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Summary. A Bayesian method to estimate genotype 
probabilities at a single locus using information on the 
individual and all its relatives and their mates has been 
developed. The method uses data over several genera- 
tions, can deal with large numbers of individuals in large 
livestock families and allows for missing information. It 
can be extended to multiple alleles and can be used for 
autosomal or sex-linked loci. The allele frequencies and 
the form of expression (dominance, penetrance) must be 
specified. An algorithm using the method and involving 
an iterative procedure has been developed to calculate 
the genotype probabilities for practical use in livestock 
breeding. The method and algorithm were used to deter- 
mine the accuracy of estimating genotype probabilities of 
sires for a female sex-limited trait, such as genetic variants 
of milk proteins. Data were similated and genotype prob- 
abilities estimated for 100 sires (20 replicates) with 3, 6 
and 12 female offspring per sire, for different population 
frequencies, for additive and dominance gene action and 
for variable genotypic expression. Such simulation is use- 
ful in the design of testing systems for the use of informa- 
tion on specific genetic loci in selection. 
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Introduction 

Animal geneticists have relied largely on quantitative 
variation in the genetic improvement of livestock, and 
have developed sophisticated statistical methods to ex- 

* Prepared during a leave at Centre for Genetic Improvement 
of Livestock, Guelph, Canada 

ploit all the information in selection (Henderson 1984; 
Kennedy et al. 1988). In the future, with extensive genetic 
polymorphism being found by molecular genetic tech- 
niques, they will need to develop new methods to deal 
with information on individual loci (and linked marker 
loci) and to integrate these into their evaluation systems. 
Much use can be made of methods developed in human 
genetics for analyzing modes of inheritance and for deter- 
mining genotype probabilities for genetic counseling pur- 
poses. These methods were first outlined by Elston and 
Stewart (1971) and are reviewed by Elston and Rao (1978) 
and recently by Elston (1987). Several computer packages 
are available for dealing with human pedigrees. In live- 
stock, pedigrees are usually much larger due to generally 
higher reproductive rates, especially in males. For exam- 
ple, a dairy sire used in artificial insemination may have 
thousands of daughters in a large number of herds. For 
this reason, the application of the detailed methods and 
programs in human genetics to livestock data will often 
be difficult or inappropriate. 

Some work in animal genetics has dealt with methods 
to determine the mode of inheritance of putative Mende- 
lian traits. For example, Smith and Bampton (1977), 
Carden et al. (1983) and Southwood et al. (1988) used 
various likelihood procedures to study the inheritance of 
reaction to halothane anaesthesia in pigs. However, these 
applications to livestock data did not allow for missing 
phenotypes and used only part of the data on related 
animals. 

The objective of this paper is to derive a method and 
a computer algorithm to estimate genotype probabilities 
at a single locus for a known mode of inheritance. The 
method can deal with extensive data over several genera- 
tions, and simultaneously derives the genotype probabil- 
ities for all individuals. Its effectiveness is evaluated for a 
female sex-limited trait under different population allele 



736 

frequencies and  forms of expression with differing n u m -  
bers of female offspring per  sire. 

Estimation of genotype probabilities 

A method to estimate genotype probabilities at a single locus 
with two alleles, A and a, will be derived. It can be extended 
simply to multiple alleles. The basic ideas were taken from 
Elston and Stewart (1971) and Heuch and Li (1972). The mode 
of inheritance is assumed known. The method allows for individ- 
uals with missing phenotypes, can be applied to sex-limited traits 
and can be used for both autosomal and sex-linked loci. 

Genotype probabilities of an individual are estimated using 
all the information in its family. The information for an individ- 
ual can be divided into three categories: (a) parents and collater- 
al relatives; (b) the individual; (c) offspring and their relatives 
(Fig. 1). The genotype probabilities are calculated using a Bay- 
esian probability approach. The prior probability of an individ- 
ual having a given genotype is calculated from information on 
parents and collateral relatives (a) using Mendelian segregation 
probabilities. The posterior probability is calculated by incorpo- 
rating the information on the individual (b) and on offspring and 
their relatives (c). This probability will be referred to as (estimat- 
ed) genotype probability. For computational reasons, informa- 
tion (c) is condensed into the so-called progeny probabilities. 
The different probabilities and their method of calculation are 
given below. 

