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ABSTRACT

Matings of a number of Saccharomyces cerevisiae stocks give different
output ratios of mitochondrial genotypes depending on whether the cells are
glucose-repressed or derepressed. The effects of glucose repression are inde-
pendent of cellular mating type and mitochondrial genotype, and take place at
least in part after zygotes are formed. An explanation is proposed in terms of
changes in the relative numbers of mitochondrial DNA molecules contributed
by the a and o parents, modified by selective replication or destruction of
molecules inside the zygote.

THE most useful and versatile organism now available for the study of the

transmission genetics of mitochondria is the yeast Saccharomyces cerevisiae
(reviewed by Birky 1975). These facultative anaerobes are able to obtain suffi-
cient energy for growth and reproduction by the fermentation of sugars such as
glucose or galactose, under which conditions the mitochondrial functions of
protein synthesis, electron transport, and oxidative phosphorylation are dispen-
sable. These same mitochondrial functions are indispensable when the yeast are
grown on nonfermentable carbon sources such as ethanol or glycerol. When
glucose is present in the culture medium, respiration is not only dispensable but
is repressed to low levels. This phenomenon, called catabolite repression, glucose
repression, the Crabtree effect, or the inverse Pasteur effect, was first described
clearly by Sronimskr (1955) and by Epmrusst ef al. (1956), and has since been
the subject of numerous investigations (see PEriLman and Mamrer 1974 for
pertinent references). Briefly, repressed cells show, relative to derepressed cells,
(1) a greatly reduced activity of mitochondrial enzymes involved in electron
transport, correlated with reduced oxygen uptake; (ii) a reduction in number of
mitochondrial DNA molecules per cell (in some strains); and (iii) a smaller
number of mitochondria which are larger and more highly branched (in some
strains).

It seems likely that some or all of these changes in mitochondrial and cell
physiology will affect the inheritance of mitochondrial genes. Yeast crosses begin
with the mating of haploid cells each of which contains a large number of mito-
chondrial genophores; the resulting zygote likewise contains multiple copies of
the mitochondrial genome and will be heteroplasmic (cf., heterozygous) for
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mitochondrial genes for which the parents carried different alleles. Within ten
generations or less, the vegetative segregation of mitochondrial genophores results
in the diploid progeny being homoplasmic (cf., homozygous) at all mitochondrial
gene loci (THOMAs and WILKkIE 1968a; LINNANE et al. 1968). The percentages
of homoplasmic diploid cells of different genotypes, called output ratios, are the
parameters studied for clues to the events and mechanisms of mitochondrial
transmission genetics. Such studies show that mitochondrial genes undergo
recombination in heteroplasmic cells (THoMmas and WiLkie 1968b). Other phe-
nomena seen in output ratios include bias (the preferential transmission of mito-
chondrial genes from one parent; AVNER et al. 1973) ; polarity (the preferential
recovery of the »* mitochondrial allele and of genes linked to it; BoLoTIN et al.
1971); and zygote heterogeneity (different zygotes from the same cross produce
very different output ratios—CoEN et al. (1970)—and may fall into several dis-
crete classes, including uniparental classes—Birky (1975) and unpublished
data).

The relevant subcellular phenomena and parameters which may affect these
output ratios include (Duson, Sronimskr and WeiLL 1974; Birky 1975) the
relative numbers of mitochondrial genophores of different genotypes in zygotes;
the statistics of “mating” and recombination (reciprocal and nonreciprocal) in
the population of genophores in heteroplasmic cells; the packaging of genophores
into organelles; relative rates of replication of mitochondrial DNA molecules of
different genotypes and from different parents; and possibly the enzymatic
destruction of some molecules. In order to compare experimental results, it is
essential to know whether the output ratios of mitochondrial genetic crosses are
influenced by the carbon source used for growth or by the stage in the growth
cycle of the cells. Moreover, glucose repression can be used to test the effects, on
output ratios, of modifying some of the subcellular parameters (GOLDTHWATITE,
Cryer and MarMUR 1974). In this paper I show that glucose repression modifies
the direction and extent of bias and polarity and the types of zygote classes and
that these effects cannot be completely explained by changes in the input ratios
of mitochondrial genomes.

