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SUMMARY
We give a general review o f statistical methods for the detection o f a m ajor gene in
controled populations and for the determination o f reproducer genotypes at the m ajor locus
when such a gene has been detected. We show how to adapt these m ethods to the situation
o f a discrete trait, when the existence o f an underlying normal distribution is assumed.
Some simulations are made in order to give a first evaluation o f the different methods.
The main conclusion is that the usual tests developped in the continuous case cannot be
used in the discrete situation, due to their very poor robustness to this type o f deviation
from normality. The adaptation o f these methods to the discrete case improve largely their
efficiency.

INTRODUCTION
In recent years, several genes having a major effect on commercial traits have been identi
fied in livestock : the dwarf gene in poultry (Merat and Ricard, 1974), the halothane sensitivity
gene (Ollivier, 1980) and the RN gene (Le Roy ei al., 1990) in the pig, the B ooroola gene
in sheep (Piper and Bindon, 1982), and the rate o f milk flow gene in goat (Ricordeau et

al., 1990). These discoveries, as well as the development o f biotechnology, have increased the
interest o f statistical methods adapted to the analysis o f populations with such a variability.
In this paper, we shall present a review o f these techniques and give some indications concer
ning their application to discrete traits such as litter size in sheep. After some preliminary
considerations on the way in which these methods are evaluated, we shall describe techniques
for detection of a m ajor gene and techniques for determining the reproducer genotypes at a
m ajor locus when such a m ajor gene has been proven.

PREAMBLE
In this paper we present numerical applications to discrete traits (litter size or ovulation
rate) o f the continuous methods discussed or o f their adaptation to such traits. The main
objective o f these computations is a quantification o f the interest o f methods adapted to
the discrete case by comparison with techniques developed in the continuous situation. The
procedure will be identical throughout the paper. The data are a sample o f measurements
concerning n (i = 1 , . . . , n) halfsibs families o f m (j = 1 , . . . , m ) daughters each. The trait
is assumed to be influenced by a polygenic effect. This is the com m on situation in animal
breeding where the heritability ( h2) o f traits have been rather generally estimated for a
number o f different populations. Thus, our genetic hypothesis concerning the studied trait
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is of a polygenic inheritance where an individual receives half of the additive genetic value
o f each o f its parents (null hypothesis HO) and a mixed inheritance where the effect o f a
m ajor gene segregating with 2 alleles A and B is added to the polygenic inheritance (general
hypothesis HI) . W e assume that the phenotype is under the control o f an underlying normal
variable following the model :
Yij = Rg + U' +

where
fig

is the mean within genotype g under the HI hypothesis, (g =

1

for A A , g =

2

for AB and j = 3 for B B ), or the general mean (/x0) under the HO hypothesis,
Ui is the random effect o f the ilh sire, distributed as a Normal ( 0 ,7 „)

Et is a residual, distributed as a Normal ( 0 ,7 e).
The expression o f the discrete phenotype is based on the existence o f thresholds A^,
(it = 0 , . . . , K ) : when Yij is in the range
,Ajt], the phenotype is k. The extreme thresholds,
A0 and A a r e respectively —oo and + o o . The values we consider here are given in table 1 .
The corresponding probabilities o f response are calculated for means gg o f 0 and 2 These
values correspond roughly to the litter size proportions of the Merinos d ’Arles and of the

Romanov breeds (B odin and Elsen, 1989).

T a b le 1 : Thresholds on the underlying scale
and corresponding probability of responses for two means fig
Thresholds

0.84

1.89

2.96

3.86

4.45

5.34

0.80
0.12

0.17
0.34

0.03
0.37

0 .0 0 ,0 .0 0
0.14 0.02

0.00
0.00

probability
for fig =
for fig =

0
2

The properties o f the studied test statistics are evaluated through simulations : samples
are generated under HO and H I; the quantiles under HO, for given first type errors, arc
estimated, from the empirical distribution, using the Harrel and Davis (1982) m ethod; at
a given level, for each quantile, the powers are appreciated counting the number o f values,
simulated under H I, which exceed this quantile.

