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ABSTRACT 

We developed population genetic theory for organelle genes, using an  infinite 
alleles model appropriate for molecular genetic data, and considering the effects 
of mutation and random drift on the frequencies of selectively neutral alleles. 
The effects of maternal inheritance and vegetative segregation of organelle 
genes are dealt with by defining new effective gene numbers, and substituting 
these for ZN, in classical theory of nuclear genes for diploid organisms. We 
define three different effective gene numbers. The most general is NA, defined 
as a function of population size, number of organelle genomes per cell, and 
proportions of genes contributed by male and female gametes to the zygote. In 
many organisms, vegetative segregation of organelle genomes and intracellular 
random drift of organelle gene frequencies combine to produce a predominance 
of homoplasmic cells within individuals in the population. Then, the effective 
number of organelle genes is N,, a simple function of the numbers of males and 
females and of the maternal and paternal contributions to the zygote. Finally, 
when the paternal contribution is very small, N., is closely approximated by 
the number of females, Nfi Then if the sex ratio is 1, the mean time to fixation 
or loss of new mutations is approximately two times longer for nuclear genes 
than for organelle genes, and gene diversity is approximately four times greater. 
The difference between nuclear and organelle genes disappears or is reversed 
in animals in which males have large harems. The differences between nuclear 
and organelle gene behavior caused by maternal inheritance and vegetative 
segregation are generally small and may be overshadowed by differences in 
mutation rates to neutral alleles. For monoecious organisms, the effective 
number of organelle genes is approximately equal to the total population size N. 
We also show that a population can be effectively subdivided for organelle 
genes at migration rates which result in panmixis for nuclear genes, especially 
if males migrate more than females. 

TUDENTS of population genetics and evolution are increasingly turning S their attention to genes in mitochondria and chloroplasts. Because the 
genomes are small, similar in size to those of viruses, it is possible to use 
restriction endonucleases or base sequencing to survey an entire genome for 
genetic variability and evolutionary changes in base sequence. In vertebrates 
the mitochondrial genes evolve at a higher rate than do the nuclear genes, 
making them more useful for evolutionary studies involving short time spans 
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(BROWN, GEORGE and WILSON 1979). The organelle genome may also show more 
polymorphism within a species, revealing details of population structure that 
are difficult to detect by the usual electrophoretic studies of nuclear-coded 
enzymes (AVISE et al. 1979). Comparative studies of organelle and nuclear genes 
may be useful for analysis of gene flow via different sexes, for comparisons of 
sexual and asexual reproduction, and for studies of the role of heterozygosity 
in evolution. 

In spite of the interest in organelle evolution and population genetics, there 
has been little formal theoretical analysis (TAKAHATA and MARUYAMA 1981; 
CHAPMAN et al. 1982). Classical theory for nuclear genes is not applicable 
without modification because of the differences in inheritance: organelle genes 
are usually inherited only from the female parent, and segregate rapidly during 
mitotic as well as meiotic cell divisions (reviewed by BIRKY 1978). Consequently, 
heterozygosity for organelle genes is rare. In this paper we present some simple 
theory and indicate the extent to which maternal inheritance and vegetative 
segregation affect the stochastic theory of neutral alleles. 

Neutral mutations, i.e., selectively equivalent alleles, are fixed or eliminated 
from finite populations by random drift. For diploid nuclear genes in a popu- 
lation of N individuals, random drift is ordinarily treated by assuming that the 
gene pool in each generation is a random sample of 2N genes from the gene 
pool of the preceding generation. Theory is often developed assuming perfect 
random mating, including self-fertilization. To modify equations to fit organisms 
that are dioecious and thus cannot self, but otherwise mate randomly, the 
population size N is replaced by an effective population size Ne = 4 N,Nf/(N, 
+ Nf) where N, and Nf are the numbers of males and females, respectively. The 
effective number of nuclear genes in the population is 2N, for diploids because 
each zygote receives two independent genes from the parents, and this number 
determines the rate of random drift. We will derive corresponding effective 
gene numbers for organelles in dioecious and monoecious sexual organisms, 
taking into account maternal inheritance and vegetative segregation. We also 
consider the effect of mutation, using an infinite alleles model (WRIGHT 1949; 
KIMURA and CROW 1964), one in which the number of possible alleles of a gene 
is so large that mutation is always to a new allele, and back mutation can be 
ignored. This model is appropriate when alleles are identified at the molecular 
level, using techniques such as restriction endonuclease analysis or sequencing 
of DNA. 

