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with no connotations as to organic content.
Particle sizes for the soils exposed at the station
are thought to be in the clay to silt size range.
Clods composed of these fine-grained soils up to
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Relaxed Cellular Controls and
Organelle Heredity

DNA molecules carrying small but vi-
tally important sets of genes have been
demonstrated in the chloroplasts of
plants and algae, and in the mitochondria
of protists, fungi, plants, and animals (/-
3). The inheritance of these mitochondri-
al and chloroplast genes has been studied
in all of the eukaryotic kingdoms, so that
it is now possible to identify the truly
general features of organelle gene trans-
mission, segregation, and recombination
(4). Of special interest and importance
are phenomena that are characteristic of
mitochondrial and chloroplast genes and
distinguish their behavior from that of
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genes in the nucleus. They are often
transmitted from only one parent, and
alleles segregate during mitotic cell divi-
sions. Much effort has been devoted to
analyzing the cellular and molecular
mechanisms which underlie and explain
these phenomena.

There is still no general agreement
about these mechanisms or about their
evolutionary significance. Several differ-
ent hypotheses have been proposed,
none of which is sufficiently general to
encompass the phenomena seen in dif-
ferent organisms. However, recent ge-
netic studies have suggested an underly-
ing theme that relates the inheritance of
organelle genes to a lack of stringent
cellular control over the behavior of or-
ganelles and organelle DNA.
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Phenomena to Be Explained

The most important and singular fea-
tures of organelle heredity are uniparen-
tal inheritance and vegetative segrega-
tion (4). These phenomena are illustrated
by crosses of green and mutant white
chloroplasts in the geranium (3) (Fig.
1A). When a plant with green plastids in
its germ-line cells is crossed to a plant
with mutant white germ-line plastids,
three kinds of zygotes are produced, in
varying proportions: (i) uniparental (ma-
ternal) zygotes, which develop into
plants with only green plastids; (ii) uni-
parental (paternal) zygotes, which give
rise to plants with only white plastids
(these plants die as seedlings); and (iii)
biparental zygotes, which produce varie-
gated plants having sectors of green and
white cells. The first two classes show
uniparental inheritance in that they de-
velop into plants that contain chloroplast
genes from only one parent.

The young plants arising from biparen-
tal zygotes have mixed cells that contain
both green and white plastids; but each
cell in the mature variegated plant is
homoplasmic (homozygous for cytoplas-
mic genes), containing only green or only
white plastids. These cells are the result
of vegetative segregation—that is, the
segregation of wild-type and mutant al-




leles of chloroplast genes into different
cells during vegetative (mitotic) cell divi-
sion. The relative sizes of the green and
white sectors (equal to the frequencies of
wild-type and mutant plastids) vary
greatly among the progeny of a single
mating.

A more extreme form of uniparental
inheritance of chloroplast genes is seen
in about two-thirds of all plant genera,
which produce only maternal zygotes
(classical maternal inheritance) (3).
Mitochondrial DNA (mtDNA) also
shows strictly maternal inheritance in
animals (Fig. 1B), in at least some plants,
and in some fungi [references in /-5, 6)].
In these organisms heteroplasmic cells
usually occur only as the result of a
mutation affecting one of the many
copies of an organelle gene in a cell. The
mutant and wild-type alleles rapidly seg-
regate during subsequent vegetative cell
divisions.

Uniparental inheritance also occurs in
organisms with undifferentiated gametes
(isogametes). Mitochondrial gene inheri-
tance is being intensively studied in
baker’s yeast, Saccharomyces cerevisi-
ae (2, 4, 5, 7). Figure 1C illustrates a
cross involving the mitochondrial alleles
ER (erythromycin resistance) and ES
(erythromycin sensitivity). Haploid par-
ent cells of mating types a and « (deter-
mined by a pair of nuclear gene alleles)
and homoplasmic for the ES and ER
alleles, respectively, fuse in pairs to form
diploid zygotes. These zygotes are
heteroplasmic ER/ES and heterozygous
alo.. Each zygote reproduces by budding
and mitosis to form a colony or zygote
clone consisting of diploid cells. After
about 20 cell generations, each of these
cells is still heterozygous for nuclear
genes (a/a) but is now homoplasmic ER
or ES as a consequence of vegetative
segregation of the mitochondrial alleles.
Some zygote clones contain only ES
cells and are thus uniparental ES, while
others are uniparental for the ER allele.
The biparental zygote clones, like the
variegated geraniums, show varying fre-
quencies of mutant ER and wild-type ES
mitochondrial genes. The fission yeast
(Schizosaccharomyces pombe) behaves
similarly, except that vegetative segrega-
tion is slower (8, 9).