DETECTION METHODS
A short review
Diversity o f the detection methods
A number of statistical tests have been proposed for the detection of a m ajor gene in
fluencing a quantitative trait from data collected in non experimental populations. Even if
the statistical proceedings are similar, the numerical difficulties are rather different.
We shall distinguish a first type o f method, easy to use from a computing point o f view,
of which the principle is to com pare the value taken by a particular characteristic of the
observed distribution to its expectation under the polygenic hypothesis. Some of the tests
make use of classical statistics such as variance for the Bartlett test, mean and variance for
the Fain’s test (1978), the measures o f skewness and kurtosis for the M erat’s m ethod (1908).
Others are based on criteria which are specifically built for this type of problem : Major Gene
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Index” , “ Offspring between Parents” and “Pairwise Midparental Correlation Coefficient” of
the Karlin et al. (1979, 1981) or the Famula (1986) methods.
The second type o f m ethod uses all the available information in likelihood ratio tests.
These methods have been developed and used in epidemiology over the last 20 years and
are known under the label o f “Segregation Analysis” (Elston,1989). The principle is to build
different types o f models, including genetic and environmental effects, from which alternative
hypotheses on transmission o f the studied trait may be tested. All information given by
the pedigree is summarized in a likelihood function which depends on different parameters
(means and residual variances within genotype, heritability, genotype frequencies...) and is
the probability o f the observations given a particular transmission hypothesis. Comparing
the likelihood o f the sample for the different models allows determination o f the best genetic
hypothesis fitting the observed family distributions.
Interest and limits o f these methods
Am ong the easy-to-use tests for m ajor gene detection, the “ within family variance” hete
rogeneity test (no more than a Bartlett test) and the test o f the curvilinearity o f the “within
family” mean-variance regression (Fain, 1978) are the more powerful (Le Roy, 1989). It can
be shown without difficulty, that, when a m ajor gene is segregating, the within family trait
variance depends on the parents’ genotypes. Thus, families where the m ajor gene is segre
gating are more variable than families where only one allele is present, this heterogeneity
depending both on the allele frequencies and on the degree o f dominance. Practically, Merat
(1968), Fain (1978) and Hanset and Michaux (1985) suggest the use o f the Bartlett test for
verifying the homogeneity o f the within family variances.
This variance heterogeneity is linked to an heterogeneity of the within family means.
Indeed, families where the m ajor gene is segregating are characterized by an intermediate
mean and a high variance, whereas families with extreme means have the m ajor gene fixed
(A A or B B ) and show a low variance. Fain (1978) suggested the use o f these mean/variance
relations as a criteria for m ajor gene detection.
These two criteria are quite simple from a numerical point o f view and are nevertheless
powerful for dominant m ajor genes with allele frequencies near 0.5. They have also the interes
ting characteristic o f being asymptotically distributed in known laws under HO (respectively
a x 2 and a Fisher F ), the quantiles of which are tabulated. However, these simple tests seem
to be non robust, in particular when the distribution is asymetric (Le Roy, 1989).
Even if it is much more complex from a numerical point o f view, the “ segregation analysis”
is interesting in that it gives an information on the detected m ajor gene through estimations o f
the parameters. It also has the superiority o f being two to four times m ore powerful than Fain’s
and Bartlett’s tests, depending on the type o f m ajor gene segregating (Elsen and Le Roy,
1989). However, the application o f segregation analysis to livestock data files is limited by its
numerical complexity. The main problem is that, consideration a mixed heredity (m ajor gene
+ polygenes), requires integration of the joint density o f the observations and o f the polygenic
effects on these last variables. This rapidly becomes impossible, from a com puting point of
view, when the population size increases. Simplifications have been suggested for studies on
livestock (Hoeschele, 1988a; Elsen et al., 1988), in particular for the case where the population
is divided in independent halfsib families. Am ong them, the approxim ation o f the marginal
likelihood o f the observations by the joint likelihood o f these observations and o f the modes
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o f the sire polygenic effects appears to be as powerful as the segregation analysis (Le Roy ct
a/., 1990). However, this simplified m ethod is much less efficient concerning the estimations of
second order moments o f the distribution, ~/u and 7 e (Le Roy, 1989). Conditioning the modal
value of the polygenic effect to the sire genotype seems to improve these estimations (Elsen
and Le Roy, 1989; Knott et al., 1989).