MATERIALS AND METHODS

Mitochondrial genes: Mitochondrial genes conferring resistance to chloramphenicol, erythro-
mycin, or oligomycin are designated CE, E®, or OR respectively; the wild-type alleles conferring
sensitivity to these antibiotics are CS, ES, and OS. Subscripts identify specific mutations. The C®
and E® mutants used here represent the R; and R,;; loci of Duron, SLontmskr and WerLr (1974),
and are separated by about ten map units. The C® mutants are very closely linked to the w locus
(BoroTin et al. 1971). The O; mutant used here is unlinked in the sense of AVNER et al. (1973),
ie., is separated from both R, and R, by about 209, recombination.

Yeast strains: Saccharomyces cerevisiae or stocks derived from hybridization of S. cerevisiae
with 8. carlsbergersis (P. P. SLoNimski, personal communication) are used in these studies.
Table 1 contains a list of strains, with their genotypes and sources.

Media: MMD, MMG, MME, and MMGal are minimal media after Wickermanm (1946) but
with 1 mg CaCl,/liter, and contain 19 glucose (dextrose), 4% glycerol, 4% ethanol, or 2%
galactose, respectively, as carbon sources. SSD, SSG, and SSGal are semisynthetic complete
media identical to MMD etc., but with the addition of 0.2% Difco yeast extract and 75 mg/ml
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TABLE 1
Strains used
Genotype
Strain Nuclear Mitochondrial Abbreviation Source
D22-2(2)-3 a ade-2 w+CSER 08 D22 ER spont. mut. in D22
from D. WiLkiE
D6-2(16)-3 a argmet  wt+CSEE, O8 D6 ER spont. mut. in D6
from D. Y. Taomas
DP1-1B/517-2 a his try otCE  ESOS DPt P. P. SLONIMSKI
55R5-3C/221-2 a ura « CSER,, OS 55R5 P. P. SroNIMSKI
1..16-10B-2 a his o CE_ ESOS IL16 P. P. SLONIMSKI
IL126-1B-2 a his o CB, ESOS IL126 P. P. SroNIMsKI
D243 4a-1 a ade-1lys w+SESOR, D243 R. CrippLE
2-36-1 a try-1 o+CREROSPR 2-36 R. KvrEEsSE
N123 a his w CSESOSPS N123 E. MousTtaccu:
N123UVSrho5s a hisrho5  «wCSESOSP® rhob E. MousraccH
6-2/7 a ade-1 wtCE, ESOE PS 6-2/7 P. S. PerLMaN (spore
from D243 x ILA458)
1-2/3 a ade-1 o CE,, EROE PS 1-2/3 P. S. PerLMAN (spore
from D243 x IL126)
1-1/1 a ade-1 w—CRgzlE5034PS 1-1/1 P. S. PerLMAN (spore

from D243 % IL126)

each of arginine, histidine, isoleucine, leucine, lysine, methionine, tryptophan, adenine, and
uracil. RD, etc., are similar complete media described by Javaraman et al. (1966). YEPD, etc.
contain 19, Difco yeast extract, 2% Difco proteose peptone, and carbon sources as above except
that glucose is present at 2%. Antibiotics were added to agar media (containing 29, agar) at
about 50°, as follows: chloramphenicol, 3 mg/ml; erythromycin, 1 mg/ml; oligomycin, 2 pg/ml.
All experiments were done at 30°.

Physiological states: Logarithmic phase cultures were grown on complete medium with
shaking for at least six generations at an O.D. (A,,,) of 1.0 or less, and usually mated at Ay, =
0.5 (approximately 107 cells/ml). When glucose is the carbon source, such cells are substantially
repressed; when glycerol, ethanol, or galactose is the carbon source, they are derepressed (sta-
tionary phase glucose cultures are actually using ethanol as their carbon source) (PerLman and
Mamrer 1974). Stationary phase cultures are derepressed on all media; lag phase cells are
repressing (PeriMan and MamvLer 1974), and were obtained by transferring stationary phase
cells to fresh medium and shaking for two hours. In most experiments the same carbon source
was used for growing both parent cultures and in the mating and prototroph selection media.
In some experiments, one parent was grown on glucose to log phase (repressed) and the other
on glycerol or galactose to log phase (derepressed). Two mating mixtures were prepared; one
was mated in glucose and plated on glucose (repressed); the other was mated in glycerol or
galactose and plated on medium with the same carbon source (derepressed).

