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ABSTRACT Transmission ratio distortion (TRD) is the departure from the expected genotypic frequencies under Mendelian inheritance.
This departure can be due to multiple physiological mechanisms during gametogenesis, fertilization, fetal and embryonic development,
and early neonatal life. Although a few TRD loci have been reported in mouse, inheritance patterns have never been evaluated for TRD.
In this article, we developed a Bayesian binomial model accounting for additive and dominant deviation TRD mechanisms. Moreover,
this model was used to perform genome-wide scans for TRD quantitative trait loci (QTL) on six F2 mouse crosses involving between 296
and 541 mice and between 72 and 1854 genetic markers. Statistical significance of each model was checked at each genetic marker
with Bayes factors. Genome scans revealed overdominance TRD QTL located in mouse chromosomes 1, 2, 12, 13, and 14 and additive
TRD QTL in mouse chromosomes 2, 3, and 15, although these results did not replicate across mouse crosses. This research contributes
new statistical tools for the analysis of specific genetic patterns involved in TRD in F2 populations, our results suggesting a relevant
incidence of TRD phenomena in mouse with important implications for both statistical analyses and biological research.

TRANSMISSION ratio distortion (TRD) is defined as a sig-
nificant departure from the expected Mendelian inheri-

tance ratio of genetic loci in offspring (Silver 1993; Crow
1999; Merill et al. 1999; Pardo-Manuel de Villena et al.
2000a). This phenomenon has been reported in a broad
range of organisms including mammals (Canham et al.
1970; Evans et al. 1994; Vorechovsky et al. 1999), insects
(Nur 1977), and plants (Rhoades 1942; Vongs et al. 1993).
Several biological mechanisms can cause TRD, including the
preferential transmission of one of the two alleles carried by
a heterozygote to the zygote at the time of fertilization
(Agulnik et al. 1990; Lyon 1991; Dyer et al. 2007), also
known as meiotic drive, as well as embryo or fetal failure
(Wakasugi 1974) or differential viability during early neo-

natal life under a given genotype (Moore 2006). In mouse,
the most studied example of TRD involves the t complex on
chromosome 17 for which homozygous males are sterile and
heterozygous males transmit the t haplotype to .50% of
their progeny (Silver 1985; Lyon 1991). Although the effect
of the t haplotype in TRD is known, little is known about the
presence of additional genomic regions involved in TRD on
other mouse chromosomes.

Previous studies of TRD were focused on backcross
populations (Montagutelli et al. 1996; Shendure et al.
1998; de la Casa-Esperón et al. 2000; Pardo-Manuel de
Villena et al. 2000a; Vogl and Xu 2000), where only depar-
tures from the expected 50% heterozygous–50% homozy-
gous ratio could be assessed. This experimental design
allowed for a straightforward analysis of the segregation
departure, often with a standard x2- (Paz-Miguel et al.
2001; Underkoffler et al. 2005) or t-test (Shendure et al.
1998), although this masked the genetic mechanism (or in-
heritance model) involved in the departure. The previously
reported departures from the homozygous–heterozygous
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ratio in backcrosses characterized the joint contribution of
the additive and dominant genetic effects, without discrim-
inating between both sources of genetic variation. Hence,
the inheritance model of TRD remains unexplained. Accord-
ing to Falconer and Mackay (1996), F2 populations are
a preferable cross design to assess both additive and domi-
nant effects for a given locus, although there are not ade-
quate models to account for these genetic contributions to
TRD.

From a Bayesian point of view, comparison between
alternative models is developed by calculating Bayes factors
(BFs) (Kass and Raftery 1995), the ratio between the mar-
ginal probabilities of the data given the tested models. Bayes
factors do not depend upon asymptotic properties of fre-
quentist estimators and avoid the calculation of significance
levels (Stram and Lee 1994). In addition, BFs behave well,
even when the bounded variable to be tested is close to the
boundary of the parametric space (García-Cortés et al.
2001), this being common in TRD when a given genotype
completely disappears in the F2 population (Merkle et al.
1992). The Verdinelli and Wasserman (1995) BF has been
recently adapted to test additive and dominant quantitative
trait loci (QTL) on phenotypic traits (Casellas et al. 2008b)
and was suggested as a very appealing tool to examine sta-
tistical relevance of additive and/or dominant sources of
variation linked with genomic markers.

This article focuses on two major objectives. First, Verdinelli
and Wasserman’s (1995) BF was adapted to map TRD QTL in
F2 populations under different inheritance models. The ana-
lytical approaches were implemented in Fortran90 programs
and they are available upon request from the first author of
this article (J. Casellas). Second, genome scans for TRD QTL
were performed on six F2 mouse crosses to characterize the
distribution and genetic model of TRD in the mouse genome.

Materials and Methods

Transmission ratio distortion analysis

Analytical model: Take a data set with n individuals genotyped
by an autosomal locuswith alleles A1 and A2, where nA1A1 , nA1A2 ,
and nA2A2 are the numbers of individuals with genotypes A1A1,
A1A2, and A2A2, respectively (n ¼ nA1A1 þ nA1A2 þ nA2A2 ). Un-
der a flexible inheritance model, the probability of each genotype
to be sampled in the F2 population can be written as

pðA1A1jF2Þ ¼ 1
4
ð12 j2ajka2 jdjkdÞ
ð12 jaj2 jdj=2Þ

pðA1A2jF2Þ ¼ 1
2
½12 jaj2 jdjð12 kdÞ�

ð12 jaj2 jdj=2Þ

pðA2A2jF2Þ ¼ 1
4
½12 j2ajð12 kaÞ2 jdjkd�

ð12 jaj2 jdj=2Þ ;

where a and d are appropriate parameters modeling addi-
tive and dominance (or overdominance) phenomena on

