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Summary. “Selective genotyping” is the term used when
the determination of linkage between marker loci and
quantitative trait loci (QTL) affecting some particular
trait is carried out by genotyping only individuals from
the high and low phenotypic tails of the entire sample
population. Selective genotyping can markedly decrease
the number of individuals genotyped for a given power at
the expense of an increase in the number of individuals
phenotyped. The optimum proportion of individuals
genotyped from the point of view of minimizing costs for
a given experimental power depends strongly on the cost
of completely genotyping an individual for all of the
markers included in the experiment (including the costs
of obtaining a DNA sample) relative to the cost of rearing
and trait evaluation of an individual. However, in single
trait studies, it will almost never be useful to genotype
more than the upper and lower 25% of a population. It
is shown that the observed difference in quantitative trait
values associated with alternative marker genotypes in
the selected population can be much greater than the
actual gene effect at the quantitative trait locus when the
entire population is considered. An expression and a fig-
ure is provided for converting observed differences under
selective genotyping to actual gene effects.
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Introduction
Experimental designs for the determination of linkage
between marker loci and quantitative trait loci (QTL)

have been widely described (Elston and Stewart 1971;
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Geldermann 1975; Hill 1975; Jensen 1989; Knapp 1990;
Lander and Botstein 1989; Lebowitz et al. 1987; Nei-
mann-Sorensen and Robertson 1961; Simpson 1989; Sol-
ler et al. 1976; Soller and Beckmann 1983, 1990; Soller
and Genizi 1978; Weller 1986), and a number of successful
experimental studies have been carried out (Beever et al.
1989; Edwards et al. 1987; Gelderman et al. 1985; Gony-
on et al. 1987; Haenlein et al. 1987; Kahler and Wehrhahn
1986; Paterson et al. 1988; Sax 1923; Tanksely et al. 1982,
Weller 1987; Weller et al. 1988).

Although in the past experimental marker-QTL link-
age studies have usually been aimed at carrying out a
general linkage analysis for a variety of traits simulta-
neously, future studies will often be aimed at analyzing a
single trait (Soller and Beckmann 1988). In this case, by
genotyping only individuals from the high and low phe-
notypic tails of the entire sample population, the number
of individuals genotyped for a given power can be de-
creased considerably, at the expense of an increase in the
number of individuals phenotyped (Lebowitz et al. 1987).
When analyzing traits with unknown distribution or with
respect to qualitative traits (e.g. disease resistance) an
approach based on the change in marker allele frequen-
cies at the tails, as a consequence of linkage to the trait
under consideration, is appropriate (Lebowitz et al.
1987). Lander and Botstein (1989) showed that for contin-
uous traits, the power for such an analysis can be
markedly increased when the analysis is based on the
quantitative values of the individuals in the high and low
tails of the population. They applied maximum likeli-
hood methods to the analysis of the data and termed their
approach “selective genotyping”.

In the study presented here further theoretical aspects
to selective genotyping are considered, including: choos-
ing an appropriate model for use in analysis of the data,
obtaining estimates of the gene effects at the QTL unbi-
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ased by the selection applied, and determining the opti-
mum proportion to be retained in the selected high and
low tails of the population from the point of view of
minimizing total experimental cost for a given power.

Theory

Consider the case where the population consists of two
groups, genotype A and genotype B, with equal expected
sample size and each normally distributed with respective
means and variances p,, pp and 63 =0%. In many in-
stances (4, — Uy )/0 4o g Will be small, so that the QTL in
question contributes only a small component to the over-
all population variance. In this case 0% and o2 are ap-
proximately equal to ¢2, the population variance. Thus,
all three variances will henceforth be considered equal
and will be denoted ¢ For theoretical analysis, it is
convenient to standardize population values, setting the
population variance to 1 and the expectations of geno-
types A and B, to  and — 4§, respectively.

In the following analysis, detection of a marker-QTL
linkage will be based on a t-test of the difference between
the sample average of individuals with genotype A (deno-
ted A) and the sample average of individuals with geno-
type B (denoted B) as found in the population obtained
by pooling both selected tails to form one unified sample
population, denoted “pooled-tails population”. In order
to determine the total number, Ny, of individuals in the
pooled-tails population needed to detect a QTL of given
effect, the respective expectations of individuals with
genotypes A and B in the pooled-tails population, E(A)
and E(B); their difference, D,; and the within-genotype
variance in the pooled-tails population, ¢2, will be
derived.

Mean difference between the two genotypes
in the pooled-tails population (D )

The distributions of the trait value for the two genotypes
are presented in Fig. 1. The total proportion of the sam-
ple analyzed is denoted p (p/2 at each tail), while p, and
p, are the proportions of genotypes A and B, respectively,
in the upper selected tail (equal to proportions of geno-
types B and A, respectively, in the lower tail, see Fig. 1).
In general, subscript notation “1” will refer henceforth to
genotype A in the upper tail and genotype B in the lower
tail, while subscript “2” will refer to genotype B in the
upper tail and genotype A4 in the lower tail. Consequently
p,; and p, are:

P1:¢(Zp/z+5) . (1)
D= ¢(Zp/2 —0) ¥

where ¢(x) is the cumulative probability function of the
standard normal distribution, and Z ,, is the value of x
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Fig. 1. The distribution of trait values of two genotypes (geno-
type A and genotype B, having mean standardized values +6
and —§, respectively) under selective genotyping, showing the
proportion of individuals of genotype A present in the upper
and lower tails of the population (p, and p,, respectively)

that solves ¢ (x)=p/2. Note that for small values of J, as
considered in this study,

p1t+p,=p.
Denote:
P1
pr=—El - ®
! |2 2
P2
pp=—P— @
g P tps

Then the probability density functions of individuals with
genotype A and B in the upper and lower tails of the
population are, respectively:

fa(x)=p% 'fA,U (x)+p% 'fA,L(x) &)
Je (X)=p3 " fou )+pT " f5.L() (6)

where the probability density functions of each genotype,
A and B, at the upper (U) and lower (L) tails are:

1 1

fap = ——=e T 0, ) (7)
' Py /2= ”
1 1 N
Sar xX)=—" e *7? /2'1(—w z )(x) ]
’ P2 J/2m e
1 1 2
fpp(x)=—" e~ &9 /Z'I(zl_ ) ) ®
' P /27 7
1 1 _
oL (X)=— -—=—c¢ LA I(—oo,zp) () (10)
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where I, (x) is an indicator function that equals 1 when
a<x<b and 0 otherwise. Each of these distributions is
obtained