RNA, if it is  coded by the M-DNA and is  one copy of each of the 

ribosom al c istro n s  is  p resen t p e r M-DNA m olecule. This is  exactly 

what Dawid found. In addition, Dawid observed that 4S RNA hybridized 

with 3% of the M-DNA. T herefo re , a to ta l of 2 x 15% = 30% of the 

m itochondrial DNA is  concerned with the elaboration  of s tab le  RNA 

com ponents. A re a lis t ic  estim ate  m ight be 40% of the m itochondrial 

genome coding fo r stab le RNA com ponents. The rem ain ing  60% is  

equivalent to approxim ately  3, 000 amino acids o r 20 p ro te in s.

Studies of pro tein  syn thesis  in in tact ce lls  and iso la ted  m ito ­

chondria have suggested that the p rinc ipa l, if not the only, p ro te ins



synthesized  a re  insoluble lipoproteins of the inner m em brane 

(Groot al, 1972). The fact that m itochondria synthesize only 

a sm all num ber of m em brane asso c ia ted  p ro te ins has been shown 

by a  com parison of no rm al and "petite"  (resp ira to ry -de fic ien t) 

yeast grown on two different rad io iso topes. When the m itochondria 

which w ere labeled with d ifferent isotopes w ere m ixed and sep ara ted  

on polyacrylam ide gels only a few p ro te in s w ere found to be m issing  

in the "pe tite"  m utant (Groot et^aL 1972; W eislogel and Butow, 1971). 

Groot et a l, (1972) have found that the m issing  pro te ins correspond  

to the m itochondrial products observed  in the m em branes m em branes 

labeled in the p resence  of chloram phenicol. It is  apparent that the 

m itochondrion syn thesizes re la tiv e ly  few pro te ins which at m ost 

account fo r a v e ry  sm all percen tage of the inner m em brane.

A num ber of drugs have been found to inhibit se lective ly  e ith er 

m itochondrial o r  cy toplasm ic pro te in  syn thesis. Among the m ost 

commonly em ployed inh ib ito rs of m itochondrial p ro te in  syn thesis 

a re  the an tib ac te ria l an tib io tics chloram phenicol and erythrom ycin  

(Lamb et a l, 1968). The syn thesis  of p ro te in s in the cytosol is  in ­

hibited by cyclohexim ide (So and D avies, 1963). The u tilization  of 

these  inh ib ito rs has given fu rth e r insight into the re la tiv e  c o n tr i­

bution of the two pro te in  synthetic  sy stem s to the to ta l pool of 

m itochondrial p ro te in s. When yeast is  incubated in a medium con­

taining cyclohexim ide and radioactive am ine acids, cytoplasm ic



5

synthesis is  effectively blocked, and v irtu a lly  a ll of the labeled 

p ro te in  products a re  found in close association  with the inner m em ­

brane of the m itochondrion (Ashwell and Work, 1970). S im ilar r e ­

su lts  have been rep o rted  in o ther o rgan ism s, suggesting that the 

bulk of soluble m atrix  p ro te ins and pro te ins of the inner m em brane 

and ou ter m em brane of the m itochondrion a re  synthesized in the 

cytosol.

Schatz (1968) and Kovac and W eissova (1968) have repo rted  

that "petite"  m utants of yeast synthesize a cold labile A TPase, 

which is  indistinguishable from  F^ of re sp ira to ry  sufficient cells  

on the b a s is  of its  physical and cataly tic  p ro p ertie s . This o b se r­

vation suggests a  cytoplasm ic orig in  of the enzym e. This o b se r­

vation is  supported by inhibitor stud ies (Tzagoloff, 1969; Tzafoloff 

et al, 1972). When g lu c o se -rep re ssed  yeast a re  incubated in a d e ­

re p re s s in g  medium containing chloram phenicol, the A TPase a c ­

tiv ity  of the m itochondrial frac tion  rem ains constant but a s ign i­

ficant amount of new A T Pase appears in the soluble cytoplasm ic 

fraction . This accum ulation of A T Pase in the cytoplasm  is  not 

seen when the incubation is  c a r r ie d  out in the p resen ce  of cyclo­

hexim ide. Under these  conditions n e ither the m itochondrial nor 

the cytoplasm ic frac tions show any in c rease  in A T Pase activity.

In o rd e r  to determ ine w hether a ll the subunits of the a re  

synthesized  on cytoplasm ic ribosom es g lu co se -rep re ssed  cells



w ere d rep ressed  in the p resen ce  of chloram phenicol and C ^ - le u c in e  

to label a ll the cytoplasm ic products. The A T Pase was iso la ted  and 

the enzyme was purified  by p recip ita tion  with an tiserum . The 

purified  enzym e was then analyzed by sodium dodecyl sulfate 

acry lam ide gel e lec tro p h o res is . The re su lts  showed that a ll five 

subunits of the w ere labeled  in the iso la ted  enzym e. S im ilar 

re su lts  w ere found when the A T Pase was purified  from  a "petite" 

m utant derived from  the sam e s tra in  of yeast. On the b a s is  of 

these  experim ents it can be concluded that a ll five known subunits 

of F^ a re  also  tra n s la ted  and assem bled  into a  functional A TPase 

independently of m itochondrial p ro te in  syn thesis. S im ilar studies 

(Tzagoloff, 1970) have shown that oligom ycin sen sitiv ity  conferring  

p ro te in  (OSCP) is  a lso  synthesized  on cytoplasm ic ribosom es.

Another m itochondrial enzym e which has received  much 

attention is  cytochrom e oxidase. This enzym e is  found within the 

m itochondrion bound to its  inner m em brane. The biosynthesis of 

cytochrom e oxidase re q u ire s  products of both m itochondrial and 

cytoplasm ic p ro te in  syn thesis . It has been shown (C lark-W alker 

and Linnane, 1966; C lark-W alker and Linnane, 1967) that the ap ­

pearance of cytochrom e oxidase in yeast during aerob ic  adaptation 

is  inhibited by both chloram phenicol and cyclohexim ide. Chen and 

Charalam pous (1969) rep o rted  evidence fo r the p resen ce  of both 

cytoplasm ic and m itochondrial p re c u rso rs  of cytochrom e oxidase



in y east on the b as is  of stud ies with inh ib ito rs of p ro te in  syn thesis.

Recent stud ies on the b iosynthesis of cytochrom e oxidase in 

yeast (Mason and Schatz et al, 1972; M ason et al, 1973) has shown 

that cytochrom e oxidase consists  of seven polypeptides. The th ree  

la rg e s t of these  a re  synthesized  on m itochondrial ribosom es and 

the four sm a lle r  ones on cytoplasm ic ribosom es.

These stud ies indicate that the form ation of a  functional m ito ­

chondrion involves a  close in te rac tion  between cytoplasm ic and m ito ­

chondrial p ro te in  synthetic system s.

The concept of dependence of m itochondrial development on 

inform ation derived from  both nuclear and m itochondrial DNA is  

strongly  supported by the existence of both chrom osom al and 

cytoplasm ic m utations affecting m itochondrial functional in tegrity . 

R esp ira to ry -d efic ien t m utants of y east have been studied in many 

lab o ra to rie s  (E phrussi, 1953; Sherm an and Slonim ski, 1964).

Y east a re  su itab le fo r  study because sev ere  m itochondrial ab ­

norm ality , even com plete absence of oxidative ability , is  com ­

patib le with continued v iab ility  since Saccharom yces cerev isiae  

can grow w ell anaerob ically  using g lycolysis exclusively. T here 

a re  at le a s t 63 nuclear genes which have been shown to be involved 

in m itochondrial function (Beck et al, 1971) and m utations in any 

one of th ese  genes sev e re ly  r e s t r ic ts  m itochondrial activ ity . The 

m ost exhaustively investigated  nuclear gene involved in m itochondrial



function is  the gene which specifies iso -1 -cy toch rom e c (Sherman 

e t ^  1966).

M utations in M-DNA which cause the "petite"  condition can 

be divided into two categories based  on "dom inance" in diploids 

derived  from  c ro sse s  betw een m utant s tra in s  and re sp ira to ry -  

sufficient s tra in s  ("grande"). N eutral "p e tites"  a re  cytoplasm ic 

m utants which, when c ro ssed  to a re sp ira to ry -su ffic ien t s tra in , 

seg reg a te  only grande descendant diploid cells  from  the zygotes 

which a re  them selves "grande. " The "petite"  condition is  never 

seen  again even when the diploid is  sporu lated  and the m eiotic 

products analyzed. Suppressive "p e tites"  a re  cytoplasm ic m utants 

which su p p ress  norm al re sp ira to ry  behavior in c ro sse s  to "grande" 

s tra in s  so that in som e cases , as m any as 99 percen t of the diploid 

ce lls  derived  from  zygotes a re  " p e ti te .11 The m echanism  of th is 

su p p ressiv e  behavior is  not known, but suggestions have been made 

that a com petition of rep lica tion  ra te s  between norm al and sup­

p re ss iv e  M-DNA is  involved (Carnevali et a l, 1969) o r that m assive  

n o n -rec ip ro ca l recom bination between "petite"  M-DNA and "grande" 

M-DNA m ay be responsib le  fo r the suppressive  c h a ra c te rs  (Deutsch 

et al, 1974).

Another c lass  of cy toplasm ically  inherited  m utations a re  m u­

ta tions to drug re s is tan ce . The m itochondrial p ro te in  synthetic 

system  is  sensitive  to the an tib ac te ria l antib io tics chloram phenicol,



ery throm ycin , parom om ycin, sp iram ycin , lincom ycin, m ikam ycin, 

etc. Since yeasts  a re  facultative anaerobes, sen sitiv ity  to these  

antib iotics is  only m anifest when these o rgan ism s a re  grown on a 

nonferm entable su b stra te , such as , g lycerol, lac ta te  o r ethanol. 

M utants re s is ta n t to th ese  drugs occur spontaneously at a low f r e ­

quency and can be induced by m utagenic agents. It has been shown 

(Thomas and W ilkie, 1968a; Thom as and W ilkie, 1968b; Linnane 

et_aL 1968) that these  re s is ta n c e  m utants can a r is e  from  m odifi­

cation of e ith e r nuclear DNA o r  M-DNA. N uclear m utants a re  r e ­

s is ta n t to th ese  drugs presum ably  because of a  perm eab ility  change 

in the ce llu la r m em branes o r  m itochondrial m em brane, w hereas 

cytoplasm ically  inherited  re s is ta n c e  is  considered  to be due to a 

m odification of m itochondrial ribosom al p ro te in (s) o r  ribosom al 

RNA (Pestka, 1971; Smith _eta l, 1969; Otaka el^al^ 1970; L ai and 

W eisblum , 1971; Kuntzel, 1969).

The location of the re s is ta n ce  m utation can be deduced from  

the p resen ce  o r  absence of m eiotic  segregation; n uclear m utations 

show 2:2 m eio tic  segregation  fo r re s is ta n c e  and sensitiv ity , while 

ex trachrom osom al re s is ta n c e  m utations do not show m eiotic  se g ­

regation  and a t m eiosis  yield 4:0 o r 0:4 ra tio s  for re s is ta n c e  and 

sensitiv ity .

The change to "petite"  can be se lec tive ly  induced with 

acriflav in  which causes a cytoplasm ic inherited  re sp ira to ry  deficiency
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frequently  accom panied by g ro ss  a lte ra tio n  o r apparent to ta l loss 

of M-DNA (B orst, 1972). In e ith e r case it appears that m ost o r 

a ll of the genetic inform ation c a rr ie d  in the DNA is  lo st. Since 

it  can also  be shown that cy toplasm ically  inherited  re s is tan ce  

fac to rs  a re  som etim es lost in "p e tite s"  derived  from  cytoplasm ic 

re s is ta n c e  m utants (i. e. re s is ta n c e  is  not tran sm itted  in c ro sse s  

to drug sensitive  "grande" s tra in s ) . One concludes that the r e ­

s is tan ce  fac to rs  a re  located on the m itochondrial chrom osom e 

(Thomas and W ilkie, 1968; Linnane et al, 1968).

The analysis of c ro sse s  involving s tra in s  ca rry in g  different 

re s is ta n c e  fac to rs  has shown (Thomas and W ilkie, 1968) that dip­

lo id  cells  from  zygotes give r is e ,  m ito tically , to paren ta l and r e ­

com binant types. The m echanism  of the recom bination and the con­

tro l  of the segregation  of m itochondrial m ark e rs  to diploid ce lls  a re  

sub jects of in tensive study in se v e ra l lab o ra to rie s .

P h y sica l dem onstration of recom bination has been reported  

from  sev e ra l lab o ra to rie s . Shannon et al, (1972) m ass  m ated two 

populations, differing in both the density of M-DNA and m itochondrial 

m a rk e rs  (i. e. wild type c ro sse d  with a suppressive  "petite" of low er 

M-DNA buoyant density), and showed that within two generations a 

significant frac tion  of ce lls  in the population appeared  in term ed iate  

in both c h a ra c te r is tic s . In another study M ichaelis et al, (1973) 

c ro sse d  two cytoplasm ic "p e tite"  m utants one carry ing  a gene conferring
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re s is ta n ce  to chloram phenicol the o th er a gene conferring  re s is ta n c e  

to ery throm ycin . The two p aren ts  also  d iffered in the M-DNA buoyant 

densities . Diploid "petite" recom binants w ere observed which c a rr ie d  

both genes and contained not a m ixture  of the two paren ta l DNA's but 

a new species of M-DNA of in term ed ia te  buoyant density. It was also  

observed  that new degrees of su p p ressiv en ess, d ifferent from  those of 

the p a ren ta ls , som etim es re su lted  from  the recom bination of the M-DNA.

The contro l of the tra n sm iss io n  of m itochondrial m a rk e rs  

(paren tal and recom binant) to descendant diploids cells  from  a zygote 

is  a lso  under investigation. E a rly  re p o rts  (Saunders et al, 1970; Rank 

and B ech-H ansen, 1972) suggested that the asy m e te rica l d istribution  

(polarity) of recom binant c la sse s  to daughter ce lls  of the zygote was 

c lose ly  linked to o r contro lled  by the m ating type locus itse lf. Coen 

e^a l^  (1970) and Bolotin el^al^ (1971), using re s is ta n c e  to erythrom ycin 

(E) and chloram phenicol (C) as m itochondrial m a rk e rs , concluded that 

the p re fe ren tia l tran sm iss io n  of m a rk e rs  (polarity  of tran sm iss io n ) is 

a fea tu re  of ce rta in  s tra in s  which p o ssess  a h e red ita ry  fac to r it), that 

m an ifests  its  effects only when c ro ssed  tob)'~ s tra in s  ("heterosexual 

c ro sse s" ) . A pproxim ately sy m m etrica l d istribu tions of rec ip ro ca l 

m itochondrial types w ere observed  only in "hom osexual" c ro sse s  

between s tra in s  carry in g  the sam e CO fac to r.

These re su lts  w ere obtained by sam pling random  diploids from  

m any zygotes resu ltin g  from  m ass m atings. Bolotin et al, (1971)
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also  showed that the frequency of recom binants could be in c reased  

by u ltrav io le t irrad ia tio n  of the &)+ p aren t p r io r  to m ass  m ating, 

but irrad ia tin g  the 0)" p a ren t had little  o r  no effect. B ased on 

these  re su lts  the investiga to rs  proposed that m itochondria can 

be c lassified  as m ale o r fem ale analogous to b ac te ria : U)+ m ito ­

chondria can be com pared to H fr o r F + b ac te r ia  a n d ^ )“ to F~.

It was fu rth e r  proposed that the genetic m a te ria l is  tra n s fe rre d  

from  one m itochondrion into a rec ip ien t m itochondrion and that 

th is  tra n s fe r  is  under the d irec t contro l of the om ega fac to r, 

which is  reg a rd ed  as cy toplasm ic and p resum ably  m itochondrial.

In zygotes from  h eterosexual c ro sse s , the frequency of t r a n s ­

m ission  of m itochondrial genes would be determ ined  by the d is ­

tance of the genes from  the point of in jection of DNA from  the UL)+ 

into the D~ m itochondrion. H ere injection is  reg a rd ed  as u n d irec- 

tional but in hom osexual c ro s se s  p resum ably  any m itochondrion can 

act as  e ith e r donor o r rec ip ien t.

M ore recen tly , the segregation  of m itochondrial m a rk e rs  in 

zygotes and zygote daughter ce lls  was investigated 'by  Wilkie and 

Thom as x1973) by m icrom anipulation of p a ren ta l ce lls . The r e ­

su lts  indicated that m ultiple re  com binational events w ere occu rring  

in zygotes and that the asym m etry  of at le a s t p a ren ta l types was a 

non-random  p ro cess .

Recent e lec tron  m icroscopy  stud ies indicated that m itochondria



m ay lose th e ir  s tru c tu ra l in teg rity  in zygotes (Smith_et al, 1972).

The au thors suggested  that the degeneration of m itochondria in 

newly form ed zygotes can re su lt  in the re le a se  of th e ir  DNA m o le­

cules which could then p roceed  to undergo m ultiple re  com binational 

events, analogous to those in phage infected b a c te r ia . The products 

would then be available fo r tran sm iss io n  to the buds fo r a lim ited  

period  of tim e. This period  m ay coincide with the tim e during which 

m itochondria a re  d isorganized. A fter reo rgan ization  of the m ito ­

chondria th e re  is  a "stab iliza tion" of the m itochondrial types 

leading to p re fe ren tia l d istribution  to subsequent buds.

