




On the other hand, to conclude if imprinting is present at
a certain locus or not, we examined both the imprinting index
values at that locus and the difference between MOD scores
obtained under the imprinting and the non-imprinting models.
It is proposed that one can infer the correct mode of
inheritance (MOI) by investigating the differences between
LOD scores calculated under different models. With a
difference of 1.5 between two MOIs, the superior LOD score
reflects with high reliability the correct MOI while a
difference of 2.5 or more practically guarantees correct
inference of MOI [26,33].

RESULTS
Figure 1 represents plots of the genome-wide multipoint
linkage analysis at the 22 autosomal chromosomes. The
results are represented in the form of HLOD, MODreg, and
MODimp scores. HLOD is the heterogeneity logarithm of the
odds calculated under two simple models of inheritance,
dominant or recessive (detailed results of HLOD scores were
previously reported) [7]. MODreg is the model-maximized
LOD score assuming a non-imprinting model with only three

penetrance parameters, and MODimp is the model-maximized
LOD score assuming an imprinting model with four
penetrance parameters.

Tendency to maternal imprinting [paternal expression;
ƒ(m/+)>ƒ(+/m)] was found at several loci. The strongest evidence
was found near D4S1575, D11S1320, D12S324, and
D17S921. The best fitting model at D17S921 denoted
complete maternal imprinting (I=1.0). The difference between
the imprinting versus the non-imprinting models was 0.79,
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Figure 1. HLOD and MOD scores for the 22 autosomal chromosomes. Parametric genome-wide linkage analysis results of the autosomal
chromosomes in 55 Japanese families with comitant strabismus.  Solid thick black lines=Heterogeneity logarithm of the odds “HLOD”; solid
thin black lines=MOD scores for the non-imprinting model “MODreg”, and solid thick red lines=MOD scores for the imprinting model
“MODimp”. For each chromosome, the HLOD scores displayed are reported for either the dominant or the recessive model (whichever shows
the overall highest score) with the assumption of disease allele frequency (Pm) being 0.01, penetrance being 0.8, and a phenocopy rate for the
non-gene carriers being 0.01 [7]. MOD  and MOD  curves for chromosomes 1, 6, 18, and 22 are identical.

Table 1 shows the genetic regions for which MOD score
calculation leads to a disease model with ƒ(m/+) not equaling
ƒ(+/m), which indicates a parent-of-origin effect (genomic
imprinting), together with the best fitting parameters for the
trait model at these regions. The non-imprinting results are
also shown in Table 1. In most of those genetic regions, the
maximum MODimp and MODreg scores are reported at the same
markers. On a few occasions, the maximum scores are
reported for adjacent markers if the loci yielding the maximum
MODimp and MODreg scores are separated by an interval of less
than 10 cM.



and the MOD score at that locus was rather low
(MODimp=2.34).

The MODimp scores at chromosomes 4, 11, and 12 were
more than 3.0. Maternal imprinting was near complete at
chromosome 12 (I=0.95). MODimp at D12S324 was 3.36, and
the difference between the imprinting and the non-imprinting
models was as large as 1.37; while partial maternal imprinting
was observed on chromosomes 4 and 11 (Imprinting
index=0.37 and 0.14, respectively). The difference between
MODimp and MODreg at D4S1575 was 0.53, and the difference
at D11S1320 was 0.44.

Tendency to paternal imprinting [maternal expression;
ƒ(m/+)<ƒ(+/m)] was obtained at chromosomes 10, 14 and 19.
MODimp at D19S420 was 3.79, and the best fitting model at
that locus indicated partial paternal imprinting (I=-0.36) with
a noticeable difference between the imprinting and the non-
imprinting MOD scores being 1.1. Complete paternal
imprinting was observed at chromosome 14 (I=-1.0), yet the

difference between the imprinting and the non-imprinting
MOD scores was 0.3 and MODimp was only 2.26.

The most prominent linkage peak was observed at 120.24
cM on chromosome 7 (MODimp=5.78). The difference
between MODimp and MODreg at this locus was as large as 1.43.
However, the heterozygote penetrances of the best fitting
model differed only slightly (I=0.09).

The difference between MODimp and MODreg and that
between the heterozygote penetrances at the remaining loci,
displayed in Table 1, were indicative of partial genomic
imprinting.