The unicellular alga Chlamydomonas
reinhardtii has played a major role in
studies of chloroplast gene inheritance.
Although this species is isogamous, most
zygotes transmit chloroplast genes from
only one parent (mating type mt") to
their progeny (/—4). This effect of the
nuclear mating-type genes on organelle
gene inheritance can be overcome in
several ways, in which case the pattern
of chloroplast gene inheritance is very
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similar to that seen for mitochondrial
genes (/0).

In isogamous microorganisms, and in
plants like the geranium, it is probable
(in some cases certain) that every zygote
initially contains organelle genes from
both parents. But the alleles contributed
by one parent or the other literally disap-
pear from the uniparental zygotes.
Genes from both parents are retained in
biparental zygotes, but to varying de-
grees, and are quickly sorted out into
separate daughter cells. Nuclear genes
behave very differently, as is well

For example, when a plant cell contain-
ing both green and white plastids di-
vides, a daughter cell may by chance
receive only green plastids, or only white
(Fig. 2). The resulting homoplasmic cells
produce only homoplasmic progeny; he-
teroplasmic cells may produce homo-
plasmic progeny again in the next gener-
ation, so that eventually nearly all cells
are homoplasmic. Stochastic models of
this kind, involving random sorting out
of organelles or organelle DNA mole-
cules, are appealing because there is no
known cellular mechanism to prevent

Summary. Genes in mitochondria and chloroplasts behave quite differently from
genes in the nucleus: they are often inherited from only one parent, and they
segregate during mitotic cell divisions. Cells contain many copies of each mitochon-
drial or chloroplast gene, and the replication, recombination, and partitioning of these
genes at cell division are much less stringently controlled than is the case for the one
or two copies of each nuclear gene. Relaxed control results in random changes in
gene frequencies inside single cells or lineages. This may have been the primitive
mechanism behind the uniparental inheritance as well as the vegetative segregation
of cytoplasmic genes and is still an important factor in many organisms.

known. Biparental inheritance is the gen-
eral rule, although there are exceptions
such as genes on sex chromosomes and
those exhibiting meiotic drive. Alleles of
nuclear genes segregate during meiosis
but only rarely during mitotic cell divi-
sions. In a cross between homozygous
mutant and wild-type animals or plants,
every cell in every individual offspring is
heterozygous. These are the differences
that require explanation.

Traditional Explanations

Vegetative segregation is usually at-
tributed to random partitioning of mito-
chondria, chloroplasts, or their DNA
molecules at cell division (/+4, 11, 12).

random partitioning. Moreover, they
have been successful in explaining many
of the data from plants (//) and, with
modifications, from yeast and Chlam-
ydomonas (12).

Uniparental inheritance, in contrast, is
most often explained by deterministic
mechanisms of two kinds.

1) Some cases of purely maternal in-
heritance may be due to failure of the
parental gametes to transmit organelle
genomes to the zygote [reviewed in (4, 5,
13)]. I have called this mechanism mono-
gametic organelle transmission (5). In
many animals where the sperm do con-
tribute mitochondrial genes to the zy-
gote, they are so few in relation to those
in the egg that they would be undetect-
able [references in (5)], and this may also



be the case for many plants and some
fungi such as Neurospora.

2) The organelles or organelle DNA
from one parent may be destroyed, as
appears to be the case for chloroplasts or
chloroplast DNA in some algae and
plants (I, 13-15) and for sperm mito-
chondria of some animals (4, 5). Itis also
conceivable that the organelle DNA
from one parent might be phenotypically
inactivated, or might fail to be replicated
and hence be diluted to the point where it
cannot be detected, but there is no direct
evidence for this. In this article, I follow
Sager and Kitchin (/6) and refer to any
mechanism which consistently elimi-
nates genes of one parent from the zy-
gote as selective silencing, but without
necessarily endorsing their proposed
molecular mechanism for all cases.

These hypotheses were designed for
cases of strictly maternal inheritance;
they do not explain the production of
two different classes of uniparental prog-
eny, pure for alleles from either parent,
as described above for some plants,
yeast, and some Chlamydomonas cross-
es. These cases clearly require a differ-
ent approach. Realizing this, Tilney-Bas-
set (/7) and Gillham et al. (18) suggested
that uniparental inheritance in geraniums
and Chlamydomonas is due to competi-
tion of parental organelles or their DNA
for replication in the zygote. Their
hypotheses were forerunners of the more
general stochastic hypothesis described
below.