Mating and zygote growth: Mating mixtures contained about 107 cells of each auxotrophic
haploid parent per ml of complete medium. In some early experiments, the mating mixture was
pelleted and permitted to mate for 14—1 hr, then resuspended and shaken for 114 hr; in most
experiments the mixture was simply shaken for 2 or 4 hours. Cells were then washed in distilled
water or minimal medium and several dilutions were plated on minimal medium, with appro-
priate carbon sources, to select prototrophic zygotes .About 105 cells of each parent culture were
plated on MMD as controls to detect prototroph revertants; if enough were present to affect the
results, the experiment was discontinued. Several hundred cells from each parent culture were
also plated on YEPD or RD and the resulting colonies covered with soft agar containing triphenyl
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tetrazolium, chloride to determine the percent p- cells in the culture. Such cells often lack one or
more mitochondrial genes and variations in their frequencies could affect the results of crosses.

Output ratios: For fotal progeny analyses, all cells were washed off of prototroph selection
plates containing several hundred or more zygotes; the cell suspensions, in 0.01 or 0.1 M EDTA,
were diluted and about 100 cells were plated on MMD to make replica master plates. After
incubation, these plates were replica-plated onto YEPD or RG plus appropriate antibiotics to
determine the mitochondrial genotypes of the colonies, and hence of the diploid cells taken from
the prototroph selection plates. For zygote colorny analyses, 30 to 100 individual zygote colomies
were picked off prototroph selection plates, suspended in EDTA, and the output ratios determined
by replica-plating as above.

RESULTS

Effects on bias in homopolar crosses

Homopolar crosses (called homosexual by BoroTin ez al. 1971) are those in
which both parents are »* or both are «~; the o locus plays no role in determining
the outcome of such crosses. Table 2 summarizes the results of one-factor and
two-factor homopolar crosses in which both parents were either repressed or
derepressed. Table 3 gives a more detailed analysis of one such cross.

The inequality of the reciprocal recombinant classes in Table 3 is typical of
the D22 X DP1 cross and can probably be ascribed to selection favoring the CSES

TABLE 2

Effects of glucose repression on output ratios in homopolar crosses

Output ratios (%)
Exp’t. Strains Mating Carbon* i

No. (a X a) genotype source CSER CRES CSES  CRER
P8a D22 x DP1 wTCSER X o +CRES D 466 44.0 7.6 1.8
Gal 339 556 65 4.1}
G 276 668 32 244

P11b 55R5 x IL16 o CSER X o CRES D 39.0 507 6.7 3.7
Gal 546 36.0 6.7 2.8+
G 52.5 334 130 1.1}

P13b 6-2/7 X D6 wtCRES X w+CSER D 66.7 225 3.4 7.5
G 35.0 4467 35 15.7¢

P12 D243 x 2-36 wtCSES X o+ CRER D 4.0 50 31.0 602
G 52 55 598 2944

CSOR  CROS  (CS08  CROR

P23 N123 x 1-1/1 &= C308 X «=CROE D 51 59 293 598
G 5.1 9.7 381 471+
E 51 7.3 419 45.8+

P23 rho5 x 1-1/1 wCS08 X wCROR D 2.8 50 546 376
G 5.5 35 747 163+
E 3.6 5.0 760 1544

* D = glucose; Gal = galactose; G = glycerol; E = ethanol. All cultures were in logarithmic
growth phase as defined in MATERIALS AND METHODS.
+ Significantly different from repressed cells at 5% level.
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TABLE 3

Details of effects of glucose repression on output ratios in the homopolar cross
wtCSER X o+ CRES (D22 X DP1, Expt. P8a)

Output ratios (% =+S.E.)

