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ABSTRACT

The review discusses some consequences of the widespread partial uncoupling of the reproduction of
organelle DNA from that of nuclear DNA. I propose that in certain circumstances natural selection
favors intraorgamismal reproductive competition between different vareties of organelle DNA, and i
other circumstances selection favors competiron between organelle and nuclear DNA. Evidence s
marshalled to show that such competition occurs in nature. Sutuations which would lead to selection for
both kinds of competition are described and are shown to be relatively common. A number of examples
of apparent competition of predicted kinds are presented. Several testable predictions are made from the
theory, and it 1s shown that the available data are in accord with them.

Sumilar kinds of reproductive competition are predicted to occur m some other symbiotac relation-
shaps, and possible examples are presented for two of them: bacteral plasmuds and endozoic algae.

“There is something intrinsically good-natured about all symbiotic relations, necessarily,
but this one (organelles with eukaryotic cells), which is probably the most ancient and most
firmly established of all, seems especially equable. There is nothing resembling predation,

and no pretense of an adversary status on either side” (Thomas, 1974, pp. 86-87).

INTRODUCTION

EUKARYOTIC cell can be likened to a
society composed of a nucleus and a
crowd of subcellular organelles in
which all members cooperate for
the common good. This analogy is
more than just a literary device, because the

reproduction of organelles such as mitochon-
dria and chloroplasts is partly independent of
that of the nucleus, both within the organism
and in the passage from one generation of or-
ganisms to the next. Because mitochondria and
chloroplasts contain unique DNA molecules
which replicate and pass from organelle to or-
ganelle, there is a partial uncoupling of the
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reproduction of organelle DNA (oDNA) from
that of nuclear DNA (nDNA). Such uncoupling
can have important evolutionary consequences
since it implies that natural selection acting on
the two kinds of DNA will not always favor the
same characters. That is, intracellular conflicts
of reproductive interest with resulting selection
for antagonistic characters may sometimes
occur among the members of subcellular soci-
eties. This paper explores some possible conse-
quences of such selection on o0DNA reproduc-
tion.

As described in the excellent review by Grun
(1976), DNA is present in both chloroplasts and
mitochondria in the form of long, multiple
molecules. There is an average of four mole-
cules per mitochondrion in yeast (Grimes,
Mahler, and Perlman, 1974), and about twenty
molecules per chloroplast in Chlamydomonas
(Chiang and Sueoka, 1967; Wells and Sager,
1971). In some organisms the molecules seem
to be concentrated in a few locations (Ris and
Plaut, 1962), but in general their spatial organi-
zation is poorly known. The lengths of the mol-
ecules vary, but are usually uniform for a given
type of organelle in a particular species of or-
ganism. Some but probably not all molecules in
both types of organelles are in loops, and at
least some genetic loci are linked in both
chloroplast DNA (ctDNA) and mitochondrial
(mtDNA). Probably (with exceptions, see Pring,
Levings, Hu, and Timothy, 1977; Dujon,
Slonimski, and Weill, 1974) each molecule car-
ries a complete set of organelle genes, at least in
mitochondria. Organelle DNA apparently
codes for only a small fraction of the com-
pounds that are involved in organelle synthesis
and function.

The typical patterns of inheritance of nuclear
and organelle genomes during the critical pro-
cesses of mitosis, meiosis, and fertilization are
all different (Fig. 1), and in each process oDNA
inheritance is more variable. The patterns of
organelle inheritance make possible major in-
traorganismal heterozygosity in oDNA com-
bined with more or less independent reproduc-
tion and transmission of the different oDNA
genomes. This situation cannot occur with
nDNA. The result is that natural selection act-
ing on oDNA could lead in certain situations to
reproductive competition between genetically
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Fic. 1. TypicaL PATTERNS IN THE CRrITICAL PRO-
CESSES OF PROPAGATION OF NucLEAR DNA (nDNA)
AND ORGANELLE DNA (0DNA) wiITHIN EUKARYOTIC
ORGANISMS
Quantities of DNA are indicated. The nuclear
events are highly uniform, whereas those involving
organelles are not.

different organelles within a single organism.
Another consequence of the inheritance pat-
terns is that some traits which are advantageous
for the reproduction of oDNA could be disad-
vantageous for the reproduction of nDNA, and
vice versa, and there could be reproductive
competition between oDNA and nDNA. The
inheritance patterns could thus give rise to two
kinds of intraorganismal conflict (interactions
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in which different DNA molecules produce
substances to further their own reproduction,
at the expense of the reproduction of other
DNA varieties in the same organism).

That the symbioses involving organelles in
eukaryotic cells may not be as complete as is
commonly believed has already been noted by
Grun (1976). This paper will attempt to extend
this line of thought and (1) to specify both the
conditions in which conflict involving organelles
might arise and the types of interactions that
are expected; (2) to show that these conditions
occur in nature and may be common in some
organisms; (3) to demonstrate possible cases of
the predicted competitive interactions; (4) to
show how these ideas may apply to systems
other than eukaryotic cells and their organelles,
for example, in bacteria and bacterial plasmids,
and in animals with endozoic algae; and (5) to
compare specific predictions of the theory with
available data.

THEORY: SITUATIONS IN WHICH CONFLICT
IS EXPECTED

A. Organelle DNA-Organelle DNA

Like nDNA genes, varieties of oDNA can
compete reproductively by affecting the func-
tioning of the organism in which they are
found. For example, promotion of more
efficient photosynthesis or ATP production
could result in greater reproduction of the
whole organism, and thus greater oDNA re-
production (except in some males — see below).
In this respect, characteristics which favor the
reproduction of oDNA are equally favorable to
nDNA reproduction, and cooperative interac-
tions between the two genomes are expected.
Such interactions do indeed occur, and reach
the point of cooperative synthesis of single
compound molecules (e.g., Kung, 1977; Schatz
and Mason, 1974). Organelles are vital to the
well-being of eukaryotic organisms, and mal-
function can mean reproductive death for both
oDNA and nDNA.

If, however, there is genetic diversity in the
ctDNA or mtDNA within a single organism
(i.e., the individual is “heteroplasmic” in the
sense of Birky, 1975), then natural selection
could favor more direct intraorganismal com-
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petition between genetically different organ-
elles for transmission to the next generation.
This kind of competition, which would be fa-
vored as long as it was not overly damaging to
the organism as a whole, could take a variety of
forms.

Al. Selective destruction. One type of or-
ganelle could cause the destruction of genet-
ically different organelles or their DNA.

A2. Selective inclusion in the embryo. One type
of organelle could cause its own inclusion in or
the exclusion of others from the developing
embryo.

A3. Selective inclusion in reproductive structures.
One type of organelle could favor its own in-
clusion in greater numbers of gametes by se-
lective inclusion in the gonads or gametes (or
buds in vegetatively reproducing organisms), by
causing gametocytes in which it was present to
divide more than others, or by diverting more
resources into the part of the organism where it
was most common.

A4. Differential multiplication of organelles.
One type could reproduce more rapidly or in-
hibit the reproduction of other types, so that its
chances of inclusion in gametes were increased.

Ab. Differential DNA replication within organ-
elles. One of the multiple copies of DNA within
a single organelle could reproduce itself or
persist better than others.

