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ABSTRACT 
A population  genetical  model is investigated in which the  organism  either  alternates  between 

diploid  and  haploid  states or lives entirely in the  haploid  state. The behavior of the organism is 
determined by the  genotype at a modifier  locus. At an independent locus deleterious mutations occur 
at a low but  constant  frequency.  It is found  that the haploid  behavior is always  an  evolutionarily 
attainable  stable trait, while the ploidy-cyclic  behavior is an  evolutionarily  attainable  stable  trait only 
when a certain  condition  holds.  This  condition  depends on the  strength of selection,  the  degree of 
“sheltering” given by the  heterozygote state, and  the  degree of  linkage  between  the  modifier  locus 
and  the locus under  selection. The last result  leads  to  the  speculation  that  the  eukaryotes are derived 
from an organism  which first developed  more  than  one  chromosome  before it evolved the ploidy 
cycle. 

I F one wants to  understand  the  origin of the meiotic 
cycle, it is hard  to know where in the cycle to 

begin. The cycle, as we know it from  eukaryotes  today, 
presents us with a  plethora of interesting  and  inter- 
related facts, functions and processes. By definition, 
there must be  an  alternation of haploid and diploid 
states with  meiosis and fertilization  forming the  tran- 
sitions between them. But many other factors are also 
associated with the  normal meiotic cycle, such as  out- 
breeding, many independent  chromosomes,  differing 
degrees of linkage between genes, and so on. Which 
of these  factors  should  be  held  constant when other 
factors are investigated? 

UYENOYAMA and BENCTSSON (1  989) showed that a 
diploid organism constantly threatened by deleterious 
mutations will, under  certain  conditions,  support  a 
behavior of regularly  splitting itself into haploid or- 
ganisms (meiosis) followed by gametic fusion (fertili- 
zation). This result shows that a diploid organism may 
come  to evolve a haploid stage,  even if there is no 
true recombination  as we know it in the transition 
phase. 

But why should there be any diploids in the first 
place? This is a classical question [see, e.g., the over- 
views by  CHARLESWORTH (1991)  and VAL~RO et al. 
(1 992)], which from  the  genetic side mainly has been 
studied by nonexplicit models and by computer sim- 
ulations. However,  from  earlier  experiences with anal- 
yses of genetic systems, it is known that  heuristic 
evolutionary  arguments may give misleading results. 
It cannot,  for  example, always be  taken for  granted 
that  the population will move toward  a  state  where its 
mean fitness is locally maximized when its genetic 
system is under  change  [compare, e.g., BENGTSSON 
(1985) with  BENCTSSON and  UYENOYAMA  (1990)l. I 
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have therefore  performed  an analysis  of a  population 
genetical model in  which the genetic basis for diploidy 
is treated explicitly. The model organism is assumed 
to live its life either in an  alternation of haploid and 
diploid states, or entirely in the haploid state, and it 
is the relative frequency of these two types of behavior 
that is under investigation. Since this is an  attempt  to 
understand  the  origin of the ploidy changes in the 
meiotic cycle, it is assumed in the model that those 
which do not  enter  the diploid state do not  undergo 
meiosis either.  In this respect the model differs  from 
discussions of the evolution of diploidy which assumes 
the existence of the complete meiotic cycle and instead 
concentrates  on how much of the life  cycle is lived  in 
the  different ploidy states [see, e.g., KONDRASHOV and 
CROW (1 99 l), PERROT, RICHERD and  VAL~RO (1 99 l), 
and OTTO and GOLDSTEIN (1  992)]. 

MODEL 

Regard two loci  with two alleles each! The first locus 
is under direct viability selection, and  at this locus 
there  are two kinds of alleles, the normal A,  alleles 
and  the deleterious A2 alleles. A balance between these 
two types is upheld by mutations. At the second, 
modifier locus there  are  the two alleles MI  and Mz, of 
which the second is very rare. The organism is as- 
sumed to live a cyclic life, where the periodicity is 
determined by generation transitions, the yearly fluc- 
tuation of seasons, or some other such factor. 

