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Summary. Methods for calculating the probability of
detecting a carrier of a recessive gene by utilizing
matings among related individuals are presented for
single and litter bearing species. The confidence level
for detection of heterozygosity depends upon: (1) the
genetic relationship between mates, (2) the number of
mates per male and the number of offspring per mate,
(3) whether an estimate of recessive gene frequency
before selection is available and (4) the magnitude of
that frequency. Methods of computing probability of
heterozygosity vs homozygosity utilizing Bayes theorem
also are presented. In the conventional progeny test
method, a sire initially is assumed heterozygous before
calculations are made, but no prior information con-
cerning his probable genotype is utilized. In the method
using Bayes theorem, prior sources of information from
relatives or from estimates of population allele fre-
quency are utilized. This method gives the exact
probability that a sire is not a carrier, given prior
information and that he produces all normal offspring.
These methods could be used in any sexually reproduc-
ing species to identify not only detrimental genes but
beneficial genes as well.
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Introduction

Animals phenotypically abnormal due to homozygosity
for a recessive gene can readily be detected and
eliminated from a population. When recessive homo-
zygosity causes death prior to reproduction or inability
to reproduce, recessive gene frequency is automatically

reduced in subsequent generations. When, however,
recessive allele frequency is low, the gene occurs
predominantly in heterozygotes, and there are few
homozygotes upon which selection can act. Further
reduction in recessive gene frequency becomes very
slow.

A solution to this problem is to carry out test
matings for heterozygote detection. An effective proce-
dure is to mate a suspected carrier male to known
homozygous recessive or known carrier females. When
one or more homozygous recessive offspring are pro-
duced, it proves that the tested male was, in fact, a
carrier. When no homogzygous recessive offspring are
found, it can be stated, with a confidence level which is
a function of the probability of producing a homzygous
recessive offspring in a single mating and of the number
of normal offspring produced by the matings, that the
tested male probably is not a carrier.

Females of the appropriate, known genotype, how-
ever, often are unavailable, and for many conditions
homozygous recessive females cannot reproduce. Even
when genotypes of tester females are unknown, detect-
ing a recessive gene carrier is possible utilizing matings
among related individuals. Although confidence levels
for carrier detection using females of known genotype
are easily calculated, the methods of calculating con-
fidence levels from results of matings among related
individuals have not been reported in a complete
manner.

When prior information on genotypes of a male’s
relatives and/or allele frequencies at the locus of interest
are available, a method utilizing Bayes theorem, which
incorporates the prior information, can be used in place
of the conventional method. Bayes theorem is used
routinely in genetic counseling concerning probabilities
of expression of recessive genes in humans.
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The objectives of this paper are: (1) to present
explicit procedures for calculating confidence levels
from a carrier detection test by sire-daughter, full sib
and half sib matings, as well as by combinations of these
and other mating types and (2) to present methods using
Bayes theorem.

Assumptions

Assumptions common to all following examples are: (1) we
are dealing with an autosomal locus with two alleles, A and a
which exist at frequencies of p and q, respectively. (2)
Dominance is complete, i.e. (AA = Aa) + aa. (3) Homozygous
recessive offspring (aa) cannot reproduce. (4) Known hetero-
zygous females are not available.

The conventional progeny test method of carrier detection

Case I: carrier testing by mating a male to females
drawn at random from the population

This case has been presented by Van Vleck et al. (1987)
for single bearing species, but it will be explained here
because matings among related individuals proceed
from this basic mating. The required initial hypothesis
is that the male is a carrier (Aa). The probability that
he produces phenotypically normal offspring when
mated to females drawn at random from the population
is then computed, conditional upon the assumption of
his heterozygosity. Let p and q be frequencies of
dominant and recessive alleles (A and a) in the previous
generation. Recessive homozygotes cannot reproduce,
and so frequencies of AA and Aa in potential mates in
the current generation must be recalculated and sum to
one. Expected proportions of AA and Aa potential
mates before selection (p? and 2pq, respectively) are
summed and each proportion is divided by that sum.

—3 for AA and
1+q

This gives genotypic frequencies of
2q
1+q

When a mate of the male is AA (with probability of
1—gq
1+q
(AA or Aa). The joint probability of picking an AA
female as mate and producing a normal offspring is the
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product of the probabilities or (1+3) (1). In litter

for Aa in potential mates.