TRD, respectively, ka is an indicator variable equal to 1 if
a$0 and 0 otherwise, and kd is an indicator variable equal
to 1 if d$0 and 0 otherwise. More specifically, a accounts for
the additive allelic substitution effect compromising the vi-
ability of some genotypes and d accounts for the dominance
(or overdominance) deviation defined as the fitness depar-
ture of the heterozygote over the average fitness of the two
homozygotes (Falconer and Mackay 1996). Taking the prob-
ability of an A1A1 genotype as an example, the first element
in the above expression accounts for the expected genotypic
frequency from an F2 segregation without transmission
distortions (14), and the second element accounts for the
probability of the A1A1 genotype to be sampled in the F2
population (12j2ajka2jdjkd; numerator) and corrected for
the overall losses of individuals in terms of genotypic fre-
quency (14ð12j2aj2jdjÞ þ 1

2ð12jajÞ þ 1
4ð12jdjÞ ¼ 1

4ð12j2ajÞ þ
1
2ð12jaj2jdjÞ þ 1

4 ¼ 12jaj2jdj=2; denominator). This cor-
rection factor guarantees pðA1A1jF2Þ þ pðA1A2jF2Þþ
pðA2A2jF2Þ ¼ 1. See examples in Table 1 for a collection of
genotypic frequencies and transmission ratio distortion effects.

Bayesian implementation of the TRD model: The con-
ditional posterior probability of the TRD parameters can
be described within a Bayesian context as pða; d  j  yÞ  } 
pðy   j  a; dÞ  pðd  j  aÞ  pðaÞ, where y is the column vector of gen-
otypes. The conditional probability of a given genotype [e.g.,
pðA1A1jF2Þ] can be viewed as the success probability of a Ber-
noulli variable with failure probability 12pðA1A1jF2Þ (i.e.,
genotypes A1A2 and A2A2). In the likelihood, the genotype
of all the individuals for a given SNP becomes a multinomial
distribution as follows:

pða; dj  yÞ ¼ n!
nA1A1 !nA1A2 !nA2A2 !

½pðA1A1jF2Þ�nA1A1

·  ½pðA1A2jF2Þ�nA1A2 ½pðA2A2j  F2Þ�nA2A2 :

Given the lack of previous knowledge about the inheritance
model of transmission distortions and the magnitude of their
effects, a flat prior between appropriate bounds (see below)
can be assumed for a and d.

Bayes factor analysis for checking a and d relevance: The
BF is the standard Bayesian tool to compare models and

Table 1 Examples of genotypic frequencies resulting from
different combinations of values for additive (a), dominance (d),
and overdominance (h) parameters of the transmission ratio
distortion model

Genotypic frequencies TRD effects

A1A1 A1A2 or A2A1 A2A2 a d

1/4 1/2 1/4 0 0
1 0 0 21/2 21/2
0 1 0 0 1
0 0 1 1/2 21/2
1/2 1/2 0 21/2 0
1/2 0 1/2 0 21
0 1/2 1/2 1/2 0
1/3 1/3 1/3 0 21/2
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focuses on the ratio between the posterior probability of the
two competing models (Kass and Raftery 1995). A BF . 1
supports the numerator model whereas a BF , 1 favors the
denominator model. The Verdinelli and Wasserman (1995)
BF compares two nested models that differ in one or a few
bounded variables and requires the analysis of only the most
complex model (García-Cortés et al. 2001; Varona et al.
2001). The key step for this calculation is the definition of
appropriate proper priors for the parameters of interest. In
our case, prior distribution for a was assumed to be

pðaÞ ¼ 1 if a 2
�
2
1
2
;  
1
2

�
and 0 otherwise;

where 0 implied null transmission distortion and 1
2 (or 21

2)
characterized the extreme situation where all deleterious
homozygotes and half of the heterozygotes disappear. On
the other hand, the prior distribution for d was stated as

pðd  j  aÞ ¼ 1
223jaj if d 2 ½jaj2 1;  12 2jaj� and 0 otherwise;

where null transmission distortion (d ¼ 0), loss of all heter-
ozygotes (d ¼ jaj21), and loss of all possible homozygotes
in the F2 population (d ¼ 122jaj) were characterized by
appropriate values. Following Varona et al. (2001) and as-
suming parameter a as an example, the BFa of the model
including a and d against a virtual model with parameter d
tests for the statistical relevance of a and can be straightfor-
wardly calculated as

BFa ¼ pða ¼ 0Þ
pða ¼ 0  j  yÞ:

Note that pða ¼ 0Þ was previously defined by the prior prob-
ability of a [i.e., pða ¼ 0Þ ¼ 1], and therefore, pða ¼ 0  j  yÞ
sufficed to obtain the BF. The same approach can be used to
compute BFd by assuming pðd ¼ 0Þ ¼ 1=ð223jajÞ. For each
Monte Carlo Markov chain (MCMC) iteration, pða ¼ 0  j  yÞ
and pðd ¼ 0  j  yÞ can be calculated on the basis of the mar-
ginal posterior distribution of a and d, respectively, by ap-
plying the Rao–Blackwell kernel density estimation (Gelfand
and Smith 1990; Wang et al. 1994).