Our results verify conjectures (e.g., ENGELS 1981) that the effective number of 
organelle genes in an organism with strictly maternal inheritance will be equal 
to the number of females in the population. We show the conditions under 
which this holds and also give the effective number of genes for organisms with 
biparental inheritance and varying sex ratios. We also show that population 
subdivision may be more important for organelle genes than for nuclear genes. 
Our results have appeared in abstract (BIRKY, MARUYAMA and FUERST 1982). 

MODEL OF ORGANELLE GENE HEREDITY 

Figure 1 illustrates the basic features of organelle gene heredity. One signifi- 
cant feature is that heteroplasmic cells often produce homoplasmic progeny, so 
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FIGURE 1.-Model of organelle heredity. Six individual organisms are shown, each beginning 
with a zygote that undergoes cell divisions (two in this example) to produce an adult. Each cell 
contains multiple copies of an organelle gene, shown as four sectors; open sectors represent wild- 
type alleles, shaded sectors are mutant alleles. Individual (1) begins as a homoplasmic zygote; a 
mutation occurs in one daughter cell and by vegetative segregation becomes homoplasmic in a 
gamete. This gamete (egg) gives rise to a homoplasmic mutant individual; the male gamete (not 
indicated) contributed no organelle genes (maternal inheritance). In individual (2) a mutation also 
occurs but is lost because of intracellular random drift taking place within the population of genes 
inside the cell. Individual (3) begins as a homoplasmic zygote; the mutant allele segregates into one 
daughter cell but is then lost by intracellular random drift. Individual (6) shows biparental 
inheritance, receiving one mutant allele from the male parent (p  = 0.25) and three wild-type alleles 
from the female parent (a = 0.75). These alleles become homoplasmic by vegetative segregation. 

that alleles appear to segregate during mitotic as well as meiotic divisions. This 
vegetative segregation is caused in part by a random component in the parti- 
tioning of cytoplasmic organelles or DNA molecules between daughter cells at 
cell division (BIRKY 1978). Another factor is intracellular random drift of gene 
frequencies, due largely to a random component in the sampling of organelle 
DNA molecules for replication (BIRKY 1978; BIRKY et al. 1982). These processes 
do not change the mean frequency of neutral alleles in a population of orga- 
nisms. Consider a population consisting of N individuals, each with n copies of 
the organelle genomes (and of each gene) per cell; if the mutation rate per gene 
per generation is U, the number of mutations per generation will be uNn. A new 
mutant allele arising in a cell will have an initial frequency of l /n  in that cell. 
It can be shown that new mutations will be lost by intracellular random drift 
with probability 1 - l/n. The probability that a mutation will be fixed in cells 
by drift or segregation is l /n.  The number of cells with fixed new mutations 
will then be uNn/n = UN per generation. The rate of appearance of homoplasmic 
mutant cells is thus equal to the mutation rate per gene. 

A second important feature of organelle genes is that they are often inherited 
only from the female parent (BIRKY 1978; BIRKY et al. 1982). This is often caused 
by the paternal gametes transmitting few or no organelle genomes to the egg, 
which is a large cell with many copies of each organelle gene. NOW consider an 
organism with strictly maternal inheritance; assume further that new mutations 
occurring in the germ line segregate rapidly so that gametes are nearly always 
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homoplasmic for the mutant allele or for the wild type allele. Thus only Nj 
females, carrying an effective number Nf of genes, transmit those genes to future 
generations. The effective population number and effective gene number are 
both simply Nf. It should thus be possible to translate existing equations for 
diploid nuclear genes to the corresponding equations for organelle genes by 
substituting Nj for 2N, as the effective gene number. 