Start: The cycle starts at a  moment when all indi- 
viduals are in the haploid state. There  are then  four 
genotypes-AlM1, A1M2,  A2M1 and A2M2-which occur 
at relative  frequencies yl, . . . y4. 

Fusion: Some of the organisms are competent to 
fuse with other organisms and some lack this compe- 
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tence.  Organisms that carry allele MI are  competent 
with probability c1, while the ability is changed to cz 
in the  carriers of M2. Organisms lacking competence 
continue  to live in the haploid state, while competent 
individuals fuse in pairs at random.  It is assumed 
throughout  the article that c1 is strictly greater  than 
zero  though it can be very small. 

Selection: The hemizygous and homozygous car- 
riers of the A 1  type of alleles are unaffected by  selec- 
tion. The relative fitness of the hemizygous carriers 
of A2 is 1 - s, while the relative fitness of the  hetero- 
zygous carriers of A 2  is 1 - hs. The homozygotes A2A2 

are so rare  that they can be  ignored. As in other 
modifier models, it is assumed that  the MI and Mp 
alleles are not associated with any direct selective 
effects. 

Separation: At some stage after selection all diploid 
organisms split to recover the haploid state. [To 
understand why they may behave like this, see 
UYENOYAMA and BENCTSSON (1989).] The genetic 
material divides between the resulting haploid orga- 
nisms  in such a way that alleles at  the A and  the M loci 
show linkage to a degree given by the recombination 
frequency r .  

Mutation: The A l  type of alleles have probability u 
of  turning  into  the deleterious A2 type. The mutation 
rate u is assumed to be small. The alleles at  the M 
locus are unaffected by mutations. 

Census: The organism has now gone  through its 
cycle and  the genotypic frequencies can be  scored 
again. 

Reproduction: The way  by which the organism 
increases in  biomass or numbers is not specified in the 
model to avoid introducing any unnecessary elements. 
The organism may, for  example,  be thought of as 
being unicellular with a  tendency to divide in a  binary 
fashion when having reached  a  certain size. The im- 
portant assumption is that living in the diploid state is 
not associated with any direct intrinsic advantage or 
disadvantage relative to  the haploid state. 

ANALYSIS 

The aim of the analysis is to see when a new allele 
at the M locus which changes the competence of the 
organism to enter  the diploid state will spread in the 
population and when it will not. T o  make the analysis 
tractable, it is assumed that  the mutation rate  and  the 
frequency or the  deleterious allele AQ are so small that 
squared  terms can be  ignored.  Furthermore it is as- 
sumed  that the population is only slightly perturbed 
from  the situation where M1 is the only allele at  the 
M locus. 

In the absence of any Mp allele in the population 
there will only be two genotypes at census, AlMl and 
A2M1.  By standard  population genetical reasoning it is 

easy to show that  the frequency of A2M1 at this equi- 
librium, j s ,  will be 

j 3  = u / [  1 - (1 - C l ) ( l  - s) - C l ( 1  - hs)]. 

Let now this stable  equilibrium  be perturbed by the 
introduction of allele Mp! The full recursion system 
for  the  four genotypes are complicated to write out 
in full. However, after excluding all  very  small terms 
it turns  out  that  the frequencies of the AIM2 and A2Mz 
genotypes  depend only on each other, which leads to 
the following subsystem of the complete  recursion 
system: 

y6 = a22Y2 + a24Y4 
y; = a42Y2 + a44Y4 

(1) 

where 

ap2 = [ 1 - u - c2js  + cp( 1 - hs)( 1 - r)j3]/N 

a24 = cp(l  - hs)r/N 

a42 = [u + cp(1 - hs)rj3]/N 

a44 = [(l - cp(1 - s) + cp(l - hs)(l - r ) ] / N  

and 

N = 1 - j3[(1 - C1)S + 2ClhS]. 

