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ABSTRACT 
Explanations of diploidy  have focused on advantages gained  from  masking  deleterious  mutations  that 

are inherited.  Recent theory has shown  that these  explanations are  flawed. Indeed, we  still  lack  any 
satisfactory explanation of diploidy  in  species  that  are  asexual  or  that  recombine  only  rarely.  Here I 
consider  a  possibility  first  suggested by EFROIMSON in 1932, by MULLER in 1964  and by CROW and KIMURA 
in  1965:  diploidy may  provide protection  against  somatic, not inherited,  mutations. I both  compare  the 
mean  fitness of haploid  and  diploid  populations  that  are  asexual  and  investigate  the  invasion of “dip 
loidy”  alleles  in  sexual  populations.  When  deleterious  mutations  are  partially  recessive  and  somatic 
mutation  is  sufficiently common, somatic  mutation  provides  a  clear  advantage  to  diploidy  in  both  asexual 
and  sexual  species. 

It would  take us too far afield  here  to discuss  the 
evolutionary  merits of haploidy  versus  diploidy of 
the  somatic  tissue. H. J. MULLER (1964) 

D ESPITE  its prevalence, the evolutionary advantage 
of diploidy remains unclear. The simplest, and 

most popular, theory suggested that diploids benefit 
from masking the effects  of  partially  recessive muta- 
tions. Although intuitively appealing, theory shows that 
at equilibrium between mutation and selection, diploid 
populations actually suffer twice the  mutation load of 
haploid populations, reflecting the twofold higher  rate 
of mutation in diploids (CROW and KIMURA 1965). 
Masking does  not,  therefore,  confer a long-term advan- 
tage on diploidy. A large number of alternative explana- 
tions of diploidy have been offered ( PAQUIN and ADAMS 
1983; KONDMHOV and CROW 1991; PERRoT et al. 1991; 
CHARLESWORTH 1991; BENGTSSON 1992; COLDSTEIN 
1992) . None, however, is  wholly convincing (OTTO and 
GOLDSTEIN 1992; VALERO et al. 1992; ORR and OTTO 
1994). 

Here I reconsider a possibility that was first hinted at 
by EFROIMSON (1932) and MULLER (1964) and dis  
cussed by CROW and KIMURA ( 1965). These  authors 
suggested that diploidy might provide protection from 
the effects  of somatic mutation;  although haploids suf- 
fer  the full brunt of such mutations, diploids might 
benefit from masking the effects  of those uninherited 
mutations  that  are partially  recessive. It seems worth 
reconsidering this possibility for two reasons. First, for 
reasons that are not clear, the somatic mutation hypoth- 
esis has been almost completely ignored in recent dis  
cussions of diploidy. Second,  the somatic mutation hy- 
pothesis has not been  considered mathematically. 

Unfortunately, the effect of somatic mutation on dip- 
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loid us. haploid fitness may not be as straightforward as 
it might first seem. For one thing, diploids suffer a 
twofold higher  rate of somatic, as  well as germline, mu- 
tation. Second, because inherited mutations reach 
much  higher frequencies in diploids than haploids, so- 
matic mutation in diploids may often inadvertently “un- 
mask” these usually hidden mutations. Last, and most 
important, because they must often occur late in devel- 
opment, somatic mutations may not have nearly as large 
an effect on fitness as inherited mutations. It may not, 
therefore, be so easy for somatic mutation to compen- 
sate for the  greater  load suffered by diploids from inher- 
ited mutations. 

I consider these effects here. I first compare  the mean 
fitnesses  of haploid and diploid populations that  are 
asexual. I then investigate the evolution of diploidy in 
sexual populations; in this case, I ask whether a rare 
mutant  that increases the  chance  that  an individual will 
pass through life  as a diploid can invade. As we  will see, 
when deleterious mutations are partially  recessive and 
somatic mutation is sufficiently common, diploidy is 
favored in both asexuals and sexuals. 