Application to discrete traits
The m ethod is described in the preamble. For all the methods studied, the compared
hypothesis are the hypotheses o f a polygenic inheritance (HO) and the hypothesis o f a mixed
inheritance ( H 1). This implied that the first type error is of accepting the existence of a
m ajor gene when this is wrong, and that its power is its ability to detect such a m ajor gene
when it is segregating.
Application o f Bartlett and Fain tests

Methods
The Bartlett criteria tests the homogeneity o f a set o f within group variances. In our
case, they are the within family variances ( 7 ;, i = 1 , ■••, n) estimated from the m daughters’
performances o f the ilh sire.
The test statistic used is the ratio

where

M = (m — 1 ) f n l n

— A ) In 7,

and
3 n(m — I)
Under HO, each

7;

is an estimation o f the same variance

7

, and the ratio

is distributed as

a x 2 with n — 1 degrees o f freedom.
This test assumes that the within family distribution is Normal, which is not the case
for the discrete variables. Remembering that the Bartlett test is a direct application o f the
likelihood ratio test theory, there is no difficulty in generalizing this test for the discrete case
when an underlying Normal distribution is assumed. Thus the test statistic will be :
1 = -2(L0-L1)

with
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2

7
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and
L l = ± £ \ n f ^ ’ -=L=ez

)dt

We shall compare, on discrete simulated data, the efficiency of these two tests o f wi
thin family variance heterogenity, for continuous variables (B C V T ) and for discrete variables
(B D V T ).
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The m ean/variance relations are described by Fain (1978) through curvilinear regression
models where the logarithm o f the within family variance is predicted by the within family
mean :
ln 7 ,- = a + /3im + Pi[i ?
The test statistic is the classical Fisher test for the signification o f the parameters a, fii and
02 •

We now present some numerical applications o f the three tests (B C V T , B D V T and F C V T )
to a discrete trait. Samples o f 2 0 sires and 20 daughters per sire are generated as described
above (1000 samples under HO and 100 under HI). Under HO, the mean is fixed to //o = 0
(simulating the Merinos d’arles ’ litter size distribution). Under H I, the means and genotype
frequencies are fixed to m = 0, H2 = 0, p 3 = 2, px = .25, p2 = .5, p3 = .25. The phenotypic
variance ■ye + 7 „ is 1, and the heritability is assumed to be .1 under HO and H I.

Results
The results are given in table 2. The two tests writen for continuous variables are unusable,
the HO hypothesis being always rejected for the theoretical level o f 10 p.cent when we consider
a x 2 with 19 degrees o f freedom (27.2). Concerning the simulations for H I, Bartlett’s test
has, for a real level o f 1 0 p.cent, a power close to the results obtained in the case o f a normaly
distributed trait (Le Roy, 1989), whereas the Fain’s test (1978) is much less powerful. It must
be noted that we applied these tests to samples generated from other types o f distribution,
simulating more prolific sheep breeds. As soon as there is more variability o f litter size ( e.g. for
a Lacaune type o f distribution), the Bartlett test gets its levels right and its power is similar
to results obtained for continuous variables (Le Roy, 1989). Concerning the Fain (1978) test,
the power is good for distribution of highly prolific breeds ( Romanov type), but the first type
error is still very high in these cases.