In addition to the results of genomic imprinting, we
observed new evidence of linkage to comitant strabismus at
6q26, 12q24.32, and 19q13.11 (Figure 1, Table 2). The MOD
score at D6S264 was 3.75 with no difference between MODreg

and MODimp at this locus. The MODimp score at D12S324 was
3.36 while the MODimp score at D19S420 was 3.79. The 1-
LOD interval at the three loci extended from 166.50 cM to

TABLE 1. MOD SCORES AND ESTIMATED TRAIT MODEL PARAMETERS AT LOCI SUGGESTIVE OF IMPRINTING.

Chromosome Adjacent marker and position in cM MOD P(m)ƒ(+/+) ƒ(m/+) ƒ(Het) ƒ(+/m) ƒ(m/m)
2 D2S337
 73.10 (imprinting model) 2.90 0.01 0.025 0.01 0.3 0.11
 73.10 (non-imprinting model) 2.87 0.008 0.015 0.25 0.11
4 D4S1575
 130.60 (imprinting model) 4.68 0.00 0.46 0.29 0.46 0.000001
 130.60 (non-imprinting model) 4.15 0.00 0.4 0.4 0.003
7 D7S486
 120.24 (imprinting model) 5.78 0.005 0.09 0.005 1.0 0.02
 120.24 (non-imprinting model) 4.35 0.01 0.01 0.53 0.05
8 D8S284
 146.88 (imprinting model) 3.59 0.002 0.08 0.07 1.0 0.004
 146.88 (non-imprinting model) 3.54 0.001 0.05 1.0 0.002

10 D10S1686
 111.86 (imprinting model) 2.45 0.008 0.008 0.04 0.37 0.05
 111.86 (non-imprinting model) 2.31 0.008 0.02 0.32 0.06

11 D11S1320
 132.30 (imprinting model) 3.12 0.002 0.14 0.002 1.0 0.0006
 135.54 (non-imprinting model) 2.68 0.0001 0.6 0.6 0.00001

12 D12S324
 149.00 (imprinting model) 3.36 0.003 0.06 0.006 0.06 0.015
 149.00 (non-imprinting model) 1.99 0.0008 0.0008 0.11 0.01

14 D14S276
 45.58 (imprinting model) 2.26 0.008 0.008 0.12 0.12 0.015
 D14S288
 37.72 (non-imprinting model) 1.96 0.03 0.03 0.4 0.15

17 D17S921
 40.62 (imprinting model) 2.34 0.00 0.49 0.00 0.49 0.4
 D17S1857
 49.84 (non-imprinting model) 1.55 0.06 0.06 0.63 0.35

19 D19S420
 57.04 (imprinting model) 3.79 0.0008 0.0008 0.015 0.04 0.045
 57.04 (non-imprinting model) 2.69 0 0.0001 0.0001 0.08

21 D21S1256
 5.16 (imprinting model) 2.79 0.002 0.05 0.03 1.0 0.003
 3.44 (non-imprinting model) 2.66 0.002 0.02 0.43 0.01

cM stands for centiMorgan. MOD scores for the imprinting or the non-imprinting models were obtained at the same or nearby
markers. “+” means wild-type allele, and “m” denotes mutant allele with the paternally inherited allele reported first. P(m)  is the
disease allele frequency. The results are reported for the loci where the heterozygote penetrance ƒ (m/+) was unequal to the
heterozygote penetrance ƒ(+/m)  indicating genomic imprinting.

Molecular Vision 2009; 15:1351-1358 <http://www.molvis.org/molvis/v15/a142> © 2009 Molecular Vision

1354

Penetrances

http://www.molvis.org/molvis/v15/a142


184.26 cM on chromosome 6, from 143.68 cM to 154.46 cM
on chromosome 12, and from 52.88 cM to 62.40 cM on
chromosome 19. No evidence of linkage at these loci could
be obtained in our previous work calculating HLOD scores
under the dominant or recessive models [7].

Table 3 is a summary of the HLOD, MODreg, and MODimp

scores together with the non-parametric linkage score (NPL)
and its p value for all the loci that have been previously
reported to show evidence of linkage to comitant strabismus
by us and by others [6,7]. As shown in Table 3 and Figure 1,
MODreg and/or MODimp scores at any of these loci were larger
than the HLOD scores obtained previously in the standard
parametric and non-parametric linkage analyses. A noticeable
increase in the MOD scores compared to the HLOD score was
observed for the loci at 1p31.3, 4q28.3, 7p14.3, 7q31.2,
8q24.13, and 11q24.2.