MATHEMATICAL MODEL 

This intuitive argument can be verified mathematically, and extended by 
relaxing the requirements for maternal inheritance and rapid vegetative segre- 
gation, as outlined here. We measure genetic variability within a population of 
organelle DNA molecules in terms of two kinds of parameters, both defined by 
the operation of drawing two different genes from the population: J = the 
probability that the two genes are identical, and K = 1 - J = the probability that 
they are different. K and J will be referred to as “gene diversity” and “gene 
identity”, respectively, following NEI (1973). There are four pairs of these 
parameters, corresponding to the four kinds of populations involved: (i) Ja and 
K, for sampling two distinct molecules from a single cell; (ii) Jb and K b  for 
sampling two molecules from different cells in an individual organism; (iii) Je 

and K, for sampling two molecules from different individuals in a population of 
organisms; and (iv) Jd and Kd for sampling two molecules from different 
populations of a single species. Jz and K, are used for zygotes; these are special 
cases of Ja and K, that require special definition, because in general the 
measured values of J, and K, will be for adult cells or gametes. We use J’ and 
K’ to refer to values of J and K in the next generation. 

We begin by modelling the cellular and molecular processes that act to reduce 
genetic variance in the population of organelle genes within a single cell or 
individual. In the absence of a more precise understanding of the mechanisms 
of vegetative segregation and intracellular random drift (BIRKY 1978; BIRKY et al. 
1982), we model these processes by simple binomial sampling of genes at cell 
division. Each cell has an effective number ne of organelle DNA molecules; 
since each molecule is a complete genome, the effective number of genes per 
cell is also ne. At cell division each daughter cell receives a random sample, 
taken with replacement, of ne genes from the mother cell. Thus ne is the number 
of genes per cell that would give the observed rates of vegetative segregation 
and intracellular drift; normally it will be equal to, or more often less than, the 
true number of gene copies per cell, n. When we understand the mechanisms of 
replication and partitioning, we will be able to define ne explicitly as a function 
of n and other parameters. With this model K, changes in one cell generation 
according to 

Let c be the number of cell generations in a cell lineage leading from a zygote 
to a cell or gamete in the adult individual. Then K, in that cell or gamete is 
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related to K, by 

K, = (1 - $)' K,. 

The random sampling process will also reduce the genetic variance within the 
organism as a whole. Kb in the adult individual is thereby less than K, in the 
zygote by a factor Fe which is derived as follows. For any pair of cells in the 
adult, we can trace their lineages back through 1 ,  2,  or more divisions to their 
most recent common ancestral cell. If the gene diversity of the ancestral cell 
was K,, then Kb for that pair of cells is ( 1  - l/ne)Ka. Consider a pair of cells 
whose lineages diverged from the ancestral cell at the ith division; from equation 
(2)* 

K, = ( 1  - l/ne)'-'K,, 

so that 

Kb = ( I  - l / n e ) ( l  - l/ne)'-'Kz = ( 1  - l/ne)'KZ. 

We are interested in K b  for the entire adult organism, which is the mean of K b  

for all possible pairs of cells after c divisions from the zygote. There are 

possible pairs; the number of pairs whose lineages diverged at the ith division is 
22c-r-1 

("2') 
. It follows that 

=K,(&) (=) n e + l  [l-(i)c(l-i)] 
z K, (5) when c 2 10. 

(3) 

Since K b  = &Fe, Fe is approximately (ne - l ) / (ne  + 1). This important parameter 
measures random drift in a whole organism or clone. 

K,' and K,' are related to K,, K,, and K, in the preceding sexual generation by 
the following equations: 

K,' = (1 - i)" ( a 2  + p 2 ) K z  + ZapKC and (4) 

where a and /3 are the proportions of organelle genes contributed to the zygote 
by the female and male gametes, respectively, so that a + /3 = 1, and the 
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effective number of organelle genes in the population is 

Equation 5 can be derived from equation 7 of TAKAHATA AND MARUYAMA (1981). 
We wish to describe the stochastic behavior of an allele frequency x as a 

function of population size. Let 6, be the infinitesimal change in x between 
generations t and t + 1, so x ~ + ~  = xt + 6,. The variance of 6, is VS, = E [(6,)2] 
where E denotes the expectation. By definition, K, = 2xt (1 - xt) so that Vs, = 
(K, - K,')/Z. From this and equation 5 it follows that 

v s x  = x( l  - x) -- (ne- ')  - [i/(i-;)'] K,. 
Ne, ZN,, ne + 1 (7) 