B. Organelle DNA-Nuclear DNA

Under certain conditions, characters favored
by selection on oDNA reprodiiction could be
disadvantageous to nDNA reproduction. For
instance, natural selection on a character which
strongly increased transmission of oDNA from
one generation to the next and at the same time
slightly decreased the reproduction of the en-
tire organism would be positive for o DNA and
negative for nDNA. Such o-DNA-nDNA con-
flict could evolve in the following situations:

B1. Organelle number in male gametes. In
species in which male gametes are more effec-
tive when they are smaller (for example, more
easily transported as pollen), selection on
nDNA might favor reduction of the number of
organelles in the male gametes or even their
complete exclusion. Selection on oDNA would
obviously favor inclusion of organelles in ga-
metes if such organelles survived in the result-
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ing zygotes. If relative numbers of organelles
in newly formed zygotes correlated with the
relative numbers in that zygote’s gametes, se-
lection would also favor the inclusion of as large
a number in the gamete as possible.

B2. Vegetative wvs. sexual reproduction. In
species with uniparental maternal inheritance
of oDNA, male reproduction by vegetative
rather than sexual means would be favored by
selection on 0DNA, and female vegetative re-
production would be favored in those species
with paternal inheritance. The selective forces
thought to act on nDNA with respect to sexual
vs. asexual reproduction are quite different
(Williams, 1975; Maynard Smith, 1978).

B3. Sex ratio. In sexual species with strongly
uniparental inheritance of oDNA, selection on
oDNA could act to bias the sex ratio toward the
sex which transmits its 0O DNA. For example, in a
species with maternal inheritance of oDNA and
an abundance of sperms available to fertilize
each egg, the oDNA in the egg might produce a
substance to selectively impede the entrance of
those sperms which would result in the zygote
becoming male; or, if early death of some em-
bryos caused the mother to dedicate more re-
sources to others, oDNA could reproduce more
effectively by selectively killing male zygotes
after fertilization had occurred. In hermaph-
roditic species, male sterility caused by oDNA
could be favored if it caused the organism to
dedicate more reproductive effort to its female
gametes, or if it improved the nDNA constitu-
tion of the zygotes formed by female gametes
(this is probably often true in plants, as noted by
Watson and Caspari, 1960, because of the in-
creased likelihood of outcrossing; see also
Lewis, 1941).

B4. Elimination of nonfunctional organelles. 1f a
mutation or a sudden change in the environ-
ment made a particular type of oDNA in a
heteroplasmic organism unable to perform a
function important for the well-being of that
organism, then selection on nDNA could favor
selective elimination of the nonfunctional class
of oDNA. Selection on oDNA would oppose
such elimination. Selection would be strongest
on nDNA when the nonfunctional organelles
were especially common or were detrimental to
some important cellular function.

Bb5. Biparental inheritance with heterosis. Selec-
tion on nDNA could favor biparental inheri-
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tance in species in which biparental transmis-
sion of oDNA results in heterotic vigor by
complementation in zygote organelle function
or in recombinant advantage because of the
greater variety of oDNA in the offspring. De-
spite the fact that these advantages would also
accrue to the oDNA, selection on oDNA in each
gamete would probably often favor elimination
of the oDNA derived from the other gamete
(Al or A2 above), because the 50 per cent re-
duction in reproduction due to dilution (assum-
ing equal contributions of oDNA from the par-
ents) would usually outweigh the heterotic ad-
vantages (the same kind of argument is proba-
bly sometimes true for nDNA, and results in
selection for asexual reproduction; see Wil-
liams, 1975). If, however, one parent contrib-
uted many more organelles than the other and
this difference were maintained throughout the
development and reproduction of the zygote,
then selection on the organelles in the mac-
rogamete would act only weakly in favor of
exclusion of the organelles from the other ga-
mete, and this weak selection might even be
outweighed by the advantages of allowing them
to enter. The phenomenon of “sorting out”
(formation of pure oDNA cell lineages within
an organism — see, for example, Birky, 1975)
would seem to reduce the probability of
heterotic advantage by complementation and
recombinational advantage, but it is not clear
how rare a type of organelle can be in a
heteroplasmic organism and still give heterotic
effects.

B6. Uniparental inheritance with incompatibility.
Selection on oDNA in heteroplasmic organisms
might favor relatively more investment of
energy and material in replication of organelles
or their DNA (e.g., A4 and A5 above) than
would be optimal for the efficient performance
of organelle functions, or selection might favor
a type of organelle that was not completely com-
patible functionally with the nDNA. In both
cases the fitness of the whole organism would be
lowered, and selection on nDNA would then
favor the reduction of oDNA diversity in the
cells of each organism. This reduction of diver-
sity might occur by exclusion of the oDNA of
one of the gametes from the zygote, by selective
elimination in early development of oDNA de-
rived from one of the parents, or by sorting out
the different types of oDNA into different cells.
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EVIDENCE

L. Frequency of Occurrence of Conditions in Which
Conflict Would Be Expected

[The letters and numbers used in the discus-
sions that follow refer to the sections just
above.]

A. Organelle DNA-Organelle DNA

The basic condition for competition between
oDNA molecules within an organism is an at
least transient heterogeneity of oDNA. How
common is this condition in nature? Probably
the most common way in which such heteroge-
neity arises is for a zygote to receive oDNA
from both parents. Although inheritance of or-
ganelles is usually taken to be maternal, it ap-
pears that at least transient biparental inheri-
tance is relatively common. Data come from
direct observations of organelles in fusing ga-
metes, and from patterns of inheritance of
traits encoded in oDNA. The genetic data are
less powerful, however, because only final re-
sults are noted, and biparental transmission
quickly followed by selective elimination of
products from one parent early in em-
bryogenesis is construed as uniparental inheri-
tance.

At least transient or occasional biparental in-
heritance of chloroplasts has been found in the
algae Zygnema, Spirogyra (Granick, 1961), Ulva
(Braten, 1973), Chlamydomonas (Sager, 1977),
Hyalotheca (Potthoff, 1927), and Rhynchonema
(Chmielevsky, 1890); in the fern, Scolopendrium
(Tilney-Bassett, 1975); and in the gymno-
sperms Pinus (Mangenot, 1938), Larix and Biota
(Chesnoy and Thomas, 1971), Chamaecyparis
(Chesnoy, 1973), and Cryptomeria (Ohba,
Iwakawa, Ohada, and Murai, 1971). (Inheri-
tance in the last four groups is predominantly
paternal.) In angiosperms, Tilney-Bassett (1975)
found genetic evidence of at least occasional
biparental inheritance patterns reported in 14
of 38 dicotyledon genera, and in 2 of 10
monocotyledon genera, and he noted that these
may be underestimates because of the relative
insensitivity of most studies. More recently,
biparental patterns have also been found in

Browallia (Semeniuk, 1976), and in the
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monocotyledons Pennisetum (Rao and Koduru,
1978) and Zea mays (Fleming, 1975). (This last
species was listed as uniparental by Tilney-
Bassett.)