DISCUSSION
The comitant form of strabismus is much more common than
the incomitant form, yet more insight about the genetics
underlying the inheritance of incomitant strabismus have been
revealed [1,2]. To date, only three studies have addressed the
inheritance in comitant strabismus by performing genome-

wide linkage scans and revealing only few susceptibility loci
[6,7,18].

We chose to analyze our set of data by the MOD score
method, which is one of the most comprehensive ways in
analyzing linkage data by providing information about
evidence of linkage and trait locus position and giving an
estimate of the disease model parameters [10,11,21]. We used
GENEHUNTER-MODSCORE software, which allowed us
to test for genomic imprinting as a possible mode of
inheritance in our data set of families with comitant
strabismus. To the best of our knowledge, no reports about
genomic imprinting in comitant or incomitant forms of
strabismus have yet been published.

Eleven loci showed evidence of genomic imprinting
(Table 1) with differences between MODimp and MODreg

ranging from 0.03 to 1.43 and with absolute values of the
imprinting index (I) ranging between 0.02 to 1 (an absolute
value of 1 refers to complete paternal or maternal imprinting).
Out of the 11 loci where evidence of genomic imprinting was
observed, seven loci showed a tendency to maternal
imprinting. One of the most interesting findings was the locus
on chromosome 12q24.32 (D12S324) with near complete
maternal imprinting and a remarkable difference between the
imprinting and the non-imprinting MOD scores. A maternally

TABLE 2. MOD SCORES FOR THE IMPRINTING (MODIMP) AND THE NON-IMPRINTING (MODREG) MODELS AT CHROMOSOMES 6, 12 AND 19 TOGETHER WITH THE NON-
PARAMETRIC LINKAGE ANALYSIS SCORES (NPL).

Adjacent
marker

Cytogenetic
location

Position of maximum
LOD (cM)

1-LOD CI
(cM) MODimp MODreg NPL p value

6 D6S264 6q26 172.32 17.76 3.75 3.75 2.59 0.002
12 D12S324 12q24.32 149.0 10.78 3.36 1.99 2.0 0.01
19 D19S420 19q13.11 57.04 9.52 3.79 2.69 2.75 0.001

cM means centiMorgan, 1-LOD CI stands for 1-LOD confidence interval in centiMorgans, and NPL stands for non-parametric
linkage score. The p value is the value for NPL scores. The MOD scores at the three loci show new evidence of linkage to
comitant strabismus which was not previously reported in the same data set [7].

TABLE 3. MOD SCORES AT ALL THE LOCI PREVIOUSLY REPORTED TO SHOW EVIDENCE OF LINKAGE TO COMITANT STRABISMUS.

Adjacent
marker HLOD MODreg MODimp NPL p value

1p31.3 D1S207 2.07 3.10 3.10 1.96 0.01
1q31.1 D1S413 2.10 1.97 2.30 2.19 0.008
4q28.3 D4S1575 3.62 4.15 4.68 2.68 0.001
7p* D7S513 0.29 0.83 1.13 1.56 0.04
7p14.3 D7S484 2.32 3.05 3.27 2.32 0.005
7q31.2 D7S486 2.32 4.35 5.78 2.7 0.001
8q24.13 D8S284 2.83 3.54 3.59 2.28 0.006
11q24.2 D11S1320 1.97 2.68 3.12 1.87 0.02
20q11.23 D20S195 2.01 2.17 2.19 2.39 0.004
HLOD=the highest heterogeneity logarithm of the odds calculated under either a recessive or dominant model with a disease
allele frequency (P) of 0.01 [7]. MODreg is the MOD score calculated for the non-imprinting model. MOD imp is the MOD score
calculated for the imprinting model. NPL means non-parametric linkage score. The asterisk points to a locus on 7p reported by
Parikh et al. [6]; no evidence of linkage was obtained at the same locus in our data set [7].
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imprinted gene; Fibrosin-like 1 (FBRSL1); was reported by
Leudi et al. [16] at a nearby locus on chromosome 12q24.33.
Partial paternal imprinting was detected on chromosome
19q13.11 (D19S420). That locus contains a maternally
imprinted gene; carbohydrate (N-acetylgalactosamine 4-0)
sulfotransferase 8 (CHST8) and is next to a region containing
a paternally imprinted gene coding  for  a   putative
uncharacterized protein LOC400692 (Q8N3U1) at 19q13.13
[16].

