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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.

In 1983, a ram with muscuLIlar hypertrophy
(Fig. 1) was reported in a flock of Dorset
sh-eep. This phenotype was transmitted to
som1c of the offspring, and sUbseqLuent mat-
ings of hypermTLsclICdmdiale descendants of
thc foUnder raim cand normiial ewes deemon-
strated a 50%- 50%S, sex-independent seg-
regation of the trait. It wscS postulalted that
a dominant multaltion (CLPC instead of
the normnal clpg aCllele) cat the aLutosomal
callipyge loctus was responsible for this hy-
pertroplhy. The callipyge locuLs was subse-
quLeCntly imapped to the distal part of ovine
clhromosome 18 (I ).

For fuLrther characterization of the cal-
lipyge syndrome, mnatings were performed
Ibetween cither normal ramns (clpglclpg, un-
related to the foulnder sire) or callipygous
male descendanits of the founder sire
(C LP(GIClpg), and callipygouLS ewes descen-
dan1t of the same foutnder rami (CLPGIc1pg).
A nonrmendelian segregation pattern of the
callipyge plhenotype (2) was evident from
tlhese crosses.

All 35 offspring fromii the first cross (clpgl
clpgq d x CLPGIclpg, Y ) were normal; none
hald muLscCUlar hypertrophy typical of the cal-
lipyge phenotype (X = 35, P < 0.0001).
Analysis of mnicrosatellite markers (3) span-
niing chromiiosome 1 8, however, demonstrat-
ed the expected 50%-50% mendelian segre-
gation of the corresponding maternal chro-
m11osom11e segment in thcsc pedigrees (Table
1, mating A). Therefore, the data clearly
demonstrated theln)onequivalence of recip-
rocal crosses, beCCause ()LPGIclpg 6 X clpgl
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clpg Y matings gave a 50%-50% sex-inde-
pendent segregation ratio of the callipyge
and normal phenotypes, whereas clpg/clpg 6
x CLPGIclpg Y matings yielded normal off-
spring exclusively. The callipyge phenotype
of CLPGt't/clpgMc' animals compared with
the normal phenotype shown by clpg""I/
CLPGM'It 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 callipyge
locus.)

The second type of cross, namely, mat-
ings between heterozygous callipygous
rams and ewes (CLPGIclpg), yielded 51
offspring. Fifteen (29%S)) of these were
phenotyped as callipygous and 36 (71%)
as normal. Obviously, these numbers differ
significantly (X2 = 56.5, P < 0.0001)
from the expected 75% callipygous versus
25% normal proportions expected for the
segregation of a dominant mutation in an
F2 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 (x23 = 31.97,
P < 0.0001). All but two individuals with
genotype CLPGPtIC1pgMat, cIpgPL̀ ICLPGM"(,
or clpgP'aIclpgM"' exhibited the expected
phenotype as deduced from previous mat-
ings, that is, callipygous, normal, and nor-
mal, respectively. In addition, all seven
inferred CLPG"'Ot/CLPGM"t offspring were
normal in appearance, showing no signs
of muscular hypertrophy. The normal phe-
notype of CLPGPaIt/CLPGM"' animals in-
dicates that the "inactivation" of the
CLPGM(Lt allele dominates the "activa-
tion" of the CLPGI""' 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 CLPG""'IclpgM"" x
CLPGI'altIclpgMLu matings. The lod score
curve obtained is shown in Fig. 2B and
compared with the most recent mapping
data as obtained from CLPGI',tlIclpgMlat X
clpgt"t'Iclpgmtt' Y 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 (clpgPalI
CLPGMCU) or (ii) two (CLPGI'u/CLPGMat)
copies of the CLPG mutation, mated to
normal ewes (clpglclpg, unrelated to the
founder sire). Twenty-three lamhs were ob-
tained from the first type of mating involv-

Fig. 1. The callipygous (ani-
mals 1 and 3) compared
with the normal (animals 2

I ; :; ta ,1 Xand 4) phenotype.
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ing five different carrier clpg"l'ICLPGM"
rams. (Four of these carrier rams resulted
from clpglclpg d x CLPGIN"Iclpge"t Y cross-
es, and one from a mating between a
CLPG"'/clpg' ramn and ewe.) Thirteen
(56.5%) of these lamhs were classified as
callipyge and 10 (43.5%) as normal, point-
ing toward reactivation of the CLPG muta-
tion after passage through the male germ
line. Moreover, genotyping these offspring
confirmed linkage between the chromo-
some 18 markers and the callipyge pheno-
type in these crosses. The association be-
tween the segregation of the chromosome
18 microsatellite markers and the callipyge
phenotype (x23 = 10.21, P < 0.025) is
evident from Table 1, mating C.