The stability properties of the full recursion system 
are  determined by its three eigenvalues. It can be 
shown that  one of these eigenvalues relates only to 
the trivial stability of the mutation-selection balance 
between A1 and AQ; this value will not  be  further 
analysed here. The stability of the population  after 
introduction of the Mp allele is determined by the two 
eigenvalues belonging to subsystem (1). 

From (1) it is easy to see that  the  equilibrium is 
unstable, ie., that  the Mp allele will increase in fre- 
quency, if 

a22 + a44 - a22a44 + a42a24 > 1- 

After extensive simplifications this expression turns 
out to  be  equivalent to 

(cp - CI)(CQ[T( 1 - hs)(l - 2h) + hs(1 - h)] - hs) > 0. 

The condition  for an increase in the ploidy-cyclic 
behavior is, thus,  that the following condition holds 

cz > hs/[r(l - hs)(l - 2h) + hs(1 - h)] > 0. (2) 

If either inequality in (2) is violated, then modifier 
mutations that decrease the level  of fusion compe- 
tence will spread. 

INTERPRETATION 

Expression (2) shows that  a necessary condition for 
the ploidy variable behavior to spread is that 

r > h2s/(l - hs)(l - 2h) > 0. (3) 
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Thus,  our first finding is that it is necessary that  the 
modifier locus has loose enough linkage with the 
selected locus for diploidy to spread. Under  free re- 
combination  between the two loci ( r  = %), this con- 
dition becomes 

h < 142 + s). ( 3 4  

Secondly, it is necessary that  the  modifier  mutant 
has a  strong  enough effect on competence. In  general, 
there is a critical competence value, 2, for each param- 
eter set of r ,  s, and h, given by 

t = hs/[r( 1 - hs)(l - 2h) + hs( 1 - h)] ,  

which c2 must be greater  than  for  an increase in 
competence to occur. This critical value is biologically 
valid, i .e.,  falls between 0 and  1, when condition  (3) 
holds. Modifer alleles with effects below the critical 
value will spread if they thereby  decrease the ploidy 
variation in the population. 

Thus, in the terminology of CHRISTIANSEN (1991), 
we can summarize our results as follows: (i) c = 0 is 
always an evolutionarily attainable  stable  trait; (ii) c = 
1 is an evolutionarily attainable stable trait when (3) 
holds, which under  free recombination simplifies to 
(3a);  and (iii) There  are  no mixed stable  traits in the 
model. The stable  traits are always monomorpholog- 
ically stable (MEASTs). 

DISCUSSION 

The situation  considered is highly simplified. Many 
other factors of both  genetic and ecological kinds must 
have been of importance for  the evolution of the first 
organism with a true ploidy cycle. Deleterious  muta- 
tions  occur in the model at only one locus, which 
implies that  the  strength of selection at  the modifier 
locus is only  of the  order of the mutation  rate. In  the 
real world, a modifier locus of the type considered 
here will interact with all the loci at which deleterious 
mutations are expressed during  the relevant phase of 
the cycle. This will lead to a  strengthening of the 
secondary selection at  the modifier locus, which, how- 
ever, is hard to estimate due  to  the well known diffi- 
culty with integrating selective effects from many loci. 
I have not in the model specifically included any 
selective effects during  the time when all organisms 
in the  population live  in a haploid phase. Of course, 
such selection has no  importance  for  the  modifier 
evolution  considered  here. 

Superficially, this model may seem to contradict 
other proposed ideas about  the origin of a  regular 
cycle of organismic fusion and fission based on, e.g., 
repair processes (BERNSTEIN, HOPF and MICHOD 
1988)  or parasite-like hereditary  elements  (HICKEY 
and ROSE 1988). This may not necessarily be the case. 
These  different effects may, at  the time when it all 
happened,  rather  have  acted in consort  than in com- 

petition. The advantage of the present model relative 
to most other ones, is that it  shows that  there is an 
“inherited  tendency” in the genetic material itself to 
lead to organismic fusion, and  that this tendency is 
independent of processes which by deJinition are di- 
rectly adaptive  (repair) or selectively favored (repli- 
cative selfishness). 