RESULTS 

Fitness model for somatic mutations: The A allele 
(or  class  of alleles) is  wild  type and fit, whereas the a 
allele (or class  of alleles) is deleterious. An A allele 
somatically mutates to a sometime during development 
with probability m. Because somatic mutations must of- 
ten arise late in development, and so sect only a por- 
tion of adult tissues,  they probably, on average, have 
milder fitness effects than  inherited mutations. We can 
take this into  account as  follows: the fitness of a geno- 
type that has suffered somatic mutation is  given by 

w,, = w - kaw,,  

Genetics 139 1441-1447 (March, 1995) 
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TABLE 1 

Fitness  model  used  to  incorporate  the effects 
of somatic  mutation 

Before  After  Fitness‘ 

A  a 1 - ks 
AA Aa 1 - khs 
Aa  aa 1 - hs - (1  - h)ks 

a Individual’s  genotype before somatic  mutation (first entry 
is a haploid). 

bGenotype  (for  at  least a patch  of  tissue) after somatic 
mutation. 

“Fitness of the resulting  individual.  Notice  that if k = 1, 
the  somatic  mutation  has  as  severe an effect as an equivalent 
inherited  mutation. 

where w gives the genotype’s fitness before somatic mu- 
tation and Aw, is the  amount by which fitness would 
be reduced ifthe somatic mutation  had  been  inherited. 
Thus, k gives the average  fitness effect of a somatic 
mutation relative to  an equivalent inherited one ( 0  I 
k 5 1 ) . When k = 1 ,  somatic mutations are as deleteri- 
ous as inherited  ones, whereas when k = 0, somatic 
mutations have no effect on fitness. In reality, the aver- 
age fitness effects  of somatic mutations might be quite 
small. Table 1 shows  how the fitness of haploid and 
diploid genotypes at  the A locus is decreased by somatic 
mutation. 

In  the calculations that follow, the terms m and k 
always enter as a product.  Thus, it will prove  useful to 
define an “effective” somatic mutation  rate, me = mk. 
In essence, we discount  the actual somatic mutation 
rate to reflect the fact that somatic mutations have 
smaller effects than  inherited ones. An effective somatic 
rate of me reduces fitness by the same amount as inher- 
ited mutations occurring at the same rate. 

Asexual species: We first consider the simple case 
where haploids and diploids do  not  interbreed.  The 
cycle  of events is formation of a zygote ( i . e . ,  inheritance 
of germline mutations), somatic mutation, selection 
and  reproduction. 

In a haploid population,  an  inherited deleterious mu- 
tation reaches an equilibrium frequency of 4  ̂ = u / s ,  
where u is the  germline  mutation rate and s is the selec- 
tion coefficient (CROW 1 9 7 0 ) .  (As shown  below, this 
classical mutation-selection equilibrium is changed 
somewhat by somatic mutation, but the effect is  usually 
negligibly small.) Incorporating  the effects  of somatic 
mutation  (Table 1 ) , the  mean fitness of haploids is just 

a h @ , =  ( 1  - @ [ ( 1  - m )  + m ( l  - k s ) ]  + q(1 - s )  

= 1 - u - m k ( s  - u )  

= 1 - u -  m g ,   ( 2 )  

where the  approximation ignores the  product of germ- 
line and somatic mutation rates. Not surprisingly, so- 

matic mutation reduces mean fitness by about m$ below 
that due to germline mutation. 

In diploids, a deleterious mutation reaches an equi- 
librium frequency of = u /  hs where h is the domi- 
nance of the  mutation ( h  = 0 means that  the mutation 
is completely recessive and h = 1 that it is completely 
dominant).  The approximation assumes that  the muta- 
tion has some heterozygous effect, as  shown by data 
from Drosophila (CROW 1 9 7 0 ) .  Mutant homozygotes 
will be negligibly rare and thus, before somatic muta- 
tion occurs, mutant heterozygotes make up  about 2q of 
the  population. With somatic mutation,  the mean fit- 
ness of diploids is 

U d i p =  ( 1  - 2 4 ^ ) [ ( 1  - 2 m )  + 2 m ( l  - k h s ) ]  

+ 24^[(1  - m ) ( l  - hs) 

+ m ( l  - h s -  ( 1  - h ) b ) ]  

M 1 - 2 u  - 2mk 

= 1 - 2 u  - 2m,hs. ( 3 )  

Thus, somatic mutation  reduces  the mean fitness  of 
diploids by about 2 m , h  below that otherwise expected. 

