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ABSTRACT 

A study is described of the influence of the introduction of a dominant 
nuclear restorer gene into a cytoplasmic gynodioecious plant population. This 
study includes the consideration of separate effects on the relative female 
fertility of nuclear, cytoplasmic and sex (phenotypic) factors. Under these 
assumptions, the introduction of a dominant nuclear restorer gene into a 
cytoplasmic gynodioecious population can lead to several different situations: 
persistence of cytoplasmic gynodioecy, appearance of a nuclear-cytoplasmic 
gynodioecy, appearance of a nuclear gynodioecy or complete restoration of 
male fertility. The development of stable nuclear-cytoplasmic gynodioecy in 
a mathematical model is new and is possible because of the consideration of 
the separate relative female fertilities. The possibility of a transformation of 
cytoplasmic gynodioecy into a nuclear one has never been obtained before. I t  
could constitute a route for the appearance of this latter kind of gynodioecy 
in plant populations. Finally, the possibilities of evolution of gynodioecy from 
one kind to the other, and towards dioecy, are discussed, as are some theoreti- 
cal schemes that seem to correspond to observed actual situations. 

YNODIOECY is a breeding system in plants consisting of the presence, in 
Ga natural population, of both hermaphroditic and female plants. Such a 
situation is produced when a male-sterility mutation appears, and spreads, in a 
hermaphroditic population. The inheritance of the male sterility giving rise to 
gynodioecy was reviewed by Ross (1978), who showed that an interaction 
between nuclear and cytoplasmic factors seems to be present in numerous 
gynodioecious species. Although a number of studies on the conditions for per- 
sistence of gynodioecy have been made (see, for instance, LEWIS 1941; VALDEY- 
RON, DOMMEE and VALDEYRON 1973; Ho and Ross 1973; LLOYD 1974, 1975; 
Ross and WEIR 1975), to our knowledge no model involving a stable nuclear- 
cytoplasmic inheritance of male sterility has been published. 
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Some authors have already studied different kinds of interactions between 
cytoplasmic and nuclear male-sterility factors (WATSON and CASPARI 1960; 
CASPARI, WATSON and SMITH 1966; COSTANTINO 1971 j and especially CHARLES- 
WORTH and GANDERS 1979), but their models all showed the elimination of one 
of the cytoplasms at equilibrium. As will be seen, a stable nuclear-cytoplasmic 
interaction could never have been obtained because these authors did not con- 
sider separate effects on relative fertility of nuclear, cytoplasmic and sex factors. 
The consideration of such separate effects leads to much more complex and 
interesting results. 

The kind of gynodioecy studied here consists of an interaction between cyto- 
plasmic (S) and recessive nuclear ( m )  male-sterility factors. In this system, 
only the S m m  combination will give rise to female plants. and all other com- 
binations (SMm,  S,WM, N m m ,  N M m  and N M M )  correspond to hermaphrodi- 
tic plants. This  kind of gynodioecy could be obtained, fo r  instance, if a domi- 
nant nuclear restorer gene ( M )  appeared in a gynodioecious population with 
cytoplasmic inheritance (Smm-Nmm) . 

PARAMETERS O F  THE MODEL 

Parameters inuoluing the proportions of the different genotypes 
p = frequency of the S cytoplasm 
q = frequency of the N cytoplasm 

rI = frequency of  the mm nuclear genotype in the S cytoplasm 
s1 = frequency of the M m  nuclear genotype in the S cytoplasm 
t l  = frequency of the M M  nuclear genotype in the S cytoplasm 
rz = frequency of the mm nuclear genotype in the N cytoplasm 
s2 = frequency of the M m  nuclear genotype in the N cytoplasm 
t2 = frequency of the M M  nuclear genotype in the N cytoplasm 

p + 4 = 1  r1 + s1 + t l  = 1 rz + s2 + tz = 1 

The frequencies of the different possible combinations then are: 