Lukins et al, (1973) concluded that the bulk of the recom bination- 

al events take p lace rap id ly  in zygotes and those recom binants a re  then 

seg regated  along with p a ren ta l genom es in a random  p ro cess .

An analysis  (Howell et al, 1973) was recen tly  made of a  s e r ie s  

of c ro sse s  between sensitive  yeasts  from  widely different so u rces  

and s tra in s  ca rry in g  two m itochondrial m a rk e rs  in the cis_ configu­

ra tion . The re su lts  suggest that the n a tu re  of the sensitive  s tra in  

m arkedly  affects the inheritance  of any p a ir  of m itochondrial m a rk e rs . 

This v a riab ility  was observed  fo r th re e  p a ra m e te rs : the p o la rity  of 

recom bination, recom bination frequency and the frequency of t r a n s ­

m ission  of each of the m a rk e rs . The observations w ere not com ­

patib le with po larity  being determ ined  by a sim ple m itochondrial sex 

fac to r and suggest se v e ra l d ifferent in te rac tio n s one of which m ay be
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nuclear.

In view of our ignorance of the fate of m itochondria and 

th e ir  chrom osom es in zygotes and of the m echanism  of inheritance 

of m itochondria an d /o r m itochondrial genom es by zygote daughter 

ce lls  (zygote buds), any theory  of m itochondrial behav ior based  on 

segregation  data alone m ust be speculative , p a rtic u la rly  w here the 

seg regan ts  a re  analyzed m any ce ll divisions a fte r  the reeom bina- 

tional events. To provide fu rth e r  inform ation on these  points and 

to elucidate possib le  control m echanism s in the recom bination and 

tran sm iss io n  of m itochondrial genom es an extensive analysis of 

random  diploids, whole zygote clones and zygote ce ll lineages 

w ere undertaken. This d isse rta tio n  d esc rib es  and d iscu sses  the 

re su lts  of these  stud ies.



CHAPTER H

MATERIALS AND METHODS

MEDIA: The m edia used  w ere YEPD (1% yeast ex trac t, 2% peptone,

2% glucose); YEPG (1% y east ex trac t, 2% peptone, 3% glycerol); 

YEPG-ERY (consisted of YEPG with 2mg ery th rom ycin /m l); Y EPG- 

CAP (YEPG with 2mg chloram phenicol/m l); YEPG-ERY+CAP (YEPG 

supplem ented with 2mg e ry th ro m y cin /m l and 2mg chloram phenicol/ 

m l); m inim al m edium (0. 67% Difco yeast n itrogen  base without amino 

acids, 2% glucose); sporulation  m edium (0. 05% glucose, 0. 01% yeast 

ex trac t, 1% potassium  acetate). Two p ercen t agar was added to m ake 

so lid  m edium .

STRAINS: Table 1 lis ts  a ll  s tra in s  employed in th is  study.

ISOLATION OF ANTIBIOTIC RESISTANT MUTANTS: The sensitive

s tra in s  used  w ere unable to grow on a nonferm entable su b s tra te , such

as glycerol, in the p resen ce  of 0. 5m g/m l chloram phenicol o r 0. lm g /m l

ery throm ycin , while re s is ta n t s tra in s  could grow on concentrations as

high as 4m g/m l. Spontaneously a r is in g  re s is ta n c e  m utants w ere ob-

7 8tained  by p lating approxim ately  10 -10 ce lls  on a p e tr i  dish containing 

g lycero l and 4m g/m l of antibiotic. Colonies which appeared  w ere p u r i­

fied  and te s ted  fo r the location (m itochondrial o r  nuclear) of the r e ­

s is tan ce  fac to rs  by m ating m utants of opposite m ating type p o ssessin g  

different re s is ta n ce  fac to rs , sporu lation  of diploids and te tra d  analysis .
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TABLE 1

YEAST STRAINS

S tra in N uclear
Genotype

M itochondrial
Genotype

O rigin

D587-4B oChisl CSES F . Sherm an

D587-4B-2 oC h is l c s e r Spontaneous M utant of D587-4B

D587-4B-4 oL h is l c r e s i i  i i VI

D587-4B-7 odh isl c r e s i i  ; i f t

D587-4B-9 oC h is l c r e ^ i i  i i I f

E290 a h is4  t r p l CSES G. F ink

E290-1 a h is4  t r p l c s e r Spontaneous Mutant of E290

E290-3 a his4 t r p l c r e s i i  i i I I

D585-11C a ly s l CSES F . Sherm an

D585-11C-1 a ly s l c s e r Spontaneous Mutant of D585-11C

D585-11C-2 a ly s l c s e r VI U I t



TABLE 1 (co n t.)

YEAST STRAINS

Stra in N uclear M itochondrial
Genotype

O rigin

D585-11C-3 a ly s l c r e s Spontaneous Mutant of D585-11C

1315-2C oL ade2 h is l  u ra CSES D. Hawthorne

1315-2C -1 odade2 h is l  u ra c se r Spontaneous Mutant of 1315-2C

1315-2C-2 e£ade2 h is l  u ra c r e s i i  i i  i t

1381-17C a ade8 t r p l  u r a l  gal CSES D. Hawthorne

1381-17C-1 a ade8 t r p l  u r a l  gal c s e r Spontaneous M utant of 1381-17C

N11C Q&ade3 h is ly s u ra CSES N. Eaton

N11C-1 cCade3 h is  lys u ra c s e r Spontaneous Mutant of N11C



TABLE 1 (co n t.)

YEAST STRAINS

S train N uclear
Genotype

Mito chondrial 
Genotype

O rigin

62-25A a h is  lys c r e s D. Wilkie

ade7 cCade7 CSES H. Roman

M-6C aC ade2 ura3  leu CSE S tt it

X2181-1A a ad e l t r p l  his2 CSE S R. M ortim er

S1795A S Sa ade6 h is4  trp 5  u r a l  C E i i  i t

D545-4A «£arg4-17 h is5-2 CSES F . Sherm an

D609-12A at a rg4-17  ly s l-1 CSE S If  ff

ade 5 oC ade 5 u ra CSE S H. Roman

1323-1B ly s l  u ra CSES D. Hawthorne



TABLE 1 (co n t.)

YEAST STRAINS

S tra in N uclear
Genotype

Mito chondrial 
Genotype

O rigin

MR-1A «C iysi c r e s M eiosis of D587 -4B -4  Xv D585-11C

M R-IB a ly s l c r e s i i i t  i i

MR-1C o ^ h is l c r e s i t i i  i i

MR-1D a h is l c r e s i t M 11

MR-17A oChis t r p l c se r M eiosis of D587 -4B-2 X E290-3

MR-17B a his c s e r i t i i  i f

MR-17C o ^ trp l c s e r i i i i  i t

MR-17D a h is c s e r i t i i  i i

MR-18A odhis t r p l c se r i i i t  i f

MR-18B a h is c se r i i i t  i f



S tra in N uclear
Genotype

MR-18C a his

MR-18D c^ trp l

MR-19A a h is t r p l

MR-19B o£ h is  t r p l

MR-19C <5̂  his

MR-19D a his

N eutral P e tite  M utants

D587-4B-2np oC hisl 

E290-3np a  h is4  t r p l

TABLE 1 (co n t.)

YEAST STRAINS

M itochondrial O rigin
Genotype

CSE R ‘ M eiosis of D587-4B-2 X E290-3

£ ,S jJ ,R  II II II

q S j j R  i i  i t  n

^ S ^ R  II II | |

i t  i i  i i

q S j j R  II II II

C^E® Ethidium  B rom ide Induced Mutant

q O j j S  II II «



Strain N uclear
Genotype

Suppressive P e tite  M utants

D 587-4B-2sp1 «L hisl

D 587-4B-2sp2 a( h is l

D 587-4B-2sp3 a£ h isl

D 587-4B-2sp4 o ih is l

D 587-4B-2sp5 oC h is l

E290-3sp2 a h is4  t r p l

E290-3sp3 a his4 t r p l

E290-3sp4 a h is4  t rp l

E 290-3sp5 a his4 t r p l

E290-3sp 6 a h is4  t r p l

TABLE 1 (co n t.)

YEAST STRAINS

M itochondrial O rigin
Genotype

CSE ° Spontaneous M utant of D587-4B

CSE ° i t i t i i

CSE ° i i i i t i

CSE ° i i i t i f

CSE ° i t i i i t

C °E S Spontaneous Mutant of E290-3

C °E S i i i i i t

C °E S i t i t t t

C °E S i t i t i t

C °E S i t i f i t



Mro

S tra in  N uclear
Genotype

MR-igAspj^ a h is  t r p l

M R-19Bsp2 cChis t r p l

MR-19Cspg oChis

M R-19Dsp^ a  his

SPT-2A cChis t r p l

SPT-2B a h is

SPT-2C <?ihis t r p l

SPT-2D a his

Omega F a c to r  B earing  S tra ins 

D22 a ade2

D22-1 a ade 2

TABLE 1 (co n t.)

YEAST STRAINS

M itochondrial O rigin
Genotype

CSE °  UV Induced M utant of MR-19A

CSE °

CSE °

t t  It

f t  f t

c Se O h »• " "

CSE °  M eiosis of D 587-4B-2sp2x  E290-3
q Se O h ii ii
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All m utants iso la ted  w ere stab le  with re sp e c t to th e ir  antibiotic r e ­

sis tan ce . S tandard techniques of crossing , sporulation and te tra d  

analysis  w ere used (M ortim er & Hawthorne; 1969).

ANALYSIS OF RANDOM DIPLOIDS: To obtain zygotes, cells of each 

s tra in  w ere grown fo r 16 hours in YEPD with aeration  a t 30^C.

Sam ples of each m ating p a ir  w ere m ixed in f re sh  YEPD, pelleted  by 

centrifugation and allowed to m ate fo r 5 hours. The supernatant was 

was decanted and the cells  w ashed w ith s te r i le  d istilled  w ater. Sam ples 

of the m ating m ix ture w ere inoculated into a  m inim al medium to se lec t 

fo r diploids. The cu ltu res  w ere then incubated fo r 24 hours, a fte r 

which they w ere p lated  on so lid  m inim al m edium and again incubated 

fo r 48 hours. Colonies that grew  w ere sco red  fo r drug re s is ta n c e  o r 

sensitiv ity  by rep lica ting  onto p la tes  containing the antib io tics.

ZYGOTE AND ZYGOTE LINEAGE ANALYSIS: Sam ples of cu ltu res in 

m idlog phase w ere tra n s fe r re d  to opposite ends of an agar slab  con­

taining 0.1% yeast ex trac t, 0. 2% peptone and 0. 2% glucose. Haploid 

ce lls  of each p aren t w ere m icrom anipulated  so that they touched each 

o ther. F o r  zygote lineage analysis  buds w ere rem oved from  the zygote. 

A fter m icrom anipulation the ag a r slab  was p laced  on a so lid  synthetic 

m inim al medium so that only diploid ce lls  would grow. A fter 48 h o u rs , 

clones a r is in g  from  zygotes and th e ir  buds w ere suspended, counted, 

p lated  on synthetic  m inim al medium and incubated fo r 48 hours. The



plates w ere rep lica ted  to drug containing m edia to a ssay  fo r re s is ta n c e  

a n d /o r sen sitiv ity  of the clones. In cases  w here clones showed com ­

plete sensitiv ity  to a drug o r drugs, the o rig ina l colony was fu rth e r 

te s ted  by plating the rem ain ing  cells  (between 10® and 10® cells) on 

p la tes  containing the drug; even a sm all p roportion  of re s is ta n t cells  

would be detected by the second te s t.

TREATMENT OF ZYGOTES WITH ANTIBIOTICS: Young zygotes w ere 

tra n s fe rre d  by m icrom anipulation to m edia containing cyclohexim ide 

lp g /m l) o r  thiolutin (20pg/m l) fo r vary ing  tim es and then rem oved 

with a m icrom anipu lator. C ells tre a te d  with the an tib ac te ria l an ti­

b io tics ery throm ycin , chloram phenicol o r  parom om ycin, w ere grown, 

m ated and cloned in the p resen ce  of the antib iotic(s).

ISOLATION OF SUPPRESSIVE PETITE MUTANTS AND DETERMINA­

TION OF THEIR SUPPRESSIVE NESS: A pproxim ately 200 ce lls  w ere 

sp read  over the su rface  of YEPD p la tes. A fter 3 days the re sp ira to ry  

capacity  of the colonies was determ ined using the te tra zo liu m -ag a r o v e r­

lay  method of Ogur et al, (1957). This s tra in in g  method distinguishes 

th re e  colony ty p e s : re sp ira to ry  sufficient, (grande), re sp ira to ry  de­

fic ien t (petite) and sec to red  colonies consisting  of both grande and 

petite  ce lls . Colonies exhibiting the petite  phenotype w ere purified.

The supp ressiv en ess  of these  pe tites  was determ ined  e ith e r by m ass 

m ating te s ts  to grande s tra in s  o r by zygote clone analysis in which 

petite  ce lls  and grande ce lls  w ere p a ired  by m icrom anipulation, zygotes
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iso la ted  and cloned and the diploid progeny analyzed as  d iscussed  

above (Zygote and Zygote lineage A nalysis). The p ercen t su p p re s -  

siveness (%S) of a pe tite  s tra in  is :

%S = -------------   x  100

w here X is  the frac tion  of petite  colonies produced by the zygote(s) 

and Y is  the frac tion  of petite  cells  in the no rm al haploid te s te r  s tra in .

ISOLATION OF NEUTRAL PETITE MUTANTS: C ells  w ere grown 

overnight in YEPD containing lO pg/m l ethidium  brom ide. The tre a te d  

ce lls  w ere then sp read  on the su rface  of YEPD p la tes , cloned and 

analyzed by use  of the te trazo lium  stain ing  method. The n eu tra lity  

of the petite  m utants was determ ined  by the sam e m ethods em ployed 

in determ ining the suppressiv en ess  of su p p ressiv e  p e tite s  d iscussed  

above.

ANTIBIOTICS: C oncentrated  stock solutions of chloram phenicol 

(P ark  Davis), ery throm ycin  (Eli L illy), parom om ycin (P ark  Davis), 

cyclohexim ide (Calbiochem) and thiolutin (P fizer) in ethanol w ere diluted 

in m edia as req u ired , the final ethanol concentration never exceeding 

3% v /v .



CHAPTERIH

RANDOM DIPLOID, WHOLE ZYGOTE CLONE AND LINEAGE 

ANALYSIS

C ro sses  w ere m ade between various s tra in s  carry in g  the m ito-
T>

chondrial re s is ta n ce  fac to rs , E (erythrom ycin re s is ta n ce ) o r 

RC (chloram phenicol re s is ta n ce ). Newly form ed zygotes w ere 

iso la ted  and cloned on so lid  m inim al m edium , and the individual 

diploid clones w ere sam pled and plated. The resu ltin g  colonies 

w ere sco red  fo r m itochondrial phenotype as described  in  the s e c ­

tion on m ethods. The re su lts  a re  shown in Table 2. In 5 of the 

c ro sse s  th e re  is  a  consisten t p a tte rn  of inheritance of m itochondrial 

types. These c ro sse s  a ll involved m itochondrial m utants iso lated  

from  the p a ren ta l s tra in  D587-4B. Whole zygote clones showed a 

preponderance of ce lls  which inherited  the D587-4B m itochondrial 

phenotype. This a sy m m etrica l d istribution  was also  seen  when random  

diploids w ere sam pled from  m ass  m ating m ix tu res  (Table 3). It is  

not c le a r  from  these  re su lts  w hether th e re  is  a lso  an asy m m etrica l 

d istribu tion  of recom binant types, which in any case , appear at a low 

frequency. In the th re e  c ro sse s  not involving the D587-4B s tra in  no 

consisten t p a tte rn  of inheritance is  observed.

The asy m m etrica l d istribution  of p a ren ta l a n d /o r recom binant 

c la sse s  is  not a  new finding, as a lread y  d iscussed  in the introduction. 