), offspring always will be phenotypically normal

bearing species (or a single bearing species with a
female producing n offspring in her lifetime), the
probability that all n offspring will be normal is
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each subsequent offspring is independent of each

previous one. In this case, 1"=1 and the joint prob-
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ability always reduces to d .
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When the mate is Aa (with probability ﬁ{), the

probability of producing a phenotypically normal off-
spring (AA or Aa) is 3/4. The joint probability of
picking an Aa female and producing one normal

2q \( 3
qu (7), and the probability of

producing n normal and no abnormal offspring is
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Since both events, picking an AA female or an Aa
female as mate, are mutually exclusive, the overall
probability of producing n normal offspring by mating a
male to a single female drawn at random from the

1 - 2 3\
population is the sum -4 + =4 )= .
1+q I1+q/\4

The male could be mated with any number (N) of
females, and the females could produce variable num-
bers (n;) of offspring. The probability of producing all

offspring is (

N
normal offspring (Z ni) by mating the male to N
i=1

females drawn at random, if in fact he is a carrier, is
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When only one offspring is produced per female
(n; = 1) the formula reduces to

) (5 6

i=1
1-q N 2q)i N[ 2+q \V
1+q 1+q/\4/] \20+q/
As one offspring per female is a special case of n;
offspring per female, the formula will first be explained
for the monotosous case. The confidence of detection is

1 minus the probability of obtaining all normal
offspring even if the male actually is a carrier

_(_219_
2(1+q)

N
) . The probability of producing all



normal offspring decreases curvilinearly as N increases.
If no recessive offspring are produced in spite of a large
N, the tested male probably is not a carrier. Thus,
confidence level is associated with the conclusion of
probable homozygosity. The probability of an incorrect
conclusion (the sire is, in fact, a carrier but produced no
homozygous recessive offspring in the test mating) is

( 2+q \N
2(0+q)/

When there is more than one offspring per female,
confidence of detection is

el

l1+q 1+q/\4 '

As the number of offspring per female (n;) increases, the
probability that all n; offspring are normal decreases
and the confidence of detection increases. Also, as the
number of mates (N) increases, the probability that all
of them produce normal offspring decreases and the
confidence of detection increases.

When even one recessive homozygote is found
among offspring of a sire, it can be concluded that both

N

1-11

i=1
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parents of the affected offspring are carriers. It is not
necessary to conduct further tests nor to compute the
probability of detection. When, however, all offspring
are normal, the hypothesis that the sire is a carrier may
be rejected. Confidence levels would be

2+ N N 1-— 2 3\m
— =79 and 1 __H R § + i S
2(1-q) i<i|1+q 1+q\4
for one offspring and n; offspring per female, respec-
tively.

A large number of normal offspring are necessary to
achieve high confidence levels, especially when q is
small. For example, for allele frequencies of 0.01 and
0.001, respectively, and one offspring per mate, 604 and
5996 normal offspring would be necessary to achieve a
95% confidence level that a sire was not a carrier. These
numbers of offspring are feasible only in unusual
circumstances, sires used extensively in artificial
insemination, for example. An alternative is to conduct
sire-daughter, full sib or half sib matings. For these
matings among related individuals, the derivation of the
formulae will be shown only in the case of one offspring
per female. Complete formulas for the cases of n;
offspring per female are given in Table 1.

Table 1. Confidence levels of rejecting the hypothesis that a tested male is heterozygous for a recessive gene