Combination 
Female plants Smm 
Hermaphroditic plants S M m  

SMM 
N m m  
N M m  
N M M  

Parameters concerning fertilization 

a = selfing rate in hermaphroditic plants. 0 5 a 5 1. 
(It is assumed that all hermaphrodite genotypes have the same selfing rate.) 
I = LLOYD’S (1974) parameter for the efficiency of pollination. We extend it to the case 

of outcrossing in hermaphrodites. If I represents the number of visits of a pollinator to a flower, 
the probability that a nonselfed ovule will be fertilized will be [I - (prl)*] .  Realistic values 
for z may vary among species o r  populations. When pollination is not a limiting factor, the 
value of I is W. 
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Parameters concerning the difjerent relative fertilities 

The first parameter, f,, is the ratio of the fertility obtained by selfiig to that obtained by 
outcrossing in hermaphrodites. It gives a n  indication of the amount of inbreeding depression; 
f, will be assumed to be characteristic of a given population. 

The other parameters are similar to the F parameter of LLOYD (1974). In this study, we 
used relative female fertilities based on both genotypes and phenotypes (we assumed that all 
fitness effects were on female fertilities) : 

f ,  is the ratio of the fertility of the N cytoplasm to that of the S cytoplasm 
f, is the ratio of the fertility of plants bearing at least one M nuclear gene to that of 

plants showing the mm genotype 
It is assumed that the cytoplasmic and nuclear factors have independent effects, so that 

f , f ,  will be the ratio of the fertility of plants possessing both the N cytoplasm and the M nu- 
clear gene to that of  S m m  plants 

fp, the last parameter, is a phenotype-dependent parameter corresponding to the ratio of the 
fertility of hermaphroditic plants to that of female ones. This parameter corresponds to F of 
LLOYD (1974). 

MATHEMATICAL STUDY 

The mathematical study is based on the results of all possible crosses. These 
results are calculated as in the following example: 

Let us consider the cross, S M m  x N m m .  Its frequency will depend on the 
proportion of S M m  plants (psi) , the rate of outbreeding (1 -a) ,  the proportion 

) and the efficiency of pollination qr2 
of pollen coming from N m m  (--- 

1 -prL 
( 1  -p2rI5). The frequency will be: 

1 -pxrlX 
(In the following calculations, y stands for 1. 

1 -pr1 
On the other hand, the relative female fitness will be the product of f m  (be- 

cause the M gene is present in the S M m  plant) and fii (because S M m  is a 
hermaphroditic plant). 

The same reasoning applies to the crosses between females and hermaphro- 
dites (for instance, the frequency of Smm x N M n  is pr,qszy and the relative 
female fitness is 1) and to the selfing of hermaphrodites (for instance, the fre- 
quency of the selfing of S M m  is aps, and the relative female fitness is fsf,fP). 
In the following studies, the normalizing factor k represents the sum of all the 
different products (frequency x fitness) corresponding to each possible cross. 

Two different studies were performed: An iterative study of evolution showed 
that different equilibrium situations could be obtained, and an algebraic study 
of the equilibrium states and stability conditions enabled us to determine the 
fields of parameter values corresponding to each equilibrium condition. 

Iterative study of evolution: This study consists of computer calculations of 
the evolution of a cytoplasmic gynodioecious population when a dominant re- 
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storer gene is introduced. It was carried out with the following formulae, giving 
the value of the different frequencies at each generation: 
Generation 

g + 1  
kp’r,’ = 
kp’s,’ = 

kp‘tl’ = 

kq’rz’ = 

kq’s2‘ = 

kq‘tz‘ = 

where k is a normalizing factor. 
The initial genotype frequencies were the following: Values of p and q cor- 

responding to cytoplasmic gynodioecy are calculated from the formula, p” = 

, obtained when only the Smm and Nmm combinations 1-  

are taken into account ( rl = rz = 1 ) . 

tion of the restorer gene). 

ing to different situations could be obtained: 

a f s f c f p  

1 - (1-a) f c f a  

rl = rz == 1 ; s1 = tl z tz  = 0 ; s2 = 0.001 (corresponding to the introduc- 

These computer calculations showed that the following equilibria correspond- 

( 1 )  The M gene is eliminated, and the gynodioecy remains cytoplasmic. 
( 2 )  The M gene can spread in the population, giving rise to the six genotypes 

described before. The gynodioecy is then controlled by both cytoplasmic and 
nuclear factors. 