The Cell Viewed as a

Population of Organelle Genes

Eukaryotic nuclei are usually haploid
or diploid, containing only one or two
copies of each gene. In contrast, the
cytoplasm of each cell contains on the
order of 10% to 10* molecules of mtDNA
or chloroplast DNA (cpDNA), and each
molecule carries a complete genome (2,
4, 19). Each organelle gene is thus pre-
sent in many copies per cell. This re-
quires that we think about organelle
genes in a completely different way: a
cell contains a population of organelle
genomes and genes, to which the con-
cepts of population genetic theory can be
applied (4). Especially important is the
concept of allele frequency. Consider a
yeast cell having, for example, 100 mole-
cules of mtDNA, and suppose that 43 of
these carry a mutant allele EX of a gene
conferring resistance to erythromycin,
while the remaining 57 carry the wild-
type ES allele. The cell is heteroplasmic,
but this does not suffice to describe it.
We must also state that the frequency of
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the ER allele in the cell is 0.43 or 43
percent; the ES allele frequency is 0.57
or 57 percent. The concept may also be
extended to allele frequencies in a clone
or other collection of cells. This is easi-
est to do when vegetative segregation is
completed and all the cells are homoplas-
mic, some ER and some ES. The intracel-
lular ER frequency in these two types of
cells is 1 (100 percent) and 0 (0 percent),
respectively. If a clone consists of 1000
cells, of which 391 are resistant and 609
are sensitive to erythromycin, the fre-
quency of the ER allele in the clone is
approximately 0.391 or 39.1 percent, if it
is assumed that resistant and sensitive
cells have, on the average, the same
numbers of mtDNA molecules.

Allele frequencies can be used to de-
scribe uniparental inheritance and vege-
tative segregation, and thus provide a
picture of what happens to organelle
genes in a cross. Yeast is a simple exam-
ple which does not involve monogametic
transmission or selective silencing. Let
us suppose that two haploid strains are
mated; one is ER and has an average of

Nucleus Cytoplasm
C 3/6=0.5
| Replication l
W 0 0.

C 5/12=0.417
c 7/12=0.583
C5/7=0.714
c2/7=0.286
co0/5=0
c5/5=1

Fig. 2. Replication and partitioning of nuclear
chromosomes and alleles (A and @) and of
organelles or organelle DNA molecules and
alleles (C and ¢) during mitosis. Different
alleles are represented by solid and open
symbols. Numbers on the right represent in-
tracellular frequencies of the organelle genes.
In interphase each nuclear chromosome and
gene is replicated exactly once, while organ-
elles or organelle DNA molecules and genes
are selected more or less at random for repli-
cation resulting in intracellular drift of gene
frequencies. At cell division the nuclear chro-
mosomes are partitioned regularly so that
each daughter cell is heterozygous; organelles
or organelle DNA molecules are partitioned
randomly, resulting in homozygosity (in only
one daughter in this case).

about 55 mtDNA molecules per cell,
while the other is ES and has an average
of about 45 mtDNA molecules per cell.
Pairwise fusion of these cells produces
zygotes in which the average starting or
input frequencey of the ER allele is
r=0.55 and the ES frequence is
1 — r = 0.44. There is some variation
around this mean value for different zy-
gotes, since there is some variation in the
mtDNA content of the parent cells. This
variation is difficult to measure directly.
However, we would expect a priori that
the values of r would show an approxi-
mately Gaussian frequency distribution
as in Fig. 3A, and there is indirect evi-
dence for this (5).

After about 20 cell divisions, each
zygote has produced a zygote ““clone’” of
homoplasmic progeny. In the absence of
selection we would expect the mean fre-
quency of the ER allele in these clones to
be 0.55 as it was in the zygotes, and there
is in fact good evidence that the output
frequency of an allele in a large collec-
tion of zygote clones is greater, the
greater the input allele frequency in the
zygotes (4, 7). But a plot of the frequen-
cy distribution of r among individual
clones no longer shows a tight Gaussian
distribution (Fig. 3, B to D). In some
crosses the distribution is very broad but
retains a distinct peak at the mean value
(Fig. 3B). This cross produced very few
uniparental zygotes (that is, zygotes that
form clones with allele frequencies of 0
or 1). In other crosses (Fig. 3C) the
distribution of allele frequencies shows
much greater variance and there are sub-
stantial numbers of uniparental ER or ES
zygote clones in which one or the other
allele, ES or ER, has disappeared. More-
over, at least some of the biparental
zygotes have also undergone shifts in
allele frequencies, some increasing » and
some decreasing r to varying extents.
When the input allele frequencies are
biased, that is, very different from 0.5,
the output frequency distribution is
skewed and many zygotes are uniparen-
tal for the majority allele (Fig. 3D). Simi-
lar frequency distributions are seen for
mitochondrial genes in the fission yeast
Schizosaccharomyces pombe (8, 20).

