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An inheritable muscular hypertrophy was recently described in sheep and shown to be 
determined by the callipyge gene mapped to ovine chromosome 18. Here, the callipyge 
phenotype was found to be characterized by a nonmendelian inheritance pattern, re- 
ferred to as polar overdominance, where only heterozygous individuals having inherited 
the callipyge mutation from their sire express the phenotype. The possible role of parental 
imprinting in the determinism of polar overdominance is envisaged. 

I n  1983, a ram with muscular hypertrophy 
(Fig. 1) was reported in a flock of Dorset 
sheep. This phenotype was transmitted to 
some of the offspring, and subsequent mat- 
ings of hypermuscled male descendants of 
the founder ram and normal ewes demon- 
strated a 50%-50%, sex-independent seg- 
regation of the trait. It was postulated that 
a dominant mutation (CLPG instead of 
the normal clpg allele) at the autosomal 
callipyge locus was responsible for this hy- 
pertrophy. The callipyge locus was subse- 
quently mapped to the distal part of ovine 
chromosome 18 (1 ). 

For further characterization of the caG 
lipyge syndrome, matings were performed 
between either normal rams (clpg/clpg, un- 
related to the founder sire) or callipygous 
male descendants of the founder sire 
(CLPGlclpg), and callipygous ewes descen- 
dant of the same founder ram (CLPGlclpg). 
A nonmendelian segregation pattern of the 
callipyge phenotype (2) was evident from 
these crosses. 

All 35 offspring from the first cross (clpd 
clpg 8 X CLPGlclpg ? ) were normal; none 
had muscular hypertrophy typical of the cal- 
lipyge phenotype (xZ1 = 35, P < 0.0001). 
Analysis of microsatellite markers (3) span- 

clpg ? matings gave a 50%-50% sex-inde- 
pendent segregation ratio of the callipyge 
and normal phenotypes, whereas cwclpg 8 
x CLPGlclpg ? matings yielded normal off- 
spring exclusively. The callipyge phenotype 
of CLPGPa/clpgMIU animals compared with 
the normal phenotype shown by ~lpg"~/  
CLPGMa' individuals reveals the "polar" na- 
ture of the CLPG mutation, that is, the 
influence of parental origin on its phenotyp- 
ic effect. (The superscripts Pat and Mat, 
respectively, indicate the paternal and ma- 
ternal origin of the alleles at the dpyge  
locus.) 

The second type of cross, namely, mat- 
ings between heterozygous callipygous 
rams and ewes (CLPGlclpg), yielded 51 
offspring. Fifteen (29%) of these were 
phenotyped as callipygous and 36 (71%) 
as normal. Obviously, these numbers differ 
significantly (xZI = 56.5, P < 0.0001) 
from the expected 75% callipygous versus 
25% normal proportions expected for the 
segregation of a dominant mutation in an 
Fz generation. However, analysis of the 
chromosome 18 microsatellite genotypes 
of these offspring revealed a clear pattern 

(Table 1, mating B), unlikely to have 
occurred by chance alone (xZ3 = 31.97, 
P < 0.0001). All but two individuals with 
genotype CLPGPa/clpgMa', clpgIU/CLPGM" , 
or c1pg"'klpgM"' exhibited the expected 
phenotype as deduced from previous mat- 
ings, that is, callipygous, normal, and nor- 
mal, respectively. In addition, all seven 
inferred CLPGPa'lCLPGMa' offspring were 
normal in appearance, showing no signs 
of muscular hypertrophy. The normal phe- 
notype of CLPGPm/CLPGMa' animals in- 
dicates that the "inactivation" of the 
CLPGMa' allele dominates the "activa- 
tion" of the CLPGPa' allele. Therefore, the 
callipyge locus is characterized by a type of 
overdominance, where only heterozygous 
individuals having inherited the CLPG 
mutation from their sire express the phe- 
notype. 

