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ABSTRACT 
I model the effect of genomic imprinting on the equilibrium allele frequencies at an  autosomal 

diallelic locus subject  to viability selection and mutation. The population size is assumed to be very 
large;  male and female mutation  rates may be unequal. Different models examine cases of the inactivation 
of one  gene (with both complete and partial penetrance) and of differential expression of  genes 
according to the  parent of origin. In the simplest  cases the frequency of the deleterious allele is approxi- 
mately  twice  that of a dominant nonimprinting mutant,  but  considerably  less  than  that of a  recessive 
nonimprinting mutant. Under imprinting, selection and unequal mutation  rates  interact: other things 
being equal, male-biased  mutation  leads to lower  mutant frequencies under maternal  imprinting and 
higher frequencies under paternal  imprinting. I also model cases  where just one allele is imprintable 
(and the other not) . These models allow us to  predict  the  frequency of a  failure  to  imprint in a  normally 
imprinting  system, as well  as the frequency of imprinting at a  standard nonimprinting locus. 

T HE differential expression of genes according  to 
the sex  of the  parent passing them on is known 

as genomic or molecular imprinting.  In its simplest and 
best-studied form, genomic imprinting describes the 
inactivation of one of a  pair  of homologous genes, ren- 
dering  the organism functionally haploid at that locus. 
For example, the maternally derived insulin-like growth 
factor I1 (Zgf-2) gene is not normally expressed in hu- 
man fetal kidneys;  only the  paternal Zgf-2 is transcribed 
( OGAWA et al. 1993).  In contrast to this maternal im- 
printing (paternal  expression), insulin-like growth fac- 
tor I1 receptor (Igf-er) in embryonic mice is paternally 
imprinted ( i.e., maternally expressed) ( BARLOW et al. 
1991 ) . This form of imprinting is conceptually similar 
to  the  paternal-X inactivation found in marsupials 
( COOPER et al. 1993) . 

In  both marsupial paternal-X inactivation and some 
eutherian  imprinting, however, the inactivation may be 
incomplete, with both genes being expressed, possibly 
at different levels, in some tissues or at some stages  of 
development (COOPER et al. 1993; BARLOW 1995). This 
more subtle form of imprinting, what might  be called 
differential gene expression, is perhaps  better viewed 
not as a form of functional haploidy but as a violation 
of Mendelian expression in which reciprocal heterozy- 
gotes are  not phenotypically equivalent. 

Although the molecular genetics of imprinting is not 
fully understood, it seems clear that methylation of 
DNA  is involved, and much research is aimed at under- 
standing  the mechanisms and processes (see HALL 
1990; GOLD and PEDERSEN 1994; BARLOW 1995 for re- 
views).  In  contrast,  the  population genetics of  im- 
printing  are  much less studied. CHAKRABORTY (1989) 
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has argued  that genomic imprinting can explain two 
population-level phenomena, heterozygote deficiency 
and hybrid vigor. SVED and LAIRD ( 1987)  examined  the 
mutation-selection balance arising from LAIRD’S ( 1987) 
model of fragile-X syndrome, and SPENCER and WIL 
LIAMS ( 1995)  did  the same for two models of the  rare 
failure to imprint  at Igf-2. A  general  treatment of  several 
models of  viability selection at an imprinted locus was 
given by PEARCE and SPENCER ( 1992)  and COOPER 
( 1976)  deduced  the conditions for  a balanced polymor- 
phism at  an Xlinked locus under paternal-X inactiva- 
tion. More recently, SPENCER and WILLIAMS (1997) 
drew parallels between the evolution of imprinting and 
the evolution of dominance,  and suggested that mod- 
ifiers  of imprinting  are unlikely to have been of  evolu- 
tionary importance unless imprinting per se was selec- 
tively advantageous. 

In this article I generalize one of the models of SPEN- 
CER and WILLIAMS ( 1995), to examine the equilibrium 
frequency of a deleterious autosomal mutant  at  a locus 
subject to imprinting. I first look at  the simplest case 
of complete inactivation, then allow imprinting to have 
partial penetrance, before relaxing the assumption of 
equal male and female mutation rates. I then model 
mutation-selection balance under differential gene ex- 
pression and lastly look at  a  nonimprinting  mutant at 
a normally imprinted locus and vice  versa. 