Information on the individual 

When only the phenotype f on the individual is known, the 
probability of that individual having genotype u is 

prob(u) = prior(u) o ( f l u ) /  { ~= x prior(v) o( f lv)}  (1) 

where prob (u)--- probability of the individual having genotype u, 
prior (u) = prior probability of the individual having genotype u, 
# (flu) = conditional probability of phenotype f given genotype 
u, k=number  of possible genotypes (three for a two- 
allele locus). In the absence of information on parents, prior (u) 
equals the proportion r (u) of individuals in the population that 
have genotype u. When the population is assumed to be in 
Hardy-Weinberg equilibrium, the proportions z (u) equal pZ, 2 p q 
and q2, where p and q are the frequencies of the A and a alleles, 
respectively. Deviations from Hardy-Weinberg equilibrium can 
be taken into account. 

The probability g (flu) describes the relation between phe- 
notypes and genotypes. It thus takes account of dominance, 
penetrance and the probabilities of misclassification. Table 1 
gives the probabilities #(f lu)  for two situations: I - no domi- 
nance and complete penetrance; and II - complete dominance of 
A allele and 80% penetrance of the recessive aa genotype. Equa- 
tion (1) will be illustrated for both situations. The estimated 
genotype probabilities for an individual with phenotype f = A A 
in situation I are obviously 1, 0 and 0 for genotype AA, Aa and 
aa, respectively. For situation II, Hardy-Weinberg equilibrium 
and a frequency of the A allele of 0.6 are used. In that case, the 
estimated probabilities for an animal with the dominant pheno- 
type f = A- is 0.41 = 1 (0.6)5/[1 (0.6) 2 + 1 (2) (0.6) (0.4) + 0.2 (0.4) 2] 
for genotype AA, and similarly 0.55 and 0.04 for genotypes Aa 
and aa. 

There is no major difficulty in letting g(f lu)  be also a func- 
tion of some other factor, e.g. age or sex (Elston and Stewart 
1971). In case of a missing observation of the phenotype, g (f[ u) 

112 

I I 
6 5 8 9 

I I 
7 I0 ii 

Fig. 1. Information for individual 8 in different categories: (a) 
parents and collateral relatives (1-7); (b) individual (8); (c) off- 
spring and their relatives (9 11). Numbers are used to identify 
animals 

Table 1. Conditional probability given genotype u of observing 
phenotype f, 9(flu),  for I: no dominance and complete pene- 
trance; II: complete dominance and 80% penetrance of recessive 
genotype 

I II 

f = AA Aa aa f = A- aa 

u = A A  1 0 0 1 0 
Aa 0 1 0 1 0 
aa 0 0 1 0.2 0.8 

Table 2. The conditional probability of the individual having 
genotype u~ given its parents genotype u s and u s, pt (uilus, u d) 

U i ~ -  

us= AA us= Aa u,=aa 

AA Aa aa AA Aa aa AA Aa aa 

ud=AA 1 0 0 0.5 0.5 0 0 1 0 
Aa 0.5 0.5 0 0.25 0.5 0.25 0 0.5 0.5 
aa 0 1 0 0 0.5 0.5 0 0 1 

is set equal to unity for all u. Note that Eq. (1) reduces to r(u) if 
the phenotype is missing. Both r(u) and g(f lu)  are assumed 
known. 