The problem  is  to elucidate the possib le  m echanism s controlling the

27



TABLE 2

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE CLONES

F req u en c ies  of M itochondrial Types in C ell Sam ples

C ross Zygote c V c s e r
R R C E S S C E Colonies

Scored

1 1. 00 633
2 1. 00 473
3 1. 00 425

D587-^B-2(CSE R) 4 .182 .747 . 071 673
E290-3(CRE S) 5 . 118 .862 . 020 473

6 . 100 . 900 732
7 . 170 . 716 . 110 . 004 522
8 .020 . 904 .076 393
9 1. 00 399

10 .242 .734 .020 .004 760
Mean .083 .886 . 030 . 001 5,513

D587 -4B-4(CRES) 1 . 793 . 163 .044 540
X 2 . 974 .024 .002 587

E290-1(CSE R) 3 . 920 . 080 724
Mean .896 .089 .015 1,851



TABLE 2 (continued)

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE CLONES

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss  Zygote c r e s c s e r c r e r CSES Colonies
Scored

1 .693 . 302 . 005 191
D587-4B-4(CRE S) 2

X G R
1381-17C-1(C E ) 3

.672

.851
. 136 
. 121

. 149 

.018
.043
.010

235
322

Mean .739 . 186 .056 .019 748

1 .734 . 188 . 031 .047 128
D587-4B-4(CRES) 2 

D585-11C-2(CSER) 3

1.00

.867 . 044 .035 .054

330

203
Mean .867 .077 . 022 .034 661

1 .820 . 136 .040 .004 543
D587-4B-9(CRE S) 2 

X
1. 00 740

E290-1(CSE R) 3 .802 . 190 . 005 .003 407

Mean .874 . 109 . 015 .002 1,690



TABLE 2 (continued)

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE CLONES

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss  Zygote c r e s c s e r c r e r CSE S P etite Colonies
Scored

1
1315-2C-2(CRES) 2

X Q R D585-11C-2(C°E ) 3
Mean

.087 

. 534

.207

.891

.466

1.00 
. 786

.015 

. 005

.007

.002

275
554

382
1,211

1 . 609 .391 432
132 3HLB (CSES) 2 .453 .547 377

D585-11C-2(CSE R) 3 .595 .405 394
Mean . 552 .448 1,203

1 .246 . 150 . 041 .120 .443 440
1315-2C-2(CRES) 2 .401 . 151 .002 .006 .440 655

X
1381-17C-1(C E R) 3 . 955 . 045 467

Mean .534 . 100 . 014 .042 . 309 1,562
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TABLE 3

DISTRIBUTION OF MITOCHONDRIAL TYPES IN RANDOM DIPLOIDS

C ro ss  CRES CSE r  CRE R CSE S P e tite  Colonies
Scored

D587-4B-2(CSE R)
X .117 .855 .020 .010 955

E290-3(CRE )

D587-4B-4(CRE S)
X .971 .027 .002 453

1381-17C-1 (CSE )

D587-4B-4(CRE S)
X 1.00

D585-11C-2(CSE R)

D587-4B-9(CRE S)
X .883 .074 .019 .024 674

E290-1(CSE R)

1315-2C-2(CRE S)
X . 353 .617 .012 .018 170

D585-11C-2(C E R)

1323-1B(CSE S)

X S K D585-11C-2(C E )
X „ „  .641 .359 427

S^Ri

1315-2C-2(CRE )
X .284 .423 .019  .036 .238 507

1381-17C-1(C E R)



tran sm iss io n  of m itochondria. F o r  th is purpose zygote lineage analysis 

was undertaken of the c ro sse s  which showed a  consisten t p a tte rn  of in ­

heritance . Table 4 shows the re su lts  of the lineage analysis of zygotes 

and zygote daughter cells  from  the c ro ss  D587-4B-2 X E290-3. A 

s trik in g  and repeating  p a tte rn  of tran sm iss io n  of m itochondrial fa c ­

to rs  to zygote daughter ce lls  is  seen. In the s ix  zygote lineages 

analyzed, the f i r s t  bud from  each zygote inherited  m ore  o r  le ss  ex-
T>

clusively  the E m a rk e r  contributed by the D587-4B-2 paren t. The 

second bud from  each zygote inherited  the o ther p a ren ta l m itochondrial
p

type (C ). Bud 3 and subsequent buds tended to in h erit predom inantly 

RE . T hree zygote lineages showed a tendency fo r the p roportion  of 

recom binants to in c rea se  in the la te r  buds, while the th re e  o ther lin e-
P

ages analyzed th is  tendency was not evident. The preponderance of E 

can be a ttribu ted  to the tra n sm iss io n  of th is m itochondrial type alm ost 

exclusively  to the f i r s t  and th ird  buds. In zygote lineage experim ents, 

zygotes w ere  fo rm ed following the placing of the two p a ren ta l ce lls  to ­

gether by m icrom anipulation. In alm ost a ll zygotes analyzed the f i r s t  

bud a ro se  from  a cen tra l position as shown in figure 1, although in r a r e  

in stances the f i r s t  bud a ro se  from  a te rm in a l position (see fig. ID). The 

second bud always a ro se  from  a te rm in a l position, which could however 

be derived from  e ith e r the j i  o r  o^parent. In som e cases, th e re fo re ,
P

the second bud inherited  the C m a rk e r  from  that p a rt of the zygote
P

contributed by the E p a ren ta l ce ll. The th ird  and subsequent buds
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TABLE 4

DISTRIBUTION OF MITOCHONDRIAL TYPES IN ZYGOTE CELL

LINEAGED FROM THE CROSS D587-4B-2(CSE R) X E290-3(CRES)

F requencies  of M itochondrial Types in C ell Sam ples

Clone Source CRE^ c s e r c r e r  c se s Colonies
Scored

ZYGOTE 1 (Fig. 1A)

Bud 1 1. 00 464

Bud 2 . 9997 . 0003 772

Bud 3 1. 00 507

Bud 4 1. 00 1,437

Bud 5 . 596 . 359 .045 1,460

Bud 6 and .635 
subsequent

. 008 .032 . 325 379

ZYGOTE 2 (Fig. IB)

Bud 1 1. 00 579

Bud 2 .685 .015 .256 .044 529

Bud 3 1. 00 508

Bud 4 1. 00 578

Bud 5 1. 00 630

Bud 6 and 
subsequent

1. 00 495
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TABLE 4 (co n t.)

DISTRIBUTION OF MITOCHONDRIAL TYPES IN ZYGOTE CELL

LINEAGES FROM THE CROSS D587-4B-2(CSE R) X E290-3(CRES)

F requencies  of M itochondrial Types in C ell Sam ples

Clone Source CRES CSE R c r e r CSES Colonies
Scored

ZYGOTE 3 (Fig. 1C)

Bud 1 . 176 . 733 . 064 . 027 408

Bud 2 1. 00 488

Bud 3 . 996 .034 490

Bud 4 1. 00 532

Bud 5 1. 00 478

Bud 6 and 
Subsequent

.00005 .99995 1,296

ZYGOTE 4

Bud 1 .004 . 996 466

Bud 2 . 984 .016 504

Bud 3 1. 00 533

Bud 4 and 
subsequent

. 005 . 922 . 068 .005 366
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TABLE 4 (con t.)

DISTRIBUTION OF MITOCHONDRIAL TYPES IN ZYGOTE CELL

LINEAGES FROM THE CROSS D587-4B-2(CSE R) X E290-3(CRES)

F requencies of M itochondrial Types in C ell Sam ples

Clone Source c se r C1̂ 11 CSE S Colonies
Scored

ZYGOTE 5 (Fig. ID)

Bud 1 1.00 694
*

Bud

Bud 3 .004 . 996 684

Bud 4 .077 . 542 . 377 .004 273

Bud 5 1. 00 518

Bud 6 and 
subsequent

. 189 . 691 . 120 535

ZYGOTE 6 (Fig. IE )

Bud 1 1.00 652

Bud 2 1.00 613

Bud 3 1.00 441

Bud 4 1. 00 751

Bud 5 1.00 557

Bud 6 and 1.00 479
subsequent 

*Bud died
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A.

■lik

Fig. 1 .—U ntreated zygotes and zygote daughter ce lls  • 
from  the c ro ss  D587-4B-2 (C^E1*) X E290-3(CRE^).
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a r is e  in alm ost any position, and in som e in stances the th ird  and

subsequent buds a r is e  from  the sam e end of the zygote (see fig. 1C).

F ig u re  2 re p re se n ts  an extensive lineage analysis of the c ro ss

D587-4B-2 X E290-3, the data from  which a re  given in Table 5. The

Rlineage of Bud 1 showed an alm ost exclusive inheritance of E ; only 

the progeny of B udII revea led  a different inheritance . Bud 3 and its  

progeny inherited  exclusively  E ^ . The lineage analysis  of Bud 4 

showed a  heterogeneous p a tte rn  of inheritance . Bud 4 and its  de-

s scendent buds (excluding Buds 4A through 4F) inherited  only C E , 

but the lineage analysis  indicated that Bud 4 m ust have inherited  

both p a ren ta l types from  the zygote. A pparently the p aren ta l m ito ­

chondrial types w ere p re fe ren tia lly  seg regated  to the e a r l ie r  buds 

of Bud 4, while the double sensitive  recom binant c lass  w as p re fe r ­

entially  re ta in ed  by Bud 4. Of Buds 4D, 4E and 4F, only Bud 4E

is  not pe tite  and could be analyzed with re sp ec t to its  m itochondrial
■n R R

inheritance . The progeny of Bud 4E a re  com posed of E and C E ,

indicating that Bud 4A m ust have been in itia lly  heterogeneous with

R R Rre sp e c t to its  m itochondrial population, i. e . , C E or C . Bud 5

and its  descendants a re  a lso  heterogeneous, since  a ll m itochondrial

Rc la sse s  a re  observed. Bud 6 and its  progeny a re  exclusively  E  and 

R RC E t while Bud 7 and its  progeny inherited  a ll c la sse s  of m itochondrial

types except E*^. Bud 8 and its  progeny inherited  predom inantly  C®E^

R 'and E m itochondrial types. Bud 9 and subsequent buds (zygote and



Buds

F ig u re  2. An extensive lineage analysis  of the c ro ss  D587-4B-2(C^E^) X E290-3( )
-.R-riS.

CO
00
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TABLE 5

DISTRIBUTION OF MITOCHONDRIAL TYPES IN AN EXTENSIVE 

ZYGOTE LINEAGE ANALYSIS OF THE CROSS 

D587-4B-2(CSER ) X E290-3(CRES)

F requencies  of M itochondrial Types in C ell Sam ples

Clone Source CRE S CSER CRER CSE S P e tite  Colonies
Scored

Bud 1 1.00 429
Bud 1A 1.00 494
Bud IB 1. 00 397
Bud 1C 1.00 398
Bud ID 1.00 537
Bud IE 1.00 529
Bud IF 1. 00 443
Bud 1G 1.00 286
Bud 1H 1. 00 630
Bud 11 . 030 . 970 278
Bud 1J 1. 00 417
Bud 2*
Bud 3 1.00 538
Bud 3A 1.00 1,326
Bud 3B 1.00 507
Bud 3C*
Bud 3D 1.00 645
Bud 3E 1. 00 627
Bud 3F 1. 00 627

*Bud died
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TABLE 5 (co n t.)

DISTRIBUTION OF MITOCHONDRIAL TYPES IN AN EXTENSIVE

ZYGOTE LINEAGE ANALYSIS OF THE CROSS 

D587-4B-2(CSE r ) X E290-3(CRES)

F requencies  of M itochondrial Types in C ell Sam ples

Clone Source c r e s c se r c r e r CSES P e tite Colonies
Scored

Bud 4 1.00 622
Bud 4A 1.00 374
Bud 4B .268 .238 .494 459
Bud 4C .051 . 949 355
Bud 4D 1.00 408
Bud 4E .897 . 103 350
Bud 4F 1.00 541

Bud 5 .480 .099 . 55 .266 394

Bud 6 . 656 . 344 546

Bud 7 . 318 . 121 .561 478

Bud 8 . 171 .829 473

Bud 9 and .068 .013 .221 .698 542'
subsequent
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ninth and subsequent buds) inherited  a ll c la sse s  of m itochondrial 

types.

This analysis is  consisten t with the lim ited  analysis shown in 

Table 4. Bud 1 and Bud 3 apparently  inherited  predom inantly  the 

E** p a ren ta l type. The progeny of Bud 4 and Bud 5 a re  heterogeneous 

(Table 4). Since the progeny of the f i r s t  3 buds of the zygote account 

fo r 87. 5 p ercen t of the clone the inheritance of th ese  buds is  v e ry  

significant. It can be seen  from  th is  lineage that paren ta l m ito ­

chondrial types a re  seg regated  to the e a r l ie r  buds, while the la te r  

buds rece ived  a heterogeneous population of m itochondrial genom es. 

T here is  a lso  a  tre n d  tow ard an in c rease  in the num ber of reco m ­

binant genom es seg regated  to the la te r  buds.



CHAPTER IV

THE EFFECTS OF DRUGS ON THE TRANSMISSION OF MITO­
CHONDRIAL FACTORS

To check the possib le  involvem ent of cytoplasm ic pro te in  syn ­

th esis  with the control m echanism  responsib le  fo r th is  consisten t 

a sym m etrica l d istribution , zygotes w ere tre a te d  with cyclohexim ide 

fo r various tim es a fte r  which the m itochondrial types of th e ir  progeny 

w ere determ ined. It is  c lea r (Table 6) that the duration of trea tm en t 

with CHI is  c r itic a l. T reatm en t of zygotes fo r 30, 60, 120 and 150 

m inutes did not significantly  a lte r  the p a tte rn  of inheritance  in th is 

c ro ss . W hereas, 90 m inutes exposure significantly  and consisten tly  

a lte re d  th is  p a tte rn  i. e. the o therw ise p re fe ren tia l tra n sm iss io n  of 

E-^ was abolished, as w ell as the norm ally  asym m etrica l d istribution  

of recom binant c la sse s . A ssum ing that CHI inhibits p ro te in  syn thesis 

on cytoplasm ic ribosom es, the conclusion that pro tein  (s) norm ally  

synthesized in  the cytoplasm  is  responsib le  fo r the asy m m etrica l 

d istribution  of m itochondrial types seem s unavoidable. To gain m ore 

inform ation about the tim e and sequence of events within zygotes leading 

to the contro l of the tran sm iss io n  of m itochondrial types to buds, 

zygotes w ere allowed to m atu re  fo r various tim es p r io r  to exposure 

to CHI. The re su lts  (Table 7) show that 30 m inutes m aturation  p r io r  

to 60 m inutes of CHI consisten tly  a lte red  the m itochondrial inheritance 

of zygote daughter ce lls , w hereas, 60 o r 90 m inutes m aturation  p r io r  

to CHI trea tm en t caused no significant a lte ra tion . These re su lts  suggest

42
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TABLE 6

THE EFFECTS OF CYCLOHEXIMIDE TREATMENT ON THE 
DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE 
CLONES FROM THE CROSS D587-4B-2 (CSER ) X E290-3(CRE S)

F requencies of M itochondrial Types in C ell Sam ples

Tim e (m in .) Zygote c r e s c se r c r e r CSE S Colonies
Scored

30 1 1.00 468
30 2 .252 .733 . 005 . 010 1,103
30 3 .294 .703 .003 605
Mean . 182 .812 .002 .004 2,176

60 1 . 120 .856 . 018 . 006 619
60 2 1.00 662
60 3 .220 . 720 .060 642
Mean . 113 .859 .006 . 022 1,923

90 1 .800 . 040 . 005 . 155 640
90 2 .273 .445 . 191 .091 596
90 3 . 323 . 676 . 001 648
90 4 . 600 . 380 . 001 . 019 791
Mean .499 . 385 .050 . 066 2,675

120 1 . 909 .005 . 086 635
120 2 1.00 563
120 3 1.00 521
120 4 1.00 531
Mean ' . 977 . 001 .022 2,250

150 1 .052 . 940 . 003 . 005 629
150 2 1.00 633
150 3 .064 .849 . 076 . 011 738
Mean .039 . 930 . 026 . 005 2,000

Mean values
fo r un trea ted .083 .886 .030 . 001 5,513
zygotes (c. f. Table 3)



44

TABLE 7

THE EFFECTS OF VARYING THE MATURATION TIME OF YOUNG 

ZYGOTES PRIOR TO TREATMENT WITH CYCLOHEXIMIDE FOR 

60 MIN. ON THE DISTRIBUTION OF MITOCHONDRIAL TYPES IN

WHOLE ZYGOTE CLONES FROM THE CROSS 

D587-4B-2(CSE R) X E290-3(CRES)

F requencies of M itochondrial Types in Cell Sam ples

M aturation 
Tim e (m in .)

Zygote CRE s c se r c r e r CSES Colonies
Scored

30 1 . 401 .403 . 102 . 094 362
30 2 . 394 . 584 . 002 . 020 409
30 3 . 514 .484 .002 449
Mean .436 .490 . 035 .039 1,220

60 I .009  . 977 .014 441
60 2 . 191 .788 .005 .016 434
Mean . 100 .882 .010 . 008 875

90 1 . 989 . 011 351
90 2 . 170 .759 . 066 .005 423
90 3 1.00 365
Mean .057 . 915 . 026 .002 1,139

Mean values
fo r un treated .083 .886 . 030 .001 5,513
zygotes (c. f. Table 3)
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that som etim e between 30 and 60 m inutes a fte r  m ating cytoplasm ic 

p ro te in  syn thesis  becom es n ecessa ry  fo r the control m echanism  

responsib le  fo r the asy m m etrica l d istribution . The effects of 

inhibiting p ro te in  syn thesis during th is  tim e a re  apparently  r e ­

v e rs ib le  since zygotes tre a te d  fo r 60 m inutes with CHI show no 

change in the inheritance p a tte rn . T herefore  the events occu rring  

in the zygote between 30 and 60 m inutes m ay be n e c e ssa ry  fo r the 

in itiation  of the events which occur between 60 and 90 m inutes, these  

events appear to be ir re v e rs ib ly  blocked by CHI. A v isib le  effect of 

CHI trea tm en t is  the change in the position of the f ir s t  bud. The f ir s t  

bud is  usually  in itia ted  cen tra lly  on the fusion bridge betw een the two 

m ated cells; in CHI tre a te d  zygotes the f ir s t  bud form s only a t the _a 

oro< ends of the zygotes; subsequent buds can in itia te  at any point on 

CHI tre a te d  zygotes, as shown in figure 3.