MODELS 

In all the models I assume that, as at Zgf-2, the im- 
printing is maternal ( i e . ,  the  paternal  gene is preferen- 
tially expressed). Nothing in the  methods used, how- 
ever, prevents them  being modified to allow for pater- 
nal imprinting, as occurs at Igf2r.  Indeed, for all the 
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models in which male and female mutation rates are  the 
same, there would be no difference in the equilibrium 
frequency of the  mutant. 

Following the notation in  PEARCE and SPENCER 
(1992), I will write the  phenotype of an individual 
whose paternal allele is A, and whose maternal allele is 
unexpressed as AI- .  The genotypes will be indicated 
with the  paternal allele written first and the unex- 
pressed maternal allele second, in parentheses. The fre- 
quency of alleles in  the gametes will be denoted by p 
and q,  and their equilibrium values by p and q,  respec- 
tively. In deriving the equilibrium allele and genotype 
frequencies, I will assume that populations are infinite 
( i . e . ,  ignoring drift). 

Complete  inactivation: For  simplicity let us  first con- 
sider a diallelic autosomal locus, with  alleles A, and A2, 
subject to viability selection against phenotypically A2 
individuals. To this standard  and well-understood 
model, let us incorporate complete inactivation of the 
maternally inherited allele. There  are thus just two phe- 
notypes in the  population, AI-  and AS- ,  with  relative 
viabilities 1 and 1 - s. PEARCE and SPENCER (1992) 
have  shown that this  system (their model 1 )  has the 
same dynamic  as a system without imprinting where the 
three phenotypes A,  AI,   AlA2 and A2A2 have  respective 
viabilities 1, 1 - s/ 2 and 1 - s. In  other words, the 
imprinting system  is formally equivalent to a  nonim- 
printing system in which the heterozygotes have inter- 
mediate viability. 

Let us  now incorporate  mutation from the  normal 
allele, A I ,  to the deleterious mutant, A2, at  a rate p. We 
can ignore backmutation, since A2 is  likely to be rare. 
We can then use  WRIGHT'S (1931) classical result that 
the equilibrium frequency of A2 is given by = p/  hs, 
in which h is the  degree of dominance. (Note that this 
result ignores terms of order p'.) For our imprinting 
model,  therefore, we have h = 1/2 and so we obtain 

(i F a  2 p / s .  (1) 

Partial  inactivation: Following CHAKRABORTY ( 1989 ) 
and PEARCE and SPENCER ( 1992) , I now consider the 
case  in  which inactivation occurs in only a  proportion, 
0,  of the population. The previous model thus has an 
implicit value of 8 = 1. Possible evidence for values of 
8 < 1 comes from  the polymorphic nature of W T l  
imprinting in humans (JINNO et al. 1994) . I will assume 
that A,- and AI  AI individuals both have  relative  viability 
1, that A2- and AzA2 individuals are equally selected 
against with  viability 1 - s, and  that  unimprinted phe- 
notypic heterozygotes, AIA2, have  viability 1 - hs. (The 
assumption of equal viabilities for homozygotes and im- 
printed genotypes can, in principle, be relaxed as  in 
PEARCE and SPENCER'S model 3 ) .  From model 2 of 
PEARCE and SPENCER we can conclude that this system 
is formally equivalent to one in which imprinting is 
absent, where the fitnesses of AIAI,   AlA2 and A2A2 indi- 
viduals are 1, 1 - hs + 8s ( h - 1/2) and 1 - s, respec- 

tively. (Note that when 6 = 1 we recover the first model, 
and when 8 = 0, we have the  standard  nonimprinting 
system.)  Applying  WRIGHT'S (1931) result, we obtain 
the equilibrium frequency for the A2 allele of 

= 2p/s(2h(1 - e )  + e ) .  ( 2 )  
Different mutation  rates in males and females: 

CHARLESWORTH ( 1993) has recently reviewed the evi- 
dence provided by MIYATA et al. (1987), PAMILO and 
BIANCHI (1993), SHIMMIN et al. (1993)  and others, con- 
cluding that  there is good evidence that in  mammals 
the mutation rate in males is significantly greater  than 
that in females [but see MCVEAN and HURST (1997) 
for a contrary view]. Given that  one hypothesis con- 
cerning  the origin of genomic imprinting implies that 
the  phenomenon may be restricted to mammals ( HAIG 
1992), I now  investigate the effect of sex-differences 
in mutation rate in our models. I start by noting  that 
incorporating differences in  viabilities and ploidy  levels 
between  males and females destroyed the formal equiv- 
alences PEARCE and SPENCER ( 1992)  found between 
imprinting  and  nonimprinting systems.  We might ex- 
pect,  therefore,  that sex differences in mutation rates 
will prevent us from modifjmg known standard results. 

