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YTOPLASMICALLY conditioned pollen sterility occurs rather frequently in 
plants. Usually, the character “pollen sterility” is produced when a particular 

cytoplasm is combined with a recessive gene in homozygous condition in the same 
plant. The best investigated example is the pollen sterility in corn (reviewed by 
DUVICK 1965), but similar conditions have been described in a large number of 
plant species. In  nondomesticated plants, it is usual to find that the cytoplasm 
and the recessive genes which in combination with it produce pollen sterility occur 
in different populations. Cytoplasmic pollen sterility does. therefore, not usually 
occur in wild populations, but it appears when different geographical subspecies 
or closely related species are crossed. 

It has therefore been repeatedly suggested ( CASPARI 1948; JONES 195 1 ) that 
cytoplasmic pollen sterility may give rise to a mating barrier which would tend 
to inhibit gene exchange between different populations, and in this way initiate 
speciation. A mathematical model of cytoplasmically induced pollen sterility 
did not bear out this suggestion (WATSON and CASPARI 1960). This model demon- 
strates that if two populations interbreed which have two different cytoplasms 
and t-o pollen-fertility affecting alleles, such that the cytoplasm of one strain, 
combined with the allele from the other strain in homozygous condition induces 
reduced male fertility in its carriers, the following consequences will ensue: 
(1 ) The relative frequencies of the two cytoplasms will not be affected. (2) The 
genes contained in the two populations, including those affecting pollen fertility, 
will show a tendency to become equally distributed in the two cytoplasms. ( 3 )  
The genes responsible for reduced pollen fertility in one of the cytoplasms will be 
selected against, and disappear from the mixed population. The result will there- 
fore be a unified population, containing the two cytoplasms in their original fre- 
quencies (unless they have other effects on adaptive value) and homozygous for 
the alleles not producing pollen sterility in either cytoplasm. 

Recently, GRUN and AUBERTIN (1965), investigating crosses between different 
South American potato species, have found a number of cases of pollen sterility 
due to interaction between the maternally transmitted cytoplasm of one of the 
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species and nuclear genes derived from the other. While admitting that the cyto- 
plasmic pollen sterility cannot have been the primary factor inducing speciation, 
they assume that once two species have become divided from each other by diff- 
erent, e.g., geographical, factors the development of pollen sterility due to a cyto- 
plasm-gene interaction would tend to keep the two populations genetically isolated 
whenever they meet in the course of expansion of their range. 

We decided therefore to reinvestigate the problem of the population genetic 
consequences of cytoplasmic pollen sterility taking into account gene flow be- 
tween the two populations. 

THE MODEL 

It is assumed that two populations, I and 111, differ in their cytoplasms, @ and 
+, and in a pair of alleles F and f .  Population I has the constitution aff, population 
I11 the constitution +FF. It  is assumed that +ff plants are pollen-sterile, but that 
otherwise there exist no differences in adaptive value between the six possible 
genotypes. 

Between populations I and I11 there becomes established, by migration from 
both populations, a mixed population 11. For the sake of simplicity it is assumed 
that population I1 consists originally of 50% @ f l  and 50% +FF. To follow these 
populations through successive generations, the calculations were performed ac- 
cording to the protocol: 

(a) Populations I, 11, I11 mate within themselves. The equations of WATSON 
and CASPARI (1960) are used to relate the initial fractions of individuals of types 
@FF, @Ff, afl, +FF, +Ff, +ff to the fractions after mating. 

(b) There are then migrations between the three populations as shown in 
Figure 1. These flows are described by giving the composition of each population 
in terms of the fraction of individuals coming from the other two populations. 

(c) The fractions of each population after migration that are of the six possible 
types M F ,  @Ff, c#, +FF, +Ff, + f l  are calculated using the results of (a) and (b).  

(d) The steps (a) , (b) , ( c )  are repeated, starting with the results of (c) . 
Instead of making an extensive mathematical study, this protocol was pro- 

grammed and special cases run through as many generations as seemed necessary 
to establish the results. The Johns Hopkins University I.B.M. 7094 was used. The 
program listing may be obtained from the authors. 

I I1 I11 

FIGURE 1.-Migration between the three populations I, I1 and 111. In each case the initial 
compositions were Population I: 100% a#, Population 11: 50% a#, 50% $FF, Population 111: 
100% $FF. The relative sizes of the populations and the direction and size of flow in cases 2, 3 
and 4 are described in the text. 
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Results 

Case 1. No migration: It  is assumed that after the establishment of population 
I1 no further migration in either direction takes place. In this case, populations I 
and I11 remain unchanged. The developments in population I1 will be the same 
as described in WATSON and CASPARI ( 1960), i.e., the allele f will become elimi- 
nated, so that population I1 will finally consist of equal numbers of (PFF and +FF 
plants. 
Case 2. Migration only from populations I and 111 into population 11: It is as- 

sumed that in every generation a certain number of individuals from populations 
I and I11 are incorporated into population 11. The flow of genes and cytoplasms 
is assumed to be symmetrical, i.e., equal proportions are contributed by I and I11 
in each generation. 

