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Inheritance of mitochondrial DNA (mtDNA) in Saccharomyces cerevisiae is usually bipar-
ental. Pedigree studies of zygotic first buds indicate limited mixing of wild-type (p*) parental
mtDNAs: end buds are frequently homoplasmic for one parental mtDNA, while hetero-
plasmic and recombinant progeny usually arise from medial buds. In crosses involving
certain petites, however, mitochondrial inheritance can be uniparental. In this study we
show that mitochondrial sorting can be influenced by the parental mtDNAs and have
identified intermediates in the process. In crosses where mtDNA mixing is limited and one
parent is prelabeled with the matrix enzyme citrate synthase 1 (CS1), the protein freely
equilibrates throughout the zygote before the ﬁrst bud has matured. Furthermore, if one
parent is p° (lacking mtDNA), mtDNA from the p* parent can also equilibrate; mtracellular
movement of mtDNA is unhindered in this case. Surprlsmgly, in zygotes from a p° CS1*
X p* CS1™ cross, CS1 is quantitatively translocated to the p* end of the zygote before
mtDNA movement; subsequently, both components equilibrate throughout the cell. This
initial vectorial transfer does not require respiratory function in the p* parent, although it
does not occur if that parent is p~. Mouse dihydrofolate reductase (DHFR) present in the
mitochondrial matrix can also be vectorially translocated, indicating that the process is
general. Our data suggest that in zygotes mtDNA movement may be separately controlled

from the movement of bulk matrix constituents.

INTRODUCTION

The faithful segregation of organelles is an essential
feature of cell division. Although much is known about
the process of nuclear division and inheritance, our
knowledge of the mechanism and control of segregation
of other organelles is minimal. In virtually all eukaryotes
mitochondria and mitochondrial DNA (mtDNA) must
be partitioned during cell division to maintain the re-
spiratory competence of the progeny. The rules that
govern this process are largely unknown.

The yeast Saccharomyces cerevisiae has proved to be
useful for studies on mitochondrial inheritance because
these cells can be propagated without functional mi-
tochondria. In vegetatively growing yeast cells, mito-
chondria and mtDNA are apportioned to the emerging
bud even before nuclear division has occurred (Stevens,
1981). Over the years, a number of nuclear mutations
have been described that lead to the loss or destabili-
zation of mtDNA (Weislogel and Butow, 1970; Lisowsky
and Michaelis, 1988; Foury, 1989; Lundin et al., 1991),
but a comprehensive picture of mitochondrial trans-
mission in vegetatively growing cells has yet to emerge.
Also, a number of mutants have been described that
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are defective in segregation of mitochondria and
grouped into a set of genes designated MDM, (mito-
chondrial distribution and morphology) (McConnell et
al., 1990). One of these, MDM2, is the OLE1 gene en-
coding A9-fatty acid desaturase (Stewart and Yaffe,
1991), thus implicating a role for unsaturated fatty acids
in mitochondrial movement in yeast. Two other genes
have recently been identified that appear to affect the
maintenance or segregation of mtDNA; the product of
one of these genes is related to the dynamin family of
microtubule binding proteins (Jones and Fangman,
1992) and the other encodes the HMG1-like protein,
ABF2 (Diffley and Stillman, 1991).

Yeast also provides a very tractable system for mi-
tochondrial genetic analysis in crosses, because its mi-
tochondrial genome is highly recombinogenic (Thomas
and Wilkie, 1968). In matings, the inheritance of
mtDNA is usually biparental, the exceptions being
crosses between cells containing wild-type mtDNA (p*)
and those that either lack mtDNA (p°) or that are in-
cluded among a subclass of mitochondrial mutants har-
boring large deletions of their mtDNA (o~ petite) (Dujon,
1981). In the first case, the progeny of the cross is vir-
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tually 100% p*; that is, p° cells are rarely found among
the progeny. This could be due to as few as one mtDNA
molecule segregating into a zygotic bud, followed by
its amplification. In the second case, conversely, the
progeny of the cross are virtually 100% p~, and their
mtDNA is indistinguishable from the petite parent. This
subclass of p~ cells, known as hypersuppressive petites
(Dujon, 1981), are thought to exert their effect by out-
competing the p* genome in the zygote for some fac-
tor(s) essential for mtDNA transmission. Although the
mitochondrial genomes of hypersuppressive petites
have in common repeat units containing putative origins
of mtDNA replication (Blanc and Dujon, 1980; de Za-
maroczy et al., 1981), it has not been convincingly es-
tablished whether the effect of hypersuppressivity is
mediated exclusively as a replicative or segregational
advantage of the petite genome over p*. A recessive
mutation of a nuclear gene, MGT1, has been identified
that largely eliminates hypersuppressivity in crosses
(Zweifel and Fangman, 1991), but the molecular basis
for the phenomenon has yet to be clarified.

A second feature of mtDNA inheritance in yeast
crosses is that segregation of mixed genomes occurs very
rapidly. Yeast cells contain between 50 and 100 mtDNA
molecules; random segregation of individual molecules
would predict that more than 1000 generations are nec-
essary for complete segregation from a zygote (Mi-
chaelis, 1967). However, mtDNA segregation is usually
complete in less than 20 generations and, in individual
cells, is often accomplished in a single cell division. This
rapid segregation is most readily explained only if the
mitochondrial segregating unit is not the individual
mtDNA molecule but, rather, a subset of those mole-
cules (Dujon et al., 1974; Birky et al., 1978). The mech-
anistic relationship between mtDNA molecules and
segregating units, however, is not known at present.

Another feature of mitochondrial inheritance in yeast
is that mtDNA segregation is not random, and the site
of first bud formation can affect the segregation pattern
of individual zygotic clones. The genetic composition
of a first bud and its mother zygote can be determined
by pedigree analysis. By this means Strausberg and
Perlman (1978) observed in p* X p* crosses that if the
first bud emerges from one end of the zygote it is often
pure for the mitochondrial genotype contributed by the
parent cell that gave rise to that end of the zygote. Fur-
thermore, the remaining zygotic clone is often pure for
the other parental genotype, indicating that the bud
depleted the mother zygote of one parental genotype;
only in those cases where the first bud arises from the
neck of the zygote do both bud and zygote almost al-
ways inherit both parental alleles, often in recombinant
configurations (Birky et al., 1978; Strausberg and Perl-
man, 1978; Zinn et al., 1987). The conclusion from these
observations is that mixing of the parental mtDNAs in
p* X p* crosses is limited in yeast zygotes and is confined
to a region of the zygote neck, where the parent cells
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have fused. Operationally, then, this region of the cell
has been referred to as the zone of mixing (Zinn et al.,
1987).