Examples from simulated data

The performance of the TRD BF was outlined by simulation.
Three different scenarios were characterized (null TRD,
additive TRD, and dominance TRD), each one of them
including 1000 replicates. Whereas population size was
fixed to 250 individuals for additive and dominance TRD
scenarios, this ranged between 100 and 500 individuals for
the null TRD scenario. Stochastic simulations focused on
a biallelic genetic marker where genotypic frequencies were
defined by pðA1A1j  F2Þ, pðA1A1j  F2Þ, and pðA1A1j  F2Þ as
stated above. The only genetic differences across scenarios
were the values assumed for parameters a and d. The null
TRD scenario fixed a ¼ 0 and d ¼ 0, whereas the additive

TRD scenario kept d ¼ 0 although sampled a population-
specific random value between 0 and 0.5 for a. In a similar
way, the dominance TRD scenario assumed a ¼ 0 and
picked a population-specific random value between 21
and 1 for d. Each population was analyzed by the Bayesian
binomial model developed in this article and the BF was
calculated for both TRD parameters. Conditional probabili-
ties pða ¼ 0  j  yÞ and pðd ¼ 0  j  yÞ were calculated for each
MCMC iteration by using Rao–Blackwell kernel density es-
timation (Gelfand and Smith 1990; Wang et al. 1994) with
a bin width of 0.005. A unique sampling chain of 100,000
iterations was launched for each analysis, discarding the
first 10,000 iterations as burn-in. To compare this BF with
standard statistical approaches, departures from the ex-
pected 0.25:0.5:0.25 genotypic frequencies were tested in
all data sets by applying a x2-test with 2 d.f.

Examples from F2 mouse genotypic data

The TRD model was applied in six F2 mouse populations. All
procedures of housing and treatment of animals were per-
formed in accordance with Institutional Animal Care and
Use Committee regulations and the American Association
for Accreditation of Laboratory Animal Care (http://www.
aaalac.org).

C57BL/6J · CAST/EiJ (cross 1): As previously described by
Schadt et al. (2008), F1 mice from C57BL/6J (B6) and
CAST/EiJ (CAST) inbred strains were intercrossed to gener-
ate 296 F2 progeny. F2 mice were killed at 18 wk of age and
kidneys were dissected and flash frozen in liquid nitrogen.
Genomic DNA was isolated from kidneys by phenol-chloro-
form extraction. Genotyping was conducted by ParAllele
BioScience (South San Francisco, CA), using the molecu-
lar-inversion probe multiplex technique (Hardenbol et al.
2005). Single-nucleotide polymorphisms (SNPs) were anno-
tated using the NCBI Build 37.1 genome assembly. Full geno-
typing data on 1375 polymorphic SNPs were available for the
296 F2 mice.

C57BL/6Jhg/hg · CAST/EiJ (cross 2): This F2 population
was produced by crossing a C57BL/6Jhg/hg (B6hg/hg) male
with several CAST females, originating 75 F1 individuals
and 1132 F2 individuals (Corva et al. 2001). Note that the
B6hg/hg strain was isogenic to B6, except for the high-growth
(hg) mutation on mouse chromosome 10 (Horvat and
Medrano 2001; Wong et al. 2002) and a stretch of AKR/J
sequence around this mutation (Horvat and Medrano 1996).
This cross originated 596 F2 heterozygote mice for the hg mu-
tation (+/hg), 262 with genotype hg/hg and 274 with geno-
type +/+. Only hg/hg and +/+ F2 mice were genotyped for
72 and 40 polymorphic microsatellite markers, respectively,
distributed in all the autosomal chromosomes. Genotypic data
per SNP were available for .98% of the F2 individuals. Note
that genetic markers in chromosome 10 were discarded for
TRD analyses due to the arbitrary selection of mice according
to their hg genotype. These mice were killed 9 wk after birth
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and a spleen sample was stored and frozen. Genotyping was
performed from spleen DNA according to conventional PCR
and agarose gel electrophoresis methods (Corva et al.
2001).

C57BL/6J · C3H/HeJ (cross 3): The F2 cross between B6
and C3H/HeJ (C3H) mice originated 321 F2 progeny, and
309 individuals were available for genotyping for 1147 au-
tosomal SNP markers. Mice were slaughtered at 20 wk of
age and livers were collected and flash frozen in liquid ni-
trogen. DNA extraction and genotyping followed the proce-
dures described for cross 1. Only those SNP markers with
genotypic information for .95% of the individuals were
kept for the analysis of TRD QTL.

B6.apoE2/2 · C3H.apoE2/2 (cross 4): As described by Shi
et al. (2000), founder B6 apoE null (B6.apoE2/2) mice were
purchased from the Jackson Laboratory (Bar Harbor, ME).
The C3H/HeJ apoE null (C3H.apoE2/2) mice were bred by
backcrossing B6.apoE2/2 to C3H for 10 generations. F1 mice
were generated by constructing reciprocal crosses between B6.
apoE2/2 and C3H.apoE2/2, and F2 mice were subsequently
bred by intercrossing the F1 mice. These mice were killed at an
age of 24 wk and livers were collected and flash frozen in
liquid nitrogen. Genotyping followed the procedures described
for cross 1. A total of 332 F2 mice were available (Schadt et al.
2008) and 322 of them were genotyped for a custom panel of
SNP markers. After excluding those SNPs with data for ,95%
of the genotyped mice, 1182 SNPs located in all the autosomal
chromosomes were used for the analyses.