I consider the system  of partial inactivation above, 
but allow the rate of mutation in  males to be a times 
that in females. CHARLESWORTH'S (1993) review  sug- 
gests that for autosomal loci, a may be as high as 84 or 
as low  as 2. All workers to date suggest that its value is 
greater  than 1. Let the frequency of the Al allele in 
sperm be given by p, and  that in (unfertilized) eggs by 
&with a  prime indicating the respective frequencies in 
the following generation. With the  help of Table 1, we 
obtain the iterations 

pl ,= ( 1  - a p ) t  and p i =  (1 - p ) t  

in  which 

pmp/ + '/2eprne + Y z  (1 - h) (1 - e )  
X ( P m e  + qmP/)  + % ( I  - s)eqmP/ . (4 )  t =  

1 - h(1 - 0) (&e+ q m P / )  
- s(eqrnP/ + 4771%) 

Equilibrium is reached when the value for t does  not 
change. Finding the equilibrium requires the solving 
of a cubic equation, one (trivial)  root of which  is p, = 
p, = 0. A second root gives unfeasible allele frequency 
values of greater  than 1 when h < '/e and negative 
values when h > 1/2. When h = l/z, the second and 
third solution coincide. Thus  the  third solution is the 
one of biological interest: 

and 
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TABLE 1 

Gametic proportions Erom different genotypes  when  the  male  mutation  rate differs from that of  females 

Imprintable  and  unimprintable  alleles 

Imprinting  Imprinting 
Partial  inactivation  advantageous  disadvantageous  Gamete  proportions 

Frequency  Frequency  Frequency  Males 
after  after  after 

Females 

Genotypes selection Viability selection Viability selection Viability AI A2 A I  A2 

[The notation O( p Z )  means terms of order pz and 
above, which we can ignore because they will be very 
small.] The overall population frequency, censused at 
the zygote stage, is  given  by 

(We can take a simple arithmetic average because equal 
numbers of sperm and eggs produce  the  next genera- 
tion.) 

An alternative formulation for this model is to  let j? 
be  the  proportion of mutations occurring in males ( i.e., 
p = a / ( 1 + a ) ) . The advantages of this nontraditional 
parameterization are  that  altering p leaves the total 
mutation  rate  unchanged and  the symmetry between 
maternal and paternal  imprinting is clearer. Doing so 
gives 

and 

This last equation (but not Equation 6)  enables us to 
see that  the frequency of the  mutant decreases with 
more male-biased mutation because 

< 0. 
The reason is simply that  more  mutants  are immediately 
exposed to selection. In the case ofpaternal imprinting, 
of course, male-biased mutation leads to a higher equi- 
librium frequency. 

We can recover the previous  case by fixing a to be 1 
( i . e . ,  /? = Putting 8 = 0 recovers the Mendelian 
case  with unequal male and female mutation rates (see 
HALDANE and JAYAKAR 1972). By contrast, putting 0 = 
1 ( i .e . ,  complete imprinting) does not recover our first 
(imprinting) result, with p replaced by 1 + a) /I. 
Although this substitution holds for the frequency in 
sperm, 

the difference between the frequencies in sperm and 
eggs remains 

Since the newly arising Az gametes in the sperm are 
selected against in the very next  generation,  the overall 
frequency ((i) is lowered. It is interesting to examine 
the behavior of these equilibria in the limiting case 
where the  mutation  rate in females declines to zero, 
but  the  rate in males remains the same. Writing v for 
the male mutation rate, we get 

The frequency of the  mutant in sperm is exactly that 
of a dominant mutation because all  new mutants  are 
expressed in the following generation, whereas that in 
eggs  is reduced by the  mutation rate precisely because 
there is no mutation in females. 