Therefore, Udip - Uhap = m$( 1 - 2 h )  - u,  and d i p  
loids enjoy a higher mean fitness than haploids when 

The term in brackets shows that somatic mutation does 
not automatically favor diploidy whenever mutations 
are partially  recessive ( h < x) . Rather, diploidy is  fa- 
vored only when somatic mutations are partially  reces- 
sive and are common enough to offset the  greater load 
suffered by diploids from inherited mutations. In partic- 
ular, diploidy is favored  only  when the effective rate of 
somatic mutation exceeds 

me > 
U 

~ ( l  - 2 h )  ’ 

where we assume h < x. 
Interestingly, the  rate of somatic mutation required 

to favor diploidy decreases with larger s. This is be- 
cause-although the fitness difference between dip- 
loids and haploids due to inherited mutation is inde- 
pendent of s ( HALDANE 1 9 3 7 )  -the fitness difference 
due to somatic mutation is directly proportional to s. 
In  the  extreme,  but biologically important, case  of a 
nearly recessive lethal mutation (small h and s = 1 ) , 
diploidy is favored whenever me 2 u.  

It is  trivial to extend this model to multiple loci if 
different mutations have independent effects on fitness. 
With  multiplicative fitness effects  across loci, UbP = 
e x p [ - ( U +  Mg)] and Udjp = exp[-2(U+ M , h s ) ] ,  
where Uand Me are  the germline and effective somatic 
mutation rates per haploid p o m e ,  respectively.  Dip- 
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FIGURE 1.-Life  cycle of the sexual species modeled 
(adapted from OTTO and GOI-DSTEIN 1992). Haploid and 
diploid  adults produce gametes at  the same time, which ran- 
domly fuse. Germline  mutations arise in gametes. Zygotes 
either remain  diploid or immediately undergo meiosis and 
recombination to  produce haploid adults. Somatic mutation 
occurs during haploid or diploid  development and then selec- 
tion occurs. Haploids produce gametes mitotically, whereas 
diploids produce gametes meiotically. A deleterious allele, u, 
is at mutation-selection equilibrium  before the  appearance of 
a new mutation ( C,) at  the ploidy locus. This  mutation affect5 
the probability that  an individual will be  haploid vs. diploid 
at  the time of selection. [This model yields results that  are 
nearly identical to those of a more complex  model that explic- 
itly considers  alternation between haploid and diploid phases 
(see Omo 1994) .] When d l ,  = 0 ( CIC,  always haploid)  and 
dl ,  = 1 ( C,C, always diploid),  the model is equivalent to that 
of PERROT rl nl. ( 1991 ) . 

loids are favored when M, > U /  [ s(  1 - 2h)  ] and h 

Somatic  mutation in sexuals. The mean fitness argu- 
ments  made  above  assume  that individuals of different 
ploidy levels do  not  interbreed.  Here I consider  the 
more  complex,  but  perhaps  more biologically relevant, 
case in which haploids and diploids  interbreed. In par- 
ticular, I investigate the fate of a rare  mutation  that 
changes  the probability that a zygote delays meiosis and 
remains  diploid, when both  germline  and somatic mu- 
tation  occur. 

The model is an  extension of those of PERROT et al. 
(1991)  and OTTO and GOLDSTEIN (1992). Ploidy is 
determined by alleles at a single  locus “C, ” whereas 
selection acts on some  second  locus “ A ”  that affects 
adult viability. A deleterious  allele, a, is produced  at 
this  locus by both  germline  and somatic  mutation. The 
two loci recombine  at a rate r. “Diploid” and  “hap 
loid”  adults  produce  gametes  at  the same  time, which 
then randomly fuse to  produce zygotes (see Figure  1 
for life cycle). Following OTTO and GOLDSTEIN, wild- 

< x. 

type CICl zygotes remain  diploid with probability d l ,  or 
become  haploid with probability ( l - d l / ) .  A new muta- 
tion ( C2)  arises at  the ploidy locus. Heterozygotes for 
this mutation ( C,C2) become  diploid with probability 
dI2  or haploid with probability ( 1 - d I 2 ) .  The appear- 
ance of a new “diploidy”  allele  means that d,, > d / / .  
It should  be  emphasized  that the ploidy locus itself is 
not  under direct  selection; alleles at  the ploidy locus 
change frequency only in response  to selection at  the 
viability locus. 