With respect to mitochondria, conjugation in
Paramecium aurelia is known to result occasion-
ally in exchange of mitochondria, and the rarer
event of fusion produces complete mixing
(Adoutte and Beisson, 1972; Beale, Knowles,
and Tait, 1972). Sexual reproduction in the
fungus Neurospora probably also results in mix-
ing of parental mitochondria (Birky, 1975), as
does fusion in the yeast Saccharomyces (Birky,
1975). Interspecific crosses in the plant
Epilobium give biparental inheritance (Anton-
Lamprecht, 1967). Newly formed zygotes of the
gymnosperms Pinus, Larix, and Biota all have
mitochondria from both parents, and in the last
two species mitochondria from both parents are
known to survive in the developing embryo
(Chesnoy and Thomas, 1971).

In animals, paternal mitochondria often
maintain their structural integrity after pene-
tration of the spermatozoon into the ooplasm
(Gresson, 1942; Anderson, 1968). Sperm
mitochondria have been seen in electron-
microscope (EM) studies of newly formed zy-
gotes of the sea urchins Arbacia (Franklin, 1965;
Longo and Anderson, 1968) and Paracentrotus
(Anderson, 1968), the annelid Hydroides (Col-
win and Colwin, 1961), the hemichordate Sac-
coglossus (Colwin and Colwin, 1963), the trem-
atode Haematoloechus (Burton, 1967), the
bivalve Barnea (Pasteels, 1965), mice and rats
(Szollosi, 1965; Presley, 1969), and rabbits
(Swift, 1967). As Grun (1976) has noted, if, as is
often stated, fertilization generally involves fu-
sion of the sperm plasma membrane with that
of the egg, it seems almost inevitable that sperm
mitochondria are introduced at least temporar-
ily into most zygotes.

Probably at least temporary transmission of
mitochondrial and chloroplast DNA from both
parents to the zygote also often results from
sexual reproduction by fusion of more or less
equal-sized gametes. This type of reproduction
is known in many groups of organisms: algae in
the Divisions Chlorophyta, Xanthophyta, Pyr-
rophyta, and Phaeophyta (Coleman, 1962);
protozoans in the orders Foraminifera, Eu-
glenoidea, Phytomonadia, Dinoflagellata, Tri-
chomonadida, Hypermastigida, and Gregarina
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(Mackinnon and Hawes, 1961); molds such as
Rhizopus (Simpson and Beck, 1965) and Al-
lomyces (Doyle, 1964); and myxomycetes (Bon-
ner, 1974). Conjugation, which involves estab-
lishment of cytoplasmic connections between
pairs of individuals and probably results at least
occasionally in transmission of organelles (e.g.,
in the case of Paramecium above), is widespread
in the protozoan class Ciliata (Mackinnon and
Hawes, 1961).

Since replication of both mitochondria and
chloroplasts is usually stated to be under the
control of nuclear genes (see Attardi et al.,
1975; Nasyrov, 1978), it might seem that differ-
ential reproduction of organelles (A4) would be
unlikely. This is probably true inasmuch as nu-
clear genes code for many organelle constitu-
ents, but it does not preclude the possibility that
different organelles might multiply at differ-
ent rates within particular cells. In fact, in
Paramecium, yeast, and Neurospora different mi-
tochondrial mutants have different rates of re-
plication in the same cell (Grun, 1976; Adoutte
and Beisson, 1972; Diacumakos, Garnjobst, and
Tatum, 1965; Garnjobst, Wilson, and Tatum,
1965; Tatum and Luck, 1967). Coon, Horak,
and Dawid (1973) also found gradual changes
in frequencies of different types of mtDNA in
tissue cultures of hybrid human-rat and
human-mouse cells. Schotz (1968) showed that
different types of Oenothera chloroplast also
have different rates of replication which are
largely independent of nuclear control.

The importance of selective inclusion in ga-
metes and differential reproduction of organ-
elles (A3 and A4) may be substantially greater in
higher plants than in metazoan animals. This is
because the primordial germ cells, which will
eventually produce the gonads, are usually dif-
ferentiated very early in animal embryogenesis
(Deuchar, 1975); usually only interactions of
typesA3 and A4, whichoccur before thisdiffer-
entiation, will have evolutionarily important
consequences (exceptions occur — for instance,
the mycetocytes which are incorporated into
many insect eggs). In plants, on the other hand,
reproductive cells are usually dispersed and are
differentiated much later. The conditions for
selective inclusion in gametes thus occur in
many parts of the same organism, and there is
more time for differences in organelle repro-
ductive rates to have an effect.
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The possibility of differential reproduction
of DNA molecules within single organelles de-
pends on several factors, and not enough is
known yet to say if these conditions are likely to
be common. There must sometimes be differ-
ences between DNA molecules within a single
organelle which arise from mutations or bipa-
rental contributions. Spontaneous mutation
rates for organelle genes are stated to range
from 6 x 107* (Nasyrov, 1978) to 1077 (Beale,
Knowles, and Tait, 1972). These values refer to
changes in the properties of the entire or-
ganelle, however, and their relation to the ac-
tual rate of mutation per DNA molecule is not
known, since each organelle may contain many
DNA molecules. It seems safe to assume that
they represent lower limits.

Organelle fusion after biparental transmis-
sion of oDNA could also result in intraorganelle
heterogeneity. Attardi et al. (1975) imply that
fusion may be relatively common for mi-
tochondria, and the fact that crossing over is
known in the mitochondrial DNA of yeast,
Neurospora, and the ciliate, Tetrahymena (Birky,
1975), corroborates this. In addition, moving
pictures of plant cell mitochondria showed fre-
quent fusion and splitting (Honda, Hon-
gladarum, and Wildman, 1964). Dujon,
Slonimski, and Weill (1974) have suggested that
the mitochondria of yeast may actually exist “as
a dynamic syncytium which continuously fuses
and separates.” Chloroplasts are generally
thought to be less labile, but less is known about
the proplastids from which they are derived.

There must also be differential reproduction
of different molecules within an organelle. A
limited binding site model, which was derived
from phenomena associated with bacterial
chromosome and perhaps plasmid replication,
was proposed by Gillham, Boynton, and Lee
(1974), but has not been confirmed. Another
possible mechanism would involve different
numbers of replication sites on different mole-
cules (H. K. Srivastava, pers. commun.). Chu-
Der and Chiang (1974) also speculated from
genetic data that only a fraction of the
Chlamydomonas ctDNA molecules are “genet-
ically competent,” but they offered no mecha-
nism.

The existence in Zea mays mitochondria of
small pieces of DNA which may become incor-
porated into nDNA in the manner of episomes
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(Pring et al.,, 1977), and the possibility that the
yeast mitochondrial genome may be in two dif-
ferent DNA molecules (Dujon, Slonimski, and
Weill, 1974), suggest the possibility of even fur-
ther complications in the basic scheme pre-
sented here.

It is important to note that intraorganelle
competition could result in the spread of com-
petitively superior oDNA throughout a cell if
organelles do indeed fuse and split frequently,
but its spread to other cells would presumably
be limited by cell membranes. Thus, in multicell-
ular organisms and especially in animals (see
above), the earlier intraorganelle competition
were to occur in development, the greater
would be its likely effect on that organism’s
ultimate constitution and the constitution of its
gametes.