T a b le

Test
BCVT
BDVT
FCVT

2

: Simulations of Bartlett’s test and Fain’s test.

Empirical quantiles qc
threshold at
power
1 0 p.cent
at qe
88.5
27.5

39
39

Theoretical quantiles qt (§)
l s< type
power
error
at qt
99
10

99
41

112.5
13
100
86
(§) at 10 p.cent level : q, =27.2 for B C V T and B D V T , 2.453 for F C V T .
The B C V T test is correctly distributed in a y 2 with 19 degrees o f freedom, the empirical
quantiles being equal to their expectation. On the other hand, the estimated power is close
to the power observed for continuous traits by Le Roy (1989).
M ore complete simulations for the test BC D T, with different population sizes (10 or 20
sires and 10, 20, 30 or 40 daughters/sire) and two values for the heritability (0.1 and 0.3) are
given in the table 3. They show that the asymptotic distribution is obtained very rapidly,
the empirical quantile at 1 0 p.cent getting its theoretical value with families o f 2 0 daughters,
even when there is only 10 sires. It must be noted that, for small samples, the tendency is
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an overestimation of the first type error, the consequence being a loss o f power when the
theoretical threshold is used instead o f the empirical one. At a given level, the power is
increasing with the number o f daughters/sire and is similar to the power obtained in the
continuous case. Finally, the B C D T statistic appears independent to the heritability value
under HO, the power increasing with h2 under HI.

T a b le 3 : Simulations o f Bartlett’s test adapted to discrete variables.

n : number of sires, m : number of daughters/sire. h2 : heritability

n

m

10

10

0 .1

h2

10

10

0.3

10

20

0 .1

10

20

0.3

10

0 .1

10

30
30
40
40

20

10

0 .1

20

10

0.3

20

20

0 .1

20

20

0.3

10
10

0.3
0 .1

0.3

Empirical quantiles qe
threshold at
power
1 0 p.cent
at qe
39
12.3
49
1 2 .0
15.2
26
38
13.5
33
15.2
31
15.8
15.9
31
90
16.3
2 1 .8
51
72
2 1 .8
39
27.5
56
25.3

30 0 .1
30 0.3
20
40 0 .1
20
40 0.3
20
(§) at 10 p.cent
20

29.4
27.5
29.9

38
44

Theoretica quantiles
power
1 *‘ type
at qt
error
23
10
32
10

(§)

31
29
34
42
39
94

10
10
10
10
10

9

28
39
41
49

10
10
10

9

50
44
54
85

10
10

10
43
85
10
28.1
level : qt =14.7 for n = 10 and 27.2 for n = 20.

Application o f the segregation analysis

Method
The test statistic is now the likelihood ratio test l = —21n(||y), where MO and M l are
the sample likelihoods under HO and H I, respectively. For H I, the likelihood is :

Ml

1

exp(

(E

ft

>)) du<

\— )
p(m)
f (y a/ u>’ 9
2 '>'“ U = 1
j= i

)

where /(i/.y /rq , gi) is the density, for the ith male, o f the observation o f its j th daughter,
given its polygenic value u; and its genotype at the major locus gt, and where p(ffi) is the
probability of the genotype g, o f the sire. When the trait is assumed normaly distributed,
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f(yij/ui,9i) is writen :

J 2 P(9ij/9i)
«■>=

1

cxv(
^

1

iy'j ~ U' '