This type of migration has been followed at three different levels, 20%, 10% 
and 5% immigration. For 20% ( lo%,  5 % )  migration this means that in each 
generation population I1 is composed of 60% (80%, 90%) individuals derived 
from random mating of the previous generation of population 11; 20% (IO%, 
5 % )  of the breeding organisms are derived from population I, and 20% (IO%, 
5 % )  from population 111. There is no back flow to populations I and 111, or popu- 
lations I and I11 are so large, compared to 11, that back flow is negligible. Under 
these circumstances, populations I and I11 do not change. The frequencies of the 
cytoplasms and genetic constitutions in population I1 under the three frequencies 
of migration are given in Table 1. 

The data in Table 1 indicate that at all three levels of migration the cytoplasms 
remain constant at equal proportions. As far as the gene frequencies are con- 
cerned, stable equilibria develop, because the elimination of the gene f due to 
pollen sterility is counterbalanced by the reintroduction of f from population 1. 
The speed of the establishment of the equilibrium depends on the level of migra- 
tion: with 20% immigration from I and 111, equilibrium is established at 10 
generations; with 10% immigration the population is close to equilibrium after 
20 generations; with 5% immigration, the population is stationary at 40 genera- 
tions. The number of generations quoted is the number needed to obtain equilib- 
rium frequencies correct to four decimal places. 

In the population as a whole, the relative proportion of the gene f at equilib- 
rium increases with increasing level of gene flow. At 20% migration the allele f 

TABLE 1 

Frequencies of cytoplasms @ and + and of genotypes F F ,  F f  and ff in population 11 
at different levels of immigration of @ff and +FF 

Genotype and cytoplasm 
@ @ 

Level of immigration FF Ff ff FF Ff ff 

0.2 (IO generations) .0593 ,2572 .I835 .e097 ,2422 ,0481 
0.1 (20 generations) .I125 ,2591 ,1283 .2094 .2321 ,0585 
0.05 (40 generations) ,1764 .2W2 .0795 ,2361 ,2151 ,0482 

____ - 
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constitutes 48.1% of the gene pool at equilibrium, at 10% : 43.2% of the gene 
pool, and at 5% migration : 35.8% of the gene pool. This is due to the fact that 
the level of elimination of f due to pollen sterility does not increase in proportion 
to its replacement due to migration. 

Furthermore, in all three populations, the alleles F and f are present in differ- 
ent proportions in the two cytoplasms. The proportion off in the two cytoplasms 
at different levels of immigration is represented in Table 2. In all cases, the level 
of f  is higher in @ than in +, constituting about 50% of all the genes in @ at 10% 
and 20% immigration. This is due to the fact that in all cases the gene f enters 
the population I1 from population I in the cytoplasm @ and in homozygous con- 
dition; the larger the amount of immigration, the more @ f f  and +FF organisms 
will be found in the population. 

It should be emphasized that even though the gene frequencies in the two 
cytoplasms are different under conditions of immigration from the outside popu- 
lations, this effect is not due to the existence of a barrier for gene flow inside 
population 11. It is only caused by the continuous reentry into the population by 
f i n  @and F i n  4. 

Case 3 .  Migration from populations I and I I I  into population I I ,  and back migra- 
tion from population I I  into populations I and 111: As in Case 2, it is assumed that, 
every generation, a certain number of individuals from populations I and I11 
migrate into population 11. In  addition, it is assumed that a random sample of 
plants from population I1 migrates each generation back to populations I and 
111. In  the computations, it has been assumed that the immigration rate from I 
and I11 into I1 constitutes 20% each, while the back migration rate is only 5% 
in each direction, which may be interpreted to mean that population I1 is smaller 
than populations I and 111, but not negligible. 

In  this case, populations I and I11 do not remain constant. The genotypic fre- 
quencies were essentially constant after 100 generations and are given in Table 3. 
As in Case 2, the cytoplasms in population I1 remain constant in equal numbers. 
But also in populations I and 111, they tend to become equal (50.3% @ : 49.7% + 
in I; 49.7% @ : 50.3% + in ID), even though originally I was pure @ and I11 
pure 4. Also, the gene frequencies in all populations become very similar, and 
the proportion of the allele f, has decreased strongly. After 100 generations, the 
frequency of f f  has gone down to .11% and after 200 generations it becomes 
further reduced to .02%. In other words, the allele f will become eliminated, and 

TABLE 2 

Proportion of the allele f in the two cytoplasms at equilibrium in 
population I 1  at different levels of immigration 

Level of immigration + d 
Frequency o f f  in 

0.2 (IO generations) 
0.1 (U) generations) 
0.05 (40 generations) 

.62M ,3384 

.5157 .3491 

.4032 ,3121 
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TABLE 3 

Frequencies of cytoplasms + and + and of genotypes Ff, Ff and ff in populations I ,  I1 and 111 
after 100 generations of mating, involving 20% migration from populations I and 

I11 into II, and 5% back migration from I1 into I and I11 

Genotype and cytoplasm + @ 
Population F F  Ff ff FF F f  ff -~ 

I ,4562 .0456 ,0011 ,4509 .0451 ,0011 
I1 ,4539 ,0450 ,0011 .4539 ,0450 .0011 

I11 ,4515 .0445 ,0011 .4569 ,0450 .CO11 

populations I, I1 and I11 swill form a uniform population, homozygous for F ,  
and containing the cytoplasms 