We have noted above that if vegetative segregation is very rapid, most cells will 
be homoplasmic; in other words, K, will be very small. From equation (7) we 
see that if K, << K,, then 

x( l  - x) 
Ne, 

v s x  = 

If, in addition, inheritance is primarily maternal, so that p =: 0, then Ne, z Nf 
and 

x( l  - x) v, = 
Nf . (9) 

Equations 8 and 9 are equivalent to the equation VS, = x(1-x)/XN, used for 
nuclear genes, except that Ne, or Nfreplace ZN, as the effective number of genes 
in the population of organisms. Consequently, so long as K, << K,, all equations 
derived from Vs, for nuclear genes can be translated to corresponding equations 
for organelle genes simply by replacing 2N, with Ne, or, when inheritance is 
maternal, by Nf. This verifies the intuitive argument that the rate of change of 
organelle gene frequencies resulting from random drift is determined by an 
effective number of genes equal to Nf. 

An exact expression for the effective number of organelle genes can be 
obtained for the important case where a steady rate of decay of gene diversity 
has been reached. This would apply to mutant alleles that have been present in 
the population for a few generations. Equations 4 and 5 are recurrence relations 
of the form K,' = AK, + BK, and K,' = CK, + DK,, represented in matrix form 

The eigenvalues of these equations are 

XI = % { D  + A - [(D - A)' + 4BC]''2) and 

hz = %{D + A + [ ( D  - A)' + 4BC]"2) 
(10) 

(11) 
where A = (a2 + p2)(1 - 1/ne)'; B = Zap; C = (l/Ne0)(ne - l)/(n, + 1); and D = 
(1 - UNeo). The eigenvalues hl and A2 are similar to A2 and hl, respectively, in 
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equation 12 of TAKAHATA and MARUYAMA (1981), except for our omission of 
mutation and for minor differences between the models. These eigenvalues are 
interpreted as follows. Let AK, = K,' - K, and AK, = K,' - K,. The rates of 
change of K, and K, are AK,/K, and AKJK,. With time, both rates of change 
approach to a state of steady decay; the rate of that approach is determined by 
XI. When the steady state of decay is reached it is given by AK,/K, = AK,/K, = 
hz-1. Thus AZ determines the steady rate of decay of gene diversity measured 
by either K, or K,, and XI determines the rate at which that state is approached. 
The steady rate of decay is reached very quickly when p is large, and more 
slowly for small p. For strictly maternal inheritance, j3 = 0 and Ne, = Nf. In that 
case 

XI = (1 - d)', and 

Here XZ still represents the steady rate of decay of K,, but hl now gives the 
steady rate of decay of K,. The exact value of the effective number of organelle 
genes at the steady rate of decay is thus given by 

1 

When p = 0, this reduces to Nf. When p # 0, the effective number of genes is 
often closely approximated by Ne,. Ne, usually underestimates the true effective 
gene number by less than 10% when p 5 0.01, ne 5 50, c > 10, and N, = N f r  500. 
These parameters are quite reasonable for mitochondrial genes in animals and 
chloroplast genes in the majority of plants (BIRKY 1978), and probably for 
mitochondrial genes in plants as well. However, for a small multicellular 
organism with strong paternal transmission of organelle genes, the effective 
gene number may be larger for organelles than for nuclear genes. For example, 
if c = 10, Ne = 100, p = 0.3, and N, = Nf = 500, the effective number of genes Ne, 
= 6406 for organelle genes, whereas for nuclear genes ZN, = 2000. The effective 
number of genes is large for organelles in this case because segregation is slow 
and the paternal contribution is large. Thus many gametes will be heteroplasmic, 
rather than being effectively haploid. 