2

7c

)

where p(gij/gi) is the conditional probability o f the genotype gtj o f the daughter.
We can adapt this formula to the discrete case, writing for /(t /ij/u i, <?;) :

i
9 ij-

P (9 M
1

[ ^ ( ^ ~ ^ - ) - 3 ( ^ - 1 - " . - ^ )]
\/7e
V 7e

where $ is the normal distribution function.
The likelihood under H 0 is obtained directly from M l, considering only one genotype for
the sires as well as for their daughters.
Theoretically, the likelihood ratio test l is distributed as a x 2 with 2 degrees o f freedom,
number o f parameters fixed under HO compared to H I. However, in the particular case of
mixtures of distributions, the regularity conditions needed for this asym ptotical results are
not fulfilled (Titterington et, al, 1985).
The following results concern the application of both methods, segregation analysis for
continuous variables (C S A ) and segregation analysis for discrete variables (D S A ). Due to
the amount o f com puting needed, these results are only based on 100 simulations under HQ
and 100 simulations under I I 1 , for families of 20 sires and 20 daughters/sire. Once again,
the parameters studied are, under HO, /1,0 = 0, + 7 „ = 1 and /*2 = .1 and, under H I,
t<i = ll2 = 0, ix3 = 2, pi = p3 = .25, pi = .5, 7 e + 7u = 1 and h2 = .1.

Results
They are given in table 4. As for the Bartlett’s test and the Fain’s test, the segregation ana
lysis adapted to continuous variables (C S A ) is unusable, all values o f the test statistic under

HO being very high, proving the absence of robustness o f all these methods to this deviation
from normality : the polygenic hypothesis would always be rejected in these situations.

T a b le 4 : Simulations of the segregation analysis
for continuous (C S A ) and discrete (D S A ) variables.

Test
CSA
DSA

Empirical quantiles qe
threshold at
power
1 0 p.cent
at qr
576.2

Theoretical quantiles qt (§)
1 J< type
power
error
at qt
100

3.1
82
9
(§) at 10 p.ccnt level : qt = 3.22 .
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The results are quite different with the adaptation o f the segregation analysis to the
discrete situation (D SA ). The distribution under HO seems to be very close to a mixture o f a
mass in 0 and a x 2 with 2 degrees o f freedom, as suggested by Titterington et al. (1985) in the
simpler case o f mixture o f distributions. The power is high, for the quantiles corresponding
to this hypothetical distribution, as for the empirical ones.
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Discussion
All the calculations made here concern populations divided in independent halfsib families.
Theories have been made on the way o f studying complex pedigrees including, for instance,
inbreeding and multiple matings o f the females (Cannings et al., 1978). In the mixed case
(polygenic effects + m ajor gene), their applications are limited to very small populations. The
situation o f a discrete trait is even more complicated and the tests require simplifications if
they have to be applied to livestock data files.
As mentionned above, it is known ( e.g. Le Roy, 1989) that the tests statistics (Bartlett,
Fain as well as the segregation analysis) developed for normal variables are not robust to
skewness. The robustness, to this type o f deviation from normality, o f the test statistics
adapted to discrete variables have to be evaluated.

METHODS FOR GENOTYPE DETERMINATION
When a m ajor gene has been detected in a population, it may be useful to identify
the m ajor locus genotype of individuals belonging to this population, in order to create
experimental groups for physiological or genetical studies, or in order to improve genetic
management of the population , i. c. the choice of reproducers and their matings.