Differential  gene  expression: More recently geno- 
mic imprinting has been used to mean the differential 
expression of paternally and maternally derived genes 
(HALL 1990). Even in the archetypal case of Igf-2, the 
maternal genes may be expressed at a low  level  in some 
tissues at some stages  of development ( BARLOW 1995). 
This sort of imprinting simply means that reciprocal 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/147/1/281/6054004 by guest on 25 M

ay 2023



284 H. G. Spencer 

heterozygotes are phenotypically distinguishable, a fea- 
ture we can incorporate  into our simple two-allele  case 
by supposing that  the viabilities of the two heterozy- 
gotes, A I   ( A , )  and A 2 ( A 1 ) ,  to be 1 - hls  and 1 - bs, 
respectively. In their model 8, PEARCE and SPENCER 
(1992) showed that such systems  behave  like standard 
Mendelian ones with the heterozygote viability  given by 
1 - hl + h) s. Hence,  the equilibrium frequency 
of the A2 allele will be given by 

Our first imprinting result is obviously recovered by 
substituting hl = 0 and = 1, WRIGHT’S ( 1931 ) Mende- 
lian result is found with h, = h2 = h. 

When we incorporate  unequal male and female mu- 
tation rates, Equation 4 becomes 

which is Equation 4 with hl = h(  1 - e )  and h2 = h (  1 
- e )  + 0. Thus  the equilibria and their  properties  are 
as for the previous model with the substitutions 8 = h2 
- hl and h = hl/(l + hl - k).  

Imprinting us. nonimprinting alleles: A completely 
different class  of models is that with both unimprintable 
and  imprintable alleles. SPENCER and WILLIAMS (1995) 
proposed such a model to explain the  rare failure of 
imprinting  at Igf-2. In  their model they hypothesized 
an  unimprintable allele that was  always expressed. Thus, 
consider now the case of  two alleles, one of which, A , ,  
is always imprinted,  and  the  other, A,, imprinted with 
probability 0 < 1. Let us first  assume that selection is 
acting against the A, allele either because it is intrinsi- 
cally disadvantageous or because of  its failure to imprint 
(or for both of these reasons) . SPENCER and WILLIAMS 
( 1997) have  shown that if imprinting is advantageous 
then modifiers that increase the  penetrance of im- 
printing ( i . e . ,  the value of 0 )  will be selected. Thus, 
we can safely  assume that all (wild-type) AI alleles are 
imprinted. Let the viabilities of the  imprinted AI ( A , )  
and A I  ( A2)  genotypes be 1, that of unimprinted A1A2,  
1 - his, those of imprinted A 2   ( A , )  and A2 ( A2) be 1 - 
b s  and  the  unimprinted A2A2, 1 - s. This formulation 
allows selection against the A2 allele for  both of the 
above reasons. Again, I will permit  unequal male and 
female mutation rates, and, with the  help of Table 1, 
Equation 4 becomes 

and 

The difference between the equilibrium egg and sperm 
frequencies is marked when a f 1 ( P  f ’/*), the fre- 
quency again being greater in the gametes subject to 
the  greater  mutation rate. Two  special  cases are worth 
examining. If it is solely the failure to  imprint  that is 
selectively disadvantageous, we have hl = 1 and h2 = 0, 
which leads to 

and 

These formulas imply that when imprinting per se is 
advantageous the value  of 0 for common alleles will be 
1 (or very close to i t ) .  By contrast, if it is solely the 
expression of the A2 allele that is selected against, then 
hl = F-2 = 1 and 

1 + a + s(l - O ) ( a  - 1) 4rn X 4 2  - e )  Y 

- 1 + s(l - e)(2p - 1) 
s ( 2  - e)(l - P )  

- - P  

and 

q/= 1 + a  - s (a  - 1) 
~ ( 2  - e )  Y 

The reverse situation to the above is when imprinting 
is disadvantageous ( a  situation that presumably applies 
at most loci). Let us then modify the above model so 
that AI is never imprinted, while A2 is imprinted with 
probability 8. The relative  viabilities of the AIAl’geno- 
type  is 1; that of AI ( A 2 )  s ,  1 - hls; that of unimprinted 
AIAzs (and A2A1s) , 1 - bs; that of unimprinted A2A2s, 
1 - hgs and the  imprinted A2(  A2)  s, 1 - s. Again, I will 
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allow unequal male and female mutation rates, and with 
the  help of Table 1 Equation 4 becomes 

p m p ,  + 72 ( 1 - his) epme + 5'2 ( 1 - h2s) 

1 + hld(2P - 1)  + h2s 

When it is solely imprinting  that is selected against, we 
have hl = 1 and = 111 = 0, so that 

l + a + d ( a - l )  l + d ( 2 P - l )  
q m  d P =  

d ( 1  - P )  P 

and 

The commonest  imprinting  mutants will thus have low 
penetrance  (everything else being equal), that is, they 
would not usually be  imprinted  and could be difficult 
to detect as imprintable alleles, and even when detected 
being easily mistaken for null alleles. 