Frequency distributions of chloroplast
alleles in the geranium and Chlamydom-
onas show more uniparental zygotes
(Fig. 4, A to C). In the case of Chlam-
ydomonas the excess of zygotes unipa-
rental for alleles from the mt™ is proba-
bly due to degradation of cpDNA mole-
cules from the mt™ parent in the zygote
(selective silencing) (/, 15), but this does
not account for paternal zygotes or the
variance of allele frequencies among the
biparental zygotes (2/). In some zygote
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clones, the frequency of the chloroplast
allele from the mt* parént has actually
decreased. This bécomes apparent only
when one looks at the distribution of
allele frequéncies among all the zygote
clones (21), rather than just classifying
zygotes as uniparental or biparental (/).
The bidirectional changes in allele fre-
quencies can be seen clearly if the over-
riding unidirectional effect of cpDNA
degradation is compensated by inactivat-
ing ¢cpDNA from theé mt* parent with
ultraviolet irradiation as in Fig. 4B.
Alternatively, it is possible to select and
study thé rare vegetative zygotes, in
which the mating-type efféct is much less
pronounced (22) (Fig. 4C), or protoplasts
of the same mating type can be fused
so that there is no mating-type effect
(10).

Frequency distributions can also be
used to study vegetative segregation, as
illustrated in Fig. S for a yeast cross. In
this case it is allele frequencies in indi-
vidual diploid cells, not zygote clones,
that are being estimated. Successive dis-
tributions are from samples of cells taken
at successive times after a mating. The
distributions show the gradual disap-
pearance of heteroplasmic cells from the
population, as they divide and produce
homoplasmic progeny.

Control of DNA Replication,
Recombination, and Partitioning

The behavior of chromosomes, DNA
molecules, arid genes in the nucleus is
stringeritly controlled. In contrast, con-
trol over these events is relaxed for
genomes in mitochondria and chloro-
plasts (Fig. 2).

Information about the partitioning of
cytoplasmic elements at cell division is
scarce (23). Although mitochondria may
be closely associated with the mitotic
apparatus and cytoplasmic organelles
may be associated with elements of the
cytoskeleton, there is no visible mecha-
nism to control partitioning. In the case
of mitochondria in certain scorpion sper-
matocytes and chloroplasts in the alga
Olisthodiscus (23), it has been shown
that each of the two daughter cells usual-
ly receives half of the organelles in the
mother cell, but not always. Partitioning
is stochastic, that is, unpredictable, and
one daughter may recéive more organ-
elles than the other by chance.

It is generally accepted that partition-
ing is also genetically stochastic. In other
words, cells do not distinguish organelles
or organelle DNA molecules carrying
different alleles of a gene; hence organ-
elles or molecules carrying different al-
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leles may be segregated by chance into
different daughter cells. This hypothesis
accounts for vegetative segregation of
chloroplast genes in plants (3, //) and is

at least partly responsibie for vegetative -

segregation of mitochondrial alleles in
yeast (4, 5, 12). Sager (/) has postulated
that cpDNA molecules in Chlamydomo-
nas are partitioned regularly, like nucle-
ar chromosomes at mitosis. Her model is
applicable to cells having a single mito-

been universally accepted for Chlamy-
domonas (4, 12) and has been ruled out
for mitochondrial genes in yeast (24).

In cultured mouse cells, mitDNA mole-
cules are selected at random for replica-
tion, one or a few at a time, until the total
number has been doubled (25). Some
molecules may be replicated more than
once, and others not at all, in a cell
cycle. Density shift experiments suggest
a more uniform replication of mtDNA