B. Organelle DNA-Nuclear DNA

B1-4: Itis common for gametes of one sex to
be much smaller than those of the other and to
contain fewer organelles (conditions for conflict
involving organelle number in male gametes;
also often associated with conditions for veg-
etative versus sexual reproduction and sex ratio
distortion). Small size is often associated with
greater motility or ease of transport. Both the
fact that residual cytoplasm is shed late in
spermatogenesis in many animals (see Turner,
1968), and that in motile plant gametes the nu-
clei and organelles are tightly packed with little
or no cytoplasm surrounding them (e.g., in the
charophyte, Nitella — Turner, 1968) support
the argument that reduced size is advanta-
geous. Uniparental inheritance of organelles is
very common (see Grun, 1976). Conditions for
conflict that involves elimination of nonfunc-
tional organelles must also occur, at least on
occasion, because (a) spontaneous mutations in
oDNA are known, and (b) the organelles that
are inherited from different parents cannot al-
ways be equally functional.

B5 and B6: These conditions are mutually
exclusive. Probably heterosis occurs in some or-
ganisms, and not in others; it is even possible
that within a single species, some oDNA loci
give heterotic effects while others give incom-
patible reactions with nDNA.

It seems clear that in some cases heterosis
does not occur, evidently because of incom-
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patibility between nDNA and oDNA products.
Grun (1976) has listed 20 species in which at
least partial sterility is caused by cytoplasmic
factors in intraspecific crosses (most crosses
were between different races), and many more
in which it results from interspecific crosses.
From this and other evidence presented by
Grun, it seems clear that oDNA and nDNA are
sometimes coadapted to each other so that some
combinations (not necessarily those likely to
occur in nature, however) result in reduced
whole-organism fitness. Both Grun and Sager
(1975) have argued that maternal inheritance
evolved to insure compatibility between oDNA
and nDNA.

Hybrid vigor is a widespread phenomenon,
however. Combinations of mitochondria iso-
lated from different inbred strains have been
shown to have increased oxidation efficiency in
wheat (Triticum — Sarkissian and Srivastava,
1971), corn (Zea — McDaniel and Sarkissian,
1968), barley (Hordeum — McDaniel, 1969), and
sugar beets (Beta — Doney, Theurer, and Wyse,
1972). Although these plants are thought to
have maternal inheritance of organelles, at least
of chloroplasts (Tilney-Bassett, 1975; see, how-
ever, Fleming, 1975), the high correlation be-
tween the level of in vitro mitochondrial com-
plementation and the amount of heterotic vigor
exhibited by different combinations of inbred
strains suggest that the heterosis results from
organelle complementation. Heterosis appar-
ently due to mitochondrial complementation
has also been seen in the mold Neurospora (Pit-
tenger, 1956). Even interspecific and in-
tergeneric combinations of organelles persist
and function apparently normally in several
kinds of hybrid cells (human, rat, and mouse
mitochondria in rat-human and mouse-human
hybrid cells in tissue culture — Coon, Horak,
and Dawid, 1973; mitochondria from maternal
species functioning with nDNA from both par-
ents in horse-donkey and donkey-horse crosses
— Hutchinson, Newbold, Polter, and Edgell,
1974; chloroplasts from both parents in to-
mato-potato hybrids — Melchers, Sacristan,
and Holder, 1978, cited by von Wettstein, Poul-
son, and Holder, 1978). A further argument is
that the enzymes responsible for yeast mtDNA
recombination seem to be nDNA products that
function specifically to promote recombination
of mtDNA rather than nDNA (Fraenkel, cited
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by Birky, 1975). The implication is that selec-
tion on yeast nDNA has favored heterogeneity
of oDNA.

There are still other, logical problems with
the generality of the incompatibility hypothesis.
The male’s oDNA is supposedly excluded from
the zygote because of the possibility that its in-
clusion will lower the zygote’s fitness owing to its
incompatibility with nuclear functions. The
nucleus of the zygote, however, is always a
combination of both maternal and paternal
DNA, and in effect provides a new environ-
ment for the oDNA. There is no assurance that
in these new conditions the maternal oDNA will
function more effectively than the paternal
oDNA, and thus no reason to expect that
oDNA-nDNA compatibility factors would con-
sistently favor uniparental inheritance. A varia-
tion of the incompatibility hypothesis (Grun,
1976) is that maternal inheritance protects the
zygote from invasion by reproductively
superior but functionally inferior oDNA. The
selective advantage in this case would depend
on reproductive superiority in oDNA being
consistently linked to functional inferiority.
Such linkage has not been shown, and may be
unlikely if interactions with nDNA like those
postulated in B4 indeed occur.

The longer-term heteroplasmic advantage
that results from recombinant oDNA in off-
spring is similar to that postulated for nDNA in
sexually reproducing organisms (Williams,
1975). This advantage would appear to be very
likely, if one assumes that recombination actu-
ally occurs in organelle genomes. Such recom-
bination may be common, because it is known in
four of five species for which enough of the
organelle genetics is known to be able to detect
recombination (chloroplasts in Chlamydomonas,
Sager and Ramanis, 1970; mitochondria in
yeast, Neurospora, and the ciliate Tetrahymena,
but not in mitochondria of Paramecium, Birky,
1975). In sum, there are a number of reasons to
expect that genetic heterogeneity in oDNA is
sometimes advantageous.

II. Observations of Apparent Conflict
A. Organelle DNA-Organelle DNA

Selective destruction (A1): Selective elimina-
tion of chloroplasts derived from one of the
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parents has been seen in zygotes of the algae
Rhynchonema (Chmielevsky, 1890), Spirogyra,
Zygnema (Granick, 1961), and Hyalotheca (Pott-
hoff, 1927). In the alga Ulva, the chloroplast
from the male gamete is usually (but perhaps
not always) eliminated within minutes after zy-
gote formation (Braten, 1973). The ctDNA
from one gamete, but not the rest of the
chloroplast, is usually destroyed soon after fu-
sion in the alga Chlamydomonas (Sager, 1977).

When yeast cells fuse, the mtDNA from one
parent is degraded and replaced by copies of
the other parent’s mtDNA (Dujon, Slonimski,
and Weill, 1974). In the sea urchin Paracentrotus
the sperm mitochondrion degenerates soon
after entering the egg (Anderson, 1968). Sperm
mitochondria in the rat are also degraded dur-
ing embryogenesis (Szollosi, 1965; Presley,
1969), and the same seems to happen with the
male mitochondria of the mouse (Presley, 1969)
and of Armandia (Szollosi in Anderson, 1968). It
should be borne in mind that many of these
examples are from studies in which the de-
struction of oDNA in degraded organelles was
not conflrmed.

Selective inclusion in the embryo (A2): The mi-
gration of egg mitochondria to cluster around
the egg nucleus, so as to favor their inclusion in
the “neocytoplasm” of the proembryo in the
gymnosperms Larix and Pseudotsuga (Chesnoy
and Thomas, 1971), may result from competi-
tion for inclusion in the embryo. In at least Larix
there is reason to believe that the parental or-
ganisms may be heteroplasmic for mitochon-
dria (see above).

Selective exclusion of paternally derived
mitochondria from the zygote has been seen in
the tunicate Ascidia (Ursprung and Schabtach,
1965), and of probably both paternal plastids
and mitochondria from the embryo in Pinus
pnaster (Mangenot, 1938) and P. nigra (Ches-
noy and Thomas, 1971).