CSER Percent

Carbon source*® CSER CRESB CSES CREE cs ER CRES recomb,
Glucose 466+22 440+22 7.6+12 1.8*06 54.2 48.4 1.05 9.4
Galactose 33.9+17 556+1.8 65+09 41x07 404 38.0 0.61 10.6
Glycerol 27.6+18 668+1.0 32+07 2406 30.8 30.0 0.41 5.6

* The log-phase cultures of D22 and DP1 contained, respectively, 1.09, and 14% p— cells in
glucose, 0.56% and 5.69% p~ in galactose, and no p- in glycerol. These differences are insufficient
to account for the differences in output ratios, even if one assumes that all o~ cells lack C and E
mitochondrial genes.

phenotype over the C*E? phenotype. Reciprocal recombinants are more nearly
equal in some other homopolar crosses (D243 X 2-36), and the degree of
inequality shows no clear relationship to glucose repression; the latter is some-
what surprising, since one would expect selection for mitochondrial phenotypes
to be less effective under conditions where mitochondrial gene action appears
to be dispensable and at least partly repressed. The data for D22 X DP1 also
suggest an effect of the carbon source used in the experiment on the total fre-
quency of recombination: recombination is higher on glucose or galactose than
on glycerol (or glucose in lag phase). This effect is seen only in the D22 X DP1
cross; averaging the recombination frequencies of all homopolar crosses gives
10.5% or 10.69% recombination when the carbon source is glucose or glycerol,
respectively.

The most striking effect of glucose repression is on bias. Bias is seen as a devi-
ation of the ratio of parental genotypes from 1, and as a deviation of the trans-
mission of individual alleles from 509 . The cross shown in Table 3 was essen-
tially unbiased when glucose was used as the carbon source, but was biased in
favor of the transmission of markers from the DP1 parent when the carbon source
was galactose or glycerol. In all cases the transmissional bias is in the same direc-
tion for the C and E genes and the effect of glucose repression is similar, as
expected for these closely-linked loci. Each of these crosses has been repeated one
or more times; the bias varies considerably between repetitions, but in every case
the effect of changes in the carbon source is in the same direction (Birxy, unpub-
lished data; Cmou 1973). Moreover, although galactose and glycerol do not
always give the same output ratios, whenever galactose shifts bias relative to
glucose it is in the same direction as glycerol. Although galactose and glucose are
both fermentable carbon sources, galactose does not repress mitochondrial func-
tions to nearly the extent that glucose does. This indicates that a major effect of
using different carbon sources depends upon differences in repression. For
example (Table 2) in the D22 X DP1 cross, glucose favors the transmission of
mitochondrial genes from D22, while galactose and glycerol favor DP1 genes.
Ethanol acts like glycerol (experiment P23). This is also seen in experiment P1
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(Table 4) which includes stationary phase glucose cultures in which the chief
carbon source is ethanol produced by fermentation during the preceding log
phase; these derepressed cultures are biased in the same direction as those grown
in glycerol (experiment P1, etc., Table 4).

Glucose repression in different crosses favors different mitochondrial genotypes
(CSE® in D22 X DP1, CRES in 55R5 X IL16, CFE® in D243 X D6); it also favors
mitochondrial genes from parents of different mating types (e.g., a in D22 X
DP1, « in 55R5 X IL16). Repression effects are seen in both o™ X o™ and &= X o~
crosses involving stocks from several different sources.

Effects on transmission in individual zygotes

The effects of glucose repression on bias were seen above in total progeny
analyses, in which the progeny of many zygotes are pooled, and the results
represent the behavior of the “average” zygote. Figure 1 shows the transmission
of alleles at the C, E, and O loci for sets of 50 individual zygotes grown, mated,
and plated in glucose or glycerol; the total progeny analysis of this same cross is

TABLE 4

Effects of glucose repression on output ratios in heteropolar crosses

OQutput ratios (%)

Strains Mating Carbon* Growthi
Exp’t. WX genotype source phase CSER (CRES (SES C(CRER c8 ER
P1 D22 x IL16 aCSER ) oCEES D log 625 36 339 0 661 625
D lag 505 4.0 455 0 545 505
D stat 509 121 371 0 63.0 50.9+
P9 D22 x IL16 aCSER X aCRES D log 773 17 210 O 983 773
Gal log 480 11.8 402 O 88.2 48.04
G log 519 48 433 0 952 51.9%
P13 D6 x 1-2/3 aCSER X aCEES D log 841 O 160 0 100 840
G log 672 34 276 0 948 69.0f