To answ er the question of the m echanism  by which CHI affects 

the inheritance of the zygote and its  buds, zygote lineage analysis 

was undertaken. T here  a re  two a lte rn a tiv es; 1) CHI random izes 

the d istribu tion  of m itochondrial types p resen t in the zygote o r  2)

CHI specifica lly  a lte rs  the norm al asym m etry . The re su lts  a re  

shown in Table 8. These re su lts  indicate that the second possib ility  

is  c o rre c t: th e re  is  no random ization of m itochondrial types d is ­

trib u ted  to buds, but, instead , a change in the inheritance of the 

f i r s t  bud. A fter CHI trea tm en t the f i r s t  bud now in h erits  exclusively  C ^.
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F ig . 3. Cyclohexim ide tre a te d  zygotes and zygote daughter
ce lls  from  the c ro ss  D587-4B-2(CSE R) X E290-3(CRE S).
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TABLE 8

DISTRIBUTION OF MITOCHONDRIAL TYPES IN ZYGOTE CELL

LINEAGES AFTER 90 MIN. TREATMENT OF YOUNG ZYGOTES

WITH CYCLOHEXIMIDE (D587-4B-2(CSE R) X E290-3(CRES)

F requencies  of M itochondrial Types in C ell Sam ples

Clone Source c r e s c s e r c r e r CSE S P e tite Colonies
Scored

ZYGOTE 1
Bud 1 1. 00 593
Bud 2 . 942 . 002 . 054 .002 589
Bud 3 1.00 586
Bud 4 1.00 644
Bud 5 1.00 692
Bud 6 and 1.00 577
subsequent

ZYGOTE 2
Bud 1 1. 00 689
Bud 2 .880 .036 . 002 .082 503
Bud 3 .098 . 004 . 002 . 304 . 592 552
Bud 4 . 776 .224 496
Bud 5 1.00 453
Bud 6 and 1.00 637
subsequent

ZYGOTE 3
<

Bud 1 1. 00 621
Bud 2 1.00 642
Bud 3 . 992 .008 611
Bud 4 and .091 .830 . 079 971
subsequent



In two of the lineages analyzed (Zygote 1 and Zygote 2) Bud 2 r e -
D

ceived a preponderance of C , while Bud 2 of the lineage of Zygote
p

3 rece iv ed  exclusively  E . In the lineage of Zygote 2, the inheritance

of Bud 3 has changed in com parison to un trea ted  zygote lineages. The

m ajo rity  of the "grande" descendants of Bud 3 a re  double sensitive 

S S(C E ), although the m ajo rity  of the clone is  "petite . " In the lin e ­

ages analyzed the la te r  buds (Buds 4 and 5) show a d istribution  of 

m itochondrial types s im ila r  to the la te r  buds of un trea ted  zygotes.

The change in the inheritance  of the m itochondrial phenotype 

of Bud 1 appears to be responsib le  to a la rg e  extent fo r the apparent 

random ized p a tte rn  of inheritance  observed  in the whole zygote clones 

tre a te d  with CHI fo r 90 m inutes. T herefo re  an in te rfe ren ce  with 

cytoplasm ic p ro te in  syn thesis fo r  90 m inutes a f te r  m ating appears 

to a lte r  the p a tte rn  of inheritance  through its  effect on Bud 1.

The drug thiolutin  has been shown to inhibit the activ ity  of 

n u c lear RNA po ly m erases in y east (Jim enez e t al, 1973) and to 

a r r e s t  DNA tran sc rip tio n  at a  concentration as low as 2yug/ml. In 

the s tra in s  em ployed in th is  study thiolutin  stopped growth in liquid 

m edium at a concentration of 20J/ug/ml. P resum ab ly , th is  is  the 

concentration req u ired  to block tra n sc rip tio n  in our s tra in s . When 

newly form ed zygotes w ere tra n s fe r re d  to a m edium containing 20pg/ 

m l of thiolutin , budding was preven ted , s im ila r  to CHI trea tm en t.

The re su lts  obtained with thiolutin  (Table 9) w ere strik ing ly  s im ila r
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TABLE 9

EFFECTS OF DURATION OF THIOLUTIN TREATMENT ON THE 

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE 

CLONES FROM THE CROSS D587-4B-2(CSE R) X E290-3(CRES)

F requencies of M itochondrial Types in C ell Samples

Tim e (m in .) Zygote c r e s c s e r c r e r CSE S Colonies
Scored

60 1 . 136 .815 . 049 617

90 1 . 764 .148 .041 . 047 492

90 2 . 312 .585 . 010 . 093 497

90 3 1.00 873

Mean . 692 .244 . 017 . 047 1,862

120 1 . 036 . 950 .011 . 003 727

150 1 . 993 .007 431

Mean values
fo r un treated  .083 .886 .030 .001 5,513
zygotes (c. f. Table 3)



to those CHI. It can be seen that a 60 m inutes trea tm en t did not a l te r  

the inheritance of m itochondrial types in the zygote clones, while 

trea tm en t fo r 90 m inutes significantly  a lte red  th is  patte rn : the 

m ajo rity  of the descendants of the th re e  zygotes analyzed showed an
T>

in c rea se  in the inheritance  of C . As with zygotes tre a te d  with CHI, 

120 o r  150 m inutes trea tm en t with thiolutin had no effect on the a sy m ­

m e try  observed  in un trea ted  zygotes. The effects of the drug m ay be 

seen only with 90 m inutes trea tm en t and in creasin g  the duration of 

trea tm en t does not a lte r  the p a tte rn  of asym m etry . Ninety m inutes 

trea tm en t m ay be c r itic a l in the sense  that th is is  the tim e a fte r zygote 

inception that the f i r s t  bud is norm ally  in itia ted  under our condition. 

Somehow in te rfe rin g  with the in itiation  of the f i r s t  bud a t th is  tim e 

and changing its  position m ay be in p a r t responsib le  fo r the a lte ra tio n  

of the p a tte rn  of inheritance. T herefo re  blocking e ith e r tran sc rip tio n  

(thiolutin) o r tran sla tio n  (CHI) of nuclear products a lte rs  the sequence 

of events which norm ally  re su lts  in an asy m m etrica l d istribution of 

m itochondrial types.

The possib le  effects of inhibiting m itochondrial p ro te in  synthesis 

on m itochondrial inheritance  w ere also  investigated. D587-4B-2 and 

E290-3 w ere grown in liquid YEPD containing 200pg/m l parom om ycin, 

an antibiotic which specifica lly  blocks p ro te in  syn thesis in yeast m ito ­

chondria (Wilkie, 1970). A concentration of 20tyig/m l of th is antibiotic 

to ta lly  inhibits growth of both s tra in s  on a non-ferm entab le  su b stra te .
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A fter growth on YEPD containing parom om ycin fo r 18 hours the ce lls  

w ere m ated  and the zygotes w ere iso la ted  and cloned. All operations 

w ere c a rr ie d  out on YEPD parom om ycin. The d istribution  of m ito ­

chondrial fac to rs  a re  shown in Table 10. Inhibiting m itochondrial 

p ro te in  syn thesis  p r io r  to m ating, during m ating and subsequent to 

m ating, has apparently  no effect on the a sy m m etrica l d istribution  

of m itochondria.

The effects of inhibiting se lec tive ly  the p ro te in  synthetic capacity  

of the m itochondria of one of the m ating p a irs  was investigated. Both 

s tra in s  w ere grown, m ated and the diploids cloned in the p resen ce  of 

4 m g/m l of e ith er ery throm ycin  o r chloram phenicol in YEPD one of 

which inhibits each of the p a ren ts . The re su lts  a re  shown in  Tables 

11 and 12. Table 11 shows that the asym m etry  of m itochondrial types

is  accentuated; th e re  is  an in c rease  in the num ber of diploid decendants
\

D

inheriting  the E fac to r and a concom itant d ecrease  in the ce lls  in -

h e ritin g  the C fac to r. This effect is  expected since 4m g/m l

ery throm ycin  sev e rly  r e s t r ic ts  m itochondrial p ro te in  syn thesis  in

sen sitiv e  ce lls  (E290-3). T herefo re  sensitive  m itochondria would be

non-functional in both energy m etabolism  and the syn thesis of protein .

C ells inheriting  th ese  m itochondria would not grow (after the glucose

Rwas exhausted) while ce lls  receiv ing  E m itochondria would in c rease

Rin num bers and the frequency of E ce lls  should in c rease  in  the zygote 

clone. The effects of chloram phenicol in such an experim ent (Table 12)
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TABLE 10

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE 

CLONES CROWN, MATED AND CLONED IN THE PRESENCE OF 

PAROMOMYCIN (200/i:g/ml) (D587-4B-2 X E290-3)

F requencies  of M itochondrial Types in C ell Samples

Zygote Cr E s  CSER c RE R CSES Colonies
Scored

1 . 998 . 002 612

2 .283 . 682 . 020 .015 594

3 . 038 .899 .063 682

Mean . 107 .860 . 028 .005 1,888

Mean values 
fo r un treated

. 083 .886 .030 . 001 5,513

zygotes (c. f. Table 3)
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TABLE 11

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE 

CLONES GROWN, MATED AND CLONED IN THE PRESENCE OF 

OF ERYTHROMYCIN (4m g/m l) (D587-4B-2 X E290-3)

F requencies of M itochondrial Types in C ell Sam ples

Zygote Cr E S CSE R CRE R CS ES Colonies
Scored

1 . 959 .041 681

2 .002 . 991 .005 .002 552

3 . 982 .018 707

Mean . 001 . 977 . 021 .001 1,940

Mean values .083 .886 . 030 .001 5,513
fo r un treated  
zygotes (c. f. Table 3)
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TABLE 12

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE 

CLONES GROWN, MATED AND CLONED IN THE PRESENCE OF 

CHLORAMPHENICOL <4mg/ml) (D587-4B-2 X E290-3)

F requencies  of M itochondrial Types in C ell Samples

Zygote CRES CSE R CRER CSES Colonies
Scored

1 . 522 .056 .416 .006 356

2 . 004 . 121 .875 536

3 .876 . 113 .011 557

Mean .467 .097 .434 .002 1,449

Mean values 
fo r  un trea ted

.083 .886 .030 .001 5,513

zygotes (c. f. Table 3)
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show that, as in the p resen ce  of ery throm ycin , ce lls  p o ssessin g  a 

re s is ta n t phenotype (C^) would be able to p ro life ra te  a fte r  re le a se  

from  glucose rep re ss io n , while ce lls  not possessing  a  re s is ta n t 

genome could not re sp ire  and would not grow. T herefo re  th e re  

would be an in c rease  in the frequency of C1* ce lls  in the clone.

The effects of both ery throm ycin  and chloram phenicol on

the d istribution  of m itochondrial types to zygote daughter ce lls

was investigated. The re su lts  in Table 13 show that when both
D o S Rm itochondrial populations (C E ° and C E ) a re  inhibited and 

th e re  is  no selection  fo r a  m itochondrial type, the asy m m etrica l 

d istribution  observed in un trea ted  zygote clones is  seen. The r e ­

su lts  of the parom om ycin and the ery throm ycin  + chloram phenicol 

experim ents show that m itochondrial p ro te in  syn thesis  apparently  

plays little  o r  no p a rt in the tra n sm iss io n  of m itochondrial types 

and probably in the recom bination of M-DNA in s tra in s  employed 

in th is  study.
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TABLE 13

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE 

CLONES GROWN, MATED AND CLONED IN THE PRESENCE OF 

BOTH ERYTHROMYCIN AND CHLORAMPHENICOL 

(4m g/m l) (D587-4B-2 X E290-3)

F requencies of M itochondrial Types in C ell Sam ples

Zygote CRE s  CSE r  CRE R CSE S P e tite  Colonies
Scored

1 .018 946 .003 .033 958

2 .029 .889 .003 .012 .067 646

3 .953 .047 617

Mean .016 .929 .002 .004  .049 2,221

Mean values .083 .886 .030 .001 5,513
fo r  un treated
zygotes (c. f. Table 3)



CHAPTER V

THE EFFECTS OF REPRESSION AND DEREPRESSION ON THE 

TRANSMISSION OF MITOCHONDRIA 

It is  w ell documented that m itochondrial function is  subject to 

rep re ss io n . When cells  a re  grown anaerob ically  o r in a high con­

cen tration  of glucose, they develop little  re sp ira to ry  activ ity  and 

contain g rea tly  reduced am ounts of m itochondrial enzym es. An a t ­

tem pt to a sc e rta in  the effects of glucose rep re ss io n  on m itochondrial 

activ ity  and on the d istribu tion  of m itochondria to zygote daughter cells  

was undertaken. S train  D587-4B-2 was grown in YEP-10% glucose 

(a rep re ss in g  medium) p r io r  to m ating, w hereas, s tra in  E290-3 was 

grown in YEPG (a n o n -rep ress in g  m edium ) p r io r  to m ating. The 

ce lls  of both s tra in s  w ere m icrom anipulated, m ated and zygotes 

iso la ted  and cloned. The re su lts  of such an analysis  a re  shown in 

Table 14. It is  c lea r from  the data that growth in a re p re ss in g  

m edium p r io r  to m ating does a lte r  the d istribution  of m itochondrial 

types, but tha t th is  a lte ra tio n  is  not as consisten t o r  as d ram atic  as 

tre a tm e n t of zygotes with CHI. Zygote 1 and Zygote 4 show f r e ­

quencies of m itochondrial types s im ila r  to un trea ted  zygotes. To 

obtain m o re  inform ation on the effects of glucose re p re ss io n , zygote 

lineage analysis  was studied. It is  c lea r from  the re su lts  shown in 

Table 15, that the se lec tive  re p re ss io n  and d erep ressio n  of m ating

p a r tn e rs  p r io r  to m ating does have effects on the d istribution  of
57
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TABLE 14

THE EFFECTS OF GLUCOSE REPRESSION AND DEREPRESSION 

ON THE DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE 

ZYGOTE CLONES FROM THE CROSS 

D587-4B-2(GROWN ON 10% GLUCOSE) X E290-3 

(GROWN ON GLYCEROL)

F requencies  of M itochondrial Types in C ell Sam ples

Zygote CRES CSER CRE R CSES Colonies
Scored

1 . 109 . 757 .007 . 127 614

2 . 369 . 550 . 081 409

3 . 392 . 561 . 047 556

4 . 150 .828 . 022 559

Mean .255 . 674 .034 . 037 2,138

Mean values 
fo r  un treated

.083 .886 . 030 .001 5,513

zygotes (c. f. Table 3)
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TABLE 15

THE EFFECTS OF GLUCOSE REPRESSION AND DEREPRESSION 

ON THE DISTRIBUTION OF MITOCHONDRIAL TYPES IN ZYGOTE 

CELL LINEAGES FROM THE CROSS 

D587-4B-2 (GROWN ON 10% GLUCOSE) X E290-3 

(GROWN ON GLYCEROL)

F req u en c ie s  of M itochondrial Types in Cell Sam ples

Clone Source CRES CSER CRE R CSES Colonies
Scored

ZYGOTE 1

Bud 1 .030 . 660 .270 . 040 431

Bud 2 1. 00 881

Bud 3 .720 . 020 . 050 .210 369

Bud 4 . 997 . 003 361

Bud 5 .620 . 005 . 002 . 371 440

Bud 6 and 1.00 536
subsequent

ZYGOTE 2

Bud 1 1.00 592

Bud 2 1. 00 G43

Bud 3 1.00 525

Bud 4 1.00 483

Bud 5 1. 00 571

Bud 6 and 
subsequent

1.00 536
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TABLE 15 (con t.)

THE EFFECTS OF GLUCOSE REPRESSION AND DEREPRESSION 

ON THE DISTRIBUTION OF MITOCHONDRIAL TYPES IN ZYGOTE 

CELL LINEAGES FROM THE CROSS 

D587-4B-2(GROWN ON 10% GLUCOSE) X E290-3 

(GROWN ON GLYCEROL)

F requencies  of M itochondrial Types in C ell Sam ples

Clone Source CRES CSE R CRE R CSES Colonies
Scored

ZYGOTE 3

Bud 1 . 975 .025 408

Bud 2 . 621 .295 . 002 . 082 454

Bud 3 .002 . 989 . 009 453

Bud 4 .043 . 946 . 011 535

Bud 5 1.00 496

Bud 6 and 
subsequent

1.00 566

ZYGOTE 4 

Bud 1 .071 .836 .093 657

Bud 2 . 918 . 038 .044 607

Bud 3 .475 . 005 . 520 592

Bud 4 1.00 781

Bud 5 . 992 .008 649

Bud 6 and 
subsequent

1. 00 791
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TABLE 15 (co n t.)