The envelopment of the binucleate zygote by
pollen-tube cytoplasm (organelles included) ef-
fectively excludes nearly all egg organelles from
the embryo in the gymnosperm Biota (Chesnoy
and Thomas, 1971). Selective exclusion may
also be the mechanism responsible for the sort-
ing out of different mtDNAs in yeast (Birky,
1975).

Exclusion of pollen organelles from eggs
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seems to be common in plants (Granick 1961).
It would be interesting, however, to know how
commonly occasional exceptions to the unipa-
rental rule occur, since the tiny size and appar-
ent lack of function of the plastids often present
in pollen (Heslop-Harrison, 1972) suggest that
they have evolved to be transferred. In
Nicotiana tabacum it has been shown that the
chloroplast genome is present unaltered in the
tiny plastids in the uninucleate pollen grains,
despite the fact that this species shows maternal
inheritance of chloroplast DNA (Nilsson-Till-
gren and von Wettstein-Knowles, 1970). Til-
ney-Bassett has noted that “examples of purely
maternal inheritance may be due to the failure
of male plastids to replicate rather than their
failure to enter the egg as is usually assumed”
(1973, quoted in Sager, 1975).

Dufferential multiplication of organelles (44): As
noted above, an apparent case of this type of
competition has been seen in Paramecium
mitochondria (Adoutte and Beisson, 1972).
The observation that wild-type mitochondria
reproduced either more rapidly or at least as
fast as mutants when grown under natural
conditions agrees with the prediction that the
most rapidly reproducing type should pre-
dominate. Beisson, Sainsard, Adoutte, Beale,
Knowles, and Tait (1974) also mention this type
of competition as a possible explanation for
other genetic phenomena in Paramecium.

Grun (1976) has argued that competitive in-
teractions are the reason why so few chloroplast
mutants have been found after treatment with
mutagens in species with several chloroplasts in
each cell. The specific form of competition was
not specified, but type A4 seems simplest and
most likely. The same author argued that
“dauermodifications” such as those produced in
Drosophila by heat treatment may also be due to
unequal organelle reproductive rates under
different environmental conditions.

Other possible cases include the following.
Some “petite” mutations of yeast mitochondria
(“suppressive”) may reproduce faster than
normal mitochondria, and others (“neutral”)
more slowly (Ephrussi, Margerie-Hottinguer,
and Roman, 1955; Ephrussi, Jakob, and
Grandchamp, 1966; see, however, Carnevali,
Morpurgo, and Tecce, 1969). Chloroplasts
from different species of Oenothera have differ-
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ent rates of multiplication in interspecific cros-
ses (Schotz, 1968). In Neurospora, normal
mitochondria may outreproduce “poky” mu-
tants, but be in turn slower reproducers than
“abnormal-1 and 2” mutants (see Tatum and
Luck, 1967). Mutant (white) chloroplasts in the
monocotyledon Pennisetum may reproduce
more rapidly than normal ones (Rao and Ko-
duru, 1978).

Differential DNA replication within organelles
(A5): This type of competition was hypothe-
sized by Gillham, Boynton, and Lee (1974) to
occur in Chlamydomonas chloroplasts. The dis-
covery that inhibition of ctDNA transcription
changes inheritance patterns (Sager and
Ramanis, 1973) does not fit easily in their
model, but it may nevertheless be necessary to
take into account interactions between multiple
genetic copies in individual chloroplasts to ex-
plain the allelic ratios that they report.

Carnevali, Morpurgo, and Tecce (1969) hy-
pothesized that some petite mutations in yeast
mtDNA are “suppressive” because mutated
molecules replicate faster owing to their appar-
ently shorter length. They cited the study of
Mills, Peterson, and Spiegelman (1967) which
showed that shorter RNA molecules from an
RNA virus reproduced more rapidly in vitro
under conditions which favored the survival of
more rapid reproducers.

B. Organelle DNA-Nuclear DNA

Sex ratio (B3): E. Charnov has pointed out to
me that the apparent alteration of the sex ratio
in Drosophila by cytoplasmic particles that favor
the production of females (Poulson and
Sakaguchi, 1961) may represent a conflict be-
tween cytoplasmic DNA (in this case spiro-
plasma organisms which are inherited maternal-
ly) and nDNA. Another possible case, described
in humans, is a maternally inherited cytoplas-
mic factor in eggs that is lethal to sperms with Y
chromosomes (Leinhart and Vermelin, 1946, in
Grun, 1976).

Cytoplasmic factors (mostly not yet associated
with specific organelles) cause male sterility in
many plant species (18 species in as many gen-
era are listed by Grun, 1976), and pollen steril-
ity is the most commonly observed character
induced by such factors (Watson and Caspari,
1960). As predicted by the theory outlined
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here, species with this character seem to have
maternal inheritance of oDNA: 7 of the 18
species listed by Grun appear also in the list of
Tilney-Bassett (1975), and all show strongly ma-
ternal inheritance; in addition, two species on
the Tilney-Bassett list are in the same genus as
an eighth species on the Grun list and also have
maternal inheritance. None of the many cyto-
plasmic male sterility factors in plants is known
to be transmitted by pollen (Edwardson, 1970)
(this is not a logical impossibility since not all
factors cause complete sterility).

Elimination of nonfunctional organelles (B4):
Adoutte and Beisson (1972) have shown that in
heteroplasmic Paramecium, mitochondria which
are genetically incapable of functioning in the
presence of certain drugs are eliminated se-
lectively when the Paramecium is grown in the
presence of the drugs. The changes occur
within as few as three generations, even when
the original mixture of mitochondria (a single
organism contains several thousand) is strongly
biased toward sensitive mitochondria. Another
possible interpretation is that the changes re-
sulted from severe differences in organelle
multiplication rates (A4) combined with ran-
dom degradation.

Advantage and disadvantage from mixing organ-
elles (B5 and B6): In a synthesis of data on Oeno-
thera, Stubbe (1963) concluded that the evolu-
tion of more rapidly reproducing varieties of
chloroplasts has imposed new selective pres-
sures on nDNA because of incompatibility
problems, and has in effect been a driving force
in the evolution of nDNA in this genus.

If conditions under B5 hold for any of the
examples of selective destruction or selective
inclusion of organelles in embryos (Al and A2),
then these examples may illustrate oDNA-
nDNA conflict in the gametes (generally eggs)
of the parent whose oDNA remains intact. In
this case, the oDNA of the other gamete may
have lost in conflict with this oDNA. If condi-
tions in B6 obtain in any of the cases, then the
oDNA in one gamete (the “loser”) has lost out in
conflict with the oDNA or nDNA of the other.

Other cases, in which biparental inheritance
of oDNA occurs, could represent “victories” for
nDNA over oDNA in one or both gametes (un-
der conditions in B5), or for oDNA in the male
gamete over oDNA or nDNA in the female
gamete (under conditions in B6).
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OTHER APPLICATIONS OF THE THEORY

There are a number of other situations in
nature in which more or less independently re-
producing internal entities are bound symbioti-
cally to various organisms (see Henry, 1966;
Margulis, 1970). Some of the competitive in-
teractions described here may well occur in
these systems also. Two examples will be dis-
cussed briefly as illustrations.

Bacterial Plasmids

A great deal is known about these structures,
and only a few basic points will be mentioned.
These are based on characteristics mentioned in
the review by Rowbury (1977).