In this study, we have followed the distribution of
mitochondria and mtDNA in various crosses by im-
munofluorescence techniques to determine whether
mtDNA mixing is related to the behavior of other com-
ponents of mitochondria and to detect possible inter-
mediates in the mixing process. We find that mixing of
mitochondrial components is dependent, in part, on the
mitochondrial genotypes of the parent cells. Some im-
plications of these findings in mitochondrial inheritance
are discussed.

MATERIALS AND METHODS

Growth Media

Cells were grown in 1% yeast extract, 1% bacto-peptone with 2%
dextrose (YPD) or galactose (YPG). Diploids were selected on 0.67%
yeast nitrogen base without amino acids and 2% dextrose (YNBD).
Yeast transformants were selected on YNBD plus 0.5% casaminoacids
and supplements as required. For genetic analyses, p* cells were se-
lected on regular glycerol (RG) medium, containing 0.2% yeast extract,
0.2% bacto-peptone, 0.05% NaCl, 0.1% (NH,),SO,, 0.05% MgCl,,
0.05% KH,PO,, pH 6.5, and 3.2% glycerol. Mitochondrial drug re-
sistance markers were scored by replica plating on RG containing
chloramphenicol at 3 mg/ml or oligomycin at 3 ug/ml. Solid media
contained 2% agar. Spent medium was obtained from overnight cul-
tures in YPD of high-efficiency mating MATa and MATa strains grown
separately, mixed at equal volumes, and pelleted. The supernatant
was filter-sterilized and dextrose was added to 2%.

Strains and Plasmids

BWG 1-7A (MATa adel his4 ura3 leu2) and BWG1-7A-L (MATa adel
his4 ura3 leu2 CIT1::LEU2) (Kim et al., 1986; Rosenkrantz et al., 1986)
were kindly (Provided by Paul Srere (VA Medical Center, Dallas).
BWG 1-7A p° and BLp® were generated by ethidium bromide muta-
genesis (Slonimski et al., 1968). Derivatives of the above strains with
different mitochondrial genotypes, all derived from COP 161 mtDNA
(p* -cap® olil* w™), were obtained by cytoduction (Conde and Fink,
1976). They are BL p* (cap® olil* w*), BL PZ27 (mit~, cob deletion)
(Perlman et al., 1980), and BL F11 (o7, 12 kb repeat containing the
21S rRNA gene) (Sor and Fukuhara, 1983). WB 102 (MATa trp1 ura3
leu2 CIT1:LEU2) is a spore from a cross between BWG1-7A-L and
W303-1b (MATa ade2 his3 ura3 trp1 leu2). Its derivatives are WB p*
(cap® olil® w*), cytoducted from D 273-10B/A2 (MATa met [p* cap®
oli1* v*]) and WB p°. pFCS1 contains the entire CIT1 gene in a 2-u-
based plasmid (Suissa et al., 1984). To create pGCS1, a Sma I-Afl 11
fragment from pFCS1 was replaced by a fragment containing the
GAL1-10 UAS (West et al., 1984), placing the start codon of the CIT1
coding sequence ~180 bp downstream of the GAL1 transcriptional
start site. pGAL-OTC-DHFR, supplied by A. Horwich, contains a chi-
meric gene (OTC-DHFR) encoding mouse dihydrofolate reductase
(DHFR)! with the mitochondrial targeting peptide from human or-
nithine transcarbamoylase at its amino terminus, under GAL 1-10
control (Horwich et al., 1985). Plasmids were introduced into yeast
by the lithium acetate method (Ito et al., 1983; Baker, 1991).

Antibodies

Rabbit anti-yeast CS1 was a gift from Paul Srere. Rabbit anti-DHFR
was obtained from Gottfried Schatz (Brozentrum, Basel). Fluorescein

! Abbreviations used: DAPI, 4',6-diamidino-2-phenylindole; DHFR,
dihydrofolate reductase; FITC, Fluorescein isothiocyanate.
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isothiocyanate (FITC) labeled anti-rabbit IgG was purchased from
Jackson Immunoresearch (West Grove, PA). Sheep anti-mouse Ig-
rhodamine was obtained from Boehringer (Indianapolis, IN). Anti-
chicken brain tubulin antibody was obtained from Sigma (St. Louis,
MO). Antibody dilutions were preadsorbed to nitrocellulose filters
saturated with yeast protein extract prepared from cells lacking CS1.
Anti-DHFR was affinity purified from nitrocellulose-bound bovine
enzyme (Sigma), as described by Olmsted (1986).

Synchronized Mating

The method is a modification of the procedure of Rogers and Bussey
(1978). Cells were grown in YPD or YPG (to induce expression of
CS1 or OTC-DHFR) overnight. Equal optical density (OD)ego units of
exponentially growing cultures were mixed, pelleted, and resuspended
at 2.4 ODggo units/ml in spent media adjusted to pH 3.5 with citric
acid. The mixture was incubated on a roller drum at 30°C for 2 h to
induce mating factor arrest. No zygotes were formed at this stage.
The cells were then diluted 50-fold in water, sonicated briefly to disrupt
clumps, and concentrated on 25 mm Millipore HA filters (effective
area = 2 cm?) at 2.4 ODgq units per filter. The filters were placed cell
side up on YPD plates adjusted to pH 4.5 with citric acid and incubated
at 30°C. It is only after transfer to these plates (time = 0) that zygotes
begin to form.