To more fully exploit the available data, 
we performed a multipoint linkage analysis 
under the hypothesis of polar overdomi- 
nance at the callipyge locus with all 51 
offspring generated from CLPGPm/clpgM"' x 
CLPGP"/clp~" matings. The lod score 
curve obtained is shown in Fig. 2B and 
compared with the most recent mapping 
data as obtained from CLPGPa'/clpgM"' 8 X 
clpg'"'/clpgMat ? matings (Fig. 2A). (The 
lod score is the logarithm of the odds ratio 
for linkage.) The most likely positions of 
the callipyge gene, with associated lod scores 
of 9.52 and 55.61, respectively, are in good 
agreement, validating our hypothesis of po- 
lar overdominance. 

The reversible nature of the polarity at 
the callipyge locus was further examined by 
generating offspring from phenotypically 
normal rams, carrying either (i) one (clpg""/ 
CLPGMa') or (ii) two (CLPGPa'/CLPGMa') 
copies of the CLPG mutation, mated to 
normal ewes (clpg/clpg, unrelated to the 
founder sire). Twenty-three lambs were ob- 
tained from the first type of mating involv- 

ning chromosome 18, however, demonstrat- p . . . . . . - . - . . - - . . , - .- ==-- ~ Fig. 1. The callipygous (ani- 
ed the expected 50%-50% mendelian segre- mals 1 and 3) compared 
gation of the corresponding maternal chro- with the normal (animals 2 
mosome segment in these pedigrees (Table and 4) phenotype. 
1, mating A). Therefore, the data clearly 
demonstrated the nonequivalence of recip- - 
rocal crosses, because CLPGIclpg 8 X clpd 
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ing fi1.e different carrier c l p ~ / C L P G h 4 " '  
rams. (Four of these carrier rams resulted 
from clpglclpg 8 X C L P G " " ' ' / C ~ ~ ~ " ~ ~  P cross- 
es, and one from a mating bet\veen a 
CLPG"" ' /C~~~' '"~ ram and ewe.) Thirteen 
(56.5%) of these lambs were classified as 
callipyge and 10 (43.5%) as normal, point- 
ing toward reactivation of the CLPG tnuta- 

u 

tion after passage through the male germ 
line. Moreover, genotyping these offspring 
confirmed linkage bet~veen the chrotno- 
some 18 lnarkers and the callipyge pheno- 
type in these crosses. The association be- 
tween the segregation of the chrotnosotne 
18 microsatellite tnarkers and the callipyge 
phenotype (XL3 = 10.21, P < 0.025) is 
evident from Table 1,  mating C. 

It is noteworthy, ho\vever, that the 
proportion of "recotnbinant" individuals 
(1  7.4%) seems considerably higher in these 
matings compared \\zit11 previous estimates. 
Intriguingly, three of the four observed in- 
consistencies occur within one pedigree. 
This is illustrated as well by the apparent 
heterogeneity of the t\vo-point lod scores 
obtained bet\veen the most informative, 
tightly linked marker, CSSM18, and the 
callipyge locus (4). Whereas the association 
het\veen the chrolllosotlle 18 markers and 
the callipyge phenotype is clear in three of 
the five pedigrees that sho\v no recoinbina- 
tion between CSSM18 and callipyge, the 
association seems to he broken in the other 
two. Applying Morton's test for lod score 
heterogeneity (5) yields a X L  value of 8 for 
four degrees of freedom, corresponding to P 
< 0.1, suggestive of admixture of lheteroge- 
neous families. This ~vould also explain \vhy 
in a multipoint analysis we obtained the 
highest lod score (2.23) r\~he11 allowing for 
10% "misclassification" in both phenotypic 
classes (Fig. 2C). The nature and signifi- 
cance of this linkage heterogeneity needs to 
be f~irtlher scrutinized. 

Matings betlveen two CLPG"'"/CLPGMa' 
rams and clpglcipg ewes yielded 33 lambs, 
of \vhich 30 (91%) were classifiecl as cal- 
lipyge and 3 as norlllal (Table 1,  mating 
D) .  It shoulil be noted that the grand- 
parental origin of the CLPG mutation 
could not be determined in these matings, 
because both CLPG""tICLPGM"' rams 
were h o ~ ~ ~ o i y g o u s  for the markers closely 
linked to the callipyge locus. In the ab- 
sence of any evidence for segregation ilis- 
tortion of the corresponding chrolllosoine 
segment in other crosses, these data 
strongly suggest reactivation of the pater- 
nal CLPGhtflt alleles in these tnatings as 
well. Ho~vel~er ,  the generation of three 
normal offspring from these crosses sug- 
gests that the reversibility of the call~pyge 
polarity is nc~t  absolute. 