Derivation of exact  recursion  equations  for the  four 
gamete types ( CIA,  Cia, C2A, C2a) that take into ac- 
count  both  germline  and somatic  mutation is tedious 
but straightforward. The results are shown in the APPEN- 
DIX.  Once again, the  terms m and k always enter as a 
product ( =  m e ) .  As expected, when there is no somatic 
mutation ( m  = 0 )  or when such  mutations have no 
effect on fitness ( k  = 0 )  , these  recursions collapse to 
those  presented by OTTO and GOLDSTEIN, who ignored 
somatic mutation. 

From the recursions, one can show that  before the 
appearance of the diploidy  allele C2, a deleterious allele 
segregates at an  equilibrium  frequency of 

U q “  
s[l - d l / (  1 - h )  - me( 1 - 2 d l l  + 3 d l l h ) ]  . 

( 6 )  

When  the  population is nearly completely  haploid ( d l ,  
= 0 )  , this is just i = u /  [ s( 1 - m,.) ] . In short, somatic 
mutation slightly increases the equilibrium  frequency 
of inherited mutations. The reason is that by converting 
some A individuals to a, somatic  mutation  reduces the 
fitness difference  between wild-type and  mutant individ- 
uals. The APPENDIX discusses other aspect5 of mutation- 
selection  balance with somatic  mutation. For present 
purposes, we are  interested in the fate of a diploidy 
allele that arises in a population  near  the equilibrium 
given by Equation 6. 

I performed a local stability analysis to  find the condi- 
tions under which a rare  diploidy allele invades a h a p  
loid population. The details are given in the APPENDIX. 
To simpli9  our  treatment  (and  to allow comparison 
with the asexuals studied  above), we can  consider the 
appearance of a complete  diploid allele ( dr2 = 1 ) in a 
haploid  population ( d l /  = 0 ) .  In  this case, the leading 
eigenvalue given  in the APPENDIX (Equation Afi) shows 
that diploids will invade when 

m . > E [  ( 1 - h )  h.T - 1 1  ( 7 )  
s (1  - 2 h ) [ r +  ( 1  - r ) h s ]  

and h < x. 
Equation 7 shows that no matter what thP rate qfrecornlri- 

nation, there is ahuays s o m  rate or somatic: mutation above 
uthich diploidy is favored. This is true even  in the  extreme 
case of no recombination:  although OTTO and 
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GOLDSTEIN ( 1992 ) found  that diploidy is never favored 
in nonrecombining species, Equation 7 shows that dip- 
loids d o  invade such species as long as 

uh 
~ ( 1  - 2h)  ’ 

me > (8) 

This condition is actually  less stringent  than  that  for 
asexuals (compare Equations 5 and 8).  This is presum- 
ably  because-when diploids and haploids inter- 
breed-deleterious alleles do not rise to as high an 
equilibrium frequency as  in an isolated diploid popula- 
tion. “Interbreeding” diploids do not,  therefore, suffer 
a full diploid load of 2u. Equation 8 also  shows that in 
the biologically important case  of a nearly recessive  le- 
thal mutation, diploidy is favored when me 2 uh, i.e., 
the somatic mutation rate need only be  of  the  order of 
the germline mutation  rate (or smaller) . 

The effect of somatic mutation on  the evolution of 
diploidy is best seen graphically. Figure 2 shows the 
level  of dominance, h,  for deleterious alleles  below 
which diploids will invade. We again focus on the worst- 
case scenario of rare recombination (in the  top  panel, 
r = 0.01, whereas in the  bottom  panel, r = 0.1 ) . In  the 
absence of somatic mutation ( m, = 0 )  , diploidy alleles 
do  not usually  invade ( Orno and GOLDSTEIN 1992) . 
Somatic mutation dramatically increases the  parameter 
space over  which diploids invade. The effect is quite 
large when the effective rate of somatic mutation is 
on the order of the  germline mutation rate. If m, is 
considerably larger than u, it is clear that diploidy al- 
leles usually  invade whenever deleterious mutations are 
partially  recessive. As expected intuitively, diploidy is 
never favored  when deleterious mutations are partially 
dominant ( h > x), as diploidy cannot mask the effects 
of dominant mutations. 