Mating type Hypothesis Single offspring/female n; offspring/female
2+q |V NoT1- 2q [3\®
1. Mating to female A ssireis Aa - [_q 1-11 l_g i U (___)
picked at random 2(1+9 “ill+q 1+q\4
2. Sire-daught AsieisAa 1 [7+3q]N 1 INI[ ! +1+q(3)m
. Sire-daughter sire is - - —_ 42|
& 2 8+4q 1279 2+q \3
2+4q |N[7+3q]V NoT1- 2q {3\»]
3. Combination Asire is Aa 1- d [ q] 1-T1 [;q_+__q_ (_)
of 1 and 2 2(1+q)) i8+4¢g =1 l1+q 1+q\4/ |
N
1 1+q {3 \™
SRR
=1 L2+q 2+4+q \4
743qN Nl 1+q (3™
4. Full sib A full brother 1—[ 9 1-11 [_+_q (_) ]
is Aa 8+4q isil2+q 2+q \4
15+22q+3q* N N 3+ 1+6q+q? (3 \™
5. Half sib A half sib —{———q—iz] 1-1I 4 a*ta (3
brother is Aa 16 +28q +4q i=1 L4+7q+q 4+7q+q° \4
7+3q N[ 15+22q+3q2 N N1 1+q (3 \NF
6. Combination A half and full 1—[ q} [ d qz] T ) B G
of4and 5 brother is Aa 8+4q] L16+28q+4q =1 12+q 2+q\4
Nur 3+q

1+6q+4q? (3 )NHi]
4+7q+q? \4

4+7q+q?
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Case 2: carrier testing by mating a sire to his daughters

When offspring produced by mating a sire to randomly
chosen females all are normal, the daughters could then
be mated back to their sire. By observation, the
frequency of aa in daughters is zero, so expected
frequencies of AA and Aa in the daughters must be

for Aa.

1 1+
recalculated. These are for AA and q
q 2+q

The probability of producing a normal offspring by
mating the sire (hypothesized to be Aa) to a random
daughter is calculated in the same manner as in mating
the sire to females drawn at random from the popula-

tion. That is (frequency of AA daughters)

7+3q

(frequency of Aa daughters) x 4 314q
When one or more recessive homozygotes are found
among the offspring, it is concluded that both the sire
and the particular daughters producing the affected
offspring are carriers. Using information from the sire-
daughter matings, when all N offspring are normal, the
confidence level that the sire is not a carrier is

N N
7+3q 3 q} . Some
8+4q 8+4q
information, however, was already available when the
sire produced M normal and no abnormal offspring in
the previous generation. Incorporating this information
with that from the sire-daughter matings, the confidence
24+q M [7+3q]N
2(1+q) 8§+4q
larger than the confidence level using information from
random matings or sire-daughter matings alone.

1+l
X
2+

and the error rate is [

becomes 1—{ }, which 1is

Case 3: carrier testing by mating a sire to his full sisters

It is not possible from matings among full sibs to test
whether the sire of the full sib family is a carrier, since
full sib matings could produce homozygous recessive
offspring even when the sire was not a carrier. It is
possible to test whether a male mated to his own full
sibs is a carrier.

If the male to be tested is a carrier, at least one of his
parents must have been heterozygous, causing it to
contribute A and a alleles to its offspring with equal
probability. The other parent could also have been Aa.
This other parent would be expected to contribute A

. . s 1
and a alleles to its offspring with probabilities of T
q

and ﬁa Then, the probabilities of the parents
. 1 1
producing AA, Aa and aa daughters are —x
2 1l+4gq
1 1 q 1 1 1 1 q
= — +— =-—, and —
20+ 2 d+q 2 0+q 2223

_ q
2(1+q)’
assumed not to exist in the family of full sib brothers
and sisters. If it had, the original parents would be
known carriers, and population allele frequencies would
not enter into the calculations. Recalculated genotypic
l1+q

respectively. The aa genotype, however, is

frequencies in the sisters are for AA and ——
for Aa. ! 2+q

The probability of producing a normal offspring by
mating the male (hypothesized to be Aa) to a full sister

is calculated as before. That is, —— (frequency of AA

1+
full sib sisters) x 1 + 2+2 (frequency of Aa full sib

. 3 7+ 3q
sisters) x — = ————

4 8+44q
that one normal offspring is produced by a single sire-
daughter mating (Case 2), when the sire is a carrier.
This is reasonable because the genetic relationship of
sire and daughter is equal to the genetic relationship of

full brother and sister.