( 3 )  The M gene can spread in the population and lead to the elimination of 
the N cytoplasm. Such a situation corresponds to gynodioecy with nuclear in- 
heritance. 
(4) The M gene can spread in the population and lead to the elimination of 

the N cytoplasm and the m gene. Only SMM plants remain in the population, 
and the restoration of fertility is complete. 

All these equilibrium situations were checked again using different initial 
frequencies; in all cases studied, the equilibria reached were independent of 
the starting conditions. Several examples of computer simulations with different 
values of a, f s ,  fc, fn and f p  are shown in the APPENDIX. 
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Analytical study of equilibrium states and stability conditions: The results of 
the computer simulation showed that nuclear-cytoplasmic inheritance of g p -  
odioecy (situation 2, above) could be obtained from a gynodioecious population 
with cytoplasmic inheritance after the introduction of a dominant nuclear re- 
storer gene. The aim of the present analytical study was to formulate the 
existence and stability conditions of the equilibrium points. We also investigated 
the possibility of an influence of the initial frequencies on the ultimate states. 
For this algebraic study, we considered only a simple case in which the herma- 
phrodites are completely selfed ( a  = 1 ) .  (The cases in which a < 1 are much 
more complex, and only a computer iteration study has been performed; some 
examples can be obtained from the authors.) When a = 1, the relative fertility 
corresponding to the heterosis ( f a )  is confounded with the phenotypic relative 
fertility ( f p ) ,  and f s  can be dropped (fs 1 ) .  Furthermore, when a = 1, the 
equations for r2, sf and t2  are self-contained and linear: global convergence to 
r2 = 1 occurs if f n  < 1, and global convergence to t z  = 1 occurs if f, > 1. In 
the following study, the stability conditions were obtained for each possible 
equilibrium by determining the value of the parameters fc,  f n  and f p ,  such that 
all characteristic roots of the matrix of partial derivatives from the six recur- 
rence equations are less than 1. 

The different possible equilibria can be grouped into three categories: 
(1) Monomorphism for any one of the four homozygous combinations (Smm,  

SMM, N m m  or N M M ) .  Except for Smm,  these cases correspond to complete 
restoration of pollen fertility in the population. 

(2) Fixation of either the cytoplasmic or the nuclear factor, and polymor- 
phism for the other factor, leading to nuclear or cytoplasmic gynodioecy. 

(3) Joint polymorphism for both cytoplasmic and nuclear factors, corres- 
ponding to nuclear-cytoplasmic gynodioecy. 

Monomorphic equilibria, p = 1 and rl = 1: In this case, only female plants 
are present in the population. Such a situation corresponds to a limit case of 
cytoplasmic gynodioecy in which x = CO (LLOYD 1974). However, it is purely 
theoretical because, in natural populations, z can never be infinite when p tends 
towards 1 (the efficiency of pollination then would drop sharply because of the 
scarcity of hermaphrodites). 

p = 1 and tl = 1: Only SMM plants remain in the population. Such an 
equilibrium is stable if the three conditions fiL > fc,  fnfp > 1/2, and f c  < 1 are 
met together. 

p = 0 and r2 = 1: Only N m m  plants remain in the population. The equilib- 
rium is stable if the three conditions fiz < 1, fC > fn,  and f e f P  > 1 are met to- 
gether. 

p = 0 and t2 = 1: Only NMM plants remain in the population. The equili- 
4 
1 . Since f c  > 1, the brium is stable if f n  > 1,  fc > 1, and fnfP > 

8 f c  (2fc  - 1) 
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1 

8 f c  ( 2 f c  - 1) 
maximum value of 

least when f n  > 1, f c  > 1, and f p  > 1/8. 
is 1/8. Therefore, the condition is realized at 

1 
It should be noted that, in all cases for N m m  equilibrium and when f p  > - 

for N M M  equilibrium, those situations cannot be obtained directly from cyto- 
plasmic gynodioecy when a dominant restorer gene is introduced in the popu- 
lation. As a matter of fact, cytoplasmic gynodioecy is possible only when 
f c f p  < 1 (LLOYD 1974). However, the equilibria with only N m m  or  N M M  plants 
could be reached with other, more compatible starting conditions. 