DISCUSSION 

Masking  of  partially  recessive mutations usually con- 
fers no advantage on diploid populations. The reason 
is that  although fairly  recessive mutations have smaller 
fitness  effects ( hs) in diploids, they  rise to higher equi- 
librium frequencies in diploid than haploid popula- 
tions (heterozygotes occur  at a frequency of =2u/ hs) . 
In  the end,  the mutation load is independent of the 
dominance of inherited mutations (L&p = hs X 2u/hs 
= 2 u )  and diploids are  no  better off than haploids. In 
fact, diploids are actually  worse  off  as  they suffer from 
a twofold greater rate of mutation. 

Masking  of somatic mutations, on the  other  hand, 
can favor diploidy. The reason is obvious: populations 
cannot reach mutation-selection balance for mutations 
that  are not inherited. Recessive somatic mutations do 
not somehow reach  higher  frequencies  than  more dom- 
inant  ones, and so the load due to somatic mutation 
must depend  on  dominance (in an asexual, the load 
due to somatic mutation is Ldip = 2m,hs, while Lhap = 
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FIGURE 2.-The critical  level of dominance, h, for deleteri- 
ous mutations  below  which  a “diploidy” allele invades. The 
curves correspond to different effective  rates of somatic  muta- 
tion ( m, = mk) . In  all cases, the germline mutation  rate was 
u = Here we consider the case  where the wild-type ( C,) 
allele at  the  ploidy  locus was predominantly haploid (d,, = 
0.01 ) , whereas the new  mutant allele ( C,) was predominantly 
diploid ( dZ2 = 0.99, dl ,  = 0.50; the position of the curves  is 
quite  insensitive to the exact values of d,) . Alleles at the  viabil- 
ity locus ( A )  began at mutation-selection  balance frequencies 
(see Equation 6)  before the introduction of C,. The diploidy 
mutant  began at a very  low frequency ( =0.001) and appeared 
in linkage  equilibrium with the viability locus. As expected, 
the me = 0 curves  are  identical  to  those  in OTTO and 
GOLDSTEIN ( 1992). 

m g ) .  Diploids can,  therefore, enjoy a higher mean fit- 
ness than haploids if deleterious mutations are partially 
recessive and somatic mutation is common enough 
(Equation 5 ) .  Summed across loci, this fitness differ- 
ence may be appreciable. Although these mean fitness 
arguments  are essentially group selectionist, they are 
supported by study  of the conditions under which d i p  
loidy  alleles invade a haploid population: somatic muta- 
tion dramatically eases the conditions for invasion (see 
Figure 2 and the APPENDIX). It is especially important 
to note  that this advantage to diploidy appears even 
when recombination is rare or absent; as Orno and 
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GOLDSTEIN ( 1992)  and ORR and OTTO ( 1994)  empha- 
sized, no previous theory offers a clear advantage to 
diploidy in asexuals or in sexuals who rarely recombine. 

Given that CROW and JSIMURA ( 1965) suggested long 
ago that  protection  from somatic mutation may confer 
an advantage  to diploidy-and given that  the calcula- 
tions  confirming  this argument  are straightforward- 
it is not clear why this possibility has  been so thor- 
oughly ignored in recent discussions of diploidy. One 
possibility is that because somatic mutations  must of- 
ten arise late  in  development (and so presumably have 
smaller effects on fitness) , they may not seem a potent 
enough  force  to affect the evolution of ploidy level. 
The  net effect of somatic mutation is, however, a  func- 
tion of both  the  mean effect of somatic relative to 
inherited  mutations ( k )  and  the  probability that a so- 
matic mutation arises during  development ( m )  . Al- 
though k obviously declines as somatic development 
becomes more complex (as a  larger  fraction of somatic 
mutations  appear  later in development), m must si- 
multaneously  increase (as  the soma is becoming more 
complex). 

It is  easy to show that this latter effect predominates 
if the somatic mutation  rate is a  function of the  number 
of  cell  divisions,  as seems likely (e.g. ,  KUICK et al. 1992). 
Consider again a simple model with a single bout of 
selection at  the  end of somatic development  but  before 
reproduction. “M” now  gives the per cell division rate 
of somatic mutation  for  a  haploid  genome. At time t = 
0, there is only one cell; at time t = 1, there  are two 
daughter cells, and so on. We let  later somatic muta- 
tions have smaller effects than  earlier ones. In particu- 
lar, fitness effect is proportional to the  proportion of 
adult tissue ultimately “inheriting”  a somatic mutation; 
a somatic mutation  that occurs in the single-cell stage 
( t = 0 )  has as large an effect as an  inherited  mutation, 
whereas one  that occurs in the four-cell stage has, on 
average, a  fourth of this effect, and so on.  (This approx- 
imation is clearly invalid for  mutations  that affect cell 
viability per se or for  mutations causing uncontrolled 
cell division. As a first approximation, however,  it must 
be near  enough  true  that  the fitness effects of somatic 
mutations are inversely related to the time during devel- 
opment in which they arise.) 