Bacterial plasmids are extrachromosomal
loops of naked DNA that are capable of initiat-
ing and regulating their own replication. They
are common, but are generally considered
non-essential for their host cell; under certain
conditions, however, they clearly promote its
reproduction. Some “cryptic” plasmids have no
known effect on their hosts. Plasmids normally
pass from cell to cell during fission and conju-
gation (transfer), and are occasionally carried
by viruses from one bacterium to another
(transduction) after incorporation into the
bacterial chromosome. Some “transferable”
kinds are capable of inducing the host bac-
terium to initiate conjugation, and thus cause
their own propagation to other cells. Others
cannot initiate this process, but can be trans-
ferred when transferable plasmids induce con-
jugation. In some conjugations, part or all of
the “male” bacterium’s chromosome is trans-
ferred to the “female,” whereas in others only a
plasmid or plasmids are transferred. Most
(perhaps all) plasmids are capable of being in-
corporated into the host cell’s chromosome.
Some can live in more than one species of bac-
terium.

Considerations of possible direct competition
between different plasmids are not straight-
forward because for many combinations of
plasmid types, the presence of one type in a
host does not alter the probability of another’s
being also transmitted to the host’s progeny.
Their relation to each other is thus somewhat
analogous to that between the chloroplasts and
mitochondria in eukaryotic cells.

The relationship between some plasmids is
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complicated, however, by the fact that the
number of plasmids of a given type presentin a
single host cell is sharply limited (numbers vary
from 1 to 50, and are characteristic for each
type of plasmid). Presumably as a side-effect of
the mechanism responsible for this limitation
(still poorly understood), cohabitation of bacte-
rial cells by closely related plasmids is marked
by “incompatibility”: most daughter cells from a
host with a pair of incompatible plasmid types
contain only one of the two types. Incompati-
bility involves inhibition of the replication of
one of the types, rather than its destruction or
loss. These incompatibility properties are en-
coded in the plasmid DNA, and all plasmids
that are known belong to one of about 20 in-
compatibility groups. Plasmids of a given group
are incompatible with all others of the same
group.

Manipulation of incompatibility may be a way
in which competition occurs between plasmids.
In some cases, when a host cell contains two
very closely related plasmid types (recently de-
rived from a common ancestor), the distribu-
tion of the two types is about 50:50 in the
daughter cells. In other cases, however, one
type transmits more copies than the other.
Sometimes the “resident” plasmid (the one in
the female host prior to conjugation) has a re-
productive advantage, while in other combina-
tions one type is consistently transmitted in
greater numbers whether it comes from the
donor cell or the recipient. This situation may
correspond roughly to competition by differ-
ential reproduction of organelles (A4).

The phenomenon of “surface exclusion” may
be another result of reproductive competition.
This property is also encoded in plasmid DNA,
and is responsible for reduced genetic transfer
between bacteria carrying identical or closely
related transferable plasmids. Selection on resi-
dent plasmids would favor exclusion of closely
related plasmids because they would be incom-
patible, and thus would reduce the resident’s
reproduction. This interaction would be similar
to exclusion from embryos (A2). The repres-
sion of transfer properties of F-like and I-like
plasmids by the presence of identical or closely
related plasmids could, in the same way, be due
to reproductive competition. This repression
also results from products encoded in the
plasmid DNA.
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Another consequence of the incompatibility
phenomenon would be that a plasmid type
might be favored if it were able to escape in-
compatibility reactions with others by somehow
changing the mechanism by which its numbers
were regulated. This could explain the evolu-
tion of the number of different incompatibility
groups that now exist.

One further plasmid characteristic that may
confer a reproductive advantage is ability to
induce the host cell to initiate conjugation, since
such “transferable” plasmids can thereby
spread to other cell lineages. This behavior
would correspond to a special case of selective
inclusion in gametes (A3), the plasmid itself
converting its host into a gamete. Selection on
plasmids incapable of inducing conjugation
would favor their association with those that
could, and would be especially strong in favor
of those that were in different compatibility
groups from those of the common transferable
plasmids.

Evolutionary interactions between plasmids
and bacterial chromosomal DNA also may be of
interest, but it does not yet seem possible to
assess their significance, because of the compli-
cation introduced by the occasional inclusion of
plasmids in chromosomes, and the lack of un-
derstanding of the advantages and disadvan-
tages to the bacterium as a whole of having
plasmids present.

Endozoic Algae

Algae of the divisions Chlorophyta and
Chrysophyta are known to live in the bodies of a
surprisingly wide variety of invertebrates. The
list of hosts given in McLaughlin and Zahl
(1966) includes 128 genera from 16 classes in
10 phyla. Algae are commonly acquired by the
host’s ingesting them, at least in the relatively
few cases in which the mode of acquisition is
known. It would seem that in at least these
cases, the chance that a given host would be-
come populated by genetically diverse algae
would be high, at least when multiple infection
is not rare. Thus, there would be a strong pos-
sibility of reproductive competition between the
algae within their hosts.

The interactions between host and algal
genomes probably run the entire gamut from
complete conflict (as in the case of parasitic al-
gae) to complete accord (as in hosts with clones
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of algae whose reproduction is completely
linked to that of the host).

The work of Siegel (1960) on Paramecium bur-
saria and its endosymbiont Chlorella provides a
possible example of the elimination of non-
functional organelles (B4). When Paramecium
with algae are kept in darkness, the algae are
eventually eliminated. The rate of elimination
seems to depend on both the strain of the host
and the origin of the algae (presumably algae
isolated from different host strains were genet-
ically different); algae persisted longer in those
strains from which they were originally cul-
tured. The mechanism of elimination is un-
known. Algae from different host strains also
reproduce at different rates in different host
strains. Still other phenomena, such as the
gradual increase of a given algal strain’s appar-
ent ability to invade a given host strain may also
have evolutionary implications (and at the same
time are strikingly similar to the observations
made by Beisson et al. (1974) on transfer of
mitochondria in P. aurelia).

A possible example of competition involving
selective inclusion in reproductive structures
(A3) occurs in the coral Pocillopora, in which
algal cells crowd into regions of the host where
new buds are being produced (Yonge and
Nichols, 1931.

DIFFICULTIES IN TESTING THE THEORY

Ideally a theory’s usefulness can be tested by
making observations that either confirm or re-
fute its predictions. More precise predictions
may become possible when the theory outlined
here has been refined and extended, but at the
moment it does not seem possible to predict a
priori the outcome of any particular conflict
situation involving oDNA. This means that the
theory suffers from the drawback of seeming to
be able to account for any imaginable result.
The cases cited above as examples of conflict all
have other possible interpretations, and cannot
serve as tests.