C57BL/6ob/ob · BTBRob/ob (crosses 5 and 6): BTBR and
C57BL/6Job/+ (B6�b/+) were purchased from The Jackson
Laboratory and kept in the vivarium of the University of
Wisconsin (Madison, WI). Note that B6�b/+ mice were het-
erozygous for the ob mutation in the Leptin gene located on
mouse chromosome 6 (Ingalls et al. 1950; Zhang et al.
1994). The experimental design for both crosses 5 and 6
started with the mating of BTBRob/ob and B6�b/ob mice to
generate F1ob/ob individuals. The F1ob/ob individuals were
intercrossed and F2ob/ob individuals were used for genotyp-
ing purposes. DNA was extracted from tail-clip samples by
conventional methods for 477 (cross 5) and 541 (cross 6)
F2ob/ob mice. The mice from cross 5 were genotyped for 192
microsatellite markers distributed along the autosomal chro-
mosomes with the exception of mouse chromosome 6. Note
that the ob mutation was located in this chromosome and
the preselection of F2ob/ob mice invalidates any further result
about TRD in this chromosome. On the other hand, cross 6
was genotyped with a custom panel of 1854 SNP markers
located in all autosomal chromosomes except chromosome
6. Percentages of missing genotypes were ,69% and 9% in
cross 5 and cross 6, respectively.

Markov chain Monte Carlo analyses: Marker-by-marker
genotypic frequencies were analyzed under the TRD model

developed above. Metropolis–Hastings sampling (Hastings
1970) was used to obtain autocorrelated samples of a and
d from their marginal posterior distribution. A unique chain
of 100,000 elements was launched for each genetic marker
and inheritance model, after discarding the first 10,000 ele-
ments as burn-in. Convergence was checked by visual in-
spection and by the Raftery and Lewis (1992) approach,
providing burn-in periods (,50) smaller than the number
of discarded elements. All correlated samples were used to
calculate the posterior mean and standard deviation of a
and d.

Correction for multiple testing: Taking BFa as an example,
the posterior odds (PO) between the two competing models
can be calculated as POa ¼ BFa · pa   =  p0 (Kass and Raftery
1995), where pa is the prior probability of the model includ-
ing a, and p0 is the prior probability of the model with a ¼ 0.
POa can be viewed as a weighted BF accounting for more
realistic prior probabilities for both models under multiple
testing. The prior probabilities of both models could be ap-
propriately defined depending on our degree of belief on the
expected number of markers showing transmission ratio dis-
tortion. In the standard development of the BF described
above, we assumed that the ratio between pa and p0 (prior
odds) was 1 and the prior probabilities for both competing
models were 0.5 and 0.5 at each genetic marker, providing
a huge a priori expected number of markers with transmis-
sion distortion. Given that the decline in linkage disequilib-
rium (LD) is an exponential function of distance, LD being
very small for distances.20–30 cM (Sargolzaei et al. 2008),
we divided the 19 autosomal chromosomes into 52 regions
spanning 30 cM each that we assumed to be independent.
Following Vidal et al. (2005) and Casellas et al. (2008), and
under a conservative a priori criterion assuming a unique
chromosomal region with transmission ratio distortion, the
prior probabilities of the model including a and the model
with a ¼ 0 became 1

52 and 51
52 at each marker, respectively.

Thus, POa can be easily obtained as POa ¼ BFa · 1
51. The

same correction was applied to BFd.
Alternatively, the distribution of the BF under null TRD

effects was evaluated by 10,000 permutations at each TRD
QTL peak. Each permutation involved (1) the simulation of
a new data set with the same number of genotypes as in the
original data set and with genotype probabilities 0.25
(A1A1), 0.5 (A1A2), and 0.25 (A2A2) and (2) the analysis
of this synthetic data set under the TRD model. Posterior
odds were obtained by the approach detailed above and the
upper bound for the BF under the null hypothesis was as-
sumed as the value in the 95th percentile.

Frequentist analysis: To check the statistical performance
of the BF, departures from the expected genotypic frequen-
cies in the F2 populations were checked marker-by-marker
by a standard x2-test with 2 d.f. For each population a stan-
dard Bonferroni correction (Bonferroni 1930) was applied
to account for multiple testing under a priori a = 0.05.
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Results

Analyses of simulated genotypic data

When genotypic frequencies were set to 0.25:0.5:0.25 (null
TRD), the BF analysis discarded additive TRD in 95.6% of
the simulations (Figure 1A), whereas this percentage re-
duced to 94.7% for dominance TRD (Figure 1B). In a similar
way, x2-tests provided similar performances with 95.2% of
the P-values being.0.05 (Figure 1, A and B). It is important
to highlight that maximum BF estimates under the null TRD
scenario were ,10 in all cases. Figure 1, C and D, ruled out
any kind of statistical relationship between the BF for addi-
tive TRD and the BF for dominance TRD, as well as for the
estimated additive and dominance effects. Nevertheless, BFs
for additive (dominance) TRD provided a U-shaped distribu-
tion when plotted against estimated additive (dominance)
TRD effects (Figure 1, E and F); this distribution was cen-
tered on zero, there being located the minimum BF estimates.

A total of 71.3% of the BFs for additive TRD under the
additive TRD scenario revealed statistical evidence for this
biological phenomenon, this percentage being close to the
69.3% of the ,0.05 x2 P-values. As evidenced by the almost

linear trend shown in Figure 2A, both statistics performed
similarly and revealed departures from the expected
0.25:0.5:0.25 in a comparable way. When plotted against
the posterior mean for the additive TRD effect, the BFs also
suggested a U-shaped distribution, this accumulating smallest
BF values around zero, although overexpressing the right-hand
side of the distribution with increasing BFs (Figure 2F). Indeed,
a direct and strict relationship between the estimated addi-
tive TRD effect and its corresponding BF was without doubt,
as well as the direct and linear relationship between the
estimated and simulated additive TRD effect (Figure 2E).
Dominance TRD effects were discarded in 92.1% of the
analyses (Figure 2B), and any linear relationship between
additive and dominance TRD parameters was discarded in
Figure 2, C and D. Although not shown, dominance TRD
simulations provided similar performances to those of the
additive scenario.