Complete paternal and maternal imprinting was obtained
at D14S276 and D17S921, respectively. The smaller disease
allele frequency in the imprinting model for D14S276
[P(m)=0.015] compared to the non-imprinting model
[P(m)=0.15] is in favor of the imprinting model. This is due to
the fact that in case of trait-model misspecification, a decrease
in the LOD score can be avoided by specifying a larger disease
allele frequency [9], and thus, an inflated estimate of the
disease allele frequency obtained in a MOD score analysis
may indicate an inappropriate modeling. On the other hand,
there was only moderate differences between the MODimp and
the MODreg scores at either of the loci on chromosomes 14 or
17, and the MOD score could at most be considered weakly
suggestive of linkage to comitant strabismus.

The parent-of-origin effect on chromosome 7 is worthy
of careful investigation. In a previous study, we reported
significant evidence of linkage to comitant strabismus at
7q31.2 [7]. The MODimp score of 5.78 obtained in the current

study at this locus was the highest among all loci. In addition,
there was a significant difference between the imprinting and
the non-imprinting MOD scores (1.43), albeit with a small
difference between the heterozygote penetrances at this locus.
Moreover, we observed that the homozygous penetrance (m/
m) changed from reduced penetrance (0.53) in the non-
imprinting model to complete penetrance (1.0) when
imprinting was allowed. It can be speculated that the reduced
penetrance in such a case is attributed to model
misspecification when imprinting is not considered while the
locus might actually be imprinted. The linkage at 7q31.2 is
interesting because that locus lies directly between two
regions that have been reported to have blocks of imprinted
genes (Figure 2) [34,35]. Given its location between these two
imprinted blocks and with a noticeable difference between the
imprinting and the non-imprinting MOD scores, this locus
should be a candidate for thorough investigation in future
studies.

It is noteworthy that many of the first reported human
genomic imprinting disorders such as Prader Willi syndrome,
Angelman syndrome, and Wolf-Hirschhorn syndrome [14,
36,37] share strabismus as a common characteristic. The
incidence of strabismus in Angelman syndrome is about 42%,
and the percentage increases to 66% in cases of Wolf-
Hirschhorn syndrome [38]. Together with the findings of the
current study, these facts make us believe that genomic

Figure 2. HLOD and MOD scores for
chromosome 7. Above: Solid thick
black lines=Heterogeneity logarithm of
the odds (HLOD); solid thin black
lines=MOD scores for the non-
imprinting model “MODreg” and solid
thick red lines=MOD scores for the
imprinting model “MODimp”. HLOD
scores are calculated under a recessive
model with disease allele frequency
Pm=0.01, penetrance=0.8 and a
phenocopy rate for the non-gene
carriers=0.01 [7]. Below: A schematic
representation of chromosome 7
(MODimp=5.78) was obtained at 7q31.2
between two blocks of imprinted genes
[34,35]. (P)=paternally imprinted gene,
(M)=maternally imprinted gene.
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imprinting should be carefully considered in the heritability
of either comitant or incomitant forms of strabismus.

As suggested by Strauch et al. [26], revisiting our data set
using MOD score analysis allowed us to point out three new
susceptibility loci on chromosomes 6, 12, and 19, which were
not detected in our previous work. Even after applying
adjustment values to correct for the inflation in MOD scores
[12,32], the results at 6q26, 12q24.32, and 19q13.11 could at
least be interpreted as suggestive evidence of linkage to
comitant strabismus.

Shete and Amos [17] state that if the disease etiology does
not have parent-of-origin effects and linkage analysis that
allows for imprinting is used, the linkage test loses power. On
the other hand, they find that in case of true imprinting, linkage
analysis that allows for imprinting has higher power than an
analysis that does not. By the same token, Strauch et al. [26]
argue that analyzing an imprinted locus by means of a
dominant or recessive model is an aggravating
misspecification and hence propose that for parametric
linkage analysis, the maternal and paternal imprinting models
should become as standard as the dominant and recessive
models. By using MOD score analysis and testing for genomic
imprinting in our data set, we complemented our earlier work
[7,18] aiming at investigating the susceptibility loci for
comitant strabismus.

In conclusion, this study suggests genomic imprinting as
a possible mode of inheritance in comitant strabismus and
reports three new chromosomal susceptibility loci. We
propose thorough investigation of the phenomenon of parent-
of-origin effect together with finer mapping at the proposed
susceptibility loci as logical steps in the quest of revealing the
genes underlying the inheritance of comitant strabismus.
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