Pedigree Analysis

Synchronized mating was performed between BL p* and WB p*, both
transformed with pFCS1. After 1.5 h of incubation of the filters at
30°C zygotes typically constituted 5% or less of the total cell popu-
lation, with <10% of them containing one bud. No zygotes with more
than one bud were observed. At this time, cells were resuspended in
25 mM EDTA to disrupt aggregates and were streaked on solid YPD.
Zygotes displaying an end bud were separated from the remaining
cells by micromanipulation and incubated at room temperature until
the buds matured, typically 1.5 h. Buds were separated from mother
zygotes and the plate was incubated at 30°C until visible colonies
had formed. These cells were resuspended in water and spread on
YNBD plates. The resulting colonies were replica-plated onto RG, RG
plus oligomycin, and RG plus chloramphenicol and scored for growth.

Indirect Immunofluorescence Microscopy

The procedure is based on that described by Kilmartin and Adams
(1984) and Adams and Pringle (1984). Cells from mating mixtures
were resuspended directly from filters into P buffer (40 mM KH,PO,,
pH 6.5, and 0.5 mM MgCl,) containing 4% formaldehyde and fixed
for 1 h at 30°C. After three washes in P buffer and one in PS (P
buffer plus 1.2 M sorbitol) the cells were gently spheroplasted with
2 mg/ml zymolyase 20T (ICN Immunobiologicals, Costa Mesa, CA)
in PS at 30°C. Spheroplasts were washed three times in PS and placed
on poly-L-lysine-coated multiwell slides. All further steps were carried
out at room temperature. After adhesion the samples were incubated
in 0.2% NP-40 in PS for 15 min to permeabilize mitochondria and
then were washed extensively in PS. After a 15 min incubation in
phosphate-buffered saline/bovine serum albumin (PBS/BSA) (PBS
is 0.8% NaCl, 0.02% KCl, 0.114% Na,HPO,, 0.02% KH,PO,, pH
7.3; PBS/BSA is the same plus 0.1% BSA) primary antibodies diluted
in PBS/BSA were applied .and incubated for 1.5 h. Samples were
washed extensively with PBS/BSA and incubated a further 1.5 h in
the secondary antibody dilution. After washing with PBS/BSA cellular
DNA was stained by brief incubation in 1 ug/ml 4',6-diamidino-2-
phenylindole (DAPI) in PBS followed by a wash in PBS. The samples
were then air dried and mounted. Microscopy was performed with
the use of a Zeiss Axioplan (Thornwood, NY) microscope equipped
for epifluorescence by using filter sets G365 /FT395 /LP420 for DAP]I,
BP450-490/FT510/LP520 for FITC, and BP530-585/FT600/LP615
for rhodamine.
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Scoring of Zygotes

In any sample from a mating mixture, and especially in samples from
early time points, the most abundant cells are unmated haploids. Fur-
thermore, because the procedure for immunofluorescence produces
some distortion of cell borders, precautions must be taken to ensure
accurate identification of zygotes. For this reason, the criteria used to
score a zygote required the presence of the following features: 1) a
smooth curve connecting the bodies of the parent cells, 2) the absence
of a visible septum dividing the parents, 3) the presence of either a
single nucleus or two nuclei in close proximity in the neck connecting
the parent cells, and 4) clear staining for both fluorochromes, where
the signals could be unambiguously distinguished from background.
All such cells in a given field were scored. Each zygote was analyzed
and scored for the location and extent of fluorescent signal and the
degree of colocalization of CS1 or DHFR (FITC) and mtDNA (DAPI)
fluorescence in all focal planes. For some experiments zygotes were
also scored for the presence or absence of buds. In most cases, for
each individual experiment, the minimum number of zygotes scored
per time point was 80; for the 1-h samples the minimum was 40.
Cells were photographed on Kodak T-Max p3200 film (Rochester,
NY), which was developed at ISO 800. In many instances zygotes
were further analyzed by tracing the outline of the cell and nearby
landmarks (such as neighboring cells or debris) from phase contrast
prints onto transparency sheets and, using the landmarks, transferring
the tracing to the DAPI and FITC prints, marking the fluorescence
profiles with a felt pen. The results obtained were invariably consistent
over a number of repeat experiments; results presented here are the
average of up to seven independent repetitions. Repeat scoring of the
same sample indicates that our scoring error (cells scored as different
types on different occasions) is <3%.

RESULTS

Experimental Strategy

Our experimental approach is based on the premise that
new insights into the process of mitochondrial inheri-
tance can be obtained by direct microscopic observation
of intracellular sorting of mitochondria and mtDNA
within the time-frame in which these components are
initially contributed from haploid cells to a newly
formed zygote and are subsequently apportioned to the
emerging diploid bud. To this end, we developed an
assay for the timing and the course of changes in the
distribution of parent-specific mitochondrial labels in
newly formed zygotes from synchronous matings in-
volving cells of different mitochondrial genotypes. In
addition to the mtDNA, two such labels were employed
for this work: the mitochondrial matrix enzyme CS1
encoded by the CIT1 gene (Suissa et al., 1984) and mouse
DHEFR directed to the mitochondrial matrix by the tar-
geting peptide from human ornithine transcarbamoylase
(Cheng et al., 1987).

An obvious requirement for this approach is to ensure
that the marker proteins assayed are not synthesized
de novo in the zygote itself, so that only protein preex-
isting in the labeled parent is detected. For this reason
the parental haploid strains were disrupted in the CIT1
gene and this protein was expressed under control of
the GAL1-10 UAS (West et al., 1984) in one or the other
parent from a plasmid-borne gene (pGCS1); plasmid-
borne DHFR (pGAL-OTC-DHFR) was expressed in a
similar fashion. In control experiments, we have estab-
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lished that the CIT1 mRNA decreases to <3% of the
galactose-induced level after 2 h following a shift to
glucose-containing medium, well before zygotes are
observed in the synchronous matings. Finally, because
the experimental objective was to describe intracellular
events as a function only of the mitochondrial genotypes
of the parent cells, all strains were derived by cytoduc-
tion from a single MATa and a single MAT« strain, as
described in MATERIALS AND METHODS.

The basic experimental design is as follows: parent
strains are grown to early exponential phase in rich me-
dium containing either glucose, for the nontransformed,
unlabeled parent, or galactose to induce expression of
CS1 or DHFR in the transformed parent strain. The
cells are then transferred to glucose-containing medium
to repress the synthesis of the marker protein and then
subjected to a synchronized mating protocol. Samples
are removed and fixed at 1-h intervals and, after pro-
cessing for immunofluorescence, individual zygotes are
scored during the time course of zygote maturation for
the location of both the mtDNA and the protein marker
as described in MATERIALS AND METHODS.