Genome scan and model comparison

Under a standard frequentist approach (x2-test with 2 d.f.),
significant departures from the expected genotypic frequen-
cies in F2 populations were not observed in mouse crosses 1,

Figure 1 Performance of the Bayes factor (BF) for testing additive and dominance transmission ratio distortions (TRD) under null TRD departures.
Stochastic simulation processes were used to generate 1000 populations with variable size ranging between 100 and 500 individuals. Genetic data were
restricted to a single biallelic marker (alleles A1 and A2)with genotypic frequencies of 0.25 (A1A1), 0.5 (A1A2), and 0.25 (A2A2). For each population,
genetic data were analyzed under the BF approach developed above and by launching a unique Monte Carlo Markov chain of 100,000 elements; the
first 10,000 iterations were discarded as burn-in. Moreover, TRD was also tested by applying a standard x2-test with 2 d.f. Pairwise relationships are
plotted, involving four parameters from the Bayesian analysis, i.e., BFs for additive (elements A, C, and E) and dominance (elements B, C, and F) TRD and
posterior means of the additive (elements D and E) and dominance (elements D and F) effects, as well as the P-value (elements A and B) derived from the
frequentist x2-test.
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2, 3, 4, and 6 (Figure 3; Figure 4; Figure 5) after correcting
for multiple testing. Nevertheless, crosses 1, 4, and 6 revealed
some putative, although nonsignificant, P-value peaks, sug-
gesting the possibility of underlying TRD phenomena. Mouse
cross 5 showed a highly significant peak on chromosome 14
(P = 4:1 · 1028) with a relevant decrease in genotypic fre-
quencies of both homozygotes (0.19 and 0.08). These pre-
liminary analyses characterized a low incidence of TRD
phenomena without providing very relevant information
about the inheritance models underlying these departures.

The genome scans for TRD QTL under BF methodologies
are also shown in Figures 3–5. Note that permutation tests
revealed an upper bound for BFs (i.e., posterior odds) under
the hypothesis of null TRD ranging between 0.72 and 1.07.
These estimates allowed for an easy interpretation of PO,
where values .1 favored the TRD model even within the
context of multiple testing that originated from the large
number of genetic markers involved in our mouse data sets.
Henceforth, these TRD QTL are referred to with the follow-
ing notation: e.g., Chr373-6a identifies a TRD QTL on mouse
chromosome 3 at 73 Mb, detected in the F2 intercross 6 and
linked to the parameter a. Significant dominant TRD QTL

were revealed in crosses 1 (Chr1111-1d and Chr3100-1d), 4
(Chr12101-4d and Chr1317-4d), and 5 (Chr1429-5d) with
moderate Bayes factors (�4) except for the Chr1429-5d
QTL in chromosome 14 (PO = 29,976.7; Table 2). Assuming
Jeffreys’ (1984) scale of evidence, the analyses provided
decisive evidence (BF . 100) about the TRD in Chr1429-5d,
whereas the remaining TRD QTL provide only substantial
evidences (3.16 , BF , 10) and they must be taken with
caution. Note that the location of the Chr1429-5d QTL agreed
with the highly significant departure reported with the x2-
test scanning in this F2 cross, whereas the remaining TRD
QTL agreed with the location of the putative P-value peaks
obtained through x2-tests. Parameter a revealed three TRD
QTL in chromosomes 2 (Chr2144-6a; PO = 1.3), 3 (Chr373-
6a; PO = 21.7), and 15 (Chr1559-6a; PO = 1.8) for mouse
cross 6 (Figure 5B), although the PO in chromosomes 2 and
15 are very low according to Jeffreys (1984). On the other
hand, the Chr373-6a QTL falls within Jeffreys’ (1984) level of
strong evidence (10 , BF , 31.62), revealing this chromo-
somal location as a very interesting candidate region given
the additive departure pattern from the expected genotypic
frequencies.

Figure 2 Performance of the Bayes factor (BF) for testing additive and dominance transmission ratio distortions (TRD) under additive TRD departures.
Stochastic simulation processes were used to generate 1000 populations with 250 individuals each. Genetic data restricted to a single biallelic marker
(alleles A1 and A2) and genotypic frequencies were generated under an additive TRD effect ranging from 0 to 0.5. For each population, genetic data
were analyzed under the BF approach and by launching a unique Monte Carlo Markov chain of 100,000 elements; the first 10,000 iterations were
discarded as burn-in. Moreover, TRD was also tested by applying a standard x2-test with 2 d.f. Pairwise relationships are plotted, involving four
parameters from the Bayesian analysis, i.e., BFs for additive (elements A, C, and F) and dominance (elements B and C) TRD and posterior means of
the additive (elements D–F) and dominance (element D) effects, the P-value (elements A and B) derived from the frequentist x2-test, and the simulated
(i.e., real) additive TRD effect (element E).
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Transmission ratio distortion effects

The location (maximum Bayes factor) and confidence intervals
(i.e., SNP with PO . 1) for each TRD QTL are shown in Table
2. Note that the Chr1317-4d QTL was placed at the proximal
end of the chromosome and may contain loci outside the region
covered by SNP markers that could contribute to TRD (Figure
4B). All the TRD QTL involved several markers and the depar-
ture from the expected genotypic frequencies spanned between
1 (Chr373-6a) and 17 Mb (Chr1111-1d), except the highly signif-
icant TRD hotspot in chromosome 14 (Chr1429-5d) that in-
volved a unique marker (D14mit44). Despite its huge PO,

artifacts during genotyping cannot be completely discarded
for this TRD QTL. Modal estimates for the d parameter placed
around 0.3 for Chr1111-1d, Chr3100-1d, Chr12101-4d, and
Chr1317-4d, and it was 0.562 for Chr1429-5d (Table 2). As a ref-
erence, an effect of d=0.3 predicts a reduction in the genotypic
frequencies of each homozygote (0.206) and, as a consequence,
the heterozygous genotype is overrepresented (0.588). All three
additive TRD QTL showed the same pattern, with a statistically-
significant additive effect against C57BL/6ob/ob alleles. This ad-
ditive allelic effect showed a posterior mean ranging between
0.164 (Chr1559-6a) and 0.319 (Chr2144-6a), with a posterior