Information on parents 

When, in addition to the phenotype of the individual, the geno- 
types of the parents (sire and dam) are known to be u~ and us, 
Eq. (1) can be modified to 

/I t prob(u) = pt(ulu~, u s) g( f lu)  v~l pt(vlu~, us) g( f lv)  (2) 

where pt (ul us, u s) is the conditional probability of the individual 
having genotype u given its parent's genotypes are u s and u a. 
These probabilities are based on Mendelian transmission, which 
is different for an autosomal and a sex-linked locus. Table 2 gives 
pt (ulu,, us) for an autosomal locus with two alleles. 



Equation (2) can be used only when the genotypes of the 
parents are known�9 The equation can be generalized to allow for 
the use of the parents' genotype probabilities. To distinguish 
between the terms relating to the different individuals, a sub- 
script i will be added to the terms referring to individual i for 
which genotype probabilities are estimated. 

The information on the parents of individual i can be com- 
bined in the prior probability of /having  genotype ui, priori(u~), 
as follows 

k k 
priori(ui)= Z probs(u~, i) 52 probd(U d, i) pt(uilu~, Ud)/tot (3) 

Us=l Ud=I  

where prob s (us, i) is the probability of the sire having genotype 
u s when the information from individual i or its descendants is 
not used (see below). Similarly, prob n (ud, i) gives the probabili- 
ties for the dam. To make the prior probabilities sum to 1, each 
probability is divided by tot which is the sum of all the possible 
numerator terms (three possible genotypes) for individual i. In 
the case of a unknown parent, prob~ (u s, i) or prob d (ud, i) is set 
equal to z (u). In a case where both parents are missing, it can be 
shown that Eq. (3) reduces to �9 (u). 

Murphy and Mutalik (1969) showed that the genotype prob- 
abilities of the parents used in Eq. (3) should not include the 
information on the individual for which genotype probabilities 
are estimated or on descendants of that individual�9 It may be 
useful to illustrate this. For situation II with a frequency of the 
A allele of 0.5, consider a sire X with unknown parents and 
phenotype and its offspring Y with phenotype A-. The prior 
probabilities for Yare r(u) (0�9 0.50, 0.25) because no informa- 
tion is available on either parent. As will be shown in Eqs. (4) and 
(5), the estimated genotype probabilities for X using information 
on Yare 0.40, 0.34 and 0.26 for u being AA,  Aa  and aa, respec- 
tively. Using these probabilities in Eq. (3) will lead to the erro- 
neous prior probabilities for Yof0.285, 0.5 and 0.215, respective- 
ly. 

Progeny 

The information from the progeny of individual i can be com- 
bined in the progeny probability, progi(ui), which can be calcu- 
lated as 

progi(ui)= 1-I prob,, (u,,, p) 
p=l u m = l  

�9 up=l ~ g(fPIup)progp(up)po(uiIum'Up)}/t~ (4) 

where n i = number of offspring of individual i, prob,, (u,,, p) = 
probability of mate producing offspring p having genotype u,, 
when information on p and its descendants is not used but all 
other information on mate is used, 9(fplup)=condit ional  prob- 
ability of phenotype fp given genotype up, progp (up)= progeny 
probability of offspring p having genotype up, po (u ilu~, Up)= 
conditional probability of individual i having genotype u i given 
genotype of mate and offspring, tot = sum of all possible numer- 
ator terms of individual i. 

The conditional probabilities, po(udum, up), are given in 
Table 3 for a single-locus trait with two alleles. 

Genotype probability 

The prior probability [Eq. (3)], the phenotype of the individual 
and its progeny probability [Eq. (4)] can be combined to estimate 
the probability of individual i having genotype u i as follows: 

probi(ui)= (5) 

priori(ul)9(fi[ul)progi(ul) priori(v),q(filv)progi(v ) 
v 1 
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Table 3. The conditional probability of the individual having 
genotype u i given the genotype of the mate (u,,) and progeny (up), 
po(uilu,~, up) 

u m = A A  u m = A a  u m = aa 

u i= AA Aa aa A A  Aa aa A A  Aa  aa 

Up=AA 0�9 0�9 0 0�9 0.33 0 0 0 0 
Aa 0 0.33 0.67 0.33 0.33 0 �9  0.67 0.33 0 
aa 0 0 0 0 0.33 0�9 0 0.33 0.67 