Polymorphic equilibria for either the cytoplasmic, or the nuclear factors: 
These equilibria will be studied only for the case in which f. < 1 ( r2  = 1 at 
equilibrium). The following results therefore apply only to the case in which 

p # 0, q # 0 and rI = 1: This case corresponds to cytoplasmic gynodioecy. 
Only S m m  (female) and N m m  (hermaphrodite) combinations are present in 
the population. The proportion of females ( p )  at equilibrium is given by the 
following formula : 

f c  

f n  < 1. 

p = ( 1 - f c f n >  l'x. 

This equation corresponds to the one obtained by LLOYD (1974) for cytoplasmic 
inheritance of gynodioecy. Such an equilibrium will exist only if f c f p  < 1 and 
x < CO. In our model, it will be stable if ( 1 )  f c  > f n  and (2) (2fc -2fn)' - 

These conditions will lead to the elimination of the dominant nuclear restorer 
gene and to the return to the initial cytoplasmic gynodioecy (situation 1 of 
the computer study). 

p = 1 and polymorphism of nuclear genes: This case corresponds to nuclear 
gynodioecy (situation 3 of the computer study). Only S m m  (female), S M m  
(hermaphrodite) and SMM (hermaphrodite) combinations remain in the popu- 
lation. The genotypic frequencies at equilibrium, found by determining the 
gene frequencies, are as follows: 

Y - 2 f n f p  Y2-4(fnfKI> ( Y+2fnfp 1 f n f p  
r1 = SI = tl = 

2Y 2Y ( Y - f n f n )  2Y ( Y-fnfp 1 
where y is the single root greater than 2fnfP of the following polynomial: y"+l - 
2y" (1 - fnfi,) + 2(+y - f n f n ) x  = 0, if 1 < x < CO.  

When 1 Q x < CO, nuclear gynodioecy can be obtained only if f n f p  < s. In 
our model, it is stable when f c  < f n ,  or if f c  > f., if ( f c  - f n ) '  - (2fc - fn) '  
( 1  - 2fcfp) < 0. 
If x = 03, y = 2(1 - f.fP). Nuclear gynodioecy is valid for fnfP < % and stable 
when f c f n  < %. 

Joint polymorphism1 for both cytoplasmic and nuclear factors: This case cor- 
responds to nuclear-cytoplasmic gynodioecy (situation 2 of the computer study). 

(1 - fcfp) (3fc  - 2 f n I B  > 0. 
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Here again, we will study only the case in which fn < 1. In such conditions, 
and since a = 1, only the following combinations will be present in the popu- 
lation at equilibrium: S m m  females and SMm,  SMM and Nmm: hermaphro- 
dites. 
(When a < 1, N M m  and N M M  combinations are also present in the population 
at equilibrium). 

The different frequencies are as follows: 

2y-% (2fc-fn) 
P =  

Y 

4(fc-fn) [r - fp  (3fc-2fn) 1 
rr-/?I (2fe-fd 1 (Yc-3fn) 

fn b - f p  (3fc-2fn)l 

[r - fp  (Zfc-fn) 1 (4fc-3fn) 

SI = 

21 = 

where y is the single root greater than 2fp ( f c - fn )  of the following polynomial: 

Y"+l--y" [1+2f, ( f c - f n ) l  + ref, (fc-fn)]" = 0,  if 1 Q x < C o .  

When 1 Q x < 00 ,  nuclear-cytoplasmic gynodioecy can be present if: 

(1) f c  > fn 
(2) (fc-fn)" - P f c - f n ) "  (1-2fcfp) > 0 
(3) (2f.fc-Zfn)' - ( l - f c f p )  (3fc-2fn)" < 0. 