The confidence level for rejecting the hypothesis
that the male is a carrier when all N offspring are

. This is equal to the probability

7+3qN
8+4q

normalis 1 —

Case 4: carrier testing by mating a male
to his paternal half sibs

It also is possible to test whether a male is a carrier by
mating him to his paternal half sisters, Once the male is
hypothesized to be a carrier, it is known that at least one
of his parents must also have been a carrier. A priori, it
is equally as probable that the recessive gene was
inherited from the sire as from the dam. If it was
inherited from the sire, then 50% of paternal half sisters
would also be expected to inherit the gene. If, however,
the sire to be tested inherited the recessive gene from his
dam, then his half sib mates would inherit the recessive
gene from their sire only in proportion to its overall
frequency in the population. In either case, the dams of
half sisters could be heterozygous and would be expect-
ed to contribute A and a alleles to their daughters with
probabilities 1 and d .
1+q l+q

When the sire of the paternal half sib is a carrier, he
contributes A and a alleles to his offspring with equal
probability. When the dam of the half sib brother is a
carrier and his sire could also be Aa, this sire would be
expected to contribute the A and a allele to his

1
daughters with probabilities of T+ and . As the
q

q
1+q



events are mutually exclusive and have equal prob-
ability, the sire of the paternal half sib family would be
expected to contribute the A and a allele to its offspring

fr 1 3+
with probabilities of 7(1 - +?) =4(l_+qq) and

L( q +L)_ﬂ

respectively. The prob-

2\1+q 2/ 4(+q’
abilities of producing AA, Aa and aa half sisters are
3+q | 3+q

x =
4(1+q) 1+q 40+q?°
3+q L4 1+3qx 1 1+6q+¢?
4(1+q 1+q 4(+q 1+q 4(1+q)?
and
1+3q N q+3q*
4(1+q) 1+q 40+q?*

respectively. Since, however, the aa genotype is assumed
not to exist in the family of half brothers and sisters,
genotypic frequencies of AA and Aa in half sisters must

3+
be recalculated. They equal (———-——9-———2—) AA and
) 4+7q+q
1+6q+q
4+7q+q?

The probability of producing a normal offspring by
mating the male (hypothesized to be Aa) to a randomly
chosen half sister is calculated as before. That is

—~——————3+q (frequency of AA half sib sist

e q v alf sib sisters)
1+6q+q?

x 1 +T§+c‘;2 (frequency of Aa half sib sisters)

3 15+229+3¢?

4T 16+28q+4q
The confidence level for rejecting the hypothesis
that the half sib brother is a carrier, when all N off-
. ) 15+22q+3q%\N
spring are normal, is 1 — (m)

Use of Bayes theorem to compute probabilities
of homozygosity vs. heterozygosity

The methods described above give confidence levels of
detecting carriers of recessive genes, given the produc-
tion of no abnormal and variable numbers of normal
offspring. With Bayes theorem, it is possible to calculate
the exact probability that a sire is a dominant homo-
zygote vs a heterozygote, based upon resuits of one of
the tests already described and consideration of prior
quantitative information on the probable genotype of
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the sire. The general formula for Bayes theorem is:

P(A) P(B/A)
P(A) P(B/A) + P(A) P(B/A)

P(A/B) =

As A stands for the nonoccurrence of A, P(A) + P(A) = 1.
All previously stated assumptions apply here. The case
of mating a male to N females drawn at random from
the population, with each producing a single offspring,
is used as an example, but the concepts described here
apply to the other mating schemes as well. Probabilities
are defined as:

P(A) = the prior probability that the sire is AA.

P(A) = the prior probability that the sire is Aa.

If no information is available that the recessive gene
is present in close relatives of the male, the prior
probabilities that the sire is AA or Aa, respectively, are
p? 1-gq
242pq l+q

P(A) = and
P

_ 2pq 2q
PA)= = .
(A) p?+2pq l+gq

Let P(B) = the probability of producing all normal
offspring from a particular type of mating. P(B/A) is
the conditional probability of producing all normal off-
spring, given that the sire is AA. This is equal to 1, since
a homozygous sire would transmit A to all its offspring.
P(B/A) is the conditional probability of producing all
normal offspring, given that the sire is Aa. It is equal to
N

2+
d in this example. (This probability was

2(1+q)

calculated in the process of calculating the confidence
level of detection in the conventional method). The
probability that the sire is homozygous AA, given that
the matings produce all N normal offspring, is

l—q
1+q><1
P(A/B) =
(A/B) 1-q - 2q 2+q [N
X X
1+q 1+q 2(1+q)
I-q
_ l1+q
h 1—q+ 2q 2+q M
1+qg 1+q[2(+49q)