THE EFFECTS OF GLUCOSE REPRESSION AND DEREPRESSION 

ON THE DISTRIBUTION OF MITOCHONDRIAL TYPES IN ZYGOTE 

CELL LINEAGES FROM THE CROSS 

D587-4B-2(GROWN ON 10% GLUCOSE) X E290-3 

(GROWN ON GLYCEROL)

F requencies  of M itochondrial Types in C ell Sam ples

Clone Source CRE S CSE R CRE R CSES Colonies
Scored

ZYGOTE 5

Bud 1 1 .00 517

Bud 2 .882 .004  .002 .112 529

Bud 3 .159 .751 .086 .004 579

Bud 4 1 .00  513

Bud 5 1 .00  659

Bud 6 1 .00 578
subsequent
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m itochondrial types to zygote daughter ce lls , but these  effects a re  

v ariab le . The lineage of Zygote 1 shows a c lea r d isto rtion  of the 

asym m etry  observed  in un treated  lineages. Buds 3, 4 and 5 have
D

inherited  a high frequency of C , w hereas, the f i r s t  and sixth and

Rsubsequent buds s ti l l  in h e rit a  preponderance of E . The frequency 

of the recom binant c la sse s  has also in c reased  to levels not seen  in 

un trea ted  lineages. The lineage of Zygote 2 is  not eas ily  explained, 

but we can speculate on the possib le reaso n s  behind the re su lt. M ass­

ive re  com binational events m ay have o ccu rred  ea rly  a fte r  zygote in ­

ception and th ese  recom binational events a re  re flec ted  in the f r e ­

quencies of m itochondrial types inherited  by the diploid descendants 

of the zygote. Another p ossib ility  is  that within the zygote a  se lection  

fo r the double sensitive  recom binant c lass  was estab lished  and th is 

c la ss  was p re fe ren tia lly  seg regated  to zygote daughter ce lls . The 

only s im ila r ity  observed  in the lineages of Zygotes 1 and 2 is  the 

in c re a se  in the frequencies of the recom binant c la sse s . The lin e ­

ages of Zygote 3 and Zygote 5 show no apparent a lte ra tio n  in  the 

asym m etry  observed  in un trea ted  lineages. W hereas, the lineage 

of Zygote 4 shows an a lte ra tio n  in the inheritance  p a tte rn , Bud 3 and 

its  descendants inherited  a  preponderance of C1* types, which a re  not 

seen  in un treated  lineages.

The v ariab ility  observed  in whole zygote clones and zygote 

lineages m ight be a ttribu ted  to  the varying deg rees of re p re ss io n  and



d erep ressio n  of ce lls  p r io r  to and during m ating. The re p re ss io n  

and d erep ressio n  of individual m itochondrial populations within a 

zygote m ight have estab lished  a se lec tive  p re s s u re  favoring the 

segregation  of d e re p re sse d  m itochondrial genom es to zygote 

daughter ce lls . The na tu re  of the se lective  m echanism  is  obscure 

at p resen t.

If, indeed, growth of m ating p a rtn e rs  p r io r  to m ating in 

d ifferent carbohydrate so u rces  could a lte r  the asy m m etrica l 

d istribu tion  of m itochondria, then e ith er the contro l m echanism  

is  subject d irec tly  to glucose rep re ss io n  o r , m ore  likely, th e re  

is  a  se lection  fo r functional m itochondria to be seg regated  to zygote 

daughter c e l l s .



CHAPTER VI

THE GENETIC ANALYSIS OF THE CONTROL DETERMINANT 

The re su lts  of glucose and g lycero l growth stud ies prom pted 

the question; does the zygote contro l the tran sm iss io n  of m ito ­

chondria o r  does the m itochondrion con tro l its  own tra n sm iss io n ?

To answ er th is question the analysis of te tra d s  derived from  c ro sse s  

involving D587-4B-2 was undertaken. If the inform ation n ecessa ry  

fo r the contro l of the tran sm iss io n  of m itochondria seg reg a tes  at 

m eiosis  then it is  encoded in the nuclear genome, but if no m eiotic 

segregation  is  observed  then it is  encoded on the m itochondrial 

chrom osom e. Tables 16 and 17 d escribe  the re su lts  of such an 

analysis . T hree te tra d s  from  the c ro ss  D587-4B-2 X E290-3 and 

one te tra d  from  the c ro ss  D587-4B-4 X D585-11C-2 w ere tested .

The ascospore  cu ltu res  w ere c ro ssed  to s tra in s  which showed no 

contro l over the tra n sm iss io n  of m itochondria. Whole zygote clones 

from  these  c ro sse s  w ere exam ined fo r a consisten t and repeatab le  

asy m m etry  of tran sm iss io n  of m itochondrial re s is ta n c e  fac to rs . 

T hree  of the four te tra d s  showed a 2:2 segregation  fo r the con­

tro llin g  function, showing that the p re fe ren tia l tran sm iss io n  of m ito ­

chondria in these  c ro sse s  is  contro lled  by a nuclear gene(s). These 

re su lts  a re  consisten t with the re su lts  of CHI and thiolutin trea tm en t, 

which indicated that nuclear tra n sc rip tio n  and subsequent tran sla tio n

64



TABLE 16

DISTRIBUTION OF MITOCHONDRIAL TYPES IN CROSSES INVOLVING SISTER ASCOSPORE
CULTURES DERIVED FROM THE CROSS D587-4B-2(CSE R) X E290-3(CRES)

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss Zygote c r e s c se r c r e r CSE S Colonies
Scored

MR-17A(CSE R) 1 . 649 . 315 . 031 . 005 550
X 2 . 174 . 639 .047 . 140 551

E290-3(CRES) 3 . 075 .858 .029 . 038 716
Mean .299 . 604 .036 . 061 1,817

MR-17B(CSE R) 1 ' . 972 .004 . 024 546
X 2 1. 00 514

1315-2(CRE S) 3 . 002 . 998 568
Mean . 325 . 667 . 008 1,628

MR-17C(CSE R) 1 . 125 .813 . 003 . 059 738
X 2 . 199 .748 . 009 .044 699

E290-3(CRE S) 3 . 260 . 724 . 011 . 005 635
Mean . 194 .762 . 008 . 036 2,072

MR-17D(CSE r ) 1 . 004 .893 . 012 . 091 572
X 2 1. 00 665

1315-2C-2(CRES) 3 .246 .754 556
Mean .083 .883 . 004 . 030 1,793



TABLE 16 (co n t.)

DISTRIBUTION OF MITOCHONDRIAL TYPES IN CROSSES INVOLVING SISTER ASCOSPORE
CULTURES DERIVED FROM THE CROSS D587-4B-2(CSE R) X E290-3(CRE S)

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss Zygote c r e s c se r c r e r CSE S Colonies
Scored

MR-18A(CSE R) 1 . 158 . 776 .050 .016 443
X 2 . 611 . 338 .045 .006 486

E290-3(CRES) 3 . 216 .730 . 037 . 017 541
Mean .328 . 615 . 044 . 013 1,470

MR-18B(CSE R) 1 1.00 593
X 2 . 327 . 673 603

1315-2C-2(CRE S) 3 .405 . 584 .010 .001 785
Mean .245 . 752 . 003 1,981

MR-18C(CSE R) 1 . 112 .888 511
X 2 1. 00 657

1315-2C-2(CRE S) 3 1.00 592
Mean . 037 . 963 1,760

MR-18D(CSE R) 1 . 060 . 911 . 011 . 018 666
X 2 .485 . 511 .004 789

E290-3(CRE S) 3 .258 . 627 . 072 .043 511
Mean . 268 . 682 .028 . 022 1,966



TABLE 16 (co n t.)

DISTRIBUTION OF MITOCHONDRIAL TYPES IN CROSSES INVOLVING SISTER ASCOSPORE
CULTURES DERIVED FROM THE CROSS D587-4B-2(CSe R) X E290-3(CRE S)

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss Zygote c r e s c se r c r e r CSE S Colonies
Scored

MR-19A(CSE R) 1 . 331 . 665 .002 .002 507
X 2 . 375 . 595 .002 .028 502

1315-2C-2(CRE S) 3 . 695 . 303 . 002 442
Mean .467 . 521 . 001 . 011 1,451

MR -1 9B (CSE r ) 1 .204 .735 . 050 . 011 686
X 2 1.00 611

E290-3(CRE S) 3 . 301 . 595 . 074 . 030 570
Mean . 502 .443 .041 . 014 1,867

MR -1 9C (CSEr  ) 1 1. 00 757
X 2 . 082 . 784 . 003 . 131 575

E290-3(CRE S) 3 1. 00 626
Mean .027 . 928 . 001 .044 1,958

MR-19D(CSE R) 1 1. 00 943
X 2 . 284 . 668 .022 . 026 696

1315-2C-2(CRE s ) 3 1. 00 515
Mean .095 .889 . 007 .009 2,154



TABLE 17

DISTRIBUTION OF MITOCHONDRIAL TYPES IN CROSSES INVOLVING SISTER ASCOSPORE
CULTURES DERIVED FROM THE CROSS D587-4B-4(CRES) X D585-11C-2(CSE R)

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss Zygote c r e s c ^e r c r e r CSES Colonies
Scored

MR-1A(CRE S) 1 . 506 .450 . 044 631
X 2 1.00 492

1381-17C-1(CSE R ) 3 1. 00 501
Mean .835 . 150 .015 1,624

MR-1B(CRE S) 1 .804 . 081 . 003 . 112 384
X 2 . 995 .005 408

1315-2C-1(CSE R ) 3 .802 . 177 . 006 . 015 334
Mean .867 . 086 . 003 . 044 1,126

MR-1C(CRE S) 1 .802 . 165 . 011 .022 545
X 2 .806 . 170 . 008 . 016 513

E290-1(CSE r ) 3 . 948 .035 . 017 401
Mean .853 . 123 . 006 .018 1,459

MR-1D(Cr E S) 1 .276 . 702 . 022 464
X 2 . 153 . 687 . 160 518

Z1-2D -1(CSE R) 3 .817 . 145 .038 477
Mean .415 . 512 .073 1,459



of th is  inform ation into p ro te ins was n e c e ssa ry  fo r the contro l to 

be m anifested.

Another observation  from  Tables 16 and 17 is  that control 

of m itochondrial tra n sm iss io n  seg reg a tes  independently from  

m ating type. T herefo re , the m ating type locus is  not linked to 

o r  responsib le  fo r the contro l function.



CHAPTER VH

THE ANALYSIS OF THE TRANSMISSION OF RECOMBINANT GENOMES 

Recent re p o rts  (Wilkie and Thom as, 1973; Lukins et al, 1973) 

have shown that in som e c ro sse s  m assive  recom binational events 

occur in zygotes, our lineage analysis  has shown that the e a r ly  buds 

rece iv ed  predom inantly  p a ren ta l type m itochondria. This type of 

ana lysis , how ever, did not d istinguish between actual defe rred  m ito ­

chondrial (DNA) recom bination and the a lte rna tive  possib ility  that 

recom bination occurs e a r ly  and recom binants a re  random ly d is ­

trib u ted  to zygote daughter but somehow not expressed .

In an attem pt to answ er th is question the following study was 

undertaken. P a re n ta l ce lls  w ere m icrom anipulated  together, zygotes 

form ed and buds rem oved and tra n s fe rre d  to YEPG supplem ented 

with ery throm ycin  and chloram phenicol (4m g/m l). A fter the fifth 

bud was tra n s fe r re d  the zygote was then m icrom anipulated  onto the 

antibiotic m edium . The zygotes and th e ir  buds w ere observed and 

d iagram m ed at the tim e of tra n s fe r  (Tim e 0) and at 24, 48, and 72 

hours. A fter 72 hours the ag ar slab  was tra n s fe r re d  to YEPD to 

allow growth. Table 18 shows the re su lts  of th is  study. The lin e­

age of Zygote 1 is  d iagram m ed in figure  4. The upperm ost diagram  

shows the zygote and the position of in itiation  of its  buds. The low er

figure shows the zygote and its  buds at the tim es indicated. The lineage
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TABLE 18

DISTRIBUTION OF MITOCHONDRIAL TYPES IN ZYGOTE CELL 
LINEAGES FROM THE CROSS D587-4B-2(CSE R) X E290-3(CRES) 

AFTER TREATMENT FOR 72 HOURS WITH 4m g/m l 
OF CHLORAMPHENICOL AND ERYTHROMYCIN

F requencies  of M itochondrial Types in C ell Sam ples

Clone sou rce c r e s c s e r c r e r CSES Colonies
Scored

ZYGOTE 1
Bud 1 .002 .031 . 967 448
Bud 2 1.00 737
Bud 3 . 177 . 139 .681 . 003 621
Bud 4 1.00 654
Bud 5 . 659 . 341 715
Bud 6 and 1.00 706
subsequent

ZYGOTE 2
Bud 1 . 994 .006 501
Bud 2 1. 00 526
Bud 3 1.00 622
Bud 4 1.00 522
Bud 5 1. 00 531
Bud 6 and 1.00
subsequent

ZYGOTE 3
Bud 1 .770 .230 405
Bud 2 1.00 352
Bud 3 1.00 601
Bud 4*
Bud 5 1.00 620
Bud 6 and
subsequent

*Bud died
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Tim e 0

Zygote 1 & Buds

3
24 H ours 48 H ours 72 Hours

Bud 2

Bud 3

Bud 4 .

F ig u re  4. The analysis  of the tra n sm iss io n  and exp ression  of 
recom binant genom es (CRE R) in zygotes and zygote daughter, 
ce lls  in the c ro ss  D587-4B-2 (CSE R) X E290-3 (CRES).



of Zygote 1 shows that the descendants of Bud 1 a re  predom inantly 

the double re s is ta n t type. As diagram m ed in figure 4, Bud 1 

in itia ted  s ix  sm all buds (all inviable) in the p resence  of the an ti­

b io tics indicating that Bud 1 contained a t le a s t one doubly re s is ta n t 

m itochondrion. In studies involving sensitive  p aren ta l s tra in s  no 

bud in itiation  was observed  once the cells  w ere tra n s fe rre d  to the 

drug m edium . In the p resen ce  of the antib io tics only the double 

re s is ta n t m itochondrial genome is  functional and th is genome 

m ust th e re fo re  be se lec tiv e ly  rep lica ted  causing an in c rease  in 

recom binant genom es in the bud progeny (Table 18). Recombinant 

genom es w ere  not tra n sm itte d  to the progeny buds of Bud 1 while 

it was exposed to the an tib io tics, since these  buds apparently  did 

not bud. As seen in the extensive lineage analysis  (Table 5) Bud
D

1 no rm ally  rece iv es  and predom inantly  tra n sm its  the E "  to its  

progeny. T herefo re , the sm all buds m ay have inherited  the E** 

p a ren ta l type and the predom inant type left in Bud 1 m ight have
•p D

been the recom binant c la ss  (Cn E ).
D

Bud 2 and its  daughter ce lls  a re  exclusively  E , although 

figure 4 shows that Bud 2 in itia ted  two sm all buds. In un treated  

lineages Bud 2 was always predom inantly  C ^. These re su lts
D

indicate e ith e r  that m ost o r  a ll C genomes a re  seg regated  to 

the sm all buds o r  that they m ay have been se lec tive ly  lo st by 

som e unknown m echanism . Bud 3 shows an in c rease  in the



frequency of daughter ce lls  which inherited  the CRE R. Bud 4 and
D

its  progeny a re  exclusively  C . In un trea ted  lineages of th is  c ro ss
p

the progeny of Bud 4 a re  predom inantly  E . This re su lt can be

a ttribu ted  to the se lec tive  tra n sm iss io n  of ER genom es to the ea rly

Rbuds which w ere inviable. Bud 5 and its  progeny cells  w ere E 

, _ R —R
and C E . F ig u re  4 shows that Bud 5 had p ro life ra ted  enough to 

form  a sm all colony of approxim ately  30 ce lls . This indicates that 

som e buds of Bud 5 m ust have rece iv ed  predom inantly  the CRER 

genom es. The inheritance  of predom inantly  CRE R genom es would 

allow a fa s te r  growth ra te  and som e progeny buds m ight have r e ­

ceived exclusively  the double re s is ta n t genome. The descendants 

of the Sixth and subsequent buds w ere exclusively  CR as observed  

with the progeny of Bud 4.

The lineage of Zygote 2 is  d iagram m ed in figure 5. Bud 1 

Rwas predom inantly  C . As d iscussed  e a r l ie r ,  in un treated  lin e - 

ages Bud 1 is  predom inantly  E . This change in the inheritance 

of Bud 1 m ay be a ttribu ted  to the se lec tiv e  seg regation  of ER 

genom es into inviable buds o r  possib ly  a se lec tiv e  rep lica tion  of 

CR genom es o r  a se lec tive  lo ss  of ER genom es. The descendant 

diploid ce lls  of Bud 2 a re  E R and not CR as observed  in un trea ted  

lineages. Since the sm a ll buds of Bud 2 (see fig. 5) w ere inviable, 

genom es seg regated  to them  w ere lo s t and th ese  lo st genomes m ay 

have been CR. This kind of speculation could apply also  to Buds 3,
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4 ^ 6
Zygote 2 & Buds

Tim e 0 24 H ours 48 H ours 72 H ours

Zygote & Bud 6

Bud 1

Bud 2

Bud 3

Bud 4

Bud 5'

F ig u re  5. The analysis  of the tra n sm iss io n  and exp ression  of 
recom binant genom es (CRE R) in zygotes and zygote daughter cells 
in the c ro ss  D587-4B-2 (CSER) X E290-3 (C ^E5).
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4, 5, 6 and subsequent buds, a ll of which have inherited  predom inantly  

C». All zygote daughter ce lls  (buds) in itia ted  buds which w ere in ­

viable and the genom es seg reg a ted  to these  buds w ere th e re fo re  

lost. These genom es should have been predom inantly  E*  ̂ on the 

b as is  of com parison with un treated  zygote lineages.