chondrion or chloroplast, but it has not molecules in yeast (26), but more sensi-
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Fig. 3 (left). Distributions of mitochondrial gene frequencies among zygotes or zygote clones in
Saccharomyces cerevisiae. (A) Cross of erythromycm-resnstant and. -sensitive strains
[ER x ES; experiment DW8 in (8); reprinted by permission of Cold Spring Harbor Laboratory].
The input frequencies of the ER allele were estimated by volume measurements of 53 newly
formed zygotes as described (5). (B) Same cross as in (A); output frequencies of the ER allele in
50 zygote clones. After about 20 cell divisions of the zygotes, when nearly all of the diploid
progeny cells are homoplasmic as a result of vegetatlve segregation, each zygote clone was
subcloned, and the frequency of ER and ES cells in each clone was determined by replica
plating. This gives an estimate of the allele frequency in each zygote clone as a whole. Open
bars represent uniparental zygote clones, with 0 or 100 percent ER alleles. The mean (%) and
variance (s?) of the allele frequencies are shown. (C) Output distributions for 100 zygote clones
from the same cross as in (A) and (B), but performed with a different mating procedure that
gives more uniparental zygotes and higher variance of allele frequencies. (D) Output distribu-
tion for the cross pS CSESOS x ID4/1 CREROR, a three-factor cross involving mitochondrial
genes for sensitivity and resistance to chloramphenicol, erythromycin, and oligomycin. AS
represents the mean of the frequency distributions for the CS, ES, and OS alleles. Fig. 4
(right). Distributions of chloroplast gene frequencies in plant and algal crosses. (A) Pelargoni-
um, cross between wild-type (green) female and mutant (white) male. For each progery
seedling the percentage of tissue with maternal (green) chloroplasts was estimated. Open bars
represent uniparental plants with all green or all white plastids [data from (45), last cross in table
3]. (B) Chlamydomonas, cross mt* ER x mt~ ES. Frequencies of the maternal ER chloroplast
allele in individual zygospore clones were determined by subcloning the homoplasmic haploid
cells and replica plating [data from (21), figure 3]. Open bars represent uniparental zygote clones
with allele frequencies of 0 or 100 percent. (C) Chlamydomonas, cross mt* ER x mt™ ES,
Frequencies of the maternal ER allele were determined in individual clones from vegetative
zygotes by subcloning the homoplasmic diploid cells and replica plating (46).
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tive tests will be required to prove that
each molecule replicates exactly once.
In several cases there is evidence for
rapid turnover of mtDNA (27). It is likely
that degradation is randomi, so that some
molecules will by chance have more sur-
viving replicas than others. Moreover; if
partitioning of organelle DNA or organ-
elles at cell division is not equal, it must
be compensated for by unequal replica-
tion (23). Cells or cell lineages with too
many organelles or genomes must repli-
cate only a sample of them; cells with too
few must replicate some more than once.
In addition, cells vary their content of
organelle DNA (and of organelles) as
their volume or differentiated state
changes (28). During transitions from
one state to another, the DNA content
does not always change by a factor of 2,
so that some molecules must be replicat-
ed more often than others.

Recombination of mitochondrial and
chloroplast genes has been demonstrated
in a number of organisms (/—) although,
in Paramecium and some plants where
organelles do not fuse, recombination
may be limited to DNA molecules inside
the same organelle if it occurs at all. In
yeast a molecule may ‘‘mate,”’ that is,
pair and recombine with other mole-
cules, repeatedly during vegetative re-
production, probably more than once in
acell cycle. Moreover, pairing is more or
less random with respect to genotype; a
molecule is at least as likely to recom-
bine with another one of the same or
similar genotype as with one of a differ-
ent genotype (2, 4, 7). The situation is
precisely analogous to recombination of
phage in an infected bacterial cell. There
is also some genetic evidence for random
mating of ¢cpDNA molecules in Chlam-
ydomonas zygotes (29).

Consequences of Relaxed Control

Randomness in the replication, recom-
bination, and partitioning of organelle
DNA molecules has a far-reaching effect
on genotypes and phenotypes: it causes
random changes in allele frequencies
within cells (Fig. 2), cell lineages, and
clones or whole organisms. In a hetero-
plasmic cell with alleles E® and ES
where, by chance, ER molecules are
selected for replication more often than
ES, the frequency of the EX allele would
increase in that cell. Conversely, chance
selection of more ES molecules for repli-
cation in another cell would decrease the
ER frequency in that cell. Random selec-
tion of molecules for degradation, as
during turnover, will do the same. The
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result will be that in any oné cell the
frequency of an organelle gene allele will
undergo repeated unpredictable (sto-
chastic) changes.

Repeated random pairing of DNA mol-
ecules for recombination will also result
in random walks of gene frequencies
(30), because recombination will involve
gene conversion as well as classical
crossing over. When two molecules pair
in the vicinity of a gene for which they
carry different alleles, such as ER and
ES, one allele may be converted to the
other. Thus both DNA molecules may
emerge from the recombination event
carrying the ER allele, in which case the
frequency of the ER allele will have
increased in the cell. Alternatively, both
may be ES, in which case the ER fre-
quency will decrease. Repeated random
pairing and gene conversion will result in
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Fig. 5. Vegetative segregation of mitochondri-
al genes in Saccharomyces cerevisiae. After a
mating A21-112 CREROR x A11-5 CSESOS,
samples of 50 ‘diploid cells were plated at
various times. The cells plated at ¢, were
undivided zygotes; at 14, #g, and ¢, they were
diploid progeny aftei about two, five, and
eight generations of vegetative (mitotic) re-
production. The abscissa is the mean frequen-
cy of the CS, ES, and OS alleles in the dip-
loids, determined by the frequency of homo-
plasmic sensitivity progeny which they pro-
duce after subcloning. Open bars are
homoplasmic diploids (gene frequency = 0 or
1). [Data from (47), table 34, with permission]

repeated changes of allele frequencies,
increasing or decreasing unpredictably in
different cells.