A short review
From a mathematical point o f view, this is an old problem. It has been given partial
responses by Human Geneticists in a genetic counseling context. The principle is a repeated
application o f the Bayes theorem, whose calculations give the probability o f a child being born
with a genetic defect given certain information on the carriers o f this defect in its genealogy
(M urphy and Mutalik, 1969; Lange et al., 1976). Large computer software packages have been
developed for this application (PE D IG , PAP ...).
This approach has also been used by animal geneticists (e.g. Arendonk and Kennedy,
1989). The problem has been studied with details for the determination o f progeny tested
sire genotypes in the case where a new allele B is introgressed in a AA population. Roughly,
an introgression consists o f a. crossbreeding between reproducers o f the “exotic” breed (I),
carrying the B allele, and A A reproducers o f the breed II, followed by a number o f backcrosses
to the II breed. AB animals o f the gth generation have to be selected in a 50/50 mixture of
AB and AA. These AB reproducers are then mated to AA animals o f the pure II breed
in order to produce the generation g + 1. When the genotype is not directly deduced from
the observation o f the phenotype, it may be determined through a progeny test. This is
the situation for males when the gene being studied is influencing a maternal trait. In this
case, these males are progeny tested using sure homozygous, e.g. CC, females as mates,
the genotype CC being chosen in such a way that the genotypes AC and BC are clearly
visible. From now on, we shall restrict ourselves to this particular situation, quite frequent,
for instance, in the B ooroola gene introgression systems.
A first approach, derived from Human Genetics works, is to estimate the p r o b a b ilit y for
a progeny tested male to be A A or AB given observations o f its daughters’ performances. This
problem has been studied by Elsen et al. (1988) and Hoeschcle (1988b) for normal traits, and
by Foulley and Elsen (1988) for discrete ones. The algebraic expression o f these probabilities
causes no theoretical difficulty when the parameters are known (means, variances ...) : this is
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still an application o f the Bayes theorem. However, two difficulties have been studied by the
authors :
• the parameters are not known perfectly and must be estimated jointly with the genotype
probabilities. A suggestion has been made to substitute the true values o f the parameters
by their maximum likelihood estimations.
• the calculations are long when mixed heredity is considered, as for the segregation
analysis described above, since it is necessary in this situation to estimate, for each
male candidate, its genotypes’ probabilities, maxginaly to its polygenic value for the
trait influenced by the major locus. Once again, they may be approximated considering
the joint probabilty o f the genotype and o f the observed m ode o f the polygenic value.
In a recent paper, Elsen et al. (1990) show that this approximation causes an important
loss of power, when the first type error considered is the classification o f an A A male
as AB . W hen the computing facilities are large enough, we can therefore recommend
the use o f true marginal probabilities instead o f their approximation.
Whereas the choice o f reproducers may be based on the values o f these genotype probabilities,
this process is not satisfying from a statistical point of view, and efforts have been made to
acheive a true sta tis tica l test, i.c. the choice of a test statistic and the determination of its
rejection thresholds for given first type errors.
This second approach is suggested by Elsen et al. (1988), detailled by Goffinet et al. (1990)
and evaluated by Elsen et al. (1990). The first authors consider the principles o f the Lalouel
ct al. (1983) unified model : a general hypothesis 771 is defined, where a male transmits to its
offspring the A allele with a probability p, taking any value in the range [.5,1]; the particular
hypothesis 770 that p = .5 (the male will be classified A B ) and that p = 1 (it will be said A A )
arc tested against H I. The test statistic proposed is the likelihood ratio l = —21n
where
Mo and M\ are the products o f the likelihood o f the n halfsibs families, respectively under
HO and H I. This has to be successively applied to the progeny tested sires. The choice of this
test statistic is based on the asymptotic properties o f the likelihood ratio, the distribution of
which converges toward a x 2 when the sample size is increasing. However, it must be noted
that, for this particular application, the statistical situation is not clear. First o f all, the
studied variables (the phenotypic values of the daughters o f the progeny tested sire) are not
independant, a necessary condition for the convergence o f /. Secondly, the phenotypic values
o f the other sires provide information on the parameter values. As all the sires have to be
statistically tested, it should be necessary to consider the global error, as the results arc not
independant from one sire to another. Finally, the asymptotical properties o f the likelihood
ratio concerned by a mixture o f distributions are far from clear (Everitt, 1981).
This definition o f a general hypothesis which has no biological signification (the only
sensible values for p are 1/2 and 1) may cause a loss o f power. To avoid this loss, the hypotheses
to be tested must be the non nested ones : “ the male is A A ” (7 /0 ) and “ the male is A B ” (771).
The asymptotical properties o f the likelihood ratio test are no more valid in this non nested
situation. Goffinet et al. (1990) made use o f the non nested tests theory developped by Cox
(1901) and studied by W hite (1982). They proposed a modification o f the W h ite’s statistic
in order to consider the non inclependance between halfsib performances. The test statistic,
which converges theoretically towards a N orm al(0,l) under 770, is powerful but needs large
amount o f computing.
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Recently, Elsen et al. (1990) compared by simulation the statistical properties o f the two
tests, as well as o f the probability estimations, described above, when they are artificially
used as test statistics (a rejection threshold being chosen a priori). The principle was to
simulate distributions o f these statistics under HO (where the male is A A ) and H I (the
male is A B ), and to evaluate first and second type errors for different population sizes and
genotypes means. There were three main conclusions. First of all, all the tests are similar in
power (with a slight advantage for the Goffinet et al. test), except for the estimated joint
probability; secondly the distribution o f Goffinet et al.’s test is far from a Normal for the
population sizes studied (up to 2 0 sires with 2 0 daughters each) : the corresponding first type
error is underestimated; finally the distribution of the transmission probability test statistic
(Elsen et al, 1988) is not an x 2 with 1 degree o f freedom, but probably a mixture o f such
a x 2 and o f a mass in 0, as observed by Titterington et <d.(1985) : the first type error is
overestimated.
Considering these results and the relative computing difficulties o f these methods, we
would suggest using o f the transmission probability model. However, m ore work is needed to
clarify its properties.