Zygote 3 and its  progeny buds a re  d iagram m ed in figure 6, and 

Table 18 shows the re su lts  of th is  lineage study. Bud 1 and daughter
• R

cells inherited  predom inantly  E as in un trea ted  lineages. The in ­

itia tion  of only one bud could be responsib le  since th is  would m ain ­

tain  a  re la tiv e ly  la rg e  population of E® m itochondria within Bud 1 

which could be tra n sm itted  to its  buds a fte r  rem oval from  the drug
D

m edium . The descendants of Bud 2 a re  exclusively  C as observed  

in un trea ted  lineages. This re su lt could be explaines by the incom ­

plete segregation  of C®1 genom es to inviable buds. Bud 3 and Bud 5 

w ere exclusively  C ^. T his change in inheritance  m ay be a ttribu ted  

to som e selection  fo r the genom es. Bud 4 died.

This study rev ea ls  sev e ra l im portan t points: 1) m assive  r e -

com binational events probably do not occur in zygotes of th is  c ro ss ;

R2) e ith e r C E genomes a re  not random ly d istribu ted  to the buds, 

o r the frequency of recom bination in the buds is  not equal, since 

not a ll  buds in itia ted  the sam e num ber of sm all buds; 3) zygotes 

a fte r tra n s fe r  to drug medium in itia ted  no new buds, indicating the 

apparent absence of C ^ E ^  genom es in the zygote at the tim e of
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Zygote 3 & Buds

T im e 0 24 H ours 48 H ours 72 H ours

Bud 1

Bud 2

Bud 5

F ig u re  6. The analysis of the tra n sm iss io n  and expression  of 
recom binant genom es (CRe R) in zygotes and zygote daughter 
ce lls  in the c ro ss  D587-4B-2 (CSe R) X E290-3 (CREs ).
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tra n s fe r  to the drug m edium ; 4) genom es could be se lec ted  fo r within 

buds and th is  se lection  is  seen  in the progeny of th ese  buds: 5) T re a t­

m ent of ce lls  fo r 72 hours with 4m g/m l of both ery throm ycin  and 

chloram phenicol did not induce the "p e tite1’ phenotype.

It m ust be reem phasized  that in contro l lineages under the 

sam e conditions, involving sen sitiv e  p a ren ta l s tra in s , no aborted 

buds form ed on the drug m edium .



CHAPTER VHI

THE EFFECTS OF THE PETITE MUTATION ON THE TRANSMISSION
OF MITOCHONDRIA

In an attem pt to obtain m o re  inform ation on the na tu re  of the 

con tro l of the d istribution  of m itochondria to zygote daughter ce lls  

a study on the effect of the petite  m utation on the distribution  of 

m itochondria was undertaken. It was assum ed that the petite  

phenotype could be used  as a m itochondrial m a rk e r  and its  t r a n s ­

m ission  to zygote daughter cells could be followed in a m anner 

s im ila r  to the antibiotic re s is ta n c e  m a rk e rs . Table 19 shows the 

re su lts  of the effects of the n eu tra l p e tite  m utation on the d is t r i ­

bution of m itochondrial types. As expected, the n eu tra l petite  

phenotype is  not in h erited  (or never re ap p ea rs)  in the diploid p ro ­

geny of the zygote. The n eu tra l pe tite  m utant derived  from  D587-4B-2 

shows no p re fe re n tia l tra n sm iss io n  of i ts  petite  phenotype to zygote 

daughter ce lls . T h erefo re , the n e u tra l petite  m utation m ight be a c ­

com panied by the lo ss  of m itochondria o r  the m itochondria m ay be 

p re sen t but the lo ss  o r extensive degradation of i ts  DNA m ight p r e ­

vent i ts  expression . Recent re p o rts  (M ehrotra and M ahler, 1968; 

C arnevali et a l . , 1969; Saunders e t a l . , 1970) have indicated that 

extensive a lte ra tio n  o r  even lo ss  of M-DNA could occur concom itantly 

with the appearance of the n eu tra l pe tite  phenotype.

Recent re p o rts  have also  indicated  that som e suppressive

petite  m utants re ta in  m itochondrial antib io tic  re s is ta n c e  fac to rs
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TABLE 19

THE E FFE C T  OF THE NEUTRAL PETITE MUTATION ON THE 

DISTRIBUTION OF MITOCHONDRIAL TYPES IN THE CROSS 

D587-4B-2(CSE R) X E290-3(CRE S)

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss Zygote CRES c s e r  c r e r  CSE S Colonies
Scored

D587-4B-2 
X

E290-3np
*

1
2
3

1 . 00 
1.00  
1.00

515
558
704

D587-4B-2np 1 1.00 644
X 2 1.00 489

E290-3 3 1.00 436

^Independent Iso lated  N eutral P e tite s  from  the P a re n ta l 

S trains D587-4B-2 and E290-3



(M ichaelis et a l, 1973; Faye et a l, 1973) and inform ation fo r the 

elaboration  of m itochondrial t-RNAs (Faye et al, 1973). Although 

su p p ressiv e  petite  m utants have lo st genetic inform ation and the 

M-DNA m ay be substan tia lly  m odified, they p o ssess  som e functional 

m itochondrial genes. To study the possib le  influence of these  genes 

on the d istribu tion  of m itochondrial fac to rs , c ro sse s  em ploying m u­

tan ts  of th is  type w ere analyzed. Table 20 shows the re su lts  of a 

random  diploid analysis of the d istribution  of m itochondrial types to 

zygote daughter ce lls  in c ro sse s  involving five su p p ressiv e  petite  

m utants derived  from  D587-4B-2. All m utants w ere highly su p p re s­

s ive , and the grande descendants of the zygote inherited  exclusively  

the m itochondrial phenotype of the "g rande" p a ren ta l s tra in . Table 

21 shows the re su lts  of c ro sse s  betw een these  five su p p ressiv e  petite  

m utants and E290-3 and Table 22 shows the re su lts  of zygote clone 

analysis  of s im ila r  c ro sse s . These re su lts  indicate that random  

diploid analysis underestim ates  the su p p ressiv en ess  of the m utants.

This e r ro r  m ight be a ttribu ted  to the slow er growth of p e tites  as 

com pared to "g rande" ce lls  and to the changing cu ltu re  conditions.

As the culture ages, the glucose concentration dim inishes and non- 

ferm entab le  end products accum ulate, producing an environm ent 

increasing ly  se lec tiv e  fo r "grande" ce lls . This se lection  could be 

expected to in c rea se  th e ir  frequency.

The re su lts  of a random  diploid analysis involving the su p p ressiv e
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TABLE 20

DISTRIBUTION OF MITOCHONDRIAL TYPES IN RANDOM DIPLOIDS

FROM THE CROSSES

D587-4B-2sp* X 62-25A(CRES)

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss P e tite Grande c r e s  c s e r  c r e r  CSE S Colonies
Scored

D 587-4B-2sp1
X

62-25A

. 948 . 052 .052 384

D 587-4B-2sp9
x 2

62-25A

. 929 .071 . 071 960

D587-4B-2sp„
x 3

62-25A

.925 .075 .075 522

D 587-4B -2sp. 
X * 

62-25A

. 965 .035 .035 254

D 587-4B -2sp5
X

62-25A

.890 . 110 . no 400

)J{
Independently Iso la ted  Suppressive P e tite  M utants of 

D587-4B-2(CSE R)
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TABLE 21

DISTRIBUTION OF MITOCHONDRIAL TYPES IN RANDOM DIPLOIDS

FROM THE CROSSES 

D587-4B-2sp* X E290-3(CRES)

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss  P e tite  Grande CRE S CSE R CRE R CSE S Colonies
Scored

D587-4B-2SP, .706 .294 .294
X

E290-3

357

D 587-4B-2sp - 911 .089  . 089 892
X 2 

E290-3

D 587-4B-2sp3 .721 . 279 .279  1,448
X

E290-3

D 587-4B-2sp4 .705 .295 .295  735
X

E290-3

D 587-4B -2sp5 .864 . 136 . 136 881
X

E290-3

Independently Iso lated  Suppressive P e tite  M utants of 

D587-4B-2(CSE R)



TABLE 22

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE CLONES

FROM THE CROSSES D587-4B-2sp* X E290-3(CRES)

F requencies of M itochondrial Types in C ell Sam ples

C ro ss Zygote P e tite Grande Colonies
Scored

D587-4B-2SP! 1 1.00 369
X 2 1.00 510

E290-3 3 1. 00 410

1 1.00 610
D587-4B-2sp„ 2 1.00 545

X 3 1.00 852
E290-3 4 1.00 806

5 1.00 844

D587-4B-2sp„ 1 1.00 526
X 3 2 1.00 390

E290-3 3 1.00 532

D 587-4B -2sp . 1 1.00 522
x 4 2 1.00 733

E290-3 3 1.00 811

D 587-4B-2sp5 1 1.00 693
X 2 1. 00 667

E290-3 3 1.00 560

*
Independently Iso la ted  Suppressive P e tite  M utants of D587-4B-2



p etite  m utant D 587-4B-2sp2 c ro ssed  to s tra in s  from  widely d ifferent 

so u rces  is  shown in Table 23. It is  evident from  the tab le  that the 

su p p ressiv e  m utant is  highly su p p ressiv e  in a ll c ro s se s  in th is  study. 

The re su lts  of zygote clone analysis  of such c ro sse s  is  shown in 

Table 24. T hese re su lts  substan tia te  those from  random  diploid 

analysis  that show that th is  su p p ressiv e  m utant is  highly suppressive  

in a ll c ro sse s  studied. Lineage analysis  of one of the c ro sse s , 

D 587-4B-2sp2 X E290-3, was studied. Table 25 d esc rib es  the r e ­

su lts  of th is  analysis . The lineages of the th re e  zygotes studied 

revealed  that the ’’grande" phenotype was never inherited  by the 

diploid progeny of the zygotes.

C ro sses  involving five su p p ressiv e  petite  m utants derived 

from  E290-3 a re  shown in Table 26. These suppressive  m utants 

w ere m oderate ly  to highly su p p ressiv e  in these  c ro sse s . Table 27 

shows the re su lts  of c ro sse s  involving the su p p ressiv e  petite  m utant 

E290-3spg and s tra in s  from  various so u rces . The m utant is  highly 

su p p ressiv e  in a ll c ro sse s  and the "grande" progeny of the zygotes 

in h erited  the m itochondrial phenotype of the "grande" paren ta l 

s tra in . The analysis of whole zygote clones involving the su p p res­

sive  m utant (E290-3spg) and s tra in s  from  v arious so u rces  (Table 28) 

su b s tan tia te  the re su lts  of the random  diploid analysis  of these 

c r o s s e s .



TABLE 23

DISTRIBUTION OF MITOCHONDRIAL TYPES IN RANDOM DIPLOIDS

FROM THE CROSSES BETWEEN

D 587-4B-2sp2 AND OTHER STRAINS

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss P e tite Grande CRES c se r  c r e r CSE S Colonies
Scored

D 587-4B-2sp 
X 2 . 987 .013 .013 780

D22

D 587-4B-2sp0
X .861 . 139 . 139 671

X2181-1A

D 587-4B-2sp2
1. 00 868

D585-11C-3

D 587-4B-2spg
x 2 . 990 .010 .010 591

S1795A
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TABLE 24

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE

CLONES FROM THE CROSSES BETWEEN D 587-4B-2sp2

AND OTHER STRAINS

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss Zygote P e tite Grande Colonies
Scored

D 587-4B-2sp9 1 .986 . 014 729
x 2 2 . 990 . 010 839

D22 3 . 990 . 010 893

D 587-4B-2sp9 1 1. 00 1,060
X 2 1.00 796

X2181-1A 3 1. 00 713

D 587-4B-2sp9 1 1. 00 840
x 2 2 1. 00 750

D585-11C-3 3 1.00 748

D 587-4B-2sp0 1 1.00 707
x 2 2 1.00 600

S1795A 3 1.00 610

D 587-4B-2sp9 
X 2 

62-25A

1
2 
3

1 .00  
1. 00 
1. 00

1,595
1,202
1,528



TABLE 25

DISTRIBUTION OF MITOCHONDRIAL TYPES IN ZYGOTE LINEAGES

FROM THE CROSS D 587-4B-2sp2 X E290-3

F requencies  of M itochondrial Types in C ell Sam ples

Clone Source CRES CSE R CRE R CSES P e tite  Colonies
Scored

Zygote 1
Bud I 1. 00 486
Bud 2 1. 00 530
Bud 3 1.00 531
Bud 4 1. 00 451
Bud 5 1. 00 544
Bud 6 1. 00 575
and subsequent

Zygote 2
Bud 1 1 .00 528
Bud 2 1.00 559
Bud 3 1.00 495
Bud 4 1.00 606
Bud 5 1 .00 577
Bud 6 1 .00 472
and subsequent

Zygote 3
Bud 1 1.00 584
Bud 2 1.00 486
Bud 3 1.00 580
Bud 4 1. 00 424
Bud 5 1. 00 835
Bud 6 1. 00 4.30
and subsequent
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TABLE 26

DISTRIBUTION OF MITOCHONDRIAL TYPES IN RANDOM DIPLOIDS

FROM THE CROSSES
$

.ade7 X E290-3sp

Frequencies of M itochondrial Types in C ell Sam ples

C ro ss  P e tite G rande CRES CSE R CRE R s sC E Colonies
Scored

ade7
X .724 

E290-3sp^
. 276 .276 692

ade7 
X .698 

E290-3spg
. 302 . 302 898

ade7 
X . 673 

E290-3sp^
. 327 . 327 355

ade7
X . 999 

E 290-3sp5/
. 001 .001 928

ade7 
X .663 

E290-3sp 0

. 337 .337 710

*
Independently Iso la ted  Suppressive P e tite  M utants

of E290-3
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TABLE 27

DISTRIBUTION OF MITOCHONDRIAL TYPES IN RANDOM DIPLOIDS 

FROM THE CROSSES BETWEEN 

E290-3sp3* AND OTHER STRAINS

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss  P e tite  G rande CRES CSE R CRE R CSES Colonies
Scored

D545-4A
X .978 .022 .022 893

E 290-3sp3

D609-12A
X .925 .075 .075 704

E290-3sp3

M-6C
X . 922 .078 .078 618

E290-3sp
3

N11C-1
X . 977 .023 .023 664

E290-3sp

Independently Iso la ted  Suppressive P e tite  M utant of E290-3



91

TABLE 28

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE

CLONES FROM THE CROSSES BETWEEN E 290-3sp3 

AND OTHER STRAINS

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss Zygote P e tite G rande Colonies 
Scored

D545-4A 1 1.00 507
X 2 1. 00 560

E290-3sp3 3 1. 00 861

D609-12A 1 1.00 889
X 2 1. 00 836

E290-3spg 3 1. 00 846

M-6C 1 . 973 . 027 486
X 2 . 981 .019 592

E 290-3sp3 3 . 982 .018 544

N11C-1 1 1. 00 674
X 2 1.00 789

E290-3spo 3 1. 00 766
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Table 29 d escrib es  the re su lts  of a random  diploid analysis  of 

c ro sse s  involving D587-4B-2 and the su p p ressiv e  m utants derived 

from  E290-3. In these  c ro sse s  the su p p ressiv ity  of the m utants is  

no longer observab le  and the su p p ressiv e  m utants behave as n eu tra l 

p e tite  (or pe tites  with low su p p ressiv en ess), which is  expected since 

D587-4B-2 p o sse sse s  a n uclear determ inant(s) responsib le  fo r the 

asy m m etrica l tra n sm iss io n  of i ts  m itochondrial type. The re su lts  

of zygote clone analysis  shown in Table 30 substan tia te  the re su lts  of 

random  diploid analysis . It is  c le a r ly  evident from  these  re su lts  that 

n u c lear fac to rs  could a lte r  o r  modify the su p p ressiv en ess  of su p p re s ­

sive p e tites. T herefo re , ca re  m ust be ex e rc ised  in determ ining  the 

suppressiv en ess  of p e tite s , since the su p p ressiv en ess  changes in 

c ro sse s  to different s tra in s . Since th is  n eu tra l pe tite  p o ssesses  

m itochondrial s tru c tu re s  which w ere v isua lized  by te trazo lium  

stra in in g , the re su lts  a lso  indicate that the su p p ressiv e  pe tites 

derived  from  D587-4B-2 re ta in  som e function which is  absent in 

the n eu tra l pe tite , (derived from  D587-4B-2), which allows the 

con tro l function to opera te .