CRES (SER (RER (SES (R ES

P11 DP1 X 55R5 «CRES X aCSEE D log 724 98 165 1.2 889 736
Gal log 753 7.6 145 26 898 779

© T C8pS  CRER CSER CRES (S ES

P12 D243 X IL126 aCSES X «CRER D log 47.0 216 308 06 778 476
Gal log 60.7 18 375 0 982 607}

CRER (BES C(CRER (CSER (R ER

P12 2-36 X N123 «CRER X aCSEf D log 821 15 160 04 981 825
Gal log 797 73 129 01 926 79.8
G log 81.9 23 156 03 975 822

* D= glucose; Gal == galactose; G = glycerol.

+ Significantly different from repressed cells at 5% level.

1 Log, lag and stat refer to logarithmic, lag and stationary phase cells as defined in MATERIALS
AND METEODS,
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Ficure 1.—Transmission frequencies of mitochondrial genes in the progeny of 50 individual
zygotes from the cross o TCSEROS X o+ CRESOR (D6 X 6-2/7). Bars represent the number of
zygotes transmitting the C® (open bar), Ef (solid bar), or OF (hatched bar) alleles from 6-2/7
to various percentages of their diploid progeny, in intervals of 109%. Upper graph: experiment
done with glucose as carbon source (cells repressed). Lower graph: glycerol carbon source (cells
derepressed).

shown in Table 2 (experiment P13b) where it is treated as a two-factor cross for
purposes of comparison with other matings. It is evident that three classes of
zygotes are formed in this cross under derepressed conditions: one class transmits
mitochondrial genes from the D6 parent preferentially; one class preferentially
transmits genes from the 6-2/7 parent; and the third class transmits genes from
both parents about equally well. When, however, the same cross was done with
repressed cells, the class transmitting genes preferentially from 6-2/7 is no longer
evident, and has been replaced by two classes showing moderate degrees of bias
in favor of D6.

The effect of glucose repression on individual zygote classes is seen even more
strikingly in Figure 2, with data from experiment P23 involving the mutant
N123 r#05. Under repression, there are no distinct classes of zygotes with respect
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Frcure 2.—Transmission frequencies of mitochondrial genes in the progeny of 50 individual
zygotes from the cross «wCSO8 X o~ CEOR (rho5 X 1-1/1). Bars represent the number of
zygotes transmitting the CS (open bar) or OS5 (hatched bar) alleles from the N123rko5 parent
to various percentages of their diploid progeny, in intervals of 109,. Upper graph: experiment
done with glucose as carbon source (cells repressed). Lower graph: glycerol carbon source (cells
derepressed).

to mitochondrial gene transmission: there appears o be a single population of
zygotes with high variance and moderate bias in favor of the 1-1/1 parent. But
when the cells are derepressed, there is a striking shift toward transmission of
genes from rho5; moreover, about half of the zygotes (22 out of 50) are
uniparental, transmitting only mitochondrial genes from the rko5 parent. Eight
of these uniparental zygotes were tested further to determine whether they were
strictly uniparental or merely very strongly biased. About 10° cells from each
zygote colony were pipetted onto medium containing chloramphenicol or erythro-
mycin; no cells grew, showing that these zygotes transmitted mitochondrial genes
from 1-1/1 to less than 0.0019, of their progeny. These phenomena will be
described in more detail elsewhere (Birky, manuscript in preparation).
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Effects on polarity and bias in heteropolar crosses

Heteropolar crosses are those in which the parental genophores differ at the
omega mitochondrial locus: ot X «=. Among the progeny of such zygotes there
is a strong preferential recovery of the »* allele and of the C allele linked to it
(C*); a weaker preferential recovery of the E allele (E+) linked to o™; but no
effect on “unlinked” loci such as O. Consequently the reciprocal recombinants
are always highly unequal, with C+E- > C-E*; also the parentals are generally
unequal, with CTE+ > C-E- (BoroTiN et al. 1971). The effects of glucose repres-
sion on such crosses are shown in Tables 4 and 5.