If x = CO,  y = l+2fp (fe-fn), and the equilibrium is valid if (1) fc  > fn and 

If f n  < 1, nuclear-cytoplasmic gynodioecy exists only where all other states 
are unstable. Furthermore, in every region of the parameter space outside the 
region where nuclear-cytoplasmic gynodioecy exists, exactly one of the other 
states is stable. These two facts allow the subdivision of the parameter space 
into regions in which only one equilibrium is not unstable. The ultimate state 
of the population, therefore, is independent of the initial conditions, ignoring the 
possibility of cycling. Figures 1 and 3 illustrate this subdivision of the parameter 
space for different values of x. Because our initial conditions correspond to 
gynodioecy with cytoplasmic inheritance, f c f p  must be between 0 and 1. The 
equilibrium situation will depend on the values of f c  and fe in the initial condi- 
tion, and on the value of fn. characteristic of the nuclear restorer gene. 

If fn  > 1, a similar subdivision cannot be made. As a matter of fact, the 
possibility of multiple equilibria has not been eliminated. For instance, over- 
lapping of the region corresponding to only N M M  plants with other regions is 
possible when f p  < 1. The final results then may depend on the initial condi- 
tions. When f n  > 1 and f p  > 1, the computer study shows that, in all cases, 

(2) 2fCfP > 1 > fcfp. 
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R 

FIGURE 1 .-Possibilities of evolution of gynodioecy with cytoplasmic inheritance under the 
influence of a dominant nuclear restorer gene. C = The inheritance remains cytoplasmic; 
C-N = elaboration of a nuclear-cytoplasmic inheritance; N = transformation to nuclear in- 
heritance; R = complete restoration of pollen fertility (SMM combination). a = 1; f, = 1; 
x = 1. 

R 

FIGURE 2.-Possibilities of evolution of gynodioecy with cytoplasmic inheritance under the 
influence of a dominant nuclear restorer gene. C = The inheritance remains cytoplasmic; 
C-N = elaboration of a nuclear-cytoplasmic inheritance; N = transformation to nuclear in- 
heritance; R = complete restoration of pollen fertility (SMM combination). a = I;  f, = 1; 
x = 3. 
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FIGURE 3.-Possibilities of evolution of gynodioecy with cytoplasmic inheritance under the 
influence of a dominant nuclear restorer gene. C = The inheritance remains cytoplasmic; 
C-N = elaboration of a nuclear-cytoplasmic inheritance; N = transformation to nuclear in- 
heritance; R = complete restoration of pollen fertility (SMM combination). a = 1; f, = 1; 
5 = Co. 

SMM equilibrium is reached when f c  < 1, and N M M  equilibrium is reached 
when f c  > 1. These situations seem to be independent of the initial conditions. 

DISCUSSION 

Conditions for existence of an equilibrium with nuclear-cytoplasmic gyn- 
odioecy: Consider the case in which pollination is not a limiting factor (x = cc ) 
and in which a = 1. Figure 3 shows that, when only the “genotypic” relative 
frequencies ( f c  and fn) are taken into account ( f p  = I ) ,  a nuclear-cytoplasmic 
inheritance of gynodioecy can be obtained if 

O < f n < l / a n d i / e < f c < l ,  
or 

l / G f n < l a n d f n < f c < l .  

When only the phenotypic relative fertility ( f p )  is considered ( f c  = f n  = I), 
nuclear-cytoplasmic inheritance cannot be obtained (such a situation corre- 
sponds to the models of CHARLESWORTH and GANDERS 1979). Indeed, the com- 
puter simulation shows that, for any x and with a = 1: 

(1) if 0 < f p  < 1/, gynodioecy with nuclear inheritance will be obtained 
(the N cytoplasm will be lost), and 