If there  are t, cell cycles before  reproduction,  a total 
of 2 ‘7 - 1 cell divisions occur  in development. Thus, we 
expect  about 2‘7 M somatic mutations  during  haploid 
development  (we assume each occurs at  a  unique site ) . 
Taking  into  account  the effects of mutations  that  occur 
at  different times in  development, it is easy to show that 
the average somatic mutation has a fitness effect of k 
m t,/2‘7(= ~ ~ ~ ~ [ ( 2 “ ) ( 2 - ‘ ) ] / 2 ‘ r M ) .  kobviouslyde- 
clines rapidly as somatic development becomes more 
complex ( i . e . ,  as t, increases). Nonetheless, the total 
fitness effect of somatic mutation is  given by the  product 
of ks and  the total number of mutations, or 

L = t,Ms. ( 9 )  

In  short,  although  the  mean effect of a somatic muta- 
tion declines in  more  and  more complex species, the 
total fitness effect of somatic mutation grows approxi- 
mately linearly with the  “length”, t,, of somatic develop- 
ment. Somatic mutation  could,  therefore, be a  potent 
force in organisms, like metazoans, that possess a very 
complex soma. 

Figure 2 shows that even  with  very low recombination 
rates, somatic mutation has a large effect on  the evolu- 
tion of diploidy when me is on  the  order of the  germline 
mutation  rate. The critical question then is  how com- 
mon is somatic mutation? There have been remarkably 
few attempts to directly measure somatic mutation 
rates. Perhaps  the best data  come  from  humans, be- 
cause of the role of somatic mutation in many forms of 
cancer ( e.g., VOCELSTEIN et al. 1988) . Several studies 
have estimated somatic mutation rates in human cells 
grown in culture (reviewed in LOEB 1991; KUICK et al. 
1992). These studies have  all yielded values near lo-‘- 
lo”  mutations  per locus per cell  division. Taking into 
account  the sizes  of the genes studied,  the mean so- 
matic mutation  rate is near 1.4 X 10”’ mutations/ 
nucleotide / cell  division ( LOEB 1991 ) . Although this 
value  is a  rough estimate with  many  possible sources of 
error, it is remarkably close to the estimated rate of 
germlinemutation in humans ( = 1.2 X 10”’ mutations / 
nucleotide/cell division) ( LOEB 1991; KUICK et al. 
1992). 

The fact that U = M (where U is the  per division 
rate of genomic  mutation) allows a simple comparison 
of the fitness effects of germline and somatic mutations. 
Because the effective rate of somatic mutation is t,M 
(from Equation 9 ) ,  whereas the analogous germline 
mutation  rate is t,U (where tg is the  number of germline 
cell “generations”), somatic mutation may  have  as 
large an effect on fitness as inherited mutation when- 
ever there  are  more cell generations in somatic than 
germline  development (i.e., whenever t, > t , )  . 

In any case, it is clear that  an  enormous  number 
of somatic mutations must arise in species having an 
extended  development. In humans,  for instance, there 
may be  about 10’‘ cell divisions throughout  a  normal 
life; taking into  account  the somatic mutation  rate and 
the size  of the  human  genome  (coding regions only), 
the average human may suffer from 10 ’‘ somatic muta- 
tions ( LOEB 1991 ) . Although we do  not know the aver- 
age fitness effects of these mutants relative to the equiv- 
alent  inherited  mutations  (indeed many must occur 
after peak ages of reproduction), their  sheer  number 
strongly suggests that somatic mutation  cannot have 
negligible fitness effects. (A conclusion that is graphi- 
cally reinforced by the high incidence of human can- 
cers involving somatic mutation.) 