Figure 3 Diagrams of transmis-
sion ratio distortion quantitative
trait loci in C57BL/6J · CAST/EiJ
(cross 1) (A) and C57BL/6Jhg/hg ·
CAST/EiJ (cross 2) (B) F2 crosses
with 296 and 536 mice, respec-
tively. (Top) Observed genotypic
frequencies for C57BL/6J (or
C57BL/6Jhg/hg) homozygous (solid
line), heterozygous (line with dark
shading), and CAST/EiJ homozy-
gous (line with light shading) pop-
ulations. (Middle) P-value from
a SNP-by-SNP x2-test with 2 d.f.,
evaluating the departure from the
expected 0.25:0.5:0.25 genotypic
frequencies in an F2 population
(the horizontal dotted line shows
the significance threshold after
a Bonferroni correction with a =
0.05). (Bottom) Plot of the poste-
rior odds (PO) for dominance
transmission ratio distortion (i.e.,
parameter d). Note that the
remaining TRD parameters did
not provide .1 PO at any marker
location in these mouse crosses.
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standard deviation ,0.140 in all cases (Table 2). Focusing on
Chr373-6a, the predicted genotypic frequencies under a pure ad-
ditive pattern (i.e., d= 0; A/A= 0.19; A/B= 0.50; B/B= 0.31)
agreed with the observed genotypic frequencies (A/A=0.18; A/
B = 0.52; B/B = 0.30).

Discussion

Markers involved in segregation distortion have been sug-
gested in several species including wildflowers (Hall andWillis

2005), crop plants (Jeczewski et al. 1997), trees (Yin et al.
2002), insects (Tan et al. 2001; Solignac et al. 2004), marine
invertebrates (Li and Guo 2004), mice (de la Casa-Esperón
et al. 2000; Lyon 2003), farm animals (Szyda et al. 2000),
and humans (Friedrichs et al. 2006). Previous studies in mam-
mals mainly focused on specific genes or chromosomal regions
(Pardo-Manuel de Villena et al. 2000a; Lyon 2003), without
characterizing the presence of TRD loci in the whole genome.
The present investigation provides the first evidence of a ge-
nome-wide distribution of TRD loci in mice. TRD QTL are

Figure 4 Diagrams of transmis-
sion ratio distortion quantitative
trait loci in C57BL/6J · C3H/HeJ
(cross 3) (A) and B6.apoE2/2 ·
C3H.apoE2/2 (cross 4) (B) F2
crosses with 209 and 322 mice,
respectively. (Top) Observed ge-
notypic frequencies for C3H/HeJ
(or C3H.apoE2/2) homozygous
(solid line), heterozygous (line
with dark shading), and C57BL/
6J (or B6.apoE2/2) homozygous
(line with light shading) popula-
tions. (Middle) P-value from
a SNP-by-SNP x2-test with 2 d.f.,
evaluating the departure from the
expected 0.25:0.5:0.25 genotypic
frequencies in an F2 population
(the horizontal dotted line shows
the significance threshold after
a Bonferroni correction with a =
0.05). (Bottom) Plot of the poste-
rior odds (PO) for dominance
transmission ratio distortion (i.e.,
parameter d). Note that the
remaining TRD parameters did
not provide .1 PO at any marker
location in these mouse crosses.
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appealing raw material for further studies of genetic mecha-
nisms involved in segregation distortion. Also, TRD QTL pro-
vide essential information about genomic regions of complex
segregation in candidate gene and QTL analyses. Note that
these departures from the expected segregation percentages
can bias linkage tests and the estimation of genetic distances if
this TRD is not accounted for in the model (Garcia-Dorado and
Gallego 1992; Lorieaux et al. 1995).

New models accounting for the TRD genetic mechanism

Little is known about the genetic mechanism involved in
segregation departures (Shendure et al. 1998; de la Casa-

Esperón et al. 2000). Even for the well-known t haplotype in
mouse chromosome 17, the distortion pattern has been
reported as variable without providing conclusive evidence
of additive or dominant effects (Lyon 2003). These historical
limitations were mainly due to the statistical test and the
experimental design. Previous approaches focused on stan-
dard x2- (Montagutelli et al. 1996; Pardo-Manuel de Villena
et al. 2000a; Paz-Miguel et al. 2001; Underfolker et al. 2005)
and t-tests (Shendure et al. 1998), and discrepancies be-
tween genotypes were characterized in a broad sense with-
out assessing the genetic mechanisms. TRD analyses in the
mouse have been systematically performed on backcrossed