The  observation of a uarent-of-origin- 
dependent, heterozygote-specific p l~e~no-  

type is in sonhe ways reminiscent of P 
element-mediated hybrid ilysgenesis in 
Drosophila (6 )  and the mouse "polar le- 
thality" syndrome in DDK P X "alien" 
(non-DDK) CJ matings (7) .  It is well es- 
tablished that the parent-of-origin effect 
ohserved in the case of hybrid dysgenesis is 
due to a P eletnetlt-encoded repressor of 
transposition, present or absent in the oo- 
plasm of P or M strains, respectively. Ini- 
tially, a conceptually related but single- 
locus tnodel (containing tu70 tightly 
linked genes, Om and S) was proposed to 
explain polar lethality, on  the basis of the 
inco~npatihility het\veen a hypothetical 
DDK-specific oocyte factor and an 
"alien"-specific spermatozoa factor (7) .  
Suhseiluent studies confirmed the single- 
locus prediction of the moilel, positioning 
the Om gene on  mouse chrollloso~ne 1 I 
(8).  T h e  postulated oocyte and spermato- 
zoa factors, however, remain hypothetical. 

Contrary to hybrid dysgenesis ancl polar 
lethality, a zygotic event as the cause of 
polarity of the callipyge segregation pattern 
seems unlikely given the tissue specificity of 
the callipyge muscular hyperplasia. A dom- 

Table 1. Offspring froln conventonal clpgP~+t/clpgmt 
rams and callipygous CLPGPc+'/cipg'4c+t ewes (matlng 
A), callipygous CLPGP~+t/cipg'4at rams and ewes 
(matlng B), phenotyp~cally normal clpgPa'/CLPGMat 
rams and convent~onal cipgP-"/cipgwat ewes (mating 
C), and phenotypically normal CLPGraVCLPG'4c+r 
rams and conventional cipgP-"/cipg"4at ewes (mating 
D), sorted by phenotype and inferred genotype at the 
cai/@yge locus given linked lnarker genotypes The 
genotype at the call~pyge locus was predcted from 
the genotype at the two mcrosatelite lnarkers that 
are the most closely linked to cai/@yge (CSSMI 8 and 
IDVGA30), assuming no recombination between the 
call~pyge locus and these markers For solne off- 
spring, additional infortnation from flanking markers 
was used, assuming no double recolnblnatlon in the 
interval GMBTIG-TGLA122. A the offsprlng were 
not Informative for the segregation of the callipyge 
locus wlth these criter~a, which explains the differ- 
ence between the number of offsprng reported in 
this table compared with the total nulnber of off- 
spring produced for the different types of crosses 

Offspring of phenotype 
Inferred genotype 

Calipygous Norlnal 

Mating A clpgPat/clpgMa' d X CLPGP"'/clpg""' 9 
clpgPat/CL PGrdar 0 12 
C/pgpar/c/pgwc+ t 0 9 

Mating B, CLPGP"'/cIpgM"' E X CLPGP"'/clpg""' E 
CLPGP?'/CLPG~~~<+' 0 7 
CLpGPat/c/pgfi43' 11 1 

c/pgPat/CLpG""' 0 11 
c/pgPa'/c/pg"<+t 1 9 

Mating C: clpgPat/CLPGMat d X clpgP"'/clpg""' 9 
CLpGP?t/c/pgrd"? 10 1 
clpg~~+t/clpgrv'~+r 3 9 

Mating D: CLPGPa' /CLPGM"'E X clpgP"'/clpgM"' 9 
CLpGP?'/c/pgfi4-?t 30 3 
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inant negative mutation resulting in func- 
tional l~ol l~oi l l~i l t i l~~ers  but defective lhetero- 
multimers. or some form of interallelic 
cotnpleinentation, could account for the 
ohserved heterozygote-specific phenotype 
hut not for its polar character. 