If ancestor or collateral relative information is
available, P(A) and P(A) should be computed from
that information. For instance, if both of a sire’s parents
were carriers, P(A) = 1/3 and P(A) = 2/3. If the sire’s
grandfather were a known carrier, P(A)=3/4 and
P(A)=1/4,
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When parent-offspring, full sib mating and half sib
mating systems were used, P(B/A) would be

N N

7+ 3q
8+4q

7+3q
8+4q

15+22q +3q*|™
16 +28q + 4 g2

for single bearing species, and

1+ b
ale)
2+q \4

! +1+q 3\m q
2+q 2+q\4 o

N[t

L 2+q

Tl..

M=z

3+q
| 4+7q+¢q?

i

1+6q+q? (3)"*]

4+7q+q2 \4

i

for litter bearing species.

Discussion

The confidence level from a mating test depends on four
factors and the interrelationships among them: (1) the
genetic relationship between mates, (2) the number of
mates per male and the number of offspring per mate,
(3) whether an estimate exists for q, recessive gene
frequency before selection and (4) the magnitude of q.
The number of females required to produce normal
offspring from each mating system to achieve 90 and
95% confidence levels in litter and single bearing species
are given in Table 2. The closer the genetic relationship
between a sire and his mates, the fewer mates are
required to achieve a given confidence level. Several
mating systems can be combined to test a male, as
shown earlier. For instance, when sire-daughter matings
are utilized, information from mating sires to females to

Table 2. The number of mates, all producing only phenotypical-
ly normal offspring, required to achieve 90% and 95% con-
fidence levels that a sire is not a carrier, for both single and
litter bearing species. Frequency of the recessive allele is
assumed to equal 0.01 and litter bearing females are assumed to
produce 10 offspring each

Single bearing Litter bearing

species species

90% 95% 90% 95%
Random mating 464 604 123 159
Sire-daughter 18 23 4 5
Full sib 18 23 4 S
Half sib 35 45 9 11

produce daughters should also be available. Incorporat-
ing both information sources adds to the confidence of

N N
S EAEC N
8+4q

the test (l -

2+q M [7+3q
X
2(1+q)| ~[8+4q

As another example, if a male were mated to both full
and half sisters to produce offspring, confidence of the
test from both information sources would be

(1_

Although formulas for relationships other than sire-
daughter, full sib and half sib are not given in this
paper, these could be derived in a similar manner. The
confidence level will always be increased when infor-
mation from all available matings is combined, but the
increase will sometimes be very small. The more distant
the genetic relationship between mates, the less that
such information will add to the confidence level.
Combinations of information sources are especially
useful when the number of offspring produced by each
type of mating is limited. Although cases of single
offspring per female were used in the examples, the
methods would apply equally to cases of more than one
offspring per female.

Testing a male by mating to females producing
single offspring or to females producing litters requires
different total numbers of offspring to achieve any given
confidence level (Table 2). For instance, when mates
were drawn at random from the population, 464 normal
offspring would be needed in a single bearing species to
achieve the 90% confidence level, but 1,230 offspring
would be needed to achieve the same confidence level in
a litter bearing species (assuming q = 0.01 and 10 off-
spring per litter).

Often, the frequency of recessive alleles will not have
been estimated. An alternative in such cases is to let
q =0 in the formulae. (This does not work in random
mating, however, since allele frequency is the only
information source from that mating.) This will give a
conservative or safer test because a male would have to
produce more normal offspring to achieve any given
confidence level. It is costly because using q = 0 (instead
of the true but unknown value) requires larger numbers
of mates and/or offspring to achieve the same con-
fidence level.