Algorithm 

In human genetics, non-iterative procedures are available to 
estimate the genotype probabilities of a particular individual in 
the pedigree (Elston and Stewart 1971; Cannings et al. 1978). In 
most animal breeding situations, however, the size of the pedi- 
gree is too large to allow application of these procedures, and the 
genotype probabilities of all individuals are required. Therefore, 
an iterative algorithm to estimate genotype probabilities for all 
individuals in the family simultaneously has been developed 
using Eq. (5). The iterative and non-iterative algorithms, of 
course, give the same results�9 

The algorithm involves two steps in every iteration. First, 
the prior probabilities are calculated for all animals, starting 
with the oldest animal (individuals are listed by date of birth)�9 
Calculation of the prior probabilities involves the prior proba- 
bilities, the phenotype and the progeny probabilities of the par- 
ents as can be seen from Eqs. (3) and (5). In the first iteration, 
because progeny probabilities of parents have yet to be estimat- 
ed, these probabilities cannot be used in estimating prior proba- 
bilities for the individual being evaluated. In later iterations, the 
progeny probabilities of the parents estimated in the previous 
iteration are used. 

In the second step of each iteration, progeny probabilities 
are calculated starting with the youngest animal. Genotype 
probabilities of the mates, prob,, (u m, p) in Eq. (4), are calculated 
using the latest prior probabilities, the phenotype and the prog- 
eny probabilities from the previous round. In the first round, 
however, no progeny probabilities of mates are used. 

After each iteration, the information on the phenotype of the 
animal and results of the first and second step are combined to 
calculate the genotype probabilities. The absolute difference be- 
tween genotype probabilities in the current and the previous 
round of iteration is used as a convergence criterion. 

Simulation 

To evaluate the effectiveness of estimating genotype probabili- 
ties, a simulation program was written to generate data for a 
female sex-limited trait controlled by a single-locus. Data were 
simulated for a 10-year period with random mating to generate 
pedigree structure. All dams in the base population were unrelat- 
ed and had known phenotypes. Every year, one-third of the 
dams were replaced by young females which originated from 
dams and sires in the population. At 2 years of age, when the 
females had their first offspring, the phenotype for the single- 
locus trait was measured�9 

Twenty sires were used simultaneously. The sires originated 
from five sires which had four sons each but no female offspring. 
A dam was allowed to produce only one son and, to avoid 
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Table 4. Distribution (%) of estimated frequency of the A allele in a sire for different true genotypes and number of offspring in a 
situation without dominance (population freq. = 0.5) 

No. True Estimated frequency of A allele (%) 
off. genotype 

0 - 5  5-15 15-30 30-45 45-55 55-70 70-85 85-95 95-100 

3 A A 0 0 0 0 0 5 20 49 26 
Aa  1 5 8 3 65 3 9 5 1 
aa 28 46 24 2 0 0 0 0 0 

6 A A  0 0 0 0 0 0 2 20 78 
Aa  1 2 2 0 92 0 1 1 1 
aa 77 19 4 0 0 0 0 0 0 

A A  0 0 0 0 0 0 0 0 100 
A a  0 0 0 0 99 0 0 0 0 
aa 100 0 0 0 0 0 0 0 0 

12 

Table 5. Distribution (%) of estimated frequency of the A allele in a sire for different true genotypes and number of offspring in a 
situation with dominance and 80% penetrance (population freq. =0.5) 

No. True Estimated frequency of A allele (%) 
off. genotype 

0 - 5  5-15 15-30 30-45 45-55 55-70 70-85 85-95 95-100 

3 A A  0 0 0 0 1 13 57 29 0 
A a  0 2 12 39 10 11 22 4 0 
aa 3 18 31 34 4 4 6 0 0 

6 A A  0 0 0 0 0 2 17 65 16 
Aa  1 2 8 33 36 2 7 l0 1 
aa 13 20 28 30 6 1 1 t 0 

A A  0 0 0 0 0 0 1 12 87 
Aa  0 2 4 19 69 0 1 1 4 
aa 27 23 22 20 8 0 0 0 0 

12 

inbreeding, these dams were unrelated to other animals in the 
population. The phenotype of the dam of the sire was recorded. 
Sires were used for 2 consecutive years, during which they all 
produced either 3, 6 or 12 female progeny with known pheno- 
type. 