Random replication, degradation, and
recombination all result in random walks
of mitochondrial or chloroplast allele fre-
quencies inside interphase cells, analo-
gous to random drift in Mendelian popu-
lation genetics. Mathematical analysis
and computer simulations (30, 31) show
that the rate of random drift depends on
the number of molecules in the cell, and
in general is quite low for cells with 100
or moré copies of organelle DNA. How-
ever, more rapid drift would result from
the combined effects of these processes.
Also, it is possible that groups of geneti-
cally identical molecules are selected for
replication or degradation, which would
lower the effective population size. For
example, a polymerase molecule may
replicate a DN A molecule and then pref-
erentially replicate the daughter DNA
molecules because both the polymerase
and the products of its action tend to
remain in the same organelle, as suggest-
ed by studies on mtDNA in Xenopus
oocytes (32). In any event, stochastic
gene conversion and replication will in-
crease the variance in allele frequen-
cies among zygotes. If continued long
enough, it will make zygotes (or zygote
clones) uniparental by fixing one allele
and eliminating the other; this can ex-
plain the frequency distributions de-
scribed above.

Intracellular random drift will be espe-
cially efficient at eliminating one allele if
that allele is present in low frequencies.
This will be the case in fertilized eggs of
animals where the egg contains 10° to 10®
mtDNA molecules while the sperm con-
tributes about 100 molecules (33). Ran-
dom drift will rapidly eliminate the pa-
rental mitochondrial alleles in most of
the eggs, leading to maternal inheritance.
In fertilized rat eggs the initial frequency
of parental mtDNA molecules is about
1/3000; a restriction fragment analysis
capable of detecting the parental mole-
cules in this frequency showed none in
the mature offspring (34). Their absence
could be due to selective silencing, but it
could also be due to random drift, which
would eliminate the paternal allele in all
but about 1 out of 3000 progeny. Also a
new mutant allele arising in a cell will
initially be present at very low frequen-
cy; if the cell contains 10° molecules, the
mutant allele frequency will be 1/10°. It
will be lost, very quickly, with a proba-
bility of 999/1000 and will be fixed (be-

~come homoplasmic), with a probability

of 1/1000. »
Intracellular random drift of allele fre-

SCIENCE, VOL. 222



quencies may also play an important role
in vegetative segregation. In yeast, seg-
regation may be studied by isolating
buds from a dividing zygote and allowing
them to produce colonies. Some of these
produce colonies that are uniformly of
one parental genotype, suggesting that
the buds received mitochondria of only
that genotype at cell division. However.
fluorescent staining suggests that these
buds always receive mtDNA molecules
of both parental types, although one may
be in the minority (5). If so, these buds
are like uniparental zygotes, starting
with two mitochondrial alleles but losing
one (usually the minority one) by intra-
cellular drift. Thus vegetative segrega-
tion in yeast, and presumably in other
organisms as well, is due to a combina-
tion of random partitioning of organelle
genomes at cell division and random
replication, degradation, or gene conver-
sion taking place between divisions.

Analogous phenomena are seen in
bacterial plasmids. Some plasmids have
been shown to replicate randomly, and
some may also be partitioned randomly
at cell division. The net effect of random
replication and partitioning is plasmid
incompatibility, the inability of a bacteri-
al cell line to retain two similar (but not
identical) plasmids in every cell. Incom-
patible plasmids are analogous to mito-
chondrial or chloroplast genomes carry-
ing different alleles, and this kind of
incompatibility is analogous to vegeta-
tive segregation (35).

Experimental Tests of Drift

As a zygote divides, random drift of
the mean allele frequency in the clone as
a whole slows and eventually stops. This
is partly because random partitioning of
organelle genomes produces homoplas-
mic cells in which the allele frequency is
fixed at 1 or 0. Also, allele frequencies in
the daughter cells drift independently,
often changing in different directions and
tending to cancel out. This leads to a
strong prediction: if uniparental zygotes
and the high variance of allele frequen-
cies among zygote clones are due to
intracellular random drift, then delaying
division of the zygotes should allow
more drift and increase both the frequen-
cy of uniparental zygotes and the vari-
ance among zygote clones. This predic-
tion has been verified for mitochondrial
genes in the yeasts Saccharomyces cere-
visiae and Schizosaccharomyces pombe
(8), and for chloroplast genes in Chlam-
ydomonas reinhardtii (22, 36). An exam-
ple is shown in Fig. 6. Similar experi-
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ments have demonstrated that random
drift plays a role in eliminating, or more
rarely fixing, new mitochondrial muta-
tions in yeast cells (37). An analysis of
recombination frequencies in delayed di-
vision experiments suggests that random
gene conversion does not play a major
role in producing uniparental zygotes in
yeast and focuses our attention on sto-
chastic replication and degradation (5,
8). However, conversion may play a
significant role in Chlamydomonas zy-
gotes (36).