Limited Mixing of p* mtDNA in Zygotes

The full extent to which the phenomenon of limited
mtDNA mixing in zygotes derived from mating between
p* haploid cells (Birky et al., 1978; Strausberg and Perl-
man, 1978; Zinn et al., 1987) is strain dependent has
not been studied systematically. Therefore, we first per-
formed end-bud pedigree analysis in a cross between
BL p™* (0li1® cap®) and WB p* (0li1" cap”) to establish that
our strains exhibit this phenomenon. As shown in Figure
1, of eight zygote-bud pairs analyzed, seven first buds
(2-8) were pure for at least one marker, and five of
them depleted the mother zygote of one allele at one
(4) or both (2, 5, 7, and 8) loci. Five of the buds were
pure for both markers: all of their progeny were either
oli1* cap® (3, 4, 6, and 8) or oli1® cap® (7), indicating that
the first end bud from these six zygotes received mtDNA
from only one parent. Two of the buds (2 and 5) were
pure for the oli1 marker but showed some recombination
at the cap locus (6.2 and 11.1%, respectively). The zy-
gotes that gave rise to these buds produced progeny
with either exclusively or predominantly the other pa-
rental allele. These results indicate that first end-buds
are largely uniparental and frequently deplete the
mother zygote of one parental allele. This is in agree-
ment with the original observation by Strausberg and
Perlman (1978), and therefore indicates that, when
mated, our strains exhibit limited mixing of parental
mtDNAs when both parents contain p* genomes.

Limited mtDNA Mixing in a p* X p* Cross is not
Coincident with Mixing of a Mitochondrial
Matrix Marker

There are two alternative explanations for the phenom-
enon of nonrandom segregation of p* mtDNAs, which
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Figure 1. Pedigree analysis of 8 zygotes from a BL (p* oli1® cap®)
X WB (p* olil" cap") cross. Shown is the percent of clones resistant to
chloramphenicol (top) and oligomycin (bottom) derived from each
first end bud (M) and its corresponding mother zygote (O).

cannot be distinguished by pedigree analysis: on the
one hand, there may be limited interaction between the
parental mitochondria within the zygote; that is, neither
mitochondria nor mtDNA mix extensively in the zygote.
On the other hand, mixing of certain mitochondrial
constituents may occur, as would be the case if the pa-
rental mitochondria fuse in the zygote, but the mtDNA
is not among them.

To determine whether limited mixing of mtDNA also
extends to components of the mitochondrial matrix we
performed an experiment to see if mitochondrial CS1
is capable of mixing in zygotes from a p* X p* cross in
which only one of the parents has been prelabeled with
the enzyme. Figures 2 and 3 show the results of a syn-
chronized mating between WB p* CS1* and BL p* CS1~
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Phase

Figure 2. Zygotes from a p* CS1* X p* CS1~ cross, showing fluorescence from citrate synthase 1 (CS1) and DAPI staining, as well as phase
contrast images. Note the filamentous or punctuate appearance of CS1 and its colocalization with the punctate staining of mtDNA. Arrows

point to the CS1~ end of the zygote. U, unmixed; M, mixed.

cells. A schematic summary of all the types of zygotes
observed in this and in subsequent experiments is shown
in Figure 4.

As expected, mtDNA is detected throughout the cell
in all zygotes of a p* X p* cross (Figure 2). Also, zygotes
are found with CS1 signal present only in one-half of
the cell, that derived from the CS1* parent. Surprisingly,
however, a second type of zygote is also observed in
which mitochondria stained with CS1 are found
throughout the cell, making it impossible to distinguish
which end of the zygote is derived from either of the
parent cells. Figure 3 shows that cells of the first type,
which we term unmixed (type U), predominate only
initially and, over time, are quantitatively replaced by
zygotes of the second type. Because there is no de novo
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synthesis of CS1 during the course of the experiment,
CS1 distribution throughout the zygote can only be the
result of its equilibration following mating. This zygote
form is termed mixed (type M). In all of the type M
zygotes, the CS1 and mtDNA signals appear to colo-
calize to the same structures. The apparently complete
equilibration of CS1 within the mitochondria of a p*
X p* zygote is in sharp contrast to the situation observed
for the mtDNA: within 3 h of the start of zygote for-
mation 90% of the zygotes display mixing of CS1, al-
though it is at this time that first buds are removed for
pedigree analysis (see MATERIALS AND METHODS),
where we find that the parental mtDNAs are still largely
unmixed (see above). Indeed, older zygotes with ma-
ture-sized buds invariably contain CS1 signal through-
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Figure 3. Time course of mixing for a p* CS1* X p* CS1~ cross
(same as Figure 2). Numbers depict the abundance, at each time point,
of each zygote type as a percentage of all zygotes. U, mixed; M, mixed.

out the cell and also in the bud itself. This experiment
suggests that both the rate and extent of mixing are
uncoupled for different mitochondrial constituents, be-
cause in a p* X p* cross, for which pedigree analysis
indicates that the mtDNAs do not mix extensively, CS1
is able to equilibrate completely in the zygote and into
the emerging diploid bud.