A single autosomal locus model with two alleles (A, a) was 
used for inheritance of the trait. Data were simulated for fre- 
quencies of the A allele of 0.2, 0.5 and 0.8. A population in 
Hardy-Weinberg equilibrium and equal viability of all genotypes 
was assumed. The same two alternatives, I and II, as before for 
dominance and penetrance were considered: I no dominance 
and complete penetrance; and II - complete dominance and 
80% penetrance of the aa genotype (Table 1). 

Genotype probabilities of the sires in the simulatd data were 
estimated using Eq. (5). The gene frequency and the relation 
between genotype and phenotype were taken to be equal to 
those used in the simulation of data. Iterations were stopped 
when the sum of absolute differences between genotype proba- 
bilities of sires in the current and the previous round was less 
than 0.0l. Twenty replicates of each alternative were run. 

For prediction of changes in frequency of genotypes due to 
selection, the average estimated allele frequencies of the selected 
sires as well as of the selected dams are needed. For selection 
purposes it is, therefore, important to estimate the frequency of 
the A allele in each sire. This frequency, p(A),  was calculated 
from the estimated probabilities of a sire having genotype A A  
and A a as: p (A) = prob (A A) + 0.5 prob (A a). 

Results 

N o  d o m i n a n c e  a n d  c o m p l e t e  p e n e t r a n c e  

Table 4 gives the d is t r ibut ion  of  the es t imated  f requency 

of  the A allele in sires for different true genotypes  and  

n u m b e r  of  offspring for addi t ive  gene act ion (I) and a 

popu la t i on  f requency of  0.5. Wi th  three offspring, 65% of 

the A a  sires had  an es t imated  f requency of  the A allele 

be tween  45% and 55%. He te rozygous  sires showed  

greater  va r ia t ion  in es t imated  f requency than  h o m o -  

zygous sires. The  var ia t ion  decreased marked ly  with in- 

creasing n u m b e r  of  offspring. There  was close to perfect 

ag reement  be tween  es t imated  and  true values when  sires 

had  12 offspring. 

D o m i n a n c e  a n d  p e n e t r a n c e  

The dis t r ibut ion  of  es t imated  allele frequencies  of  het- 
e rozygous  and h o m o z y g o u s  recessive sires showed con-  
s iderable over lap  in the case of  comple te  dominance  and 

80% pene t rance  and a popu la t i on  f requency of A of 0.5 
(Table 5). The  est imates  of  A a  and a a  sires showed  m u c h  
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Table 6. Influence of mode of inheritance and population frequency of A allele on distribution (%) of estimated frequency of the A 
allele in a sire having six offspring for different true genotypes (G) 

Pop. G Estimated frequency A allele (%) 
~eq. 

0-5  5-15 15-30 30-45 45-55 55-70 70-85 85-95 95-100 

I: no dominance and complete penetrance 

0.8 AA 0 0 0 0 0 0 0 3 97 
Aa 0 1 1 0 95 0 0 t 2 
aa 70 15 14 1 0 0 0 0 0 

0.2 AA 0 0 0 0 0 1 14 15 70 
Aa 2 1 0 0 95 0 1 1 0 
aa 97 3 0 0 0 0 0 0 0 

II: dominance and 80% penetrance 

0.8 AA 0 0 0 0 0 1 7 74 17 
Aa 0 0 0 18 24 2 11 40 5 
aa 0 0 6 40 26 5 9 14 0 

0.2 AA 0 0 0 0 2 2 19 64 13 
Aa 3 6 15 30 38 2 3 3 0 
aa 62 20 12 5 1 0 0 0 0 

larger variation than those of A A  sires. More offspring 
were needed to distinguish between homozygous reces- 
sive and heterozygous sires. This also holds, to a lesser 
extent, for the distinction between homozygous domi- 
nant and heterozygous sires. 