In the special case when a = 1 ( i . e . ,  P = 1/2), hl = 
0 and h3 = 1, model 4 of PEARCE and SPENCER ( 1992) 
shows that  the system behaves formally as a  nonim- 
printing system  with the fitnesses of A I A I ,   A l A 2  and 
A2A2 individuals 1, 1 - ( 1 - '/@) ks and 1 - s, respec- 
tively. Thus applying WRIGHT'S ( 1931) result to this 
formal equivalence gives 

which is indeed  the value  given by the  appropriate sub- 
stitutions  in  Equations 18. If all A2 alleles are  imprinted 
( 8  = 1 ) , then  the  equilibrium  frequency is  twice that 
expected  from  a  standard Mendelian model. Effec- 
tively, the deleterious allele is sheltered  from selection 
in  imprinted genotypic heterozygotes. The factor of two 
comes about because exactly  half the heterozygotes, 
those whose A2 alleles are maternally derived, are im- 
printed. 

DISCUSSION 

Although the variety  of models above means  that 
overall comparisons with standard results are difficult, 
there  are several features  that do stand  out. First, the 
overall form of the equilibrium frequencies of the dele- 
terious  mutants  are  more similar to those for  dominant 
or partially dominant  unimprintable  mutants. In no 
cases do  the values for 4 have the  square  root of 
WRIGHT'S (1931 ) formula  for  a  deleterious recessive. 
The reason is simple: imprinting of  any sort removes 
the effect of diploidy, exposing a  mutant to selection 
at least half the time much as a partially dominant mu- 
tant is. The frequency is usually not as low  as that of a 
dominant  mutant because not all mutants  are exposed 
to selection. In the models of complete inactivation 
exactly  half the  mutants  are expressed and  the resultant 
frequency is  twice that of a  nonimprinting  dominant. 
Thus, in general, an imprinting  mutant will be found 
at a lower frequency in a  population  that  a recessive 
Mendelian one,  but  higher than  that of a  dominant. 
Nevertheless, the  mutational  load is not usually low- 
ered, because of the  corresponding  higher frequency 
of affecteds. In  the simple case  of complete inactivation, 
for instance, the  proportion  of affecteds and  the muta- 
tional load  are  the same as for  the  dominant case, 2y/ 
s and  2y, respectively. 

Our results can also  show the effect of imprinting on 
estimates of allele frequencies and mutation rates. For 
simplicity, let us first consider  the case  of complete 
inactivation. If  we were ignorant of the  imprinting oc- 
curring in the system (as we  may  well be if the level  of 
genetic variation is as  low as that typically maintained 
by mutation-selection balance when s is close to 1 ) , 
the  mutant allele, A2, may be thought to be  dominant 
because the  mutant  phenotype will appear in offspring 
of one  parent whose pedigree shows no evidence of 
the  mutant allele. Our estimate of 4 will be half the 
proportion affected (ignoring any rare A2A2 homozy- 
gotes), whereas the  true value is in fact the  proportion 
itself. Using the classical formula to estimate the muta- 
tion rate ( i .e . ,  y = 4s) , however, makes a  compensating 
error by omitting  the  factor of 1/2. To take a numerical 
example, suppose the  incidence of affecteds was 1 in 
l o 4  and that only 20% of affecteds survive to adulthood. 
Assuming dominance,  the estimate of 4 is 5 X lo-', 
and  that of y, 4 X lo-'. The  true values are q = 1 X 

and y = s4/2 = 4 X Ifwe were to mistake 
A2 as being recessive, the estimates of both 4 and p 
are  too large. Using our same numerical  example,  the 
estimate of assuming recessivity  is the  square  root of 
the  proportion of affecteds, 0.01; the estimate of y is 
s4 = 8 X A perhaps  more plausible error is to 
assume that  the  mutant has variable expressivity or par- 
tial penetrance,  but again the estimates of 4 and y will 
be wrong. Of course, if an estimate of 4 has been ob- 
tained some other way and is correct,  the estimate of 
y will still be incorrect. 
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Moreover, the results of the  model of partial inactiva- 
tion show that even a small  level  of a  failure to imprint 
can alter 4 significantly. For example, using the parame- 
ter values  of p = s = 0.8, h = 1 (so that any 
phenotypic heterozygotes are selected against as well), 
a  10% failure to imprint ( 6  = 0.9) leads to a value for 
4 of 2.2,7 X lo-’, 9% below that value when 8 = 1, 2.5 
X lo-’. The lower  value is a  direct  consequence of the 
strong selection against phenotypic heterozygotes. The 
value  of 4 can also be raised. If h = 0, so that  the 
deleterious allele is protected from selection in the  phe- 
notypic heterozygotes, these same parameters lead to 
an 11% increase in 4 to 2.78 X lop5 .  