There do, however, seem to be reasons for
expecting some general patterns to emerge. In
situations of organelle-organelle conflict such as
that between organelles in eggs and sperms,
one set of organelles (those of the egg) would
seem usually to have an advantage both because
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of their superior numbers and also because of
the possible accumulation of necessary sub-
strates prior to fertilization. A probable exam-
ple of this “home-court advantage” comes from
interspecific crosses of Oenothera (Schotz, 1968).
Chloroplasts that are competitively superior
owing to their faster replication rates succeed in
completely taking over heteroplasmic zygotes
when introduced via the female parent, but
only partially dominate when introduced by the
male. The general prediction is that maternal
rather than paternal inheritance would pre-
dominate, and this is the case (see Grun, 1376).
Conflicts between oDNA and nDNA are
more complex. As oDNA is embedded in a
medium largely controlled by nDNA, it would
seem that nDNA would have more capacity to
insure an outcome favorable to its own repro-
duction. Leigh (1971, 1977) and Alexander and
Borgia (1978) have argued, in the context of
nuclear genes acting selfishly against the repro-
ductive interests of the rest of the genome, that
the larger group is likely to dominate (they
speak of “the power of the collective” in “the
parliament of the genes”). Larger genomes
would tend to dominate because they have
more loci that code for more varied products,
and therefore mutations having the effect of
suppressing other genomes’ detrimental effects
would be more likely. Other factors, such as the
“suppressibility” of the small genome’s actions
(which could depend on biochemical details),
the amount of product synthesized, and the
time elapsed since the detrimental effects first
evolved, would also be important. Thus the
relative sizes of genomes can give only probable
rather than certain predictions of outcomes.
Because yeast mitochondria probably contain
about fifty genes (Grimes, Mahler, and
Perlman, 1974), and chloroplasts several hun-
dred (Nasyrov, 1977; Wells and Sager, 1971),
these organelles may be more likely to succeed
in thwarting the interests of nuclear genomes
than the single “outlaw” genes discussed by
Leigh and by Alexander and Borgia, and yet be
less likely to succeed than “outlaw” sex chromo-
somes which sometimes “murder” one another
(White, 1973, in Alexander and Borgia, 1978).
By this line of reasoning, bacterial plasmids,
which are sometimes as much as about 10 per
cent of the size of the host cell’s chromosome,
would seem even more likely to rebel effectively
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than oDNA. If there are cases of quantitative
effects on competitive abilities (in which more
copies of a genome would increase its chances
of prevailing in a conflict) the chances of effec-
tive rebellion by oDNA should be improved,
since around 10 per cent of a cell’s total DNA
may be oDNA (Grimes, Mahler, and Perlman,
1974).

It would seem more likely that oDNA could
act counter to the selective advantage of nDNA
in unicellular organisms than in multicellular
ones. This is because the lack of intracellular
membranes in unicellular organisms should
more readily permit a complete takeover of an
organism’s set of mitochondria or chloroplasts
by “rebel” oDNA by means of any of the follow-
ing mechanisms: selective organelle destruc-
tion, differential organelle reproduction, or
differential o DNA reproduction (A1, 4, 5). On
the other hand, even complete takeover of a
given cell or cells in a multicellular organism
(especially animals) would often have no evolu-
tionary consequences for either nDNA or
oDNA because of the probable inability of
oDNA to move across cell membranes. Unless
takeover occurred in cells in the reproductive
organs or early in embryogenesis, it would not
increase the rate of transmission of o0DNA to the
next generation, and consequently natural se-
lection would not favor the “rebellious” oDNA.
Unfortunately, not enough data are available to
test the validity of this prediction of more fre-
quent conflict in unicellular organisms.

Conditions B5 and B6 give opposite predic-
tions, and can only be discriminated by the
technically difficult quantification of the factors
involved (relative amounts of oDNA passed to
the zygote by each gamete; gain in whole-
organism fitness from both organelle heterosis
and oDNA recowmabinations; and loss in whole-
organism fitness due to intraorganismal com-
petitive interactions or to oDNA-nDNA incom-
patibility). The balance probably varies in dif-
ferent species. The severity of the incompati-
bility between oDNA and nDNA would proba-
bly often be influenced by the frequencies of
incompatible oDNA and nDNA in the popula-
tion, since selection on both would favor, other
things being equal, any variants which were not
incompatible. There would thus be a vicious
circle similar to the one involving isolating
mechanisms during species formation. The
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greater the frequency of mixing (formation of
organisms with incompatible DNA’s), the more
likely that alleles suppressing the incompatibil-
ity reaction would be present, and render the
combination no longer incompatible. If mixing
was rare, on the other hand, selection to pre-
vent it would be more likely to prevail. These
considerations make it seem likely that con-
tinued mixing of incompatible oDNA and
nDNA is an unstable condition, and is not likely
to be observed frequently under natural condi-
tions. It is even possible that a species with a
given balance of selective factors (say, net posi-
tive effects from being heteroplasmic) could be
descended from an ancestor which had a dif-
ferent balance (say, net negative effects), and
could conserve at least vestiges of some charac-
teristics originally evolved in the ancestor. This
would make confirmation or refutation of the
theory even more difficult.

Given the probable antiquity of nDNA and
oDNA interactions (see Uzzell and Spolsky,
1974) and the possibility of changing selective
advantages in given evolutionary lines, the con-
trol of outcomes would be expected to be vari-
able, and in at least some cases complex, since
there would be a coevolution of the two
genomes, with each one evolving to produce
effects that counteracted those produced by the
other. In some cases, however, one genome
might win in such a definite manner that selec-
tion would cease to favor countermeasures by
the other, and control over the outcome could
become relatively simple. These lines of reason-
ing suggest that Sager’s (1975) assumption that
all organisms have a similar molecular mecha-
nism controlling inheritance of o DNA is wrong.

Finally, it should be noted that although the
ideas presented here are obviously related to
the theory that chloroplasts and mitochondria
evolved from separate endosymbiotic or-
ganisms (Margulis, 1970), they are not logically
bound to that theory. Even if that theory is
wrong, and ctDNA and mtDNA were originally
derived from nDNA or plasmids, as soon as
these pieces began to be passed from genera-
tion to generation in a non-Mendelian fashion,
conflict situations would develop, and natural
selection would begin to operate on the pieces
as separate entities. Thus, neither proof nor
disproof of the endosymbiotic theory would
serve to resolve the questions raised here.
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POSSIBLE TESTS OF THE THEORY

Despite the problems just discussed, three
specific predictions can be made:

1. Direct involvement of oDNA. In cases of ap-
parent oDNA-oDNA conflict, products trans-
cribed from oDNA rather than nDNA will
often be involved in determining the outcome
despite the fact that oDNA genes constitute
only a small fraction of the total genome (nu-
cleus plus organelles) of the organism.

2. Antagonistic effects. There probably exist
DNA products whose only effects are to sup-
press the effects of products of other kinds of
DNA in the same organism (0DNA vs. oDNA,
oDNA vs. nDNA) in situations in which the
effects of the products are in accord with the
reproductive advantages of their respective
DNA’s.

3. “Unnecessary” complexity and variety. Mech-
anisms determining oDNA inheritance will
tend to be complex rather than simple, and
varied rather than uniform.

It may be premature to test these predictions
of biochemical battles within cells, because few
species are sufficiently well understood to pro-
vide good data. The data available, however,
seem to be in accord with the predictions.

Direct Involvement of oDNA

In the alga Chlamydomonas, the ctDNA from
the “male” gamete is usually selectively elimi-
nated in the zygote (Sager, 1977). Products en-
coded by the female ctDNA are involved as
predicted, since selective inhibition of ctDNA
transcription in the female gamete immediately
prior to fusion results in biparental or paternal
inheritance (Sager and Ramanis, 1973). The
final control of ctDNA inheritance is complex,
and is also influenced by nDNA. Even in this
well-studied species it is not yet fully under-
stood.