Unusual Zygote Forms in a p° X p* Cross

p® CS1* X p* CS1™. In light of the apparent complete
equilibration of CS1in a p* X p* cross when one of the
parent cells lacks this enzyme, the possibility arises of
a similar redistribution of the mtDNA throughout the
cell in a p° X p* cross, because the progeny of such
crosses is virtually 100% p* regardless of bud position.
Further, because equilibration of CS1 appears to be un-
coupled from mixing of mtDNA, as shown above, a
cross between p° CS1* and p* CS1™ cells would permit
the measurement of the relative rates of mtDNA and
CS1 movement from an initial situation in which these
constituents are located in opposite ends of a zygote.
Figures 5 and 6 show the results of such an experiment,
where we followed the time-course of CS1 and mtDNA
movements in a cross between BL p° CS1* X WB p*
CS17. Several types of zygotes can be observed based
on the intracellular location of both CS1 and mtDNA
(Fig. 5). For this cross a newly formed, unmixed, zygote
is predicted to contain mtDNA only in one half and
CS1 only in the other half; as expected, these are the
most abundant zygotes found initially, and they dis-
appear from the population over time (Fig. 6). Also, the
mixed zygotes increase in abundance after 1 h and be-
come the predominant type shortly after 2 h, with a
maximum of ~90% at 6 h. Unexpectedly, however,
two additional types of zygotes are observed (Fig. 5):
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one of them (type P) contains CS1 in both halves of
the cell but mtDNA in only one half. Most striking is
the appearance of zygotes in which both the mtDNA
and CS1 are located entirely in one half of the cell, with
no significant signal for either component in the other
half (type A). These cells, therefore, in which the
mtDNA and CS1 were each initially found only in one-
half of the zygote, appear to have undergone quanti-
tative movement of one of the components from one
side of the zygote to the other. Once this movement
has occurred, giving rise to the type A zygotes, we al-
ways observe precise colocalization of CS1 and mtDNA.

The time course of this cross suggests that both type
P and type A zygotes are intermediates in the mixing
process (Fig. 6). This is suggested by the fact that the
abundance of unmixed zygotes decreases continuously,
and the only type to increase in abundance throughout
mating is the mixed zygotes, indicating that the mixed
state is the endpoint for all zygotes. Type P and type A
cells, however, appear earlier than mixed zygotes and
peak in abundance at 2 and 3 h, respectively, where
they represent a significant proportion of all zygotes;
subsequently, type P and A begin to disappear from
the population as mixed zygotes continue to appear.
Moreover, the appearance and subsequent disappear-
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Figure4. Schematic representation of the various zygote types. The
narrowing in the middle represents the zygote neck connecting the 2
parent cells. Circles represent mtDNA and stippled lines represent
mitochondrial structures containing citrate synthase. U, unmixed zy-
gotes from the various crosses described in the text; from top: p* CS1*
X p* CS17, p° CS1™ X p* CS1*, p° CS1* X p* CS1-, and p° CS1* X p~
CS17. A, zygotes in which the distribution of components has become
asymmetric (both components in the same side). D, zygotes in which
a portion of the mtDNA does not colocalize with the protein label.
P, zygotes in which a portion of the protein label does not colocalize
with the mtDNA. P-D, zygotes in which both components colocalize
partially, only near the neck. M, mixed zygotes.
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Figure 5. Zygotes from a p° CS1*
X p* CS1~ cross. The various types
are described in the text. Mixed zy-
gotes are indistinguishable among
the various crosses, so they are not
shown in this figure. Arrows indi-
cate CS1-containing mitochondrial
structures that do not contain
mtDNA in type P zygotes.
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Figure 6. Time course of appearance and disappearance of the var-
ious types of zygotes from a p° CS1* X p* CS1~ cross (same as Figure
5). Data depict the abundance of each type as a percentage of all
zygotes. Note the appearance of type P and type A, which occurs
before the appearance of mixed (M) zygotes.

ance of type A cells is consistently delayed relative to
type P cells (Fig. 6). This kinetic relationship between
zygote types A, P, and M can also be seen from an
analysis of the fraction of each zygote type that has
buds (Fig. 7): these data show that the later a particular
zygote type appears as determined by the distribution
of CS1 and mtDNA, the greater is the fraction of that
zygote type with a bud. Taken together, these results
suggest a possible precursor-product relationship among
zygotes of types P, A, and M.

A possible explanation for the above result is that the
initial movement of one component or the delay in
movement of the other is due to either the mitochondrial
genotype of the p* parent or the nuclear genotype of
one or both parent strains. For example, a particular
gene in one of the parent cells may dictate the loss or
gain of one mitochondrial constituent or might delay
the equilibration of the other. To test this possibility,
we analyzed a different p° CS1* X p* CS1~ cross using
WB p° CS1* and BL p* CS1~ as the parents. In this case
the p* mtDNA is now in the BL parent, while the WB
parent is now p° and CS1*. We observed the same four
types of zygotes in this cross and a time course of their
appearance and disappearance similar to that for the
previous cross. Therefore, quantitative translocation is
due only to the presence of the protein label in one
parent and the presence of mtDNA in the other, re-
gardless of the initial nuclear backgrounds.

Finally, it is conceivable, though unlikely, that the
presence of type A zygotes reflects some selective im-
permeability of one end of a zygote versus the other to
antibody molecules during the time course of zygote
maturation. To rule out such a possibility, we have car-
ried out a double label experiment on zygotes from a
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p® CS1* X p* CS1~ cross staining for both CS1 (FITC)
and tubulin (rthodamine) by indirect immunofluores-
cence (see MATERIALS AND METHODS). Figure 8
shows that while CS1 staining of types U and A zygotes
is localized to only one half of the cells, a typical pattern
of tubulin staining is observed across both sides of the
same zygote. This pattern of tubulin staining is inde-
pendent of the disposition of CS1 in zygotes. Thus,
asymmetric staining of CS1, particularly in type A zy-
gotes, is likely to reflect the actual intracellular distri-
bution of CS1 molecules.

p? CS1~ X p* CS1*. One possibility to account for the
type A zygotes in the above crosses is that the mtDNA
from the p* parent quantitatively moves into the p° end
rather than CS1 moving to the p* before equilibration
of both species. Although the presence of the type P
zygotes is not fully consistent with this view, it is ob-
vious that simple inspection of the type A zygotes can-
not distinguish between these possibilities. To test
whether mtDNA exclusively moves during the early
phase of zygote maturation, we carried out the same
cross as in Fig. 5 except that the p* parent was prelabeled
with CS1. In this case quantitative movement of mtDNA
to the p° end of the zygote would give rise to an initial
separation of the two species yielding a zygote type
identical to the unmixed form of Fig. 5.