CHOICE OF EFFECTIVE GENE NUMBER FOR ORGANELLES 

We have described three different effective gene numbers: Nh, Ne,, and Nf. NA 
is exact, but assumes the steady rate of decay is reached. Ne, is an excellent 
approximation, whether or not the system is in the steady state, provided most 
cells are homoplasmic (K, << K,). This will be true if either one of two conditions 
are met: 1) Vegetative segregation is very rapid. Ne, is then a good approximation 
even if p is large. Segregation is easily studied in plants, where segregation of 
wild-type green and mutant white chloroplasts produces variegated plants with 
sectors of green and white cells. For most plants, this is extremely rapid and is 
complete within one sexual generation (KIRK and TILNEY-BASSETT 1978; MI- 
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CHAELIS 1955; for an exception, see VAUGHN 1981). Consequently K, is approxi- 
mately zero even if p is large. In animals, K, for mitochondrial genes cannot be 
measured directly at present. However, some data suggest that vegetative 
segregation may take several sexual generations, and hence many cell genera- 
tions, to complete. HAUSWIRTH and LAPIS (1982) have found a mutant mtDNA 
genome, with an altered restriction fragment pattern, segregating in a herd of 
dairy cattle. From their data, if c is between 20 and 50 cell generations in the 
germ line per sexual generation and /? =: 0, we estimate that ne lies between 65 
and 163. These values are small enough so that in many cases K, will be small 
relative to K,. 2) If p is nearly zero, K, may still be small compared to K, even 
if vegetative segregation is very slow. This is because only new mutations 
contribute to gene diversity within a cell (K,) and the mean time between the 
occurrence of mutations is very long compared to the mean time required to 
eliminate the mutation, or to fix it by vegetative segregation. The mean waiting 
time between mutations in a cell lineage is given by T = c/nu where U is the 
mutation rate per base pair per sexual generation. The mean, f ( l /n) ,  and the 
variance of the time to fixation or loss of a new mutation within the individual 
cells of a lineage are given by equations 15 and 16 below. For any reasonable 
values of the parameters c, n ,  ne, and U, the value of T will be much larger than 
ql/n).  The difference will be smallest when all parameters are large. Taking U 

= (BROWN, GEORGE, and WILSON 1979), n = lo4 = n,, and c = 50, we find T 

= 5 X lo5 whereas f(l/n) = 18.0 with standard deviation = 357. Thus the mean 
K, taken over a long time will be less than 18.0/(5 X lo5); for most of the history 
of a cell lineage, the cells will be homoplasmic. In most animals and plants, the 
egg will have many more copies of the mtDNA or cpDNA molecules than will 
the other, smaller cells in the germ line (cf. PIKO and MATSUMOTO 1976; 
BOGENHAGEN and CLAYTON 1974) and we cannot assume that n is constant. We 
have derived appropriate equations for this case; they actually increase the 
difference between T and f(l/n). 

The assumption that the paternal contribution of organelle genes is negligible 
is widely applicable (BIRKY 1978). About two-thirds of all plant genera show 
strictly maternal inheritance of green vs. white chloroplasts (KIRK and TILNEY- 
BASSETT 1978). In some cases the numbers of progeny examined were large 
enough to allow detection of less than 0.05% paternal chloroplasts (p < 5 x low4). 
For mitochondrial genes in animals and plants most of the data are based on 
restriction fragment analyses that would not detect paternal genotypes less 
frequent than 1-1070 @ < 0.01-0.1) (references in BIRKY 1978; BIRKY et al. 1982). 
In a few cases the number of mtDNA molecules in an egg is known to be lo3 to 
lo6 times greater than the number in a sperm (DAWID and BLACKLER 1972; M. V. 
SIMPSON, personal communication). In some plants the pollen contributes no 
chloroplasts to the zygote (HAGEMANN 1979; SEARS 1980). TAKAHATA and MARU- 
YAMA (1981) derived an equation for the value of e, at equilibrium between 
mutation and drift (their equation 9, in which their H = T, = 1 - e,). The 
numerical values in their Figure 2 show that 1, =: 1 and K, =: 0 when p .= c/n,. 
This same relationship has been derived by R. W. CHAPMAN et al. (1982) with 
the use of a completely different approach. Since c and ne probably range from 
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10 to 50 and 10 to IO3, respectively, c/n, ranges 0.05 to 1 so k, =: 0 when p 0.05. 
The effect of maternal inheritance on the behavior of organelle genes is very 

sensitive to the sex ratio (Figure 2). When the sex ratio N m / N f  = 1, the effective 
number of nuclear genes, ZN,, is four times the effective number of organelle 
genes, Nf. When the sex ratio is 1/7, 2N, = Nf, and when there are more than 
seven females for every male, 2N, < Nf. As the sex ratio increases from 1, the 
ratia 2N,/Nf slowly and asymptotically approaches 8. 