A natural comparison can be made between the  non- 
imprinting us. imprinting  model above and SPENCER 
and WILLIAMS’S ( 1995) two-locus model  in which one 
locus is imprintable and  the second at mutation-selec- 
tion balance for  a recessive failure-to-imprint modifier. 
This model was generalized to include partial pene- 
trance,  dominant  and partially dominant modifiers as 
well  as both advantageous and disadvantageous im- 
printing by SPENCER and BARNETT ( 1996 ) . SPENCER and 
WILLIAMS ( 1995)  noted  that  their simple two-locus 
model gave the same result as their single-locus model: 
the  frequency of affecteds was 2 p / s  (where p was the 
mutation  rate at  the primary or modifier locus as appro- 
priate ) . None of these models considered  unequal mu- 
tation rates for males and females, and they are con- 
cerned solely  with the selective disadvantages arising 
from individuals’ imprinting status. Hence, to compare 
the case in which imprinting is the  norm, we fix CY = 1 
( i . e . ,  p = 1/2) and = 0 in Equations 14 giving 

when imprinting is disadvantageous, we  fix CY = 1 ( i . e . ,  
p = and = = 0 in Equations 18 giving 

Equation 21 repeats the result of SPENCER and WILLIAMS 
( 1995), since for  their simple case, 6 was fixed at 0 and 
hl at 1. The comparison with SPENCER and BARNETT 
(1996) reveals that  the identity of the  one- and two- 
locus equilibria in  the models SPENCER and WILLIAMS 
(1995) arises because of their simplicity: penetrance of 
imprinting was complete and  the modifier was com- 
pletely  recessive. When penetrance is incomplete,  the 
two-locus model’s (SPENCER and BARNETT 1996) pa- 
rameter iz, the  degree of dominance of the modifier, is 
replaced in our single-locus model above by hl (the 
degree of dominance at the  imprintable locus). To 
illustrate this comparison,  the value corresponding to 
that  for  Equation 21  above is (after making the  appro- 
priate changes in notation) 

We can use the results of the models assuming un- 
equal  mutation rates in males and females to make a 
prediction  about  the relative frequency of deleterious 
mutations  at paternally imprinted  and maternally im- 
printed loci. For example, let us  assume that selective 
coefficients are  equal  at two oppositely imprinted loci, 
and  (as widely believed)  mutation rates are  greater in 
males than females ( i .e . ,  CY > 1 or > Maternal 
imprinting means that most newly arising mutants  are 
immediately subjected to selection, and  the frequency 
is thereby reduced. Paternal imprinting, in contrast, 
would shelter  more of the newly arising mutants  for  at 
least one generation, and we would thus  expect  deleteri- 
ous alleles at such a locus to be at  a  greater overall 
frequency (although  the frequency would  still  be  ex- 
pected to be greater  in  sperm  than  in eggs). 

These  arguments can be extended  to failure-to-im- 
print mutations at normally imprinted loci, by modi- 
fylng the  imprinting us. nonimprinting  model above. 
Again assuming that CY > 1 ( i . e . ,  p > 1/2), most newly 
arising failure-to-imprint mutations will be expressed, 
since they arise in  sperm. At a normally maternally im- 
printed locus, this expression is undetected by selec- 
tion, whereas at a normally paternally imprinted locus, 
the  resultant offspring is functionally diploid and se- 
lected against. We would expect,  therefore,  that every- 
thing else being equal, failure-to-imprint mutations will 
have a  greater frequency at maternally imprinted loci 
(e.g., Igf-2) than  at paternally imprinted  ones ( e.g., Zgf 
2r) .  Similarly, at standard  nonimprinting loci, mater- 
nally imprinting  mutations would be expected to be at 
greater  frequencies  than paternally imprinting  ones, 
since their expression is delayed for (at least)  one  gen- 
eration. 
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