In  summary,  somatic  mutation favors the evolution 
of diploidy. Indeed,  the somatic  mutation  hypothesis 
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seems an especially appealing  explanation of diploidy 
for two reasons. First, somatic  mutation favors dip- 
loidy in both sexual and asexual species. Second,  and 
more  important,  the somatic  mutation hypothesis 
makes sense of the  broad  phylogenetic  distribution 
of haploidy us. diploidy: although  exceptions  can  be 
found,  extended  haploid phases  are clearly far more 
common  among  developmentally  simple  organisms 
( e.g. ,  chlorophyta) , whereas extended  diploid phases 
are nearly universal among developmentally  complex 
organisms ( e .g . ,  metazoans and seed plants) (BELL 
1982) . It is not so obvious why this association should 
exist under  the  germline masking hypothesis (PER- 
ROT et al. 1991),  the synergistic interaction  hypothe- 
sis ( KONDRASHOV and CROW 1991 ) or the  heterosis 
hypothesis ( GOLDSTEIN 1992). This pattern is, how- 
ever,  expected if the advantage of diploidy derives 
from  protection  against  somatic  mutation. 
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APPENDIX 

Recursions with somatic  mutation: The recursions 
presented below incorporate  dominance, recombina- 
tion, germline and somatic mutation rates for both hap- 
loid and diploid selection. Not surprisingly, they are 
rather complicated. In  the absence of somatic mutation 
( me = 0 )  , they reduce to those presented by OTTO and 
GOLDSTEIN ( 1992). In  the simplest case  of d,, = 0 and 
dI2 = 1, we are considering the invasion  of an allele 
that is  always diploid into  a population that is entirely 
haploid. This is equivalent to the situation considered 
by PERROT et al. (1991). 

We define the following gamete frequencies: 

x1 = frequency of CIA 

x, = frequency of Cla 

x3 = frequency of C;A 

% = frequency of C;a. 

Taking into  account all  possible matings, the re- 
cursions for these gamete frequencies are 

x i  a = ( 1 - u) { x :  WAA,A.  d l l  + xl %‘WAa,A.dll 

+ x 1   X 3 W k 4 , A . d l z  + ( 1 - r ,  x1  X4WAa,A.d12 

+ ~ ~ c ~ % w A ~ , A . ~ ~ ~ J  

x6a = u { x l W A A , A . d r l  + x l % W A a , A . d l l  + xlx3WAA,A.d12 
2 

+ (1 - r )  x l % W A a , A . d l z  + r % % W A a , A . d l Z j  

+ ( x1 %WAa,a .d l l  + T X I   X 4 W A a , a , d l z  + x: Waa,a.dll 

+ (1 - r )  %%WAa,a .d lz  + % X 4 W a a , a . d l z )  

xis = (1 - u) { x l X 3 W A A , A . d 1 2  + r x l X 4 W A a , A . d l z  

f (1 - r )  % X 3 W A a , A . d l z  

+ 4 w ~ , A .  dZ2 + X, %wAa,A-  dzzI 

= u( x1 X3WAA,A.d12 -k rx1 X4WAa,A.dr2 

+ ( 1 - r )  x, % w A a , A .  d I 2  + X !  w a , A . d Z 2  

f X 3 X 4 W A a , A . d z z ~  + { (1  - r )  x l X 4 W A a , a . d 1 2  

+ r% %WAa,a .  d l 2  + %2 x4Waa,a. d l 2  

+ x 3   X 4 W A a , a .  dz2 + Waa,a.d22J. 
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The mean fitness, a, is  given  by the sum of all the 
right-hand sides. The w terms are  equal to 

WAA,A.~ , ,  = 1 - m$[l - dq( 1 - 2 h ) ]  

W A a , A . d g  = 1 - S [ %  + (1 - m e )  dvhl 

w A ~ , ~ . ~ ~  = 1 - s [ l  - dq( 1 - h - me + m , h ) ]  

waa ,a .dy  = 1 - s. 