Population allele f requency  

The influence of population frequency of the A allele on 
the distribution of estimated allele frequency in sires hav- 
ing six offspring is given in Table 6. With additive gene 
action (I), the estimates of the homozygous sires were 
affected by the population allele frequency. The popula- 
tion allele frequency had a very limited effect on the 
estimates of the heterozygous sires in the case of additive 
gene action. 

With dominance and 80% penetrance, the population 
allele frequency had a big influence on the distribution of 
estimates of all genotypes (Tables 5 and 6). 

Discussion 

The method to estimate genotype probabilities has been 
described for a single-locus trait with two alleles, but 
extension to a larger number of alleles is straightforward. 
In the derivation of the method, it has been assumed that 
there is no inbreeding in the population. Inbreeding will 
lead to the use of information on a related animal in 
calculating both the prior and progeny probabilities of an 
individual, in which case the information on that animal 
might be weighted incorrectly. This can be avoided by 
excluding the information on offspring of the parents in 

calculating the prior probabilities and information on 
parents of the mates in calculating the progeny probabil- 
ities. However, omitting information from the more dis- 
tant relatives will influence the effectiveness of the meth- 
od. The consequences of inbreeding in combination with 
the mode of inheritance of the trait and ways to account 
for inbreeding need further investigation. 

It has been assumed that mode of inheritance and 
allele frequencies are known. Effectiveness of estimation 
of genotype probabilities is expected to decrease when 
poor estimates of population parameters are used. Popu-  
lation allele frequencies mainly affect the prior probabili- 
ties of an animal. The influence of the population allele 
frequencies is expected to be smaller when information 
on phenotypes of parents can be used in estimating the 
prior probabilities. 

Selection of individuals on allelic frequency is expect- 
ed to affect the population allele frequency in subsequent 
generations and to cause deviations from Hardy-Wein- 
berg equilibrium. The base population allele frequency is 
used to estimate the prior probabilities for animals in the 
base population. The effect of selection of individuals 
based on their phenotypes is expected to be accounted for 
when the information on parents is used in estimating the 
genotype probabilities. When information on parents is 
missing, the prior probabilities, r (u), can be estimated 
from the current allele frequencies to account for the 
change in population allele frequency due to selection. 
However, these evaluations are likely to be biased if ani- 
mals are culled for reasons related to their genotype be- 
fore their phenotype has been assessed, or when animals 
with certain phenotypes are excluded from the evalua- 
tion. 
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The simulation results showed a very clear influence 
of the mode of inheritance on accuracy of estimating 
allele frequency in sires. The combination of dominance 
with incomplete penetrance resulted in a much lower 
accuracy of estimation compared with additive gene ac- 
tion. Thus, through these methods, it is possible to esti- 
mate the number of progeny required in a complex family 
history to get an accurate prediction of a sire's genotype. 
The efficiency can further be improved by making 
planned matings to animals with a certain phenotype. 

The estimated allele frequency in individual animals 
can be used as a selection criterion when selecting for a 
single gene. The results given in this study can be used to 
derive the expected efficiency of a selection strategy. For  
example, assume that in situation II (dominance) all sires 
have six offspring with known phenotype. Selection of all 
sires having an estimated frequency of the dominant  A 
allele of 85% or higher results in an average real fre- 
quency of A in the selected group of 0.88, 0.88 and 0.89 
when the population allele frequency is 0.2, 0.5 and 0.8, 
respectively (Tables 5 and 6). The proport ion of sires 
selected, how- ever, varied from 4% to 67%. 
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