KONDRASHOV and CROW  (1 99 1) and PERROT, RICH- 
ERD and  VAL~RO (1 991) have recently discussed a 
problem similar to  the present  one, namely the evo- 
lution of an  extended diploid state in an organism 
where all individuals undergo meiosis. The first au- 
thors  compared  the  average fitnesses in populations 
with different  degrees of ploidy, while PERROT et al. 
used computer  iterations to study the behavior of 
modifier alleles influencing the life  cycle of the orga- 
nism. Both articles  reached  the conclusion that  an 
extended diploid life stage is evolutionarily favored if 
deleterious  mutations have a clearly smaller effect in 
the heterozygous  than in the hemizygous state. OTTO 
and GOLDSTEIN (1 992)  perform  an  independent analy- 
sis of this problem based on  the same modifier method 
as used here.  They  present also an extensive discussion 
of the differences  that exist between the results of my 
model and theirs.  In  brief, it turns  out  to be easier to 
extend  the diploid phase in an organism with a ploidy 
cycle, than  to go from  a  pure haploid organism to  one 
that regularly shifts its ploidy number. The reason is 
the  reduced  degree of “effective recombination”  that 
exists in the present case, where only some of the 
organisms undergo a meiosis-like process. Thus,  the 
results of our different models become identical when 
the  degree of competence, c, approaches unity, since 
then all organisms undergo meiosis  in the present case 
as well as in the model investigated by Otto  and 
Goldstein. 

In  both cases, I think  that our understanding of the 
underlying questions have benefited  from the strict 
modifier analyses, despite  their relative clumsiness. 
Arguments solely based on average  population fitness 
would in either case wrongly have suggested that  pure 
haploidy was the only evolutionary stable state, since 
it is for this breeding system that  the  mutation load is 
at its minimum.  In  addition, it is difficult (at least for 
me) to envisage exactly how factors such as strength 
of selection, level of dominance, and  degree of linkage 
between selected and modifier loci interact to form 
important  secondary  evolutionary processes, without 
the benefit of a well defined model. 

For the case studied  here,  the degree of dominance 
appears as expected in a  prominent position. The 
condition h < 1/(2 + s) is necessary for ploidy variation 
to be  an evolutionarily attainable  stable  trait. But two 
further aspects of the evolution of diploidy of perhaps 
even greater biological interest have become visible 
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due to the exact description of the condition for 
modifier  instability. 

The first is that the model may simultaneously  have 
both haploidy and ploidy-cycling  as  evolutionarily at- 
tainable  stable traits. The same underlying genetical 
parameters may, thus, lead to the evolution of  two 
widely different life  cycles, one dominated by regular 
changes  between  haploidy and diploidy, and  the  other 
by haploidy  exclusively. A mixed behavior, with a 
balance  between pure haploidy and ploidy-cycling,  can 
never develop under the assumptions  used here. 

Second-and  most important-the fate of a new  mod- 
ifier allele  leading to an increase in  ploidy  variation is 
directly dependent on the  degree of recombination 
between the modifier  locus and  the locus under selec- 
tion (see condition 3). A modifier  allele favoring 
diploidy  which is closely  linked to  the locus under 
selection will, thus, never be  able to increase  in the 
population. 

When the circumstances are considered under 
which the first  life  cycle  with an alternation between 
haploid and diploid  phases arose, this  final result 
becomes  very interesting. Obviously, the organism  in 
which  this happened could not have  had  all  its genet- 
ical  material organized on the same chromosome, 
since  this  would  lead to a close degree of linkage 
between loci affecting the competence to enter dip- 
loidy and the loci suffering deleterious mutations. It 
can therefore be tentatively  suggested that it was a 
preceding reorganization of the genes onto more than 
one chromosome  which  lead to today’s dramatic dif- 
ference between the typical  life  cycles  of the pro- and 
the eukaryotes. 
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