(2) if i/e < fp, the Smm plants will be lost, and there will be a mixture of 
hermaphroditic combinations corresponding to an overall state of neutrality (but 
only the SMM and N M M  combinations will remain if selfing is not complete, 
a < I) .  
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Let us now consider only one genotypic relative fertility (fc  or fn = 1 )  along 
with the phenotypic relative fertility. If f c  = 1, a transformation of Figures 1 to 
3 shows that a nuclear-cytoplasmic inheritance can be obtained if f p  < 1. With 
x = OD and a I 1, the conditions are: 

If f n  = 1, the analytical study does not allow us to predict the equilibrium 
conditions (because the calculations concerned only the case in which fn < 1 ) . 
Numerous computer studies of that case have been run, and it now seems cer- 
tain that no stable equilibrium situations can be obtained. 

We thus see that nuclear-cytoplasmic inheritance of gynodioecy can be ob- 
tained only if at least the nuclear male-sterility factor has a pleiotropic effect 
on both male sterility and female fertility. Phenotypic differences between 
females and hermaphrodites alone cannot give rise to this kind of gynodioecy 
( CHARLESWORTH and GANDERS 1979) , A pleiotropic effect of the cytoplasmic 
factor could be met easily in the case of some energy-deficient cytoplasms that 
lead to male sterility (BERVILLE and DEMARLY 1970) if they cause a reduction 
of female fertility (or viability) in the hermaphrodites bearing them (fc > 1) .  
A nuclear-cytoplasmic gynodioecy could then be obtained if the energy and 
the metabolites saved because of the early abortion of the anthers could be used 
to enhance the female fertility of male-sterile plants ( f p  < I ) ,  as proposed by 
VALDEYRON (1972). Only a slight effect of the nuclear gene on the female 
fertility would then be necessary to maintain the equilibrium. Two examples 
of such a case are given in the APPENDIX (cases 1 and 2). 

Interaction between the cytoplasmic and nucbar factors: As can be seen 
from Figures 1 to 3 ,  the introduction of a dominant nuclear restorer gene in a 
cytoplasmic gynodioecious population can lead to various situations. These sit- 
uations are very different from those obtained when only nuclear or cytoplasmic 
factors are taken into account. Indeed, some factors are absent from areas in 
which they normally would be expected ( M  can be absent when fnfP < % (area 
C )  ; N can be absent even if f c f p  < 1 (area N) ) . Furthermore, some factors can 
be present in conditions in which they normally would be eliminated (the m 
gene is present in area C-N even if fnfP > x). Such situations occur because 
of the complex interaction between the cytoplasmic and nuclear factors. In 
some instances, a very low frequency of one factor is sufficient to maintain the 
polymorphism for the other factor (case 4 in the APPENDIX). 

Proportion of female plants in nuclear-cytoplasmic gynodioecy: If pollination 
is not a limiting factor (z = a0 ), it can easily be calculated that the maximum 
frequency of females in our kind of nuclear-cytoplasmic gynodioecy is 2/3 (when 
a = fs = 1, and fcfP < 1 ) . Even higher values could be obtained if fcfp > 1. It is 
therefore possible to observe proportions of female plants greater than l/e when 
male sterility is controlled by both nuclear and cytoplasmic factors (see, for 
instance, cases 3 and 4 in the APPENDIX). The observation of large proportions 
of female plants in natural gynodioecious populations with nuclear-cytoplasmic 
interaction (DOMMEE 1976; DELANNAY 1978) thus is consistent with this result. 
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Further evolution of nuclear-cytoplasmic gynodioecy: It is interesting to study 
the possibilities of evolution of nuclear-cytoplasmic gynodioecy under a further 
change of one of the relative female fertilities. Such a change can be made if 
an additional mutation affecting the fertility becomes closely linked to the 
M-m gene system or appears in one of the cytoplasms. It can be seen from 
Figures 1 to 3 that nuclear-cytoplasmic gynodioecy can evolve toward cyto- 
plasmic gynodioecy, nuclear gynodioecy or hermaphroditism if the value of 
one of the relative fertilities changes. 