The control of inheritance of mitochondria
in the yeast Saccharomyces is also complex, and
not completely understood, but it has been
shown that the “polarity” of transmission of
markers is determined by the mitochondrial
gene  (Dujon, Slonimski, and Weill, 1974).
Polarity evidently involves the destruction of at
least a segment of w~ mtDNA and its replace-
ment with w* mtDNA; itis independent of mat-
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ing type. Thus, as predicted, mtDNA is inti-
mately involved in the control of its own inheri-
tance.

Suggestive evidence is available from genetic
studies of two higher plants. Interspecific cross-
es in Oenothera show biparental inheritance of
chloroplasts, with varying degrees of maternal
dominance. Comparisons of the results of cross-
es that involve different combinations of plas-
tid and nucleus types show that the differential
success of transmission of the plastids results
from differences in the plastids themselves
rather than from differences in the nuclei
(Schotz, 1968). These data cannot be taken as
conclusive, since interspecific crosses may have
had only little evolutionary significance in
populations of Oenothera, but it is interesting
that the plastids do seem to be deeply involved
in what appear to be competitive interactions.

In Pelargonium zonales, reciprocal crosses be-
tween lines with different chloroplast markers
frequently produce neither the same nor recip-
rocal proportions of the markers (Tilney-
Bassett, 1975). Tilney-Bassett notes that “Ap-
parently, the plastid contribution from each
parent is not simply dependent on the sex dif-
ference, but also on whether the plastids are
normal or mutant.” He goes on to suggest that
differences in the transmission between some
white mutants (ctDNA) may be due to genetic
differences in the chloroplasts. In this species,
nDNA also plays an important role in determin-
ing ctDNA inheritance. Again the complete
mechanism seems to be complex.

The cases of apparent bacterial plasmid com-
petition also seem to accord with Prediction (1),
since the products responsible for the outcomes
of all the kinds of interaction mentioned are
encoded by plasmid DNA, although in a few
cases the host cell chromosome may also be
involved. This is especially impressive consider-
ing the small sizes of plasmid genomes.

There are fragmentary genetic data from
Paramecium which involve the relative ease of
transfer of mtDNA markers between different
species (“syngens”), and between individuals
which differ in one nuclear locus (cl) (Beisson et
al., 1974). In some cases the transfer ability
(“compatibility”) seems to be determined by
nDNA, inasmuch as mitochondria can be trans-
formed according to the nucleus of the cell in
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which they are grown. The authors suggested
that the results could be explained by changes
in mitochondrial membrane structure, but it
also seems possible that, among other things,
they could be attributed to nuclear repression
or activation of particular mtDNA genes. In
some cases transformation does not occur, a
situation which suggests the involvement of
mtDNA. Not enough is known yet to judge
whether or not Prediction (1) is fulfilled in this
species.

Finally, the dramatic electron microscope
study of Anderson (1968) suggests that mater-
nal mitochondria are intimately involved in the
destruction of the paternal mitochondrion in
newly formed zygotes of the sea urchin Paracen-
trotus. The single, large sperm mitochondrion is
surrounded by as many as eight egg mitochon-
dria soon after its entry into the interior of the
egg. The membranes of sperm and egg or-
ganelles become apposed and possibly fused,
and the sperm mitochondrion then gradually
disintegrates while the egg mitochondria re-
main intact. Anderson speculated that autolysis
was involved, but the physical association of the
egg mitochondria with degradation suggests
that they are involved as predicted.

Antagonistic Effects

The fact that treatment of female Chlam-
ydomonas gametes with ctDNA transcription
inhibitor does not result in an even split of
inheritance from both parents, but rather in the
predominance of paternal genes in zygotes
(Sager, 1977) could be explained by the pro-
duction by male gametes of some substance(s)
whose effects, when not counteracted by those
of the female gamete chloroplast, act to increase
transmission of male ctDNA.

Another possible example is that of the “re-
storer” alleles which occur in a number of nor-
mally hermaphroditic plant species that possess
cytoplasmic factors causing male sterility (see
above). Most species that have such cytoplasmic
factors also have nDNA alleles, called “restor-
ers,” which somehow counteract effects of the
cytoplasmic factors and cause the plant to revert
to male fertility. There are also nuclear genes in
Drosophila paulistorum which apparently restore
male fertility lost due to the action of cytoplas-
mic spiroplasmas (Ehrman, 1964).
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“Unnecessary” Complexity and Variety

The apparent complexity of the mechanisms
controlling oDNA inheritance in all five or-
ganisms for which sufficient data are available
(Chlamydomonas, Saccharomyces, Paramecium au-
relia, Pelargonium zonales, and Oenothera spp-)
conforms to this prediction. There does not
seem to be any other reason to expect, a priori,
that the control of oDNA inheritance should be
complex rather than simple.

The mechanisms determining oDNA inheri-
tance also vary widely. As noted above, they
include selective destruction of entire organ-
elles, selective destruction of oDNA, physical ex-
clusion of organelles from new embryos, un-
equal rates of organelle reproduction, and ex-
clusion of organelles from gametes.

CONCLUSIONS

The main objective of this article is to focus
attention on the idea that intraorganismal
conflict involving organelles may occur, and to
apply recent insights in evolutionary thought to
subcellular reproductive phenomena. The idea
of intraorganismal conflict runs counter to the
common conceptions that nucleus—organelle in-
teractions are entirely symbiotic, and that re-
productive competition between organelles is
evolutionarily unimportant. The change in in-
terpretation is similar to that which has recently
occurred with respect to the behavior of indi-
vidual members of animal societies.

Some of the interactions hypothesized here
may never actually occur in nature, and there
may well be other kinds of competition that
are not listed. Undoubtedly, I have missed
many possible examples of competitive interac-
tions already in the literature. Yet, from the
data presented here, it seems very likely that
some kinds of competitive interactions that in-
volve oDNA reproduction do occur, and that
organelle biology would be illuminated by per-
ceiving them. The capacities of organelles to
control their fates within organisms, as well as
the interactions of DNA molecules within or-
ganelles, are so imperfectly known that it is not
possible to establish clear probabilities for many
cases. Although specific hypotheses may be
wrong, it is to be hoped that they will serve to
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concentrate research effort on heretofore
largely neglected critical areas.

In summary, it seems likely that direct repro-
ductive competition between organelles does
occur, especially in microorganisms. Or-
ganelle-nucleus conflict is also possible, but
perhaps less likely (and it is certainly harder to
document, because some of the predictions of
evolutionary genetics are equivocal). Or-
ganelle-nucleus conflict also seems more
likely to occur in microorganisms. Competition
in multicellular organisms seems especially
likely during fertilization and early embryo-
genesis. It is not yet clear whether or not
intraorganelle competition occurs.

Definitive proof or disproof of the existence
of some of the postulated interactions may be
some time in coming, but the direct involve-
ment of oDNA in determining organelle inheri-
tance seems especially susceptible to experi-
mental testing by treatment of cells with specific
oDNA transcription inhibitors, as in the exper-
iments with Chlamydomonas. 1f the theory is cor-
rect, many other organisms should show altered
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organelle inheritance as a result of such treat-
ment.
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