Figure 5 Diagrams of transmis-
sion ratio distortion quantitative
trait loci in two C57BL/6ob/ob ·
BTBRob/ob F2 crosses with 477
(cross 5) (A) and 541 mice (cross
6) (B), respectively. (Top) Ob-
served genotypic frequencies for
BTBRob/ob homozygous (solid
line), heterozygous (line with
dark shading), and C57BL/6ob/ob

homozygous (line with light shad-
ing) populations. (Middle) P-value
from a SNP-by-SNP x2-test with
2 d.f., evaluating the departure
from the expected 0.25:0.5:0.25
genotypic frequencies in an F2
population (the horizontal dotted
line shows the significance thresh-
old after a Bonferroni correction
with a = 0.05). (Bottom) Plots of
the posterior odds (PO) for the
dominance (A) and additive (B)
transmission ratio distortion (i.e.,
parameters d and a, respectively).
Note that the remaining models
did not provide .1 PO at any
marker location in these mouse
crosses.
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populations (Montagutelli et al. 1996; Shendure et al. 1998;
de la Casa-Esperón et al. 2000), where heterozygote and
only one type of homozygote animals were available. This
experimental design masked the putative genetic mecha-
nisms involved in TRD given that the departure from the
expected homozygous and heterozygous frequencies could
be due to additive and/or dominant effects. Hence, the
Bayesian models for TRD in F2 populations developed in this
article are the first TRD-specific statistical tool allowing for
the characterization of both TRD loci and their genetic
mechanism. As in preceding statistical approaches, genotyp-
ing errors could impair the statistical performance of our PO,
leading to improper conclusions. Although the aim of this
research was not to elucidate statistical power under geno-
typing errors but to describe a new test for TRD, biased
results can be accounted for by the use of consecutive SNP
markers under linkage disequilibrium. Whereas a single-
SNP–PO peak cannot be considered free from genotyping
errors (Figure 5A), contiguous-SNP–PO peaks must be
viewed as consistent estimates (almost) free from genotyping
artifacts.

The additive or dominant (or overdominant) effects on
segregation distortion were implemented as a departure
term appropriately weighting each genotypic frequency and
using the standard rules for allelic effects defined by Falconer
and Mackay (1996). One or two genotypes were treated as
a reference whereas the TRD effects were systematically sub-
tracted from the expected genotypic frequencies of the other
genotypes. The additive or dominant effects should be viewed
as the departure against the reference genotype, these depar-
tures characterizing meiotic drive on gametes or fetal or neo-
natal failure. Overdominant effects must be related to failures
after fecundation, given that the full genotype is involved
during the TRD phenomenon. Both sources of TRD (gametic

level or embryonic/fetal level) converge on the same “pheno-
typic” pattern and cannot be discriminated without additional
data. This limitation could be sorted out by analyzing litter
size data. A reduction in the number of pups per litter at birth
would be expected if TRD was due to failure of embryos or
neonates, whereas meiotic drive would not modify this pa-
rameter. Nevertheless, some male-sterility effects previously
associated with TRD loci could invalidate this assumption
(Pilder et al. 1991; Lyon 2003).

Bayes factor performance

Given that this article focuses on the development of new
statistical tools, analyses on simulated data sets were
performed to confirm that our BF approach was free from
relevant biases. Their performance was compared with
a standard x2-test. Note that the x2-test is an accepted
statistical tool for TRD analyses (Nixon 2006). Results
shown in Figures 1 and 2 revealed a mimicking pattern with
the x2-test. Moreover, BFs performed well under both null
and nonnull TRD phenomena, showing a direct relationship
between the BF value and the estimated effect of the TRD
departure. This consistency between tests suggests an ap-
pealing statistical behavior for the Bayesian analyses devel-
oped here and provides new evidence highlighting the
usefulness of Verdinelli and Wasserman’s (1995) BF for
a particular QTL analysis. This approach was previously
adapted to check several genetics-related parameters such
as heritability (García-Cortés et al. 2001; Casellas and
Piedrafita 2006), QTL (Varona et al. 2001, 2004; Casellas
et al. 2008b), and inbreeding (Casellas et al. 2009) among
others, and its performance was compared with standard
frequentist approaches revealing a stable and consistent
statistical behavior (Varona et al. 2001; Casellas et al.
2007, 2008a). This conclusion is supported by the similarity

Table 2 Summary of significant transmission ratio distortion (TRD) QTL in F2 mouse crosses

Transmission ratio distortion QTL peak

Genotypic freqa
Boundaries of the region

with PO . 1

Crossb Paramc Chrd Marker (Mb)e
Posterior
odds (PO)

Post
meanf Post SDg A/A A/B B/B

Lower
marker (Mb)

Upper
marker (Mb)

1 d 1 rs3663003 (111) 4.3 0.358 0.065 0.19 0.61 0.20 rs6345367 (95) rs3693265 (112)
1 d 3 rs3694780 (100) 3.9 0.330 0.076 0.20 0.60 0.20 rs3022964 (97) rs6199015 (102)
4 d 12 rs3698001 (101) 4.1 0.312 0.079 0.20 0.59 0.21 rs3698001 (101) rs4229529 (104)
4 d 13 rs3678616 (17) 4.5 0.331 0.068 0.20 0.60 0.20 rs3678616 (17) rs3721858 (18)
5 d 14 D14Mit44 (29) 29,976.7 0.562 0.075 0.19 0.72 0.08 D14Mit44 (29) D14Mit44 (29)
6 a 2 rs13476816 (144) 1.3 20.318 0.132 0.28 0.53 0.19 rs13476801 (138) rs13476819 (145)
6 a 3 rs6289734 (73) 21.7 20.193 0.064 0.30 0.52 0.18 rs13477188 (72) rs6289734 (73)
6 a 15 rs13482595 (59) 1.8 20.163 0.127 0.32 0.47 0.21 rs13482556 (47) rs3698351 (59)

Param, parameter; Chr, chromosome; Post mean, posterior mean; Post SD, posterior standard deviation.
a Genotypic frequencies characterized as A/A (homozygous for the allele coming from the first strain of each cross; see footnote a), A/B, and B/B (homozygous for the allele
coming from the second strain of each cross; see footnote b.

b The F2 crosses involved C57BL/6J · CAST/EiJ (cross 1), B6.apoE2/2 · C3H.apoE2/2 (cross 4), and C57BL/6ob/ob · BTBRob/ob (crosses 5 and 6).
c Genetic parameter involved in the TRD phenomena (a, additive; d, dominance).
d Chromosome.
e The genomic megabase position of each marker is shown in parentheses to the right of the SNP or microsatellite identification.
f Posterior mean of the TRD effect.
g Posterior standard deviation of the TRD effect.
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between x2 and Bayes factor TRD QTL profiles shown in
this study.