Figures 9 and 10 show the results from a synchronized
mating performed between BL p® CS1~ X WB p* CS1*
cells. One hour after mating the predominant zygote
type is the predicted unmixed form, with both CS1 and
the mtDNA localized only in the p* CS1* half of the
zygote (Fig. 9). The DAPI and FITC signals are invari-
ably superimposable, indicating that both components
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Figure 7. Abundance of zygotes of each type that display one or
more buds, as a percentage of all zygotes of that type for each time
point, for a p° CS1* X p* CS1™ cross (same as Figures 5 and 6). For
each time point the fraction of type M zygotes with buds is always
larger than the corresponding fraction of type A zygotes; this, in turn,
is larger than for type P. Unmixed zygotes never contained buds.
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Phase

Figure 8. CS1 and tubulin stain differently in type U and A zygotes from a p° CS1* X p* CS1~ cross. Cells were stained for DNA with DAPI
and for CS1 and tubulin as described in MATERIALS AND METHODS. The arrows point to the p° end of the zygotes.

are localized in the same compartment. Mixed zygotes
are also found, in which the DAPI and FITC signals are
still colocalized but detectable in both halves of the zy-
gote. Two additional types of zygotes are observed in
this cross. One hour after mating a small proportion of
zygotes show CS1 and mtDNA predominantly co-
localized in one half of the cell but with a very small
number of structures stained with either DAPI alone
(type D) or FITC alone (type P) in the other half. We
interpret these few structures to represent portions of
mitochondria that have received either mtDNA or CS1,
but not both. Their presence suggests that either com-
ponent is capable of moving into the p° CS1~ end of
the zygote independently of the other. Importantly,
however, this movement is not quantitative for either
mtDNA or CS1, as zygotes containing each constituent
in only one half, to the exclusion of the other, are never
observed. As expected, the kinetics of this cross show
a decrease in the frequency of unmixed zygotes and
their ultimate replacement by mixed zygotes (Fig. 10).
Type D and type P zygotes appear in small numbers
early in the cross and become even less abundant later
on, until none are found after 4 h. Therefore, these zy-
gotes also become mixed over time, so that ultimately
all zygotes in the mating population achieve complete
equilibration of both mtDNA and CS1. The results from
this experiment argue that vectorial translocation is not
the result of early and exclusive mtDNA movement,
and we conclude, therefore, that CS1 is quantitatively
translocated towards the mtDNA.
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Vectorial Protein Translocation
is not Protein-Specific

A logical question raised by the vectorial translocation
of CS1 is whether it is a general phenomenon of proteins
in the mitochondrial matrix, and if so, whether it is
dependent on the presence of CS1. To address these
questions, we carried out a cross between p* and p°
cells, both CS1~, where the p° parent is prelabeled with
a foreign, nonmitochondrial protein targeted to the mi-
tochondrial matrix before mating to unlabeled p* cells.
For this purpose we chose to use a chimeric protein
resulting from a fusion between mouse dihydrofolate
reductase and the mitochondrial targeting peptide from
human ornithine transcarbamoylase (OTC-DHFR),
which is efficiently targeted in vivo to the yeast mito-
chondrial matrix (Cheng et al., 1987). This labeling is
carried out similarly to CS1 labeling as described in
MATERIALS AND METHODS.

Figures 11 and 12 show the results of a cross between
BL p° OTC-DHFR* X WB p* OTC-DHFR™ cells. In-
spection of the photomicrographs (Fig. 11) and a sum-
mary of the kinetic behavior of various zygote forms
(Fig. 12) show clearly that OTC-DHFR mimics almost
exactly the behavior of CS1 in the p° CS1* X p* CS1~
cross (Figs. 5 and 6): in addition to type U and M zygotes,
types P and A are observed in which the rise and fall
of the type P zygotes precedes that of type A. To directly
compare the behavior of OTC-DHEFR and CS1, pGAL-
OTC-DHEFR was introduced into BWG 1-7A, a CIT1
strain, and a time course was followed for a p° CS1*
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Figure 9. Zygotes from a p? CS1™ X p* CS1* cross. The various types are described in the text. As in Figure 5, mixed zygotes are not shown.
Arrows indicate CS1-containing mitochondrial structures that do not contain mtDNA (Type P) and mtDNA-containing structures (nucleoids)

that lack CS1 (Type D).

OTC-DHFR" X p* CS1~ OTC-DHFR™ cross (BWG 1-
7A p° OTC-DHFR* X WB p*). In this cross both CS1
and OTC-DHFR are initially present in the p° parent,
although now CS1 is expressed from the genomic, wild-
type copy of CIT1 and OTC-DHEFR is under GAL con-
trol. Using anti-DHFR in parallel with anti-CS1, both
proteins display very closely matched kinetics of
movement within zygotes. Taken together, these
results provide strong evidence that the phenomenon
of vectorial protein translocation in this type of cross is
general and not dependent on the presence of CS1 in
either parent.

30

Attempts to Perturb Vectorial Translocation of CS1

Effects of a mit™ mutation and inhibitors of mito-
chondrial function. What controls the apparent uni-
directional movement of mitochondrial matrix protein
from the p° to the p* end of a zygote early in zygote
maturation? As a first approach to this question, we
studied the effects of mitochondrial-specific drugs and
a mtDNA mutation on vectorial translocation of CS1.
Antimycin A, an inhibitor of mitochondrial electron
transport, and oligomycin, an inhibitor of the mito-
chondrial ATPase, were tested in a BL p° CS1* X WB
p* CS1™ cross. For these experiments, CS1 was induced
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Figure 10. Time course of appearance and disappearance of the
various types of zygotes from a p° CS1~ X p* CS1™ cross (same as
Figure 9). Data depict the abundance of each type as a percentage of
all zygotes.

in the BL p° cells as before; however, when these cells
and the p* parent were induced for synchronous mating
factor arrest (see MATERIALS AND METHODS) the
medium contained either 1 ug/ml antimycin A or 5 ug/
ml oligomycin during the 2-h incubation period; the
drugs were also included in the mating plates on which
the synchronous matings occur. These concentrations
of drugs are sufficient to completely inhibit the growth
of p* cells on glycerol medium, but they have no effect
on either the kinetics of mating or the extent of zygote
formation. In these experiments, neither drug had a no-
ticeable effect on the movement of mitochondrial com-
ponents: type P and type A zygotes were observed in
proportions similar to those in control matings, and the
time course of appearance and disappearance of the
various types of zygotes was similar in the presence or
absence of the drugs.