Case 4. Asymmetrical migration: In all previous cases it has been assumed that 
the relation of populations I and I11 to I1 was symmetrical, i.e., that equal fre- 
quencies of immigration and back migration were involved. We shall now con- 
sider an example of asymmetrical relations. It will be assumed that migration 
takes places from population I to population 11, so that immigrants from popula- 
tion I make up 10% of population I1 in each generation. Similarly, migration 
occurs from population I11 into population 11, 'with the difference that these im- 
migrants make up 30% of population I1 per generation. Furthermore, there is 
back migration from population I1 to population 111, so that 10% of population 
I11 in each generation is made up by a random sample of immigrants from popu- 
lation 11. There is no back migration to population I. 

Under these conditions, population I remains constant at the constitution a#. 
But changes occur in populations I1 and I11 which are summarized in Table 4. 
As shown in Table 4, cytoplasm + will gradually disappear in both populations, 
somewhat faster in I1 where it makes up 25.8% after 50 generations and drops 
to 9.0% at 100 generations, slower in population I11 (32.6% at 50 generations, 
11.4% at 100 generations). The reason is that in both populations cytoplasm + 
is gradually swamped by cytoplasm a entering each generation from population 

and + in equal proportions. 

TABLE 4 

Frequencies of cytoplasms and @ and of genotypes FF, Ff and ff in populations I I  
and I I I  after 50 and 100 generations of asymmetrical migration 

Migration I -+ I1 = 0.1 
Migration I11 - I1 = 0.3 

Back migration I1 + I = 0 
Back migration I1 + I11 = 0.1 

~ ~ ~ 

Genotype and cytoplasm 
9 @ 

No of - 
Population generations FF Ff ff FF F f  ff 

I1 50 ,2055 .3709 .I654 ,0909 .1253 .0420 
100 .I456 ,4370 .3274 .0174 ,0445 . m o  

I11 50 ,3141 ,2921 .0676 ,1563 ,1390 ,0309 
100 ,2312 ,4431 .2121 .0303 .0568 .0266 
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I. In population 11, the gene f ,  decreases at first from 50% at generation 0 to 
45.6% at generation 50, owing to selection against f .  In later generations, as 4 
becomes eliminated, the selective pressure on f becomes reduced and it increases 
to 59.6% at generation 100 owing to influx from population I. In population I11 
the frequency of allele f increases from 0% at generation 0 to 31.4% at generation 
50 and 48.9% at generation 100. It is therefore seen that under these assumptions 
populations I1 and I11 will gradually form a single population. Population I will 
stay different, owing to the lack of back migration. 

DISCUSSION 

There appears to be no evidence in the models proposed that pollen sterility 
due to an interaction between cytoplasms and genes can give rise to genetic 
isolation between two populations, as proposed by GRUN and AUBERTIN (1965). 
As long as even a slight amount of back migration from the hybrid population is 
possible, the gene inducing pollen sterility will become eliminated (Case 3).  Only 
if back migration into the population is inhibited either symmetrically or asym- 
metrically 'will the hybrid population remain different from the original popula- 
tion into which back migration does not take place. 

SUMMARY 

The behavior of cytoplasm and plasmon-sensitive genes producing, in combina- 
tion, pollen sterility, has been reinvestigated by computer simulation taking into 
consideration gene flow between populations. If two populations--one containing 
a gene and the other a cytoplasm which, in combination, produce pollen sterility 
-form a hybrid population, an equilibrium will become established between the 
elimination of the gene by the selective action of the cytoplasm and the reintro- 
duction of the same gene from the pure population (Case 2). If back migration 
occurs from the hybrid population to the original populations, the gene involved 
in pollen sterility will be eliminated in all three populations (Case 3) .  Finally, 
if immigration occurs from both populations, but back migration only into one 
population, the cytoplasm of the second population will disappear. The frequency 
of the gene involved in pollen sterility will first drop, owing to the selective action 
of the cytoplasm, but will increase in later generations as the cytoplasm becomes 
eliminated. There is no evidence that cytoplasmic pollen sterility of the type dis- 
cussed in this paper can induce permanent genetic isolation. 

LITERATURE CITED 

CASPARI, E., 1948 Cytoplasmic inheritance. Advan. Genet. 2: 1-68 . 
DUVICK, D. N., 1965 
GRUN, P., and M. P. AUBERTTN, 1965 

JONES, D. F., 1951 

WATSON, G. S., and E. CASPARI, 1960 

Cytoplasmic pollen sterility in corn. Advan. Genet. 13: 1-55. 
Evolutionary pathways of cytoplasmic male sterility in 

The cytoplasmic separation of species. Proc. Natl. Acad. Sci. U.S. 37: 

The behavior of cytoplasmic pollen sterility in populations. 

Solanum. Genetics 51 : 3 9 9 4 9 .  

308-310. 

Evolution 14: 53-63. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/53/4/741/5988028 by guest on 25 M

ay 2023