Sapienza et al. (8), in particular, pro- 
posed that parental itnprinting at the Om 
(o\,um mutant) locus might explain the 
obser\,ed lllode of inheritance. The satne 
proposal could he made for the callipyge 
locus in sheep. The fact that aniinals ho- 
mozvEous for the Om or CLPG  nuta at ion , ~, 

are not expressing the lethality or tnuscular 
hypertrophy, respectively, appears to be in 

0 CLPG 

, , 

Te l Cen 
0 22.5 25.5 48 5 60 

Chromosome 18 

Fig. 2. Multipoint lod score curves obtalned from 
(A) CLPGP~+'/clpgMar E x clpg/clpg E matings, (B) 
CLPGPa?/c/pg~~:dt x C L P G P C + ~ / ~ / ~ ~ " ~ '  mat- 

ings, and (C) C I ~ ~ ~ ~ + ~ / C L P G ~ ~ ~ + ~  6 x clpg/clpg 9 
matings The marker' map for the dlstal end of 
ovine chromosolne 18 was constructed from the 
matngs of (A) with the ANIMAP progralns (75) 
The lod score cutves ~n (A) and (C) were obtained 
with the LNKMAP option of the FASTLNK pro- 
grams (76), whereas the lod score cuwe in (B) was 
obtaned w ~ t h  customized programs accounting 
for the polar overdominance hypothesis in F, 
crosses (7 7). As much famial infortnation as pos- 
sible was included to infer the proper marker allele 
phase in the parents; only the offsprng, however, 
contributed information for the segregation of the 
callipyge locus, that is, the lod score values were 
uniformly zero when all offspring phenotypes were 
considered as unknown Complete penetrance 
was assumed in (A) atid (B), but 10°o m~sclassifi- 
cation was allowed in (C) Tel, teomere; Cen, cen- 
tromere. 



conflict wit11 the general rule observed so 
far that parental imprinting results In tran- 
scriptional silencing of one of the  parent- 
of-origin-specific alleles (9 ) .  A number of 
molecular models that assume parental im- 
printing can, ho\ve\,er, be considered to fit 
the observed segregation pattern. O n e  of 
these, also proposed by Sapienza et al. (8) to 
explain the  DDK syndrome, postulates a 
mutation (CLPG) that \vould switch the  
parent-of-origin-specific expression pattern 
from male to fenlale or vice versa. Indeed, if 
one assumes that the  clpg allele is paternally 
expressed, whereas the CLPG allele is ma- 
ternally expressed, only CLPG1'"'/clp~"' in- 
di\,iduals rvould not express the  gene, thus 
explaining their unique phenotype. A n  al- 
ternative hypothesis corresponding to the  
existence of t ~ v o  tightly linked genes (A and 
B),  one of these (A) being paternally ex- 
pressed and coding for a trans-acting sup- 
pressor of the other one (B) ,  \vould explain 
the  data as \\,ell, with the product of the  B 
gene causing the  callipyge phenotype. If the  
assumotion is made that the  CLPG muta- 
tion would be a deletion involving hot11 
genes, only CLPG1'"r/clpgM"r individuals 
~vould generate the product of gene B and 
therefore express the muscular hypertrophy. 

It is n o t e ~ o r t h v  that the regions homol- 
ogous to  the distal part of ovine chrorno- 
some 18 correspond to the distal part of 
mouse chromosome 12 and the distal part of 
11u1nan chro~noso~ne  14. El~idence for pa- 
rental imprinting has been for the 
corresponding chro~nosonlal regions in hoth 
organisms: in mice, both nlaternal and pa- 
ternal duplications of the region cause early 
embryonic lethality ( l o ) ,  whereas in hu- 
mans, uniparental diso~ny of chrornosonle 
14 has been associated with mental retar- 
dation and ~nultiple congenital anomalies 
(11).  More refined comparati\,e mapping, 
however, is needed to establish the poten- 
tial relevance of this observation. 