Table 31 d esc rib es  the re su lts  of a  lineage analysis of the 

c ro ss  E290-3spg X D587-4B-2. It is  c le a r  from  the re su lts  of the 

th re e  lineages analyzed that a ll of the buds of the zygotes receive  

predom inantly  the m itochondrial type of the D587-4B-2 paren t. In 

only one bud (Bud 1, Zygote 2) was an appreciab le  suppressiv en ess
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TABLE 29

DISTRIBUTION OF MITOCHONDRIAL TYPES IN RANDON DIPLOIDS

FROM THE CROSSES 

D587-4B-2 X E290-3spn*

F requencies of M itochondrial Types in C ell Sam ples

C ro ss P e tite Grande CRES c s e r  c r e r  c s e s Colonies
Scored

D587-4B-2
X

E290-3sp
C t

.010 . 990 . 990 572

D587-4B-2
X

E290-3spg
.013 . 987 .987 632

D587-4B-2
X

E290-3sp^
.007 . 993 . 993 721

D587-4B-2
X

E290-3sp5
.003 . 997 . 997 513

D587-4B-2
X

E290-3spg
. 033 . 967 . 967 559

Independently Iso lated  Suppressive P e tite  M utants



TABLE 30

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE CLONES

FROM THE CROSSES

D587-4B-2(CSE R) X E290-3spn

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss Zygote P e tite G rande CRE S c SE R CRER CSES Colonies
Scored

1 .008 .992 .992 907
D587-4B-2

X 2 .018 .982 . 982 653
E290-3sp9

3 .008 .992 . 992 728

1 . 021 . 979 . 979 487
2 . 039 . 961 . 961 584

D587-4B-2 3 .032 . 968 . 968 650
X

E290-3sp„ 4 .010 . 990 . 990 389u 5 .018 . 982 . 982 490
6 . 007 . 993 . 993 416
7 .014 . 986 . 986 290

5};
Independently Iso la ted  Suppressive P e tite  M utants from  the P a re n ta l s tra in  E290-3



TABLE 30 (co n t.)

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE CLONES

FROM THE CROSSES

D587-4B-2(CSE R) X E290-3sp *n

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss Zygote P e tite G rande CRES CSE R CRE R CSES Colonies
Scored

1 .093 . 907 . 907 666
D587-4B-2

X 2 .049 .951 . 951 772
D 290-3sp.

3 .070 .930 . 930 762

1 .023 .977 . 977 587
D587-4B-2

X 2 .009 . 991 . 991 714
E290-3spg

3 .011 . 989 . 989 646

Independently Iso la ted  Suppressive P e tite  M utants of the P a re n ta l S tra in  E290-3



TABLE 30 (co n t.)

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE CLONES

FROM THE CROSSES

D587-4B-2(CSER ) X E290-3spn*

F req u en c ies  of M itochondrial Types in C ell Sam ples

C ross Zygote P e tite Grande CRE S CSE R CRE R CSES Colonies
Scored

1 .044 . 956 . 956 596
D587-4B-2 ■

X 2 .024 .976 . 976 553
E290-3sp

3 .023 .977 . 977 830

Independently Iso la ted  Suppressive P e tite  M utants from  the P a re n ta l S tra in  E290-3
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TABLE 31

DISTRIBUTION OF MITOCHONDRIAL TYPES IN ZYGOTE LINEAGES

FROM THE CROSS D587-4B-2 X E 290-3sp3*

F requencies  of M itochondrial Types in C ell Sam ples

Clone Source CRES CSER CRE R CSE S P e tite  G rande Colonies
Scored

Zygote 1
Bud 1 . 974 . 026 . 974 724
Bud 2 . 983 .017 . 983 521
Bud 3 . 990 . 010 . 990 310
Bud 4 . 979 . 021 . 979 535
Bud 5 . 976 . 024 . 976 582
Bud 6
and subsequent

. 990 .010 . 990 873

Zygote 2
Bud 1 .800 .200 .800 459
Bud 2 . 981 .019 . 981 524
Bud 3 . 975 . 025 . 975 551
Bud 4 . 989 . 011 . 989 647
Bud 5 . 981 . 019 . 981 685
Bud 6 . 984 . 016 . 984 506
and subsequent

Zygote 3
Bud 1 . 989 .011 . 989 628
Bud 2 . 975 . 025 . 975 714
Bud 3 . 979 . 021 . 979 431
Bud 4 . 969 .031 . 969 873
Bud 5 . 990 . 010 . 990 382
Bud 6 . 995 . 005 . 995 756
and subsequent 

Suppressive P e tite  Mutant from  the P a re n ta l s tra in  E290-3



dem onstrated . Again, it is  apparent that nuclear fac to rs  modify the 

apparent suppressiv en ess  of su p p ressiv e  petite . In a recen t re p o rt 

(Bech-Hansen and Rank, 1973) i t  has been independently shown that 

nuclear genes could modify the su p p ressiveness of su p p ressiv e  petite  

m utants. These authors proposed that the n u clear fac to r was n ec ­

e s sa ry  fo r the m aintenance of the "grande" phenotype and that m u­

tation  of th is  fac to r decreased  the stab ility  of the grande phenotype, 

leading to in c reased  su p p ressiv en ess. The nuclear fac to r in D587- 

4B-2 is , however, c lea rly  involved in the tra n sm iss io n  of m ito ­

chondrial types to zygote daughter ce lls  and not with the s tab ility  of 

the grande phenotype, since our n ec lea r fac to r op era tes  in c ro sse s  

not involving any petite  m utation. F u th erm o re  the spontaneous f r e ­

quency is  much too low to m ake undetected spontaneous pe tites the 

b as is  fo r our findings (See Table 32).

Table 33 su m m arizes the suppressiv en ess  of a ll suppressive  

petite  m utants em ployed in th is  study. The suppressive  m utants 

derived from  D587-4B-2 w ere highly suppressive  in a ll c ro sse s .

The suppressive  petite  m utants derived  from  E290-3 w ere highly 

suppressive  in a ll c ro sse s  except when c ro sse s  to s tra in s  derived 

from  D587-4B-2.

Table 34 p re sen ts  the re su lts  of an analysis  of the k inetics of 

supp ressiv en ess  and the d istribution  of m itochondrial types in zygotes 

from  the c ro ss  D587-4B-2sp2 X E290-3. This study was undertaken to
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TABLE 32

LIST OF THE SPONTANEOUS PETITE FREQUENCY OF STRAINS USED 

IN THE STUDY OF NEUTRAL AND SUPPRESSIVE PETITES

S tra in  Spontaneous P e tite  Colonies
F requency (%) Scored

D587-4B-2 0.70 451

E290-3 0. 60 465

D609-12A 7.00 589

S1795A 3.00 556

M-6C 5.80 180

X2181-1A 1. 90 305

D585-11C-3 4.80 495

D22 1. 10 991

ade7 2.40 941

N11C-1 1. 10 640

62-25A 1.20 723

MR-19B 3. 90 1,558

D545-4A 0. 90 913
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TABLE 33

LIST OF THE DEGREE OF SUPPRESSIVENESS OF SUPPRESSIVE 

PETITE STRAINS USED IN THIS STUDY 

(FROM RANDOM DIPLOID ANALYSIS)

C ross S uppressiveness
<%>

D587-4B-2SPJ X 62-25A 94. 7

D 587-4B-2sp2 X 62-25A 92.8

D 587-4B-2sp3 X 62-25A 92.4

D 587-4B-2sp4 X 62-25A 96. 5

D 587-4B-2sp5 X 62-25A 88. 9

D 587-4B -2sp1 X E290-3 70.4

D 587-4B-2sp2 X E290-3 99. 1

D 587-4B-2sp3 X E290-3 71. 9

D 587-4B-2sp4 X E290-3 70. 3

D 587-4B-2sp5 X E290-3 86. 3

D 587-4B-2sp2 X D22 98.7

D 587-4B-2sp2 X X2181-1A 85.8

D 587-4B-2sp2 X D585-11C-3 100

D 587-4B-2sp2 X S1795A 99. 0
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TABLE 33 (continued)

LIST OF THE DEGREE OF SUPPRESSIVENESS OF SUPPRESSIVE 

PETITE STRAINS USED IN THIS STUDY 

(FROM RANDOM DIPLOID ANALYSIS)

C ross S uppressiveness
(%)

E290-3sp2 X ade7 71. 7

E290-3sp3 X ade7 69.1

E290-3sp4 X ade7 66. 5

E290-3sp5 X ade7
I

99. 9

E290-3sp X b ade7 65. 5

E290-3sp3 X D545-4A 97.8

E290-3sp3 X D609-12A 91. 9

E290-3sp3 X M-6C 91.7

E290-3sp3 X N11C-1 97.7

E290-3sp2 X D587-4B-2 0. 30

E290-3sp3 X D587-4B-2 0.60

E290-3sp4 X D587-4B-2 0. 00

E290-3sp5 X D587-4B-2 0.00

E290-3sp6 X D587-4B-2 2. 61
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2 TABLE 34

ANALYSIS OF THE KINETICS OF SUPPRESSIVENESS AND THE DISTRIBUTION OF MITOCHONDRIAL

TYPES IN ZYGOTES FROM THE CROSS D 587-4B-2sp2 X E290-3

F req u en cies  of M itochondrial Types in C ell Sam ples

M aturation Zygote P e tite G rande CRES CSE R CRE R CSES Colonies
Tim e Scored

0 Min. 1 1. 00 880
0 Min. 2 1.00 472
0 Min. 3 1.00 867
0 Min. 4 1. 00 824

15 Min. 1 1 .00 685
15 Min. 2 1 .00 766

30 Min. 1 1. 00 860
30 Min. 2 1. 00 932
30 Min. 3 1.00 620
30 Min. 4 1. 00 792
30 Min. 5 1.00 844
30 Min. 6 1. 00 731
30 Min. 7 1. 00 430
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TABLE 34 (continued)

ANALYSIS OF THE KINETICS OF SUPPRESSIVENESS AND THE DISTRIBUTION OF MITOCHONDRIAL

TYPES IN ZYGOTES FROM THE CROSS D 587-4B-2sp2 X E290-3

F requencies  of M itochondrial Types in C ell Sam ples

M aturation Zygote P e tite Grande CRE S CSE R C1̂ 11 CSES Colonies
T im e Scored

60 Min. 1 1. 00 742
60 Min. 2 1. 00 701
60 Min. 3 1.00 700
60 Min. 4 1.00 852
60 Min. 5 1. 00 745
60 Min. 6 1. 00 781

90 Min. 1 V 00 669
90 Min. 2 i  r,o 811
90 Min. 3 1. 00 152
90 Min. 4 1. 00 707
90 Min. 5 1.00 304

120 Min. 
120 Min.

1
2

1 . 00 
1. 00

744
523



determ ine w hether the suppressiv en ess  of D587-4B-2sp2 could be 

m odified by tra n s fe rr in g  young zygotes a fte r varying m aturation  

tim es to a non-ferm entable m edium (YEPG). A fter 72 hours the 

agar slab  was tra n s fe rre d  to YEPD to allow fu rth e r  growth of the 

zygotes and th e ir  daughter ce lls . It was hoped that selective 

p re s su re s  w ere estab lished  in the zygotes and th e ir  progeny to 

re ta in  o r m aintain the grande phenotype on the nonferm entable 

m edium . O bservations during and a fte r  72 hours of the zygotes 

and th e ir  progeny revea led  a heterogeneous response  to the s e ­

lection. M ost of the zygotes produced colonies on g lycero l of 

approxim ately  1mm in d iam eter, but som e produced colonies in 

72 hours, as la rg e  as  3mm in d iam eter o r as  sm all as 100 ce lls .

The re su lts  indicated that selection  had been estab lished , but few 

daughter ce lls  rece ived  grande genom es while the m ajo rity  of the 

daughter cells rece ived  petite  genom es as evident from  the reduced 

growth ra te  of the colonies. Those daughter cells  which inherited  

only petite  genomes could not grow, while ce lls  which received  

grande genom es o r a  m ix ture of genom es could grow. T ran sfe r 

to YEPD elim inated the se lec tive  p re s s u re s  and apparently  the 

grande phenotype was then lo st in a ll the zygote progeny, since 

when the rem aining  ce lls  of each zygote clone w ere sp read  over 

the su rface  of a p e tr i  dish containing YEPG, no growth was observed; 

en tire  zygote clones had becom e petite . The tim e of tra n s fe r  to YEPG
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had apparently  no effect on th is  re su lt. Even though se lec tive  

p re s s u re s  w ere estab lished  e a r l ie r  fo r som e zygotes and la te r  

fo r o th ers , no d ifferences in the range of colony size  was observed  

fo r each tim e c la ss . A pparently, the su p p ressiv e  ch a ra c te r  is  ex ­

p re sse d  soon a fte r zygote inception, since  a ll zygotes w ere petite .

If the zygotes which w ere tra n s fe r re d  ea rly  had re ta in ed  the grande 

phenotype and those tra n s fe rre d  la te r  did not, one could a ttribu te  the 

re su lts  to dealyed expression  of the su p p ressiv e  phenotype, but th is 

was not observed.

If the con tro l function responsib le  fo r the a sy m m etrica l d is ­

tribu tion  of m itochondrial types was also  responsib le  fo r the sup ­

p re ss iv en ess  of the suppressive  petite  m utants derived  from  D587- 

4B -2, one would expect that su p p ressiv e  pe tite  m utants derived from  

ascospore  s is te r  cu ltu res  from  the c ro ss  D587-4B-2 X E290-3 would 

show a M endelian segregation  of the su p p ressiv e  phenotype in c ro sse s  

to s tra in s  lacking the contro l function. It would be expected that the 

segregation  of the su p p ressiv e  phenotype correspond  to the s e g re ­

gation of the contro l function. Table 35 shows the re su lts  of th is  

study, which em ployed u ltra  v io let induced suppressive  petite  m utants 

of the te tra d  MR-19 s is te r  asco sp o res . The contro l function was shown 

to have been seg regated  to MR-19C and MR-19D asco sp o re  s is te r  cu l­

tu re s  (see Table 17). Table 35 shows tha t no segregation  of the sup ­

p re ss iv e  phenotype was observed  and that a ll of the su p p ressiv e  petite
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6 TABLE 35

DISTRIBUTION OF MITOCHONDRIAL TYPES IN CROSSES INVOLVING SUPPRESSIVE PETITES 

DERIVED FROM SISTER ASCOSPORES FROM THE CROSS D587-4B-2(CSE R) X E290-3( CRES

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss Zygote P e tite  G rande CRE S CSE R CRE R CSES Colonies
Scored

1 o o 575
2 1.00 342

MR-19Asp^
X

MR-19B(CSE R)
3 1.00 869

4 .997 .003 .003 745
5 1. 00 865

1 1. 00 226
2 1.00 650

M R-19Bsp0
X

E290-3(CRES) 3 1.00 473
4 1.00 676
5 1.00 560
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DISTRIBUTION OF MITOCHONDRIAL TYPES IN CROSSES INVOLVING SUPPRESSIVE PETITES 

DERIVED FROM SISTER ASCOSPORES FROM THE CROSS D587-4B-2(CSER ) X E290-3(CRE S)

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss Zygote P e tite  G rande CRES . CSE R C1̂  CSES Colonies
Scored

1 1.00 295

2 1.00 327

3 1.00 343

MR-19Cspg
X

E290-3(CRES)
4 1.00 427

5 1. 00 244

6 1.00 466
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8 TABLE 35 (co n t.)

DISTRIBUTION OF MITOCHONDRIAL TYPES IN CROSSES INVOLVING SUPPRESSIVE PETITES 

DERIVED FROM SISTER ASCOSPORES FROM THE CROSS D587-4B-2(CSE R) X E290-3(CRES)

F req u en c ies  of M itochondrial Types in C ell Sam ples

C ro ss  Zygote P e tite  G rande CRE® C^ER CRE R C^E^ Colonies
Scored

1 1 .00 976

2 1 .00 687

MR-19Dsp^

MR-19B(CSE R)

3 . 999 . 001 . 001 808

4 1.00 740

5 . 998 .002 .002 581

6 . 998 . 002 .002 556

7 . 984 . 016 .016 618
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asco sp o re  cu ltu res w ere highly su p p ressiv e  in the c ro sse s  shown. 

T h erefo re , the contro l function is  not responsib le  fo r the su p p re s ­

s iv en ess  of th ese  m utants, and both suppressiv en ess  and the contro l 

function operate  independently. S tra ins possessing  the n uclear de­

te rm in a n ts )  can, how ever, modify the suppressiv en ess  of su p p res­

sive  p e tites  when c ro ssed  to each o ther (Table 29).