This conclusion, however, cannot be generalized. It
depends on the genetic relationship between a male and
his mates. If the genetic relationship between mates is
high, such as full sibs or sire and daughter, using q =0
has little effect on the confidence level. For instance, a
curve relating confidence (vertical axis) to the number
of offspring (horizontal axis, Fig. 1) is not affected when
q varies from 0.1 to 0.001 in full sib and sire-daughter

Nr

7+ 3q
8+4q

15+22q+3q%|N=
16 +28q +4q?
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Fig. 1. Confidence levels that a progeny tested male is not
heterozygous, based upon results of full sib, sire-daughter or
half sib matings and with variable frequencies of a recessive
gene
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Fig. 2. Confidence levels that a male, mated to females drawn
at random from a population, is not heterozygous at three levels
of recessive gene frequency

matings. Curves for half sib mating (Fig. 1) and random
mating (Fig. 2), however, are mildly and drastically
affected by different values of q, and a large N is
required to achieve the 90% and 95% confidence levels
when q is low (Fig. 2). The differences in sensitivity of
the confidence curves to changing values of q corre-
spond to the differences in genetic relationship between a
sire and his mates. This is reasonable because a high
genetic relationship means that more information is
provided by the mates. In random mating, the genetic
relationship between the sire and his mates is assumed
to be zero, so no information is available from that
source. This must be compensated by other sources such
as large N and/or high population frequency (q) of the
recessive gene.

When known heterozygous (Aa) or homozygous
females (aa) are available as testers, mating a male to
them is more efficient than mating a male to related
individuals. If a female is known to be Aa, only 9 normal
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offspring are necessary to achieve the 90% confidence
level. If a female is aa, only 4 normal offspring are
necessary to achieve the same confidence. These
methods require that existence of the recessive gene has
already been determined; and the test is effective for
detecting only that gene. In the method of mating a male
to related females, the test is effective for detecting all
autosomal recessive genes simultaneously.

The method utilizing relatives, however, has a dis-
advantage, since it results in inbreeding which likely
would result in inbreeding depression for economically
important traits.

A few important distinctions should be made
between the conventional method and the method using
Bayes theorem. In the conventional method, the hypoth-
esis that a sire is a carrier is made before calculation,
and no prior information concerning the sire’s probable
genotype is used. The test result is the confidence of
detection or the probability of producing at least one
abnormal offspring, assuming that a sire is a carrier. The
interpretation of the test result is as follows. If no
abnormal offspring are produced, even though the cal-
culated probability of producing at least one abnormal
offspring (assuming that the sire is a carrier) is fairly
high, the hypothesis that a sire is a carrier is rejected
and the alternate hypothesis that a sire is not a carrier is
accepted. This is not, however, the probability that the
sire is not a carrier.

In the method using Bayes theorem, the hypothesis
that a sire is a carrier is not made, and all prior sources
of information from relatives or from population allele
frequency estimates are utilized. This method gives the
exact probability that a sire is not a carrier, given the
prior information and that he produces all normal
offspring. Since the method based on Bayes theorem
utilizes more available information than the conven-
tional method and gives the exact probability that a sire
1s not a carrier, this method is more powerful. There are,
however, a few shortcomings. First, some prior infor-
mation must be available. Second, prior information
must be accurate. If incorrect information is used, the
calculated probability from Bayes formula will be
biased. Suppose, for example, that a male is mated to
full sibs or daughters and that true allele frequency is
q=0.1. Producing 5 and 11 normal offspring would
result in probability levels exceeding 90% and 95% that a
sire was not a carrier. If allele frequency had wrongly
been estimated to equal 0.01, however, the calculated
probability that the sire was not a carrier would have
exceeded 98% with only one normal offspring. At the
true allele frequency of 0.1, 18 normal offspring should
have been produced to reach the 98% probability level.
Thus, the method using Bayes theorem is vulnerable to
inaccurate prior information. The conventional method
can be less subject to bias from inaccurate estimates of
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recessive gene frequency. As shown in Fig. 1, deviating
allele frequency from q=0.1 to q=0.001 does not
change the required number of normal offspring to
reach any given confidence level, when the relationship
of the sire to his mates is high.

As a final comment, we have presented and dis-
cussed these procedures as if they were effective only for
testing males for undesirable genes. This was a simplifi-
cation and convenience and is not true. In species with
high fecundity, chickens and fish for example, the
methods could readily be used to test females for

heterozygosity. Also the methods could be used in any
sexually reproducing species to identify beneficial as
well as detrimental genes. With rapid advances in gene
transfer technology, we visualize that searches for major
genes with beneficial effects will become more common
in the future.
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