We next tested the effect of a mit™ mtDNA mutation
on CS1 vectorial translocation. In this experiment the
p" mitochondrial genome of BL cells was replaced by
cytoduction with a mutant mitochondrial genorne,
PZ27, that harbors a deletion of cob, the gene encoding
apocytochrome b (Perlman et al., 1980). This deletion
results in a loss of respiratory function, but has no effect
on mitochondrial transcription or translation. The results
of this experiment were also negative in that type P and
type A zygotes appeared and dlsappeared with kinetics
indistinguishable from the p° CS1* X p* CSl Cross.
Complex kinetics of zygote forms in a p® CS1* X p~
CS1 cross. A second mitochondrial mutant, the petite
F11 (p7), which consists of a deletion of all but ~12 kb
of the p* mitochondrial genome (Sor and Fukuhara,
1983) resulting in the loss of mitochondrial protein syn-
thesis, was tested for its effect on vectorial CS1 trans-
location. As shown in Figures 13 and 14, the cross WB
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p° CS1* X BL p~ CS1~ yields no detectable type A zy-
gotes, although type P and type D zygotes are present.
Also, an additional type of zygote (type P-D) is found,
which thus far is unique to this cross (Fig. 13). In these
cells there is colocalization of the DAPI and FITC signals
in the medial region of the zygote, including the neck,
but a portion of each signal is also found in one but not
the other half of the cell. Due to their appearance and
kinetics (Fig. 14), this particular zygote form may be yet
a different intermediate in mitochondrial mixing in zy-
gotes of this type, in which the mtDNA and CS1 are
equilibrating through the zygote in opposite directions,
independent of each other. Although the behavior of
mitochondrial constituents appears to be more complex
in this cross than in others, the absence of any detectable
type A zygotes leads to the conclusion that substitution
of a p* genome by a p~ petite genome cannot support
quantltatlve vectorial translocation of matrix protein
from the p° end of the zygote to the end containing
mtDNA.

DISCUSSION

The analysis of mitochondrial sorting in yeast zygotes
derived from synchronous matings provides an exper-
imental opportunity, not feasible with vegetatively
growing cells, to evaluate how different parental mi-
tochondria sort, recombine, and partition to buds. Be-
cause genetic studies indicate that mitochondrial trans-
mission in crosses is not random (Michaelis, 1967; Dujon
et al., 1974; Birky et al., 1978) and depends, at least in
part, on zygote bud position (Strausberg and Perlman,
1978; Zinn et al., 1987), we hoped to be able to time-
resolve the sorting of mitochondria and mtDNA to
identify intermediates in the process. The fact that mi-
tochondrial genomes contributed by haploid parents
recombine promiscuously in zygotes (Thomas and
Wilkie, 1968) argues strongly that parental mitochondria
must fuse to allow their respective DNAs to mix and
recombine. Accepting that premise, pedigree analysis
of the transmission of parental and recombinant mi-
tochondrial genotypes shows that for p* X p* crosses, -
mtDNA mixing is not extensive and appears to be lim-
ited to that portion of the zygote which gives rise to
medial buds. As shown by Strausberg and Perlman
(1978) and Zinn et al. (1987), and in the present work,
end-buds are most often parental for the mtDNA con-
tributed by the parent cell that comprises the half of
the zygote from which the end bud is derived. From
previous studies, it has been clearly shown that medial
buds contain most of the recombinant mitochondrial
genomes, which partition there by aliquoting only a
small fraction of the total mtDNA present in the zygote
(Zinn et al., 1987).

Given the above results, we first asked whether this
limited mixing of p* mitochondrial genomes extends to
matrix protein. By following the time course of mixing
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DHFR DAPI Phase

Figure 11. Zygotes from a p° OTC-DHFR* X p* OTC-DHFR" cross. The various types are described in the text. The arrow points to a
mitochondrial structure containing OTC-DHFR but lacking mtDNA in a type P zygote. Compare with Figure 5.

in zygotes of mitochondria prelabeled in one of the par-  replaced by a zygote form in which CS1 is distributed
ents with the matrix protein CS1 we found, as expected,  throughout the zygote and into all observed buds. This
that at early times mtDNA is distributed throughout the ~ process occurs soon after zygote formation, since up to
zygote, whereas CS1 is located only in one-half. Over  90% of the zygotes are mixed at a time when only
time, however, these unmixed zygotes are quantitatively =~ ~10% display buds. This time frame is in sharp contrast
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Figure 12. Time course of appearance and disappearance of the
various types of zygotes from a p® OTC-DHFR* X p* OTC-DHFR™
cross (same as Figure 11). Data depict the abundance of each type as
a percentage of all zygotes. Note the appearance of type P and type
A, which occurs before the appearance of mixed (M) zygotes. Compare
with Figure 6.

to vacuolar mixing in yeast zygotes, which has been
shown to be mediated only through the developing bud
vacuole (Weisman and Wickner, 1988). Although our
present technology allows us to track mtDNA in p* X p*
crosses only genetically, the surprising conclusion from
this experiment is that the sorting of mtDNA and a
mitochondrial matrix protein are not coincident. Because
we believe that the CS1 marker is representative of bulk
matrix protein (see below), mtDNA must, therefore, not
be part of that compartment at least from the standpoint
of its sorting properties in zygotes. MtDNA may, for
example, be attached at some specific sites to the inner
mitochondrial membrane, so that the DNA could be
sorted quite differently from bulk matrix protein. Further
studies in which the movements of inner membrane
components are followed in this experimental system
together with mtDNA will be required to settle this
point.

In our analysis of a p° CS1* X p* CS1™ cross, two
unexpected findings were made. First, unlike the situ-
ation in p* X p* crosses, mtDNA from the p* parent
equilibrates extensively throughout the zygote and into
all buds. This most readily explains the observation that
in crosses between p° and p™* cells, virtually 100% of
the progeny are p*. Second, and perhaps more surpris-
ing, is that matrix protein prelabeled in the p° parent
moves quantitatively to the p* end of the zygote as an
early event in the sorting process. Importantly, once
CS1 moves into the p* end, the protein invariably col-
ocalizes with the DAPI stain, as it does in a p* X p*
cross where one side is labeled with the enzyme. This
suggests that CS1 movement is not the result of mixing
of two different mitochondria within the cytoplasm but,
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rather, that the parental mitochondria fuse, allowing
mixing of at least some of their contents.