Whereas the polar overdominance model 
explains the majority of our observations, 
some of the inconsistencies between the 
phenotype and callipyge genotype as in- 
ferred fro111 marker data remain puzzling. 
This is oarticularlv the case for the relax- 
ation of ' the linkaie association \vith clhro- 
niosolne 18 markers obserl~ed after reactiva- 
tion of the  CLPGM"' to CLPG'"' mutation. 
Although we cannot exclude the possibility 
that this observation is a result of trivial 
phenotypic misclassification, this hypothesis 
is hardlv convincing because a recomhina- 
tion rate as low as 6% was found \vith the 
closest tnicrosatellite marker for Inore than 
600 offspring issued from CLPG1'"'/clpgMat 6 
X ~ l p ~ ~ l c l p ~ ~ " '  P ~natings [(I  ) and Fig. 21, 
putting a n  upper limit of 6 %  tnisclassifi- 
cation in  these crosses. Likewise, such a 
high l e ~ l  of genotypic tnisclassification as 

a result of undetected recomhinations be- 
tween the  closest markers (CSSM18 and 
IDVGA3O) or double recombinants in the  
GMBT16-TGLA122 interval seem un- 
likely (see the  legend to Tahle 1 ) .  

If one assumes that parental imprinting 
occurs a t  the callipyge locus, the four indi- 
viduals with normal phenotype, although 
having inherited the CLPG mutation from 
their C ~ ~ $ ' " ~ / C L P G ~ " ~  or CLPG""'/CLPGM"' 
sire, might be the result of incomplete era- 
sure of the grand-maternal imnrint. It would 
be of interest to determine the grandparen- 
tal origin of the  CLPG  nuta at ion for the  
three normal offspring of 
the CLPG""'/CLPGM"' sires, Pi-edicted to be 
grand-maternal under the hypothesis of in- 
complete imprint erasure. As  previously 
mentioned, this cannot yet be done with 
the  available markers. T h e  caoacitv to erase 
the maternal imprint could &elf be under 
the genetic control of modifier "imnrintor" 

u 

loci either in the  sire (1 2)  or transmitted by 
the ewes (13).  

T h e  occurrence of four offsnring \vith an  L, 

inferred clpg/clpg genotype but callipygous 
phenotype is more difficult to understand. 
Because the  segregation of the  callipyge lo- 
cus accounted for virtually all trait variance 
in the  CLPGPat/clpgM'" 8 x ~lp$'"'/clpp"~ 
P rnatings ( I ) ,  a two-locus model is diffi- 
cult to fit t o  the data. O n e  could postulate 
either a transposition of the  callipyge locus 
in  some clpgPflt/CLPGMflt sires or the  con- 
version of the  p t e r n a l  clpgP"' allele by its 
CLPGM"' homolog, possihly hy a trans-sens- 
ing effect (14).  T h e  latter t\vo hypotheses 
can be tested and are under scrutiny. 

In  addition to the fundamental interest in 
demonstrating such a nonmendelian seere- 
gation pattern, this finding illustrates the 
importance in agricultural genetics of dis- 
secting production traits in to  their indi- 
vidual components.  Most production traits 
are classically considered as the  manifes- 
tation of a variable number of genes acting 
primarily in an  additive mode, and breeding 
strategies are most often based o n  these as- 
sumptions. Obviously, conventional selec- 
tion programs could not deal appropriately 
with genes exhibiting polar overdominance. 
For instance, it would be itnpossible to  fix 
the  callipyge by selecting hy-  
pertrophied parents in subsequent genera- 
tions. Fro111 the point of view of population 
genetics, polar overdominance generates bal- 
anced polymorphism at the corresponding 
loci. O n  the  basis of our model, ho~vever, we 
could predict that nonexpressing CLPGPa'/ 
CLPGM"' males mated to clpgP"'/clpgM"' fe- 
males might produce 100% callipyge off- 
spring. This prediction has essentially been 
confirmed in a t  least two CLPG1'"'/CLPGMa' 
6 X clp~'lc1pgM"' P rnatings yielding 91% 
callipygous offspring (Table 1,  mating D) .  

Finally, the polar o\,erdorninance model 
might help to explain co~nplex inher~tance 
patterns ohserved in other organisms in- 
cluding humans. Linkage analysis per- 
formed under the polar overdominance 
model might help to uncover previously 
undetected causative loci. 
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