MONOECIOUS ORGANISMS 

In monoecious or hermaphroditic species, each individual produces both male 
and female gametes. This case is especially important for plants. For nuclear 
genes in a diploid monoecious organism, the effective number of individuals is 
N and the effective number of genes is 2N. For organelles, the exact value of the 
effective gene number at the steady rate of decay is given by Nh where A2 is 
calculated from equations (4), IS), and (11) as before but replacing Ne, with N. 
This suffices for obligatory outcrossing species. However, if the species is 
random mating, then A = (a2 + p2)(1 - l/n$ + (2ap)(n, - l)/N(n, f l), and B 
= 2a/3(l- l/N). In either case the effective number of genes reduces to N when 
p = 0 and is very closely approximated by N under the same conditions in 
which it is approximated by Ne, for dioecious organisms. For monoecious selfing 

"/Nf 

FIGURE 2.-Relationship of effective number of nuclear genes (ZN,) to effective number of 
organelle genes (N-) as a function of sex ratio (Nm/Nf), with varying degrees of paternal transmission 
(PI. 
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organisms, B = 0 regardless of the value of /? and the effective number of genes 
is always N. Preferential transmission of organelle genes through the egg has no 
effect in monoecious organisms because every individual produces eggs. How- 
ever, the fact that rapid vegetative segregation keeps K, near zero is still 
important because it makes the effective number of genes approximately equal 
to the effective number of individuals. 

DYNAMICS OF FIXATION OR LOSS OF NEUTRAL ALLELES 

Equations for the mean time to fixation or loss of an allele in a cell lineage 
caused by segregation and intracellular random drift can be obtained from 
equations for nuclear genes by substituting n, for ZN, (see also CHAPMAN et al. 
1982). Time is in cell generations, and the initial frequency of the allele is p. 
When the time to fixation or loss is long enough to include more than one 
sexual generation, these equations hold only for a lineage of female individuals 
and require that p = 0. We give here only the mean time to fixation or loss: 

q p )  = -2n,[p In p + (1 - p)ln(l - p)]. (14) 

For a newly-arisen mutant allele, p = l / n  and the above equation reduces to 

f(l /n) = -2n, [ (i) In (t) + (1 - :) In (1 - :)] =: 2 (3) [h (n  + l)]  (15) 

with variance 

U: = (2) [ 12.811, - 4(ln n)' (:)I. 
n 

We can also derive equations for the mean time to fixation or loss of an allele 
from the whole population of organisms by substituting NA (or Ne, or Nf where 
appropriate) for zN, in nuclear gene equations. In this case we assume that the 
allele is fixed in nearly every individual cell; time is now in sexual generations 
and no assumption about p is required. If p is the initial frequency of the allele 
in the population, the mean time to loss is 

~ o ( P )  = -2N~[p/(l - p)lln P; 

tl( p) = -(l/p)[ZNA(l - p)ln(l - p)]; and 

q p )  = -2N~[p In p + (1 - p)ln(l - p)], 

(17) 

the mean time to fixation is 

(18) 

(19) 

(KIMURA and OHTA 1969; MARUYAMA 1977). 
From these equations one can easily derive the mean time to fixation or loss 

of a newly-arisen mutant allele (already fixed in cells) by substituting its initial 
frequency p = 1/N. However, this result is not quite correct for the case of 
maternal inheritance (p =: 0). This is because mutations that occur in males 
(N,/N of the total) can never be fixed, and are always lost in one generation: 
to(l/N,) = 1. Mutations that occur in females (Nf/N of all mutations) are fixed 
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with a probability of l/Nj: for these, 

tl(l/Nj) = -N&?Nf(l - l/Nf)ln(l - l/Nf)] and to(l/Nf) = 2[Nf/(Nf - l)]lnNf. 