It is noteworthy, however, that the
proportion of "recombinant" individuals
(17.4%) seems considerably higher in these
matings compared with previous estimates.
Intriguingly, three of the foLur observed in-
consistencies occur within one pedigree.
This is illustrated as well by the apparent
heterogeneity of the two-point lod scores
obtained between the most informative,
tightly linked marker, CSSM18, and the
callipyge locus (4). Whereas the association
between the chromosome 18 markers and
the callipyge phenotype is clear in three of
the five pedigrees that show no recombina-
tion between CSSM 18 and callipyge, the
association seems to be broken in the other
two. Applying Morton's test for lod score
heterogeneity (5) yields a x2 value of 8 for
four degrees of freedom, corresponding to P
< 0. 1, suggestive of admixture of heteroge-
neous families. This would also explain why
in a multipoint analysis we obtained the
highest lod score (2.23) when allowing for
10% "misclassification" in both phenotypic
classes (Fig. 2C). The nature and signifi-
cance of this linkage heterogeneity needs to
be further scrutinized.

Matings between two CLPG"L'/CLPGM""
rams and clpglclpg ewes yielded 33 lambs,
of which 30 (91%) were classified as cal-
lipyge and 3 as normal (Table 1, mating
D)). It shotIld be noted that the grand-
parental origin of the CLPG mutation
couldl not be determined in these matings,
because both CLPCG"tICLPGM"t rams
were homozygouLs for the markers closely
linked to the callipyge locus. In the ab-
sence of any evidence for segregation dis-
tortion of the corresponding chromosome
segment in other crosses, these data
strongly suggest reactivation of the pater-
nal CLPGM"' alleles in these matings as
well. However, the generation of three
normal offspring from these crosses sug-
gests that the reversibility of the callipyge
polarity is not absolUte.

The observation of a Parent-of-origin-
dependent, heterozygote-specific pheno-

type is in some ways reminiscent of P
element-mediated hybrid dysgenesis in
Drosophila (6) and the mouse "polar le-
thality" syndrome in DDK Y X "alien"
(non-DDK) d matings (7). It is well es-
tablished that the parent-of-origin effect
observed in the case of hybrid dysgenesis is
due to a P element-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 model (containing two tightly
linked genes, Om and S) was proposed to
explain polar lethality, on the basis of the
incompatibility between a hypothetical
DDK-specific oocyte factor and an
"alien"-specific spermatozoa factor (7).
Subsequent studies confirmed the single-
locus prediction of the model, positioning
the Om gene on mouse chromosome 11
(8). The postulated oocyte and sperm-ato-
zOa factors, however, remain hypothetical.

Contrary to hybrid dysgenesis and 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 from conventional clpgPat/clpgMat
rams and callipygous CLPGPat/c/pgMaIt ewes (mating
A), callipygous CLPGPatlclpgMat rams and ewes
(mating B), phenotypically normal clpgPat/CLPGMat
rams and conventional clpgPat/clpgMat ewes (mating
C), and phenotypically normal CLPGPat/CLPGM't
rams and conventional clpgPat/clpgMat ewes (mating
D), sorted by phenotype and inferred genotype at the
callipyge locus given linked marker genotypes. The
genotype at the callipyge locus was predicted from
the genotype at the two microsatellite markers that
are the most closely linked to callipyge (CSSM 1 8 and
IDVGA30), assuming no recombination between the
callipyge locus and these markers. For some off-
spring, additional information from flanking markers
was used, assuming no double recombination in the
interval GMBT16-TGLA122. All the offspring were
not informative for the segregation of the callipyge
locus with these criteria, which explains the differ-
ence between the number of offspring reported in
this table compared with the total number of off-
spring produced for the different types of crosses.

Offspring of phenotype
Inferred genotype

Callipygous Normal

Mating A: clpgPat/clpgMat 6 x CLPGPat/clpgMat y
clpgPat/CLPGMat 0 1 2
clpgPt/C/pgMat 0 9

Mating B: CLPGPat/clpgMat d x CLPGPaI/clpgMat y
CLPGPt'/CLPGMat 0 7
CLPGPat/clpgMat 1 1 1
clpgP-t/CLPGMat 0 11
c/pgP.'t/cIpgMat 1 9

Mating C: clpgPat/CLPGMat 6 x clpgPat/ClpgMat ?
CLPGPa1t/clpgMat 10 1
c/pgPt/clpgMat 3 9

Mating D: CLPGPal /CLPG Mat6d X clpgPat/clpgMat y
CLPGPat/c/pgMtt 30 3

inant negative mutation resulting in func-
tional homomultimers but defective hetero-
multimers, or some form of interallelic
complementation, could accouLnt for the
observed heterozygote-specific phenotype
but not for its polar character.