Why Nuclear and Organelle Genes Are
Inherited Differently

It is both convenient and instructive to
incorporate the phenomena of uniparen-
tal inheritance and vegetative segrega-
tion into a single, more general rule:
heteroplasmic cells are rare; when they
are formed, by whatever process, they
or their progeny usually become homo-
plasmic within a single sexual genera-
tion. Like many other generalizations in
biology, this one must be stated rather
loosely (we cannot make it quantitative
because rates of vegetative segregation
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Fig. 6. Effects of delaying cell division on
uniparental inheritance and variance of gene
frequencies among zygote clones of Saccha-
romyces cerevisiae. The cross was a cdc24
ER X a cdc24 ES, where cdc24 is a nuclear
temperature-sensitive mutation that blocks
cell division at 36°C. Zygotes were held at
36°C for 0, 12, or 24 hours, then moved to
23°C to allow division to begin. Gene frequen-
cies in zygote clones were determined as
described for Fig. 3B; symbols as in Fig. 3.
[Courtesy of Cold Spring Harbor Laboratory]

and proportions of uniparental zygotes
vary greatly) and there are exceptions
(38). Nevertheless, it is true for a wide
variety of organisms and it describes
precisely those phenomena which serve
to identify cases of organelle inheritance
and distinguish them from Mendelian
genetics. It also describes the fixation of
a new organelle mutation in cells, the
phenomena of invasiveness or suppres-
siveness which thus far seem to be limit-
ed to yeast and some other fungi (2), and
the recombinational polarity of mito-
chondrial genes in yeast (2, 4, 7). This
general rule operates effectively at the
population level: recent studies of
mtDNA in animal populations show that
individuals are rarely detectably hetero-
plasmic even when the population is
genetically polymorphic for restriction
sites on mtDNA (39). In contrast, het-
erozygosity for nuclear genes is common
in natural populations.

Heterozygosity for organelle genes is
not a stable condition, because random
drift leads to fixation of one allele or one
genotype in each cell, and often in an
entire cell lineage or organism, within a
single sexual generation. This can hap-
pen because organelles are intracellular
population systems, and the events of
organelle genetics are not only stochastic
but they can be repeated many times
within a single sexual generation. Many
rounds of organelle DNA recombination
can occur in one cell generation; in yeast
and possibly other organisms there is
time for many sequential replications of
organelle DNA molecules in one cell
generation or in one dormant zygote; and
finally, organelle genomes can segregate
at each of the many vegetative cell divi-
sions that occur between sexual repro-
duction events, as well as during meiotic
cell divisions.

In contrast, nuclear genotypes do not
show random drift and thus do retain
heterozygosity because there are no re-
peated stochastic events within a single
sexual generation (Fig. 2). Chromo-
somes are replicated repeatedly, once in
every cell generation, but every chromo-
some is replicated precisely once each
time. Recombination generally occurs
only once, at meiosis, and is nonrandom
in the sense that it involves pairs of
chromosomes from different parents.
Random partitioning leading to segrega-
tion of alleles occurs only once, at meio-
sis. In very general terms, organelle and
nuclear genomes differ in the degree of
control exerted over their replication,
recombination, and segregation; more is
left to chance for mitochondria and chlo-
roplasts.
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Sex and Organelles

From the viewpoint of genetics, sexual
reproduction consists of combining
genes from two different individuals in a
single cell, followed by recombination of
alleles from the two parents to produce
new genotypes. Genes in eukaryotic nu-
clei are most often sexual. Both parents
usually contribute one complete set of
nuclear genes to the zygote. Moreover,
the stringent control over chromosome
replication and partitioning ensure that
diploid cells will retain alleles from both
parents until recombination occurs at the
next meiotic division. Genes in mito-
chondria and chloroplasts, in contrast,
are asexual in organisms with monoga-
metic transmission because only one
parent contributes genes to the zygote.
In species where zygotes do receive al-
leles from both parents, random drift
(and sometimes, selective silencing)
quickly makes cells homoplasmic and
thus greatly reduces the opportunity for
recombination.

Sexual reproduction has potential dis-
advantages as well as advantages for
individuals and populations (40). In par-
ticular, recombination may break up
adaptive combinations of alleles. Also
biparental inheritance facilitates the
spread” of detrimental mutant genes or
genomes that replicate more rapidly than
the wild type. Several authors have fo-
cused on these disadvantages and sug-
gested that monogametic transmission
and selective silencing may have been
selected to reduce organelle gene recom-
bination (I, 41). These suggestions do
not consider the possible role of random
drift in the evolutionary history of organ-
elle genes.