Because the kinetic data for unmixed and mixed zy-
gotes are consistent with the expected initial and final
states for individual zygotes, the interpretation of type
P and type A kinetics leads to the conclusion that they
both represent transitional steps in the conversion from
unmixed to mixed zygotes and type P, in turn, are pre-
cursors of type A. Because the appearance of zygotes
in this cross proceeds in the order: unmixed — type
P — type A = mixed, with a net outcome of conversion
from unmixed to mixed, it seems that the initial event
is the transfer of CS1 from the p° end towards the p*
end of the zygote, without movement of the mtDNA.
In this context, the type P zygotes would represent cells
in the process of translocation, when CS1 begins to col-
ocalize with mtDNA in the p* end, but the trailing edge
of CS1, before transfer is complete, is still visible in the
p° half. Once this transfer is complete, the p° end is
depleted of its initial content of CS1, giving rise to a
type A zygote, which may then equilibrate both com-
ponents to attain complete mixing.

How is this net transfer giving rise to type A zygotes
achieved? Inhibitor studies and the use of a mit™ mi-
tochondrial genome instead of a p* shows that this vec-
torial translocation does not require that mitochondria
in the “target” end of the zygote be functional. One
possibility is that it occurs by simple diffusion, where
the p° matrix marker becomes kinetically trapped in mi-
tochondria of the p* end before equilibration of all spe-
cies throughout the zygote. Electron microscopic ex-
amination of mitochondrial structures in petite versus
p* cells shows a profound morphological difference be-
tween these mitochondria (Stevens, 1981): mitochondria
in petite cells have few cristae and lack internal orga-
nization, whereas mitochondria in p* cells have a well
organized internal structure with many cristae. It is
likely, therefore, that the matrix space in petite mito-
chondria has a lower protein concentration than p* mi-
tochondria. Hence it is easy to imagine that movement
of molecules in the matrix of petite cells is simply less
impeded than in p*. This view would also account for
the absence of type A zygotes in a p° X p~ cross, since
the petite mtDNA would also be less impeded in its
movement towards the p° end of the zygote. Indeed, a
unique zygote intermediate in such a cross is the type
P-D form where both the matrix marker and the p~
mtDNA are found in the central portion of the zygote.

At this point, it is worth considering some possible
distinctions between bulk mitochondrial movements
and the movement of mitochondrial constituents, e.g.
matrix protein and mtDNA. Regarding the former, mi-
crotubules have been implicated in a number of organ-
isms in mitochondrial motility (Saetersdal et al., 1990;
Weissenfels et al., 1990). In yeast, however, it has been
noted in the analysis of tubulin mutants that movement
of mitochondria into buds is unaffected (Huffaker et al.,
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Figure 13. Zygotes from a p°® CS1* X p~ CS1~ cross. Note the distinctive morphology of petite nucleoids, which are larger and brighter than
those of p* cells, but fewer in number. Type P, arrow indicates CS1-containing mitochondrial structures that do not contain mtDNA. Type D,

arrow indicates mtDNA structures (nucleoids) lacking CS1. Type P-D, arrows indicate the region (near the neck) where CS and mtDNA
colocalize.
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Figure 14. Time course of appearance and disappearance of the
various types of zygote from a p® CS1* X p~ CS1~ cross (same as
Figure 13). Note that type P and type P-D zygotes do not entirely
disappear from the population, and the yield of mixed (M) zygotes is
less than in other crosses.

1988; Hoyt et al., 1990), although the effects of such
mutants on sorting of mitochondria in zygotes, to our
knowledge, has not been investigated in detail. The re-
sults presented here suggest that the movement of mi-
tochondrial constituents is complex and can occur in
the absence of bulk mitochondrial movements. The lat-
ter conclusion is suggested by the observations that 1)
a matrix marker can mix extensively in zygotes without
apparent mtDNA mixing, and 2) the movement of a
matrix marker from the end of a zygote without mtDNA
into the end with DNA results in the colocalization of
both species indicating that they are in the same mi-
tochondrial structures. As noted above, a plausible in-
terpretation of this result is that the mitochondria from
the two ends of the zygote fuse allowing the net trans-
fer of the matrix marker into the mitochondria of the
pt end.

More complex models involving specific motors or
tethers can also be envisaged. In this connection, Yot-
suyanagi (1988) made the intriguing observation that
yeast mitochondria contain an intramitochondrial fi-
brous component (IMF) that can be as long as 8 um.
Interestingly, the morphology of IMF is different in re-
spiratory competent and respiratory deficient cells, and
it was speculated that this unusual structure could
function to facilitate mitochondrial movement from the
mother cell into the emerging bud. Possibly, IMF, which
was reported to be sandwiched between cristae, could
play some role in the transport of mitochondrial con-
stituents.

Certain matrix proteins, such as those of the TCA
cycle, which have been suggested to be organized as a
complex or ““‘metabolon” (Srere et al., 1987) could con-
ceivably serve as a tether in p* mitochondria, effectively
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contributing to the quantitative movement of matrix
protein from a p° to the p* end of a zygote. This point
is noteworthy in light of recent findings that yeast CS1
can associate with microtubules (Barnes et al., 1992),
and that a species of CS in Tetrahymena can form 14-
nm filaments (Numata et al., 1991). Our results with
OTC-DHER, however, indicate that the phenomenon
of vectorial translocation is neither specific to nor de-
pendent on CS1, since this protein was absent in both
parents. If CS1 is functionally part of some motor ap-
paratus in yeast, it is not likely to be directly responsible
for the vectorial transport described here. Other mito-
chondrial tethers can be envisioned, as for example, p*
DNA complexed with certain abundant proteins such
as the product of the ABF2 gene (Diffley and Stillman,
1991). Even so, if specific protein-protein interactions
are required, the fact that a foreign protein like DHFR
behaves in the same way as CS1 remains an intriguing
result. Further studies, tracking the behavior of mem-
brane-specific labels in zygotes, may help clarify the
issue.
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