Sapienza et al. (8), in particulalr, pro-
posed that parental imprinting at the Om
(ovum mutant) lOcuLs might explain the
observed mode of inheritance. Th-e same

proposal could be m-ade for the callipyge
locus in sheep. The fact that animals ho-
mozygous for the Om or CLPG mutation
are not expressing the lethality or muscular
hypertrophy, respectively, appears to be in

55.61
A

2.23

Fig. 2. Multipoint lod score curves obtained from
(A) CLPGPat/c/pgMat d x c/pg/c/pg Y matings, (B)
CLPGP`.1/c/pgMat 6 x CLPGPat/c/pgMat Y mat-
ings, and (C) cIpgP'at/CLPGM.t' d x c/pg/c/pg 2
matings. The marker map for the distal end of
ovine chromosome 18 was constructed from the
matings of (A) with the ANIMAP programs (15).
The lod score curves in (A) and (C) were obtained
with the LINKMAP option of the FASTLINK pro-
grams (16), whereas the lod score curve in (B) was
obtained with customized programs accounting
for the polar overdominance hypothesis in F2
crosses (17). As much familial information as pos-
sible was included to infer the proper marker allele
phase in the parents; only the offspring, 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) and (B), but 10% misclassifi-
cation was allowed in (C). Tel, telomere; Cen, cen-
tromere.
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conflict with 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, however, be considered to fit
the observed segregation pattern. One of
these, also proposed by Sapienza et al. (8) to
explain the DDK syndrome, postulates a
mutation (CLPG) that would switch the
parent-of-origin-specific expression pattern
from male to female or vice versa. Indeed, if
one assumes that the clp)g allele is paternally
expressed, whereas the CLPG allele is ma-
ternally expressed, only CLPGPI'tIclpgcla in-
dividuals would not express the gene, thus
explaining their unique phenotype. An al-
ternative hypothesis corresponding to the
existence of two 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), would explain
the data as well, with the product of the B
gene causing the callipyge phenotype. If the
assumption is made that the CLPG muta-
tion would be a deletion involving both
genes, only CLPGI""'lclpgmt' individuals
WOuld generate the product of gene B and
therefore express the muscular hypertrophy.

It is noteworthy that the regions homol-
ogous to the distal part of ovine chromo-
some 18 correspond to the distal part of
mouse chromosome 12 and the distal part of
human chromosome 14. Evidence for pa-
rental imprinting has been presented for the
corresponding chromosomal regions in both
organisms: in mice, both maternal and pa-
ternal duplications of the region cause early
embryonic lethality (10), whereas in hu-
mans, uniparental disomy of chromosome
14 has been associated with mental retar-
dation and multiple congenital anomalies
(11). More refined comparative 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 from marker data remain puzzling.
This is particularly the case for the relax-
ation of the linkage association with chro-
mosome 18 markers observed after reactiva-
tion of the CLPGMla to CLPG"at mutation.
Although we cannot exclude the possibility
that this observation is a result of trivial
phenotypic misclassification, this hypothesis
is hardly convincing because a recombina-
tion rate as low as 6% was found with the
closest microsatellite marker for more than
600 offspring issued from CLPG'a"Ic1pgMa' d
X cpgJ(LtIc1pg9mat Y matings [(1) and Fig. 21,
putting an upper limit of 6% misclassifi-
cation in these crosses. Likewise, such a
high level of genotypic misclassification as

a result of undetected recombinations be-
tween the closest markers (CSSM18 and
IDVGA30) or double recombinants in the
GMBT16-TGLA122 interval seem un-
likely (see the legend to Table 1).

If one assumes that parental imprinting
occurs at the callipyge locus, the four indi-
viduals with normal phenotype, although
having inherited the CLPG mutation from
their clpglat/CLPGMat or CLPGI'atICLPGMat
sire, might be the result of incomplete era-
sure of the grand-maternal imprint. It would
be of interest to determine the grandparen-
tal origin of the CLPG mutation for the
three phenotypically normal offspring of
the CLPGI)a'/CLPG Ma, sires, predicted to be
grand-maternal under the hypothesis of in-
complete imprint erasure. As previously
mentioned, this cannot yet be done with
the available markers. The capacity to erase
the maternal imprint could itself be under
the genetic control of modifier "imprintor"
loci either in the sire (12) or transmitted by
the ewes (13).

The occurrence of four offspring with an
inferred clpglclpg 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 CLPGIPat/CpgMat (S x ClpgeatlclpgMat
Y matings (1), a two-locus model is diffi-
cult to fit to the data. One could postulate
either a transposition of the callipyge locus
in some cLpg'atI/CLPGMat sires or the con-
version of the paternal clpgt'at allele by its
CLPGMat homolog, possibly by a trans-sens-
ing effect (14). The latter two hypotheses
can be tested and are under scrutiny.

In addition to the fundamental interest in
demonstrating such a nonmendelian segre-
gation pattern, this finding illustrates the
importance in agricultural genetics of dis-
secting production traits into 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 on these as-
sumptions. Obviously, conventional selec-
tion programs could not deal appropriately
with genes exhibiting polar overdominance.
For instance, it would be impossible to fix
the callipyge phenotype by selecting hy-
pertrophied parents in subsequent genera-
tions. From the point of view of population
genetics, polar overdominance generates bal-
anced polymorphism at the corresponding
loci. On the basis of our model, however, we
could predict that nonexpressing CLPG1't/
CLPGMat males mated to ClpglatIClpgMat fe-
males might produce 100% callipyge off-
spring. This prediction has essentially been
confirmed in at least two CLPGt'aI/CLPGMat
d X clpgj'atIclpgMa' Y matings yielding 91%
callipygous offspring (Table 1, mating D).

Finally, the polar overdominance model
might help to explain complex inheritance
patterns observed 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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