Separate Evolutionary Pathways for
“ Organelle and Nuclear Genomes

I suggest that nuclear and organelle
genomes have followed divergent evolu-
tionary pathways, respectively, as sexu-
al systems under stringent control and
asexual systems under relaxed control,
from the time they were established as
autonomous genomes in primitive uni-
cellular organisms. The  principal
genome of most cells, including prokary-
otes, is present in low copy number (1 to
2 per cell) and is under stringent control;
this is likely to have been a very primi-
tive condition. It is widely believed that
mitochondria and chloroplasts arose
from intracellular symbionts (42). Initial-
ly, the replication of the symbiont DNA
and of the symbionts themselves would
be under their own control, not that of
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the host. When the host cell divided, the
distribution of symbionts to daughter
cells would be random, and symbionts
present in more copies per cell would be
more likely to be represented in both
daughters. '

Natural selection acting on the symbi-
onts would thus tend to increase the
number of symbionts per cell (up to the
point where the host was damaged). The
number of symbiont genomes per cell
would remain large even if the number of
symbionts was subsequently reduced by
their fusion. As the host came to rely on
the symbionts for photosynthesis or res-
piration, the host (nuclear) genome
would exert some control over the repli-
cation and partitioning of the symbionts
and their genomes. However, the high
copy number would ensure the effective
hereditary transmission of symbiont ge-
nomes even if nuclear control was not
stringent.

Alternatively, the autogenous theories
of organelle evolution hold that they
arose by separate packaging of nuclear
and organelle genomes native to the
same cell (42). It may be that the organ-
elle genes were released from stringent
control when they were separated from
the nuclear genomes. Their copy number
may have been high, like amplified ribo-
somal RNA genes released from chro-
mosomes, in order to increase the rate of
synthesis of the proteins for which they
coded.

Whatever the evolutionary origin of
organelles, the end result was cells that
depend on multiple copies of the organ-
elle genomes for the synthesis of large
amounts of organelle proteins. Establish-
ing stringent control over the partitioning
of these multiple-copy genomes was not
necessary to ensure hereditary transmis-
sion. Moreover, it would be difficult to
achieve because it would require a very
complex partitioning apparatus, and be-
cause the genomes would be packaged in
the mitochondria and chloroplasts. Ran-
dom partitioning of organelles will result
in some just-divided cells receiving too
few (or too many) genomes; to compen-
sate, these cells will replicate some or-
ganelles or genomes more or less than
once in a cell cycle. Also their numbers
may vary in response to changing meta-
bolic needs of the cell. Stringent replica-
tion control in which each molecule rep-
licates exactly once in every cell cycle
would not be possible. The end result is
random drift of gene frequencies.

Because random drift limited recombi-
nation frequencies even in these primi-
tive cells, organelles may never have
experienced the full advantages or disad-
vantages of sex. This permitted selection

for oogamy (43), in which large female
gametes contribute more organelle genes
than small male gametes and the oppor-
tunity for recombination was further re-
duced. At the extreme, this led to mono-
gametic transmission. Selection for se-
lective silencing would also be permit-

-ted, as for instance if zygotes formed

under starvation conditions needed to
scavenge raw materials by degrading
some organelle DNA, as postulated (22).
Whatley (/4) has noted that these and
other mechanisms that determine unipa-
rental inheritance of chloroplasts are all
used by one or another species of algae
and plants, without any apparent evolu-
tionary trends; she also suggests that
these mechanisms may be accidental re-
sults of other evolutionary events, rather
than being selected for causing uniparen-
tal inheritance. Organelle fusion, which
is required for recombination, could also
be lost if recombination was not effec-
tive; this may have occurred in some
plants (I3, 14, 38) and in Paramecium
(44). In this view, monogametic trans-
mission and selective silencing are evo-
lutionary consequences of random drift,
in the sense that they are permitted to
evolve in genetic systems that are al-
ready effectively asexual.

Conclusion

Organelle and nuclear genomes have
probably followed separate evolutionary
paths from the time of origin of eukaryot-
ic cells. The former began, and re-
mained, as multicopy systems under re-
laxed control; the latter have been one-
and two-copy systems under stringent
control. It is these fundamental differ-
ences at the molecular level which re-
sult, directly or indirectly, in their differ-
ent modes of inheritance. The most gen-
eral and important consequences are that
nuclear genomes can show high levels of
heterozygosity and enjoy the advantages
of sexuality to the fullest, while organelle
genes cannot. In spite of these differ-
ences, the two systems perform their
respective tasks well and in harmony.
How they achieve this harmony is a
major question for the future.
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