Glucose repression modifies bias in heteropolar as well as in homopolar crosses.
This can be seen in the three-factor cross in Table 5, where the non-polar O locus
shows essentially no transmissional bias in derepressed cells but a strong bias
toward the D6 parent in glucose-repressed cells. This is paralleled by an increased
transmission of the E®, and to a lesser extent of the C*, alleles from D6. When
the cross is considered as a two-factor cross by ignoring the O locus and looking
only at the polar C and E loci, glucose repression appears to have increased the
polarity of the cross; the ratio of parental genotypes is more strongly biased in
favor of (CSE®). At the same time the total recombination frequency appears to
have decreased.

Each cross shows a different response to glucose repression; in some (e.g.,
D22 x IL16) repression favors the o™ genome, in others (e.g., D243 X IL126)
the »~ genome, while one (DP1 X 55R5) shows no effect. As in the homopolar
crosses, derepression favors mitochondria of different genotypes and from parents
of both mating types in different crosses. The D22 X IL16 cross has been per-
formed five times; the effects of glucose repression were in the same direction
each time, although the precise output ratios varied.

Effects of glucose repression of only one parent or of zygotes

In the preceding experiments both parents and the zygotes were all kept either
repressed or derepressed throughout. Four experiments were also done in which
repressed cells were mated with derepressed cells; the results were complicated

TABLE 5

Details of the effects of glucose repression in the heteropolar cross
«TCSERQOS X ~CRESOR (D6 X 1-2/3, Exp’t. P13)

Output ratios (% *S.E.)

Carbon source CSEROS  CRESOR  (CSERQR  (CRESQS  CSESQR  CRERQS  CSESQS  CRERQR
Glucose 68.1 0 16.0 0 13.5 0 2.5 0
+3.7 +£2.9 *2.7 *1.2
Glycerol 48.6 2.4 18.6 1.0 23.3 0.5 4.3 1.4
*35 =11 *+2.7 *07 *+2.9 *05 *+1.4 +=0.8
cs EE 08 CSEE CRER CSES CRER
Glucose 100 84.0 70.6 84.0 0 16.0 0

Glycerol 94.8 69.0 54.3 67.1 33 27.6 1.9
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TABLE 6

Effect on output ratios of glucose repression in zygoles*

Carbon source Output ratios (%)
Strains Mating
Exp’t. aXae genotype a a Zygotes cs ER
P9 D22 x DPt wtTCSER X o +CRES D D D 73.2 715
D D G 58.1 53.0¢4
G G D 59.1 54.0
G G G 50.3 46.2
D22 x 1116 wTCSER X ~CRES D D D 98.3 77.3
D D G 96.4 77.4
D D Gal 793 36.9%
Gal Gal D 95.9 70.2
Gal Gal Gal 88.2 48.0+4
G G D 94.7 61.7
G G G 95.2 51.9
P11 55R5 X IL16  wCSER X w~CRES G G D 61.3 56.9
G G G 65.5 53.6
cs Fog
P12 N123 X 236 CSES X wtCRER D D D 1.9 175
D D G 0.9 9.2
G G D 9.1 27.1
G G G 2.6 17.9+

* Both parents were grown to log phase on glucose (D), galactose (Gal), or glycerol (G), then
mated in medium with the same or a different carbon source. Zygotes were grown on plates with
the carbon source used for mating,

+ Output ratio is significantly different at the 59 level from that obtained when zygotes were
grown in glucose.

and show no clear pattern which might be useful in interpreting the effects of
repression on mitochondrial genetics.

To determine whether repression acts on parents or zygotes, three experiments
were performed in which both parents were either repressed or derepressed, but
the mating was done, and the zygotes reared, under the opposite conditions. The
results of these experiments are summarized in Table 6 as a series of pairwise
comparisons. In four cases the repression of the zygotes alone significantly modi-
fied the output ratios. It thus appears that glucose repression can act upon events
taking place in the zygote and its progeny to modify output ratios without neces-
sarily affecting parameters in the parents. (An important caveat must be added
to this interpretation: it is possible that glucose repression in these experiments
is acting very rapidly-—in less than two hours—on the parent cells after the
mating mixture is formed but before the cells fuse to form zygotes, or that a
significant amount of mating is taking place on the prototroph selection plates).