Mutation-selection  balance with somatic  mutation: 
Before the  appearance of the C, allele at  the ploidy 
locus, an  inherited  deleterious allele a reaches a muta- 
tion-selection equilibrium frequency given by Equation 
6 in the text (this approximation ignores terms involv- 
ing the  products m,u, %u and terms of x: and  higher). 
As noted, if the  population is entirely haploid ( dl l  = 
0 )  , a obtains  a frequency of 

q = + =  U 
( A I )  

s ( 1  - m e )  

In an entirely diploid population ( dll  = 1) , on the 
other  hand, a reaches an equilibrium frequency of 

4 %  U 
(-42) s [ h +  ( 1  - 3 h ) m e ]  

As m, + 0 ,  q = u /  hs, as expected from standard theory. 
Equation A2 shows that somatic mutation increases the 
equilibrium frequency of inherited mutations when h 
> % and decreases their frequency when h < %. The 
effect is,  however,  usually  very  small.  For a completely 
dominant  deleterious allele, 4 = u /  [ s (  1 - 2 m , )  3 . In 
the limiting case  of a completely recessive mutations ( h 
+ 0 )  , one can show that 

40$+$:. ( A 3 )  

As m, + 0, 4 = Ju/s  ( HALDANE 1 9 3 7 ) .  As me increases, 
however, q declines, reflecting the fact that selection 
against inherited recessive mutations is more effective 
when inherited alleles are  “uncovered” by somatic mu- 
tation. 

Invasion of a  diploidy  allele: Here I consider the 
fate of a  rare “diploidy” allele ( C ; )  that  appears in a 
predominantly  “haploid” ( C, ) population. Before the 
appearance of C;, the  population is at  the mutation- 
selection equilibrium given by Equation 6. We want  to 
know if C, will invade this population. 

Because C, is very rare, we can linearize the re- 
cursions for x3 and x4 by ignoring  quadratic terms in 
these variables: 

ax;  = x3[ ( 1  - % - u )  WAA,A.dlz + ( 1  - r )  %WAa,A .d1~1  

+ x4[ ( 1  - ~ G L  - U )  ~ W A ~ , A . ~ , ~ I  

axi = %[r%WAa,a.dlz  + UWAA,A.d l z l  

+ x4[ ( 1  - r )  ( 1  - %) WAa,a.dlz  - U m A a , A . d , 2 1 .  

If the leading eigenvalue, A,,, of this system  of linear 
equations is greater  than unity, the new diploidy allele 
invades; if AI, < 1, the diploidy allele does  not invade. 
The relevant eigenvalue is 

A L =  1 KI +- ( X  K1-G Kz ) ,  ( A 4 )  

where 

KI = (1 - % - U )  WAA,A.d l z  + (1 - r )  %WAa,A.dlz  

K2 = r W A a , A . d l z [  r%WAa,a.dlz + U W A A , A . d 1 2 ]  

K3 = ( 1 - r )  ( 1 - %) WAa,a.d12 - U ~ A ~ , A . ~ ~ ~ ~  

and  the w terms are  defined as  above. When me = 0, 
this eigenvalue is equivalent to that given by OTTO and 
GOLDSTEIN ( 1992 ) . 

Because AI* is a complicated function of  many  vari- 
ables, it is useful to focus on the biologically interesting 
case  of a completely diploid allele ( d12 = 1 ) that ap- 
pears in a  haploid  population ( d l l  = 0 ) .  In this case, 
the leading eigenvalue is 

AI* = 1 + m $ (  1 - 2 h )  

+ u (  r - 2hr - h2s - hrs + 2 h 2 r s )  
r +  ( 1  - r )hs  2 ( A 5 )  

where I again ignore terms of u2 ,  mf and um, and 
higher. 

Examination of this eigenvalue shows that when me 
= 0,  a diploid allele cannot invade  when there is no 
recombination, as expected (OTTO and GOLDSTEIN 
1 9 9 2 )  . When somatic mutation occurs, however, d i p  
loids can invade even  when T = 0. In general, Equation 
A5 shows that  a  rare diploidy allele invades when the 
effective rate of somatic mutation exceeds 

m e > ” [  ( 1  - h)hs  
s ( 1  - 2 h ) [ r +   ( 1  - r ) h s ]  - 11 (A6) 

and h < x. Just as  with noninterbreeding asexuals (see 
text, Equation 5)  , the  rate of somatic mutation re- 
quired to favor diploidy increases with u but decreases 
with larger s. Most important, Equation A6 shows that 
when deleterious mutations are partially  recessive, 
there is  always some rate of somatic mutation that favors 
diploidy whether or  not the species recombines. 