Focusing or real data, a preliminary analysis with
a standard x2-test was performed to scan the six F2 crosses
for relevant departures from the genotypic frequencies in
a broad sense. With the exception of microsatellite D14Mit44
in cross 5, these analyses did not reveal significant depar-
tures after correcting for multiple testing, although some
candidate regions were suggested by P-value peaks below
the Bonferroni significance threshold. Both the x2-test and
the Bayesian analyses showed similar patterns and agreed
with the location of the (putative) TRD QTL (Figures 3A,
4B, and 5B).

(Over)dominance TRD QTL

Five of the eight TRD QTL (Chr1111-1d, Chr3100-1d, Chr12101-4d,
Chr1317-4d, and Chr1429-5d) revealed a significant overexpres-
sion of the heterozygous genotype and a substantial reduc-
tion of the expected number of F2 mice with homozygous
genotypes. Although selective fertilization (Edwards 1955)
depending on the genotype of both gametes cannot be com-
pletely discarded, the advantage (disadvantage) of the hetero-
zygote (homozygote) mice suggests a genetic mechanism
involved in some biological processes after fecundation, prob-
ably related to the survival failure of several homozygous indi-
viduals during the early developmental stages. This hypothesis
comprises a critical period from embryo implantation until
birth or even including unregistered early neonatal mortality,
although the current analysis does not allow us to infer the
exact physiological stage where some homozygotes died. In
any case, the heterozygote overrepresentation could be di-
rectly linked to the well-known phenomenon of hybrid vigor
or heterosis (Bruce 1910). This genetic mechanism involves
the contribution of two unrelated breeds or strains where the
performance of the F1 progeny exceeds the expected average
performance of the two founding origins (Falconer and
Mackay 1996). Similarly, our results reported some chromo-
somal regions where the hybrid vigor theory could be extrap-
olated at a genomic level. These TRD QTL could suggest the
presence of a locus with a detrimental effect on embryo or
fetus viability under homozygosis, whereas these effects could
be partially or completely attenuated under heterozygosis.
Although this hypothesis must be corroborated in future stud-
ies, the incidence of this kind of TRD QTL in our data sets
supports its relevance for F2 populations, with important con-
sequences for genetic analyses (Garcia-Dorado and Gallego
1992; Lorieaux et al. 1995).

Additive TRD QTL

The three additive TRD QTL reported for cross 6 (Chr2144-6a,
Chr373-6a, and Chr1559-6a) are the first evidence of TRD
phenomena on mouse chromosomes 2, 3, and 15 and could
be viewed as very interesting raw material for further stud-
ies to understand the genetic basis of these additive effects.
Note that the additive effect could be due to influences on
the gametes or on the embryo/fetus. The first option includes

the preferential passage of a given allele to the oocyte or
the polar bodies during meiosis (Agulnik et al. 1990; Wu
et al. 2005), allele-linked effects on sperm vitality (McKee
et al. 1998; Lyon 2003), or even selective fertilization
(Edwards 1955). The second option operates at the em-
bryo or fetus level and must imply an impaired capacity
to implant to the endometrium of the uterus or embryonic
or fetal lethality (Wakasugi 1974; Pardo-Manuel de Villena
et al. 2000b), probably linked to a reduction in the average
litter size.

Origin of the TRD loci

The six data sets were grouped in pairs according to the
genetic background of the strains involved in each F2 cross.
Crosses 1 and 2 involved CAST and B6-related mice, crosses
3 and 4 focused on B6-related and C3H-related strains, and
crosses 5 and 6 used B6�b/ob and BTBRob/ob founder mice.
Given these similarities, we could expect a reasonable cor-
respondence between the location and the effect of the TRD
QTL, at least within each pair or similar crosses. This sup-
position was not confirmed in our analyses (Figures 3–5).
None of the TRD QTL replicated in our analyses although in
some cases this may be partially due to the low density of
markers available for some genome scans (crosses 2 and 5).
Nevertheless, this apparent inconsistency between similar
crosses suggests that our TRD QTL could be due to recent
mutations, perhaps still polymorphic in the strain of origin.
Recent work has revealed a continuous and relevant upload-
ing and removal of new mutations in inbred mouse strains
(Casellas and Medrano 2008; Niu and Liang 2009), and this
source of genetic variation could be the origin of the TRD
QTL. Thus, TRD loci or mutations must be evaluated in the
specific cross where they were detected, developing an F3
generation with a subset of F2 mice whose recombination
pattern targets a given TRD QTL, or with the use of congenic
strains.

In summary, this research substantially contributes to the
TRD framework with both statistical developments and
the first genome-wide scans of TRD regions in mammals.
The new statistical model outlined here presents a Bayesian
implementation for both testing the statistical relevance of
TRD patterns and characterizing the inheritance mechanism
underlying these departures from the Mendelian expectation.
TRD QTL were identified in several mouse chromosomes and
F2 crosses, suggesting a relevant incidence of these biological
phenomena.
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