Taking the mean of the equations for mutations occurring in males and females, 
weighted by the frequencies of mutations in the two sexes, we obtain 

to(l/N) = (Nm/N) + (Nf/N)[ZNf/(Nj - 1)llnNf z (Nm/N) + 2(Nf/N) In Nf, (20) 

(21) tl(l/N) = -2Nf(Nf - 1) In (1 - l/Nf) =; ZNf, and 

t(l/N) = (Nm/N) + 2(Nf/N) In Nf + 2(1 - 1/Nf) 

z (Nm/N) + 2(Nf/N)[ln(Nf) + 11. (22) 

We have verified these equations by Monte Carlo simulations. They give very 
nearly the same numerical values as the less exact equations, differing by an 
absolute value of 2 at most when the number of females is very much larger 
than the number of males. When /? # 0, mutations that occur in males will not 
always be lost immediately. The two approaches then agree even better. In any 
event, it is important to note that when the effective number of genes is Nf, the 
time to fixation or loss is approximately two times longer for nuclear than for 
organelle genes. 

GENE FREQUENCIES AT EQUILIBRIUM BETWEEN RANDOM DRIFT A N D  MUTATION 

Of special interest in the theory of neutral alleles is the amount of polymor- 
phism in a population in which new alleles are being eliminated by drift as fast 
as they are introduced by mutation. We can derive the allele frequency distri- 
bution. The number of organelle alleles whose frequency is x is given by the 
following probability density function in which U is the mutation rate (cf. 
KIMURA and CROW 1964): 

@(x) = ZNAux-l(l - x ) ~ ~ ~ ~  - '. (23) 

We tested this equation by Monte Carlo simulations (Figure 3); the close 
agreement between theory and simulation verifies that NA is a good approxi- 
mation of the effective number of organelle genes. 

Equilibrium values of K,, K, and J, can easily be derived. Making the assump- 
tions that K, =: 0, K, >> U, and that terms containing u 2  are negligibly small, the 
equations are 

e, za/?e,, (24) 
A 2 N ~ u  K, =. , and 

ZNAU + 1 

Following STEWART (1976), the variance of I?, is 
4NAU 

(1 + 2N~u)~(2  + 2N~u)(3 + ~ N A u )  ' 
v K c  
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X 

FIGURE 3.-Probability density function of organelle allele frequencies at equilibrium between 
random drift and mutation. @(x) = number of alleles having frequency x in a population of effective 
gene number N A  and mutation rate U. Curve is generated by equation (23); points are from 4000 
replicate Monte Carlo simulations with parameters N, = Nf= 50, c = 10, (Y = 0.95, p = 0.05, n, = 10, 
and U = 5 x 

Exact solutions for I?,, l?,, etc. can be derived and will be published elsewhere. 
The organelle parameters I?, and fc are precisely analogous to nuclear hetero- 
zygosity (gene diversity), H =: 4Neu/(4Neu + l), and homozygosity (gene iden- 
tity), F =: 1/(4N,u + 1). For cases where organelle genes are inherited maternally 
and vegetative segregation is rapid, Nk z Nfi Then the ratio of gene diversities 
in nuclear and organelle genes, H/& will be approximately 2N,/Nf as long as 
the mutation rates are the same in the two genomes and also assuming that N f u  
is very small. This ratio again depends strongly on the sex ratio. TAKAHATA AND 
MARUYAMA (1981) derived an equilibrium equation for f, (which they called 0); 
their equation (10) gives values similar to our equation (26), noting that their 
mutation rate v is per cell generation rather than per sexual generation so that 
v = u/c. Since our fa is the same as their fi, their equation for a/fi reduces to 
our (26) when their fi = 1, i.e., I?, = 0. They assume K b  = K,, which is only 
approximately correct; see equation 3. CHAPMAN et al. (1982) used computer 
simulations to show that, with strictly maternal inheritance, K, (their H z )  can be 
large when K ,  (their HI) is small. Their results are in reasonable agreement with 
calculations from our equation 25. 