Application of the transmission probability test to discrete variables
We consider the situation where the first type error to be minimized is the classification
o f an A A male as an AB. In the context o f a favorable B allele introgression , this means that
we should try to avoid keeping a non B carrier as a reproducer. We study the cases where
groups o f 5 or 1 0 males are progeny tested on 1 0 daughters each, with only one measurement
per daughter. As for the detection part, the performances are simulated following the process
described in the preamble. A deviation o f 2 is assumed between the means py and //2, corres
ponding respectively to the genotypes AC and BC of the daughters. T w o heritability values
are considered : 0.1 and 0.3 .
Methods
The test statistic, applied to the nlh male, is the likelihood ratio test Iaa :

I

a a

= 2

]T ln M ,(pi) -

X > i M , ( Pi) + ln M n( l )

.1=1

where the
and the Mi(pi) are the maximum likelihoods of the observations for the
i1'1 male, for the general hypothesis (where pn € [-5,1]) and for the hypothesis that this male
is AA ( pn = 1 ). These likelihoods are given by :

M i{P i)=

f J—
Jui

yl/ Z n /y n

e x p ( - ^ ~ ) f i f ( y tJ/u,)du,
Z 7U J=1

where /(y .y /u .) is the density, for the ith male, of the observation o f its j lh daughter, given
its polygenic value
As above, we consider two tests. The first is adapted to continuous variables (C V T ). In
this case, the density / ( i / ,j /u ; ) is writen :

P.
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l {y,j - Ui - p , ) 2
e x p i-t™
P W ) + (1 - P i )
V
7e
s/Z'K'le

1

2

(yg

-

-

7e

p-i Y

)

where fi,\ and fi2 are the genotype means . There is no difficulty in generalizing this formula
for the case of multiple measurements per daughter.
The second is adapted to discrete variables (D V T ), and, with our assumption o f an un
derlying normal variable, the density becomes, $ being the normal distribution function :

)]+ (i-p .)[* (

VTe

\ i j — U< ~

^

-1 ~ »■' ~ P? j

VTe

\/7V

Results
The table 5 was built considering each male successively as the nth, submitted to the test
statistic. These results have to be treated with caution, since the within group likelihood
ratios are not independent.