In c ro sse s  involving a su p p ressiv e  petite  m utant the "grande" 

diploid descendants upon sporulation  give r is e  in r a r e  in stances to 

te tra d s  in which the four a sco sp o res  w ere pe tite . A random  dip­

lo id  analysis of c ro sse s  involving one such te tra d  is  p resen ted  in 

Table 36. No segregation  of the su p p ressiv e  petite  phenotype was 

observed  and a ll the asco sp o re  cu ltu res w ere su p p ressiv e  in the 

c ro sse s  analyzed. These re su lts  concur with the re su lts  of the 

analysis  of the su p p ressiv e  pe tite  m utants iso la ted  from  the M R -19 

te tra d  (see Table 35). T h ere fo re , as s ta ted  previously , the n u clear 

con tro l function responsib le  fo r the asy m m etrica l p a tte rn  of in h e r i­

tance and the su p p ressiv en ess  of pe tite  m utants a re  not m anifestations 

of a common m echanism .
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TABLE 36

DISTRIBUTION OF MITOCHONDRIAL TYPES IN A RANDOM DIPLOID 

ANALYSIS OF PETITE ASCOSPORE SISTER CELLS DERIVED 

FROM THE CROSS D 587-4B-2sp2 X E290-3

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss  P e tite  Grande CRES CSE R CRER CSES Colonies
Scored

SPT-2A
X

D585-11C-1

*SPT-2B 
X

ade 7

SPT-2C*
X

D585-11C-1

SPT-2D'
X

ade 7

905

999

752

987

.095

.001

.248

013

.095

.248

560

.001 681

626

.013 993

*
P e tite  as cospore s is te r  cell



CHAPTER IX

STUDIES INVOLVING STRAINS CARRYING THE OMEGA FACTOR

T heories concerning m itochondrial inheritance have been b rie fly  

p resen ted  in the introduction, among these  the m ost co n tro v ers ia l is  

the p roposa l of m itochondrial sex. The proponents of th is  theo ry  

v isua lize  a fac to r (omega) which m ay ex ist in two fo rm s LO ' andGJ , 

and which con tro l the tra n sm iss io n  of recom binant c la sse s  as w ell 

as p a ren ta l c la sse s . This fac to r is  also involved in the contro l of 

the asym m etry  observed  fo r p a ren ta l and recom binant c la sse s . To 

obtain inform ation on the possib le  ex istence of a h ie ra rch y  of con­

tro llin g  fac to rs , c ro sse s  w ere m ade between s tra in s  carry in g  6l>+ 

o r td  ~ and s tra in s  which c a rr ie d  the n u clear determ inant(s) r e ­

sponsible fo r the asy m m etrica l tran sm iss io n  of m itochondrial type. 

The re su lts  of a  random  diploid analysis of th ese  c ro sse s  a re  de­

sc rib ed  in Table 37. The f ir s t  th re e  c ro sse s  involve m utants de­

riv ed  from  the s tra in  D587-4B, which w ere shown to c a r ry  a  nuclear 

determ inant responsib le  fo r the p re fe re n tia l tra n sm iss io n  of m ito ­

chondrial type. The re su lts  show tha t a p re fe re n tia l tra n sm iss io n  

of the m itochondrial type c a rr ie d  by m utants derived  from  D587-4B 

is  consisten tly  observed. C ro ss  1 and C ro ss  2 involved U)+ s tra in s , 

while C ro ss  3 involved a (a ) ” s tra in . In C ro ss  3 the asym m etrica l 

tra n sm iss io n  of p a ren ta l types was reduced and an in c rea se  in the 

frequency of the inheritance of the double re s is ta n t m itochondrial

111



TABLE 37

DISTRIBUTION OF MITOCHONDRIAL TYPES IN RANDOM DIPLOIDS

F requencies  of M itochondrial Types in C ell Sam ples

C ro ss

(1) D587-4B-2(CSER ) X D22(CSE S 0)+)

(2) D587-4B-4(CRES) X D 22-l(C SE R CO+)

(3) D587-4B-4(CRES) X 55R5-3C(CSE R(*)~)

(4) D6-3(CRESOJ+) X D22(CSE SkJ>+)

(5) D6-3(CRE S6J+) X D22-1(CSE R03+)

(6) D6 (CSE SU)+) X D22-1(CSE R0)+)

(7) D6-2(CSER 6J1') X E290-3(CRE S)

(8) D6-3(CRES0)+) X 55R5-3C(CSE RC0i~)

(9) IL16-10B(CRE SU ") X 55R5-3C(CSE RU)~) 

(10) IL16-10B(CRESLJ“) X D22-1(CSE R L0+ )

CRES CSE R CRE r  c S ES Colonies
Scored

.788 .212 916

.824 . 133 .014 . 029 924

.539 .295 . 166 835

.419 . 581 415

.470 .432 . 054 .035 685

. 259 .741 506

. 539 . 382 . 067 .012 319

.288 . 355 . 357 726

.853 .077 .070 762

. 506 .471 . 001 . 022 1,248



type was observed , while the double sen sitiv e  recom binant c la ss  was 

not observed . C ro sses  4 and 5 a re  hom osexual c ro sse s  U j f  x  I f )  

and no significant p o la rity  was observed . C ro ss  6 involved the p a r ­

en tal s tra in  D6 from  which the antibiotic re s is ta n c e  m utants (D6-2 

and D6-3) w ere derived. P a re n ta l s tra in s  and m utants derived  from  

them  w ere c ro ssed  to determ ine if any re s is ta n c e  m ark e r  had an 

effect on the d istribution  of m itochondria. The re su lts  of C ross 6 

show a po larity  of tra n sm iss io n  of the D6 m itochondrial type. Since 

no p o la rity  was observed  in c ro sse s  involving D6-2 o r D6-3 th is  

p o la rity  could be a ttribu ted  to a possib le  se lection  fo r the wild type 

m itochondrial genome. C ro ss  7 involves an unclassified  s tra in  

(with re sp ec t to om ega type) E290-3. T here  is  a slight p re fe r ­

en tia l tran sm iss io n  of the p aren ta l m itochondrial type contributed 

by the E290-3 s tra in  and a p o la rity  of tra n sm iss io n  of the double 

r e s is ta n t  m itochondrial type. C ro ss  8 is  a  h eterosexual c ro ss  

( b f  x0)~).  Low p o la rity  of p a ren ta l m itochondrial types was ob­

se rv e d  and an ex trem e p o la rity  of tra n sm iss io n  of the double r e ­

s is ta n t type is  seen . C ro ss  9 is  a hom osexual c ro ss , but a high 

p o la rity  was observed  fo r both p a ren ta l and recom binant c la sse s .

T hese re su lts  a re  not in accord  with the definition of a hom osexual 

c ro ss . Bolotin et a l, (1971) observed  no p o la rity  in hom osexual 

c ro s s e s . C ross 10 is  a h eterosexual c ro ss , no p o la rity  was ob­

se rv ed  fo r p a ren ta l types, but p o la rity  was observed  in the recom binant
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c la sse s . Since the s tra in  IL16-10B showed an ex trem ely  low f r e ­

quency of zygote form ation, zygote clone analysis  w ill not be p r e ­

sented  fo r C ro ss  9 and 10. In the analysis  of th ree  c ro sse s  involving 

th e £ J"  s tra in  55R5-3C one of the recom binant c la sse s  was not observed.

Tables 38, 39 and 40 d escribe  the re su lts  of zygote clone 

analysis of C ro sses  1, 2 and 3. In a ll zygotes analyzed the m ito ­

chondrial type of the m utants derived  from  D587-4B a re  p re fe ren tia lly  

tra n sm itted  to the diploid descendants of the zygotes. These re su lts  

concur with the re su lts  of the random  diploid analysis of these  c ro sse s . 

The f ir s t  th re e  c ro sse s  indicated that e ith e r a lte rn a tiv e  form  of the 

om ega fac to r did not a lte r  o r  modify the con tro l function responsib le  

fo r the p re fe ren tia l tran sm iss io n  of the m itochondrial type contributed 

by m utants of D587-4B.

T ables 41 and 42 show the re su lts  of hom osexual c ro sse s . In ­

dividual zygote clones exhibit po larity  of p a ren ta l types. The m ean 

values of the c la sse s  of m itochondrial types how ever, show no p o larity  

of tra n sm iss io n  and concurs with the re su lts  of random  diploid analysis.

The re su lts  of C ro ss  6 is  d escribed  in Table 43. This zygote 

clone analysis shows a  repea ted  asy m m etrica l tran sm iss io n  of the 

m itochondrial type contributed by the D22-1 s tra in . These re su lts  

a re  not consisten t with the re su lts  of random  diploid ana lysis . The 

re su lts  could be a ttribu ted  to the sm a ll sam ple of zygotes analyzed 

which m ight have skewed the re su lts .



TABLE 38

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE

CLONES FROM THE CROSS D587-4B-2(CSE R ) X D22(CSE S0 )+)

F requencies  of M itochondrial Types in C ell Sam ples

Zygote c r e s c s e r c r e r CSES Colonies
Scored

1 . 962 . 038 719

2 1.00 831

3 .827 .173 884

4 . 994 .006 660

5 1.00 811

6 .703 .297 751

Mean . 914 .086 4,656



TABLE 39

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE

CLONES FROM THE CROSS D587-4B-4(CRES) X D22-1(CSE R(o+)

F requencies of M itochondrial Types in C ell Sam ples

Zygote c r e s c s e r c r e r CSES Colonies
Scored

1 .864 .117 .011 . 008 766

2 .804 . 196 632

3 .873 . 092 . 020 .015 473

4 . 912 .051 .014 .023 672

5 1. 00 843

Mean .891 .094 .007 .008 3,386



TABLE 40

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE

CLONES FROM THE CROSS D587-4B-4(CRES) X 55R5-3C(CSE R£J")

F requencies of M itochondrial Types in C ell Samples

Zygote Cr e S c s e r c r e r CSES Colonies
Scored

1 1.00 360

2 1. 00 668

3 .844 . 156 726

4 . 900 MOO 588

5 . 508 . 113 .379 551

Mean .850 .054 .096 2,893



TABLE 41

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE

CLONES FROM THE CROSS D6-3(CRESU)+) X D22(CSE S( J +)

F requencies  of M itochondrial Types in C ell Samples

Zygote Cr e S c se r c r e r CSES Colonies
Scored

1 1. 00 608

2 1.00 676

3 .728 .272 647

4 1.00 672

5 .470 . 530 661

Mean .440 .560 3,264
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TABLE 42

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE

CLONES FROM THE CROSS D6-3(CRE SU +) X D22-1(CSERU +)

F requencies  of M itochondrial Types in C ell Sam ples

Zygote c r e s c se r c r e r CSE S Colonies
Scored

1 .029 . 960 .011 692

2 .648 . 333 .015 .004 724

3 1.00 611

4 .873 . 109 . 005 .013 724

5 1. 00 521

6 . 352 .279 . 357 .012 606

Mean .484 .447 .065 .005 3,761



120

TABLE 43

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE 

CLONES FROM THE CROSS D6(CSE SCjJ+) X D 22-l(C SE Rh)+)

F requencies of M itochondrial Types in C ell Sam ples

Zygote CRES c s e r  c r e r CSES Colonies 
Scored

1 . 736 .264 580

2 1. 00 715

3 1.00 1,056

4 . 993 . 003 668

5 .948 .052 631

Mean . 936 .064 3,650



The re su lts  of zygote clone analysis  of C ro ss  7 a re  shown in 

Table 44. These re su lts  ag ree  w ith the re su lts  of the analysis of 

random  diploids. Individual zygotes show po larity , but the m ean 

values of p a ren ta l types exhibit low polarity . The recom binant 

c la sse s  show the po larity  that was observed  in random  diploids.

Table 45 shows the re su lts  of a heterosexual c ro ss  not in ­

volving m utants of D587-4B. Individual clones show po larity  fo r 

the tra n sm iss io n  of p aren ta l a n d /o r  recom binant types, but the 

m ean values of the frequencies of the tra n sm iss io n  of m ito-types 

ag rees  with the re su lts  of the analysis of random  diploids. No 

po larity  was observed  in the tra n sm iss io n  of p a ren ta l c la sse s ,

but it is  c le a r  that an ex trem e po larity  was observed  in the tra n s -

Sm ission  of the recom binant c la sse s . The C E ° m itochondrial type 

was never observed  in the diploid descendants of the zygotes ana-

s slyzed. In a ll c ro sse s  involving the 55R5-3C s tra in  the C E o r
D  R

C E m itochondrial types a re  never observed  in the diploid progeny.



TABLE 44

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE

CLONES FROM THE CROSS D6-2(CSE R£0+) X E290-3(CRES)

F req u en cies  of M itochondrial Types in C ell Sam ples

Zygote c r e s c se r c r e r CSES Colonies
Scored

1 .428 .496 . 041 .035 633

2 . 334 . 149 .480 .037 356

3 .715 .283 .002 431

4 1.00 427

5 1.00 559

Mean .495 . 386 . 105 .014 2, 406



TABLE 45

DISTRIBUTION OF MITOCHONDRIAL TYPES IN WHOLE ZYGOTE

CLONES FROM THE CROSS D6-3(CRE S<0+) <x 55R5-3C(CSE RO f)

F requencies of M itochondrial Types in C ell Sam ples

Zygote CRE s c se r c r e r CSES Colonies
Scored

1 . 189 .811 916

2 . 513 .004 .483 1,218

3 1. 00 1,045

4 .016 . 342 .642 584

5 .428 .246 .326 602

6 . 188 .032 .780 .436

Mean .222 .271 .507 4,801



CHAPTER X

DISCUSSION

The study of m itochondrial inheritance  has been im peded by 

th re e  prob lem s which have not been fully reso lved ; (1) the reco m ­

bination of m itochondrial DNA m olecules has been physically  dem ­

o n stra ted  (M ichaelis _et al, 1973; Shannon et al, 1973), but the 

p ro ce sse s  responsib le  fo r bringing together, pairing  and reco m ­

bination of m em brane bound m itochondrial DNA m olecules a re  un­

known; (2) how is  the tra n sm iss io n  of m itochondrial fac to rs  con­

tro lled , it a t all; (3) is  the inheritance  of m itochondrial fac to rs  

not a  problem  of tran sm iss io n  but one of the contro l of expression  

of m itochondrial genom es. The frequency of recom bination has 

been shown by v a ry  g rea tly  and to depend on the m ating p a rtn e rs  

used  in the c ro ss . In m ost c ro sse s  studied the frequencies of r e ­

com bination w ere low. However, in c ro sse s  involving an s tra in  

the frequencies of recom bination w ere much h igher. It has been 

proposed  (Bolotin et a l, 1971; A vner e t a l, 1973; Wolf e t al, 1973) 

that the w fac to r is  involved in the recom binational p ro cess  and is  

also  responsib le  fo r the tran sm iss io n  of recom binant and paren ta l 

genom es to the progeny of the zygotes. A su rvey  of the s tra in s  

c la ss ified  UT by these  authors has indicated  that m ost if  not all of 

th ese  s tra in s  w ere derived from  one o r two p a ren ta l s tra in s , ra is in g
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the possib ility  that the in c rease  in the frequency of recom binant 

types observed  in c ro sse s  involving these  s tra in s  m ay re flec t a 

unique c h a ra c te r is tic  p o ssessed  by these  s tra in s  and not n ecessa rily  

a m itochondrial sex  fac to r.

The second unreso lved  problem  is  the tra n sm iss io n  of m ito ­

chondrial genom es. Lukins et a l, (1973) recen tly  proposed that 

the segregation  of m itochondrial genotypes, both p a ren ta l and r e ­

com binant, is  a random  p ro cess  associa ted  with the tran sm iss io n  

of m itochondria to buds . This d isse rta tio n  c lea rly  dem onstrates 

the ex istence of n u c lea r fac to rs  which could profoundly effect the 

tra n sm iss io n  of m itochondrial m a rk e rs  to the progeny of zygotes.

Since as we have shown the tran sm iss io n  of m itochondria is  not 

always a  random  p ro cess , then the frequency of recom binants 

observed  in c ro sse s  m ay not re flec t only the frequency of r e ­

com bination, but m ay wholly o r in substan tia l p a rt re flec t the 

frequency of th e ir  tra n sm iss io n  to the zygote progeny. O urs is 

not the f i r s t  re p o rt of n u clear fac to rs  effecting the tran sm iss io n  

of m itochondria, Howell et a l, (1973) have rep o rted  se v e ra l dif­

fe ren t ''in te rac tio n s" , one possib ly  nuclear.

A nother aspect of tra n sm iss io n  is  the tran sm iss io n  of the 

pe tite  phenotype by suppressive  petite  m utants. It has been shown 

(E phrussi et a l, 1955) that the suppressive  ch a ra c te r  is  the p ro p ­

e r ty  of the m itochondrial genome. In a recen t rep o rt (Bech-Hansen
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and Rank, 1973) it was shown that n u clear m utations could effect 

the supp ressiv en ess  of suppressive  petite  m utants. We have also 

shown that nuclear fac to rs  som etim es a lte r  o r modify the su p p res­

siveness of petite  m utants.

The la s t unresolved  problem  concerns the expression  of the 

m itochondrial genome. It is  s ti l l  unknown w hether o r not a ll of the 

m itochondrial genom es within a m itochondrion o r  cell a re  exp ressed  

and no detailed  study has dealt with th is  problem . The extensive 

lineage analysis described  in Table 5 showed that a ll the progeny 

of Bud 1 inherited  exclusively  E** except Bud II. The C1* and C ®E^ 

containing genom es inherited  by Bud II m ust have been tran sm itted  

to Bud 1 and som e of its  progeny but these  genomes w ere only ex ­

p re sse d  by Bud II and its  progeny. The lineage of Bud 1 strongly  

suggests th a t e ith e r a genome m ay rem ain  s ilen t o r that the m an i­

festa tion  of a genome m ay re q u ire  m ore  than one rep resen ta tiv e  

p e r  cell. Another point that m ust be m ade is  that tra n sm iss io n  and 

exp ression  cannot at p re sen t be separa ted ; detection p resen tly  r e ­

q u ires  expression .
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