SUBDIVIDED POPULATIONS 

We briefly consider the effects of dividing a population into subpopulations, 
between which genes are exchanged by migration. We assume that inheritance 
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of organelle genes is strictly maternal; then only migrating females will carry 
organelle genes between subpopulations, whereas both males and females will 
carry nuclear genes. (Migrating males will contribute genes to the subpopulation 
they enter, but only transiently, to the extent that they form a part of that 
population until their death. Unless male migration rates are quite high, this 
effect will be negligible.) MARUYAMA (1971) considered the case of a population 
arranged on a torus and consisting of s subpopulations, each with N individuals: 
individuals migrate from one subpopulation to any other at a rate m per 
generation. The rate of decay of nuclear gene diversity for the whole subdivided 
population is the same as in a random mating population when Nm > 1. When 
subpopulations are smaller or migration rates are lower (Nm < l), the rate of 
decay of gene diversity is 1 - X = m/2s. For organelle genes, where the effective 
population and gene number is Nf, the transition point occurs at Nfmf- 1, where 
mf is the migration rate for females, and the rate of decay of gene diversity 
below that point is 1 - X = mf/4s. When Nf = N, = N/2, the transition point is 
Nmf = 2. If the migration rate is the same for females and males, the transition 
point is Nm = 4 and 1 - X = m/8s. In other words, a population will be 
effectively subdivided for organelle genes at migration rates at which nuclear 
genes are still panmictic; the difference is fourfold. That difference becomes 
even greater if males migrate more than females; for example, if the migration 
rate is fivefold greater for males than for females, then the transition point 
becomes Nm = 20 for organelles but remains at Nm = 1 for nuclei. Below the 
transition, the rate of decay of gene diversity is 1 - X = m/40s for organelles 
and m/2s for nuclei. Subdivision of animal populations with preferential migra- 
tion of males greatly accentuates the differences in rates of random drift 
between organelle and nuclear genes. In plants this will be a factor only if 
pollen dispersal is substantially greater than dispersal by seed or whole plants. 

DISCUSSION 

Our results show that maternal inheritance and vegetative segregation result 
in organelle genes having an effective population size approximately one-fourth 
as large as that of nuclear genes in the same population, with a corresponding 
increase in rate of gene fixation by drift and a decrease in expected gene 
diversity at equilibrium between drift and mutation. This fourfold difference is 
rather small compared to differences in the behavior of nuclear genes in 
different species. It may disappear or even be reversed in species in which 
males have harems. Also it may be overshadowed by differences in mutation 
rates between organelle and nuclear genes. BROWN et al. (1979) have shown that 
animal mitochondria have about a tenfold higher rate of base pair substitution 
during evolution than do nuclear genes. Maternal inheritance and vegetative 
segregation do not affect the rate of base pair substitution for neutral organelle 
alleles. This is equal to the mutation rate per gene just as it is for nuclear genes. 
Consequently, if most substitutions are neutral in both mitochondria and nuclei, 
then mitochondria must have a tenfold higher neutral mutation rate. This may 
be partly a consequence of inefficient proofreading by the mitochondrial DNA 
polymerase (KUNKEL and LOEB 1981). In addition, the proportion of all mutations 
that are neutral may be higher for mitochondria (BROWN and SIMPSON 1982). 
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The data of AVISE et al. (1979) for mitochondrial and nuclear genes in the pocket 
gopher, Geomys pinetis, suggest that I?, (their p) may be substantially higher 
than H (calculated from their 6). This result can also be explained if U is higher 
for organelle genes. However, it is suspected that male pocket gophers maintain 
harems (J. LAERM, personal communication); the breeding sex ratio may be 
much less than one and this would also cause I?, to be greater than H. The 
pocket gophers also show substantially more differentiation of local subpopu- 
lations for mitochondrial than nuclear genes (AVISE et al. 1979). This would be 
expected if males migrate much more than females. 

In this paper we have not considered two-locus theory, where the differences 
in behavior between nuclear and organelle genes should have an especially 
important effect. Recombination between two loci on an organelle DNA mole- 
cule will obviously be reduced by maternal inheritance and vegetative segre- 
gation, which make the heterozygous (heteroplasmic) state rare and transient. 
This problem is complicated by the existence of multiple genomes per cell; the 
likelihood that molecules may pair and recombine repeatedly in all cells, not 
just gametocytes; and the probability that molecules pair for recombination 
with some degree of randomness (BIRKY 1978). 
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