DISCUSSION

The results of these experiments indicate that both bias and polarity can be
modified by glucose repression. The phenomena of polarity and bias can both be
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viewed as the preferential recovery of mitochondrial genomes in the progeny of
zygotes: preferential recovery of the mitochondrial allele v+ and linked genes in
polarity; preferential recovery of genomes from a participular parental strain in
bias. Possible mechanisms for such preferential recovery include selection and
input effects. These are discussed below.

Selection

The existence of selection is suggested by the unequal recovery of reciprocal
recombinants in crosses of strain D22 by DP1. This selection might be for cellular
phenotypes (intercellular selection), or for mitochondrial phenotypes within
cells (intracellular selection) as has been demonstrated in yeast by Birry (1973
and unpublished) and in paramecium by ApourTtEe and Brissow (1972). Selec-
tion of either sort is unlikely to explain the repression effects because different
genotypes are being selected in different experiments. This argument is not con-
clusive, since these crosses involve different C? alleles and different nuclear
genotypes, but it would be surprising if these features could cause a complete
reversal in the direction of selection.

Input effects

The most parsimonious approach to understanding repression effects on
polarity and bias is to seek a common mechanism for both; such a common
mechanism might be an effect on input ratios. A useful paradigm for the rationali-
zation of mitochondrial transmission genetics has been an analogy to the phage-
infected bacterial cell (Worr, Duson and Stonimski 1973; AvNER et al. 1973;
Dujon, Sronimsgr and WerLr, 1974; Linnane, HowerrL and Lukins 1974
Birry 1975) as described by VisconTi and DerLBruck (1953). In a phage-
analogy model it is postulated that the yeast zygote contains a pool of mito-
chondrial DNA molecules, m from one parent and n from the other. Due to the
frequent fusions of mitochondria in the zygote and its heteroplasmic buds, the
mitochondrial genophores are able to pair and recombine (mate) in both homolo-
gous and heterologous combinations; this mating may be random or nearly so
with respect to genotype (Worr, Duson and Stonmvskr 1973; DujonN, SLoNIM-
sk1 and WErLL 1974) and there may be multiple rounds of mating (DuJon,
Sronimvskr and WEerLL 1974). The result (if recombination is formally, i.e. sta-
tistically, reciprocal) will be the production of equal numbers of recombinants,
while parental genotypes and pairs of alleles will remain in the ratio of rmu:n.
These same ratios will appear in the output percentages of homoplasmic diploid
cells, providing all genotypes of cells and mitochondria replicate at equal rates.

Direct evidence for such effects of input on output has been obtained in several
ways. PErRLMAN and DEmEo (1974) and Youne (personal communication) have
mated haploid cells with either haploid or diploid cells; the latter contain about
twice as many mitochondrial DNA molecules. PErLMAN and Demro (1974)
have also used cycloheximide to increase the mitochondrial DNA content of cells
prior to mating. Finally, Gororawarre, CrRYEr and MarMUR (1974) have mated
glucose-repressed with derepressed cells, using strains in which repression results
in a drastic decrease in mitochondrial DNA content. In every case the change in
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input ratios of mitochondrial DNA molecules has been accompanied by a change
in output ratios of homoplasmic diploid cells; the changes are in the expected
directions, but not always of the magnitude expected if input bias were the sole
determinant of output bias.

In most of my experiments, both parents were either repressed or derepressed.
If effects of repression on bias were to be explained by changes in mitochondrial
DNA content, one would have to postulate that some stocks showed a larger
decrease in mitochondrial DNA than others, upon repression. For example, in
the mating D22 X DP1, repression favors the recovery of D22 markers. This
would require that repression cause a more extreme decrease in the mitochon-
drial DNA content of D22 than of DP1, so that in matings of repressed cells the
input ratios would be biased in favor of DP1, while in derepressed cells the input
ratios would be unbiased or biased in favor of D22. Studies on the effects of
repression on mitochondrial DNA content do, in fact, suggest that different
strains differ in this respect; at the extremes, GoLorawAITE, CRYER and MaRMUR
(1974) found an approximately threefold decrease upon derepression in the one
stock studied quantitatively, while Grimes, MauLER and PERLMAN (1974) found
no increase in another haploid stock and its isogenic diploid.