T a b le 5 : Comparison between two transmission probability tests :
the Continuous Variable Test and the Discrete Variable Test
Group size
and
heritability

Empirical quantiles qe
power
threshold at
10 p.cent
<it qe

Theoretical quantiles qt (§)
power
Is' type
error
at qt

II

LO
II
£

CVT
DVT

7.5
28.6

87
53

25
23

92
90

15.2
24.7

54
49

23
16

91
78

5.1

92
91

9
9

95
91

n = 5 h2 — .3
CVT
DVT

n = 10 h2 = .1
CVT
DVT

2.1

n = 10 h2 = .3
CVT
DVT

9.7
28.4

Davis criteria :
1st type

error
27

power

23

100

9

98

33

100

100

72

94
30
17
89
50
(§) at 10 p.cent level : qt = 1.642 .

The main observations are as follows :
• the empirical quantiles are much higher than expected after the observation o f Elsen et
al. (1990) in the continuous case (mixture o f a mass in 0 and a x 2)- This is caused by
few high values for the ratio. The first type error is largely underestimated when using
these “ theoretical” rejection thresholds, in particular for the Continuous Variable Test
(C V T ) compared to the Discrete Variable Test (D V T );
inversely, the power is higher for the C V T than for the D V T ;
the tests are m ore powerful and the quantiles nearer to the theoretical ones when the
group size increases and the heritability decreases.
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Thus, both tests do not show their asymptotic properties for the group sizes studied.
Unfortunatly, these sizes are realistic in the case of introgression in livestock. W ithout these
properties, simpler procedures, such as the Davis et al. (1982) criteria for sorting Booroolas
may be valuable. We applied this criteria to our data : a females is said BC if it shows a
performance over 2, and otherwise AC. The results are quite similar to the C V T .

Discussion
We mainly described the genotype determination o f progeny tested males in an introgres
sion context. This is a particular situation, quite simple, where the sires, born from A B xA A
matings, are A A (resp. A B ) with the probability 1/2 and where all their mates are hom ozy
gous. More complex situations are encountered where the developed tests are not useful. In
the more general situation, reproducers o f the 3 genotypes may be mated, and the objective
is an a posteriori evaluation o f their genotype. There is no exact solution for this problem
except for very limited population sizes. Thus, a lot remains to be done.
Elsen ct al. (1988), in their m odel, considered two polygenic effects per sire, defined within
the genotype o f their daughter. W e did not adopt this hypothesis in this paper. From a genetic
point o f view, it avoids the assumption that the “small genes” influencing the trait affected
by the m ajor gene are identical whatever the genotype at the major locus. It would have to
be tested for a good choice o f a genotype determination criteria. For instance, in the case of
the Booroola gene, preliminary observations show that the genetic correlation between F +
and + + halfsibs (born from an F + sire and + + mothers) is very low (Pinard, pers. comm.).

CONCLUSIONS
The statistical procedures developed for normaly distributed traits are not efficient in the
case o f discrete variables, for the detection o f m ajor genes as well as for the determination of
reproducer genotypes .This result reflects the fact that, except for Fain’s test the methods are
based on the maximisation o f the likelihood and, therefore, are dependent on the hypotheses
on the distribution.
Concerning the detection o f a m ajor gene, the adaptations to the discrete situation, which
assume an underlying normal distribution, improve largely the validity of the test statistics.
Other approach would be possible, as the hypothesis o f a Poisson distribution (Foulley et
al., 1987). The robustness of the methods to these hypotheses would have to be evaluated.
The amount o f computations needed are huge as soon as the population size exceeds 1000
individuals in the case o f independent halfsib families . They are totally prohibitive in the
complex pedigrees including loops. The simplifications proposed for the continuous variables
( e.g. Le Roy, 1989) are unusable in the discrete case. Specific simplifications remain to be
found.
In general, the determination o f reproducer genotype is based on small samples. For the
studied example (10 sires and 10 daughters/sire), the methods do not reach their asymptotic
quality and simplest criteria, such as the Davis et al. (1982) one appears as efficient as these
much more elaborated tests. It would be necessary now to work on methods specific o f this
small sample size situation.
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