Because it is known that nuclear gynodioecy can evolve toward dioecy if 
the hermaphroditic plants become male (fi2fp -+ 0) (LLOYD 1974), we wanted to 
study the possibilities of evolution of nuclear-cytoplasmic gynodioecy under 
such conditions. Computer simulations show that, if f n f p  -+ 0, dioecy is never 
directly reached (it can be reached with nuclear gynodioecy as an intermedi- 
ary), but a trioecious situation can be obtained (Smm I female; S M m  = male; 
N m m  = hermaphrodite). (Two examples can be found in the APPENDIX; cases 
3 and 4.) Of course, such a situation is still purely theoretical, but it would 
be interesting to study the few cases of trioecy mentioned in the literature to 
see if they could correspond to such a situation. 

CONCLUSION 

This study showed the conditions for the maintenance of equilibrium with 
nuclear-cytoplasmic inheritance of gynodioecy when a nuclear restorer gene 
appears in a cytoplasmic gynodioecious population. Such an equilibrium is 
really likely to be reached (especially if the efficiency of pollination is good), 
and this could explain the frequency of gynodioecy controlled by both nuclear 
and cytoplasmic factors in nature. Of course, natural populations generally 
seem to involve several cytoplasmic and nuclear factors so that the mode1 
presented here is only a simplification of the natural conditions. However, it 
is a good illustration of how an interaction between nuclear and cytoplasmic 
factors can allow the persistence of both cytoplasmic and nuclear polymorph- 
ism under a wide range of conditions. 

Another result of this study is to show that gynodioecy with nuclear in- 
heritance also can appear from cytoplasmic inheritance of gynodioecy under 
the influence of a restorer gene. This is very interesting because this possibility 
has, so far as we know, never been considered (but see CHARLESWORTH and 
GANDERS 1979). The consequences are that nuclear gynodioecy perhaps can 
arise more easily than generally is thought. Furthermore, it shows that cyto- 
plasmic gynodioecy is not a blind alley and is able to evolve toward the 
other forms of gynodioecy and even, in several steps, toward dioecy, as seems 
to be the case in the genus Cirsium (DELANNAY 1979). The different kinds of 
gynodioecy, therefore, are not isolated, but can arise from each other. This 
phenomenon perhaps can help to explain the great variability in the inheritance 
of male sterility found among some gynodioecious populations (DOMMEE 1973; 
KHEYR-POUR 1975). 
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APPENDIX 

EQUILIBRIUM FREQUENCIES FOR SOME VALUES OF THE PARAMETERS 

These examples were obtained from computer iterations with different values of a, fs, f,, f, 
and f p  ( x =  0 0 ) .  

(1) = 0.5; f, = 0.5; f, = 2; f, = 0.8; f, = 0.5. 

p = 0.414 rl = 0.701 s1 = 0.273 tl = 0.026 
q = 0.586 r2 = 0.710 s2 = 0.287 t2 = 0.063 

Frequency of females = 0.290. 
(2) a = 1; f, = 1; f, = 1.5; f, = 0.9; fp = 0.5. 

p = 0.687 r1 = 0.545 s1 = 0.331 tl = 0.124 
9 = 0.313 r2 = 1 sq = 0 t2 = 0 

Frequency of females = 0.375. 
(3) a = 1; f, = 1; f, = 1; f, = 0; fp = 0.9. 

p = 0.714 T1 = 0.900 s1 = 0.100 tl = 0 
q = 0.286 r2 = 1 s2 = 0 t2  = 0 

Frequency of females = 0.643; frequency of hermaphrodites = 0.286; frequency of 
males = 0.071. 

(4) a = 1; f, = 1; f, = 1; f, = 0; fp = 0.99. 

p = 0.673 r1 = 0.990 s1 = 0.010 tl = 0 
9 = 0.327 rq = 1 s, = 0 tz = 0 

Frequency of females = 0.666; frequency of hermaphrodites = 0.327; frequency of 
males = 0.007. 

This latter example is especially interesting because it shows that, under these limit condi- 
tions, a very low frequency of the M gene (0.003) is sufficient to maintain the cytoplasmic 
polymorphism. 