On this hypothesis, if repression favors the transmission of markers from stock
A in a mating of A X B, and of stock B in a mating of B X C, then it must also
favor A in an A X C mating. This transitive relationship is satisfied by my data,
in which repression favors D22 over I1.16, IL16 over 55R5, 55R5 over DP1, and
D22 over DP1 in separate experiments.

DuJon, Sconimskr and WEeILL (1974) have developed a mathematical treat-
ment of the phage-analogy model, in which output ratios are related to input
ratios, number of rounds of mating, and recombination frequencies in homopolar
crosses. They postulate that polarity is due to asymmetrical gene conversion and
incorporate this additional factor into formulae for predicting the output ratios
of heteropolar crosses. From their graphs, and from the corresponding data on
UV-irradiated crosses in BoroTin et al. (1971), it appears that an increase in the
input of the «~ parent relative to the ot parent results in (i) an increase in the
output of the »~ parental genotype; (ii) a decrease in the output of the o parental
genotype; (iii) an increase in the major (CtE-) recombinant (C allele from o,
E allele from ™) ; (iv) a large increase in the output of the E- allele; and (v) a
smaller increase in the output of the C- allele and a larger increase in the O~
output. Over a wide range of input ratios the rare C-E+ recombinant will remain
nearly zero and effects on this genotype will be difficult to detect. All of these
features are seen in comparing the glucose-repressed and derepressed crosses in
my data.

Two lines of evidence, on the other hand, indicate that effects of repression on

the mitochondrial DNA content of parent stocks are not sufficient to account for
the changes in bias and polarity.
1) Crmou (1973) has measured mitochondrial DNA levels in repressed and
derepressed cells of stock DP1 and found less than a twofold difference. But the
genetic data would require differences of at least 2.5-fold (experiment P8) to
3.2-fold (experiments P7 and P9).
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2) In the cross N123 rho5 X 1-1/1, derepression results in the appearance of
many uniparental zygotes which completely fail to transmit mitochondrial genes
from the 1-1/1 parent; this behavior cannot be explained by input ratios.

The input ratios as defined in the Dujon model are the ratios of genetically
functional mitochondrial genophores in the early zygote. These ratios are not
necessarily the same as the ratios of molecules in the parental haploid stocks,
which ratios could be modified in the zygote in either of two ways: (i) by prefer-
ential replication of molecules from one parent or the other, as seen by ANDERSON
(1968), BrATen (1973) and Sacer (1972, but ¢f. Cuiane 1971); (ii) by prefer-
ential enzymatic destruction of molecules from one parent or the other.

Preferential replication of mitochondrial DNA has been postulated to explain
zygote heterogeneity in yeast (Birky 1975). A possible mechanism for this is
suggested by StrausBErG and PERLMAN (1974 and personal communication),
who showed that yeast mitochondria from the two parents mix rather slowly in
the zygote, as result of which first buds formed at one end of the zygote tend to
include mitochondria primarily from one parent; such buds produce most of the
resulting zygote colony, or all of it if only a few buds are produced before zygotes
die. The only direct evidence relevant to selective destruction or replication of
mitochondrial DNA in zygotes comes from the studies of Sena (personal com-
munication; SENa ef al. 1973) ; in the cross she studied, the first bud contains less
mitochondrial DNA than the zygote, which indicates that not all of the DNA is
replicated.

Another variable which may be important in glucose repression effects is the
packaging of mitochondrial DNA into mitochondria. Serial electron micrographs
by Grimes, MauLER and PerimaN (1974 and personal communication) have
shown that diploid repressed and derepressed cells contain the same amount of
mitochondrial DNA packaged into about 4-5 organelles in repressed cells or
about 22 organelles in derepressed cells. Similar results have been obtained by
C. Damsky (personal communication) and Stevens (1974), although HoFrFman
and Avers (1973) have studied another strain in which there is only a single
large, branched mitochondrion under repressing or derepressing conditions.

These experiments emphasize the importance of carefully controlling and
clearly defining the physiological state of yeast cells used in studies of mito-
chondrial transmission genetics.
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Ohio State University, and by NIH grant 1-RO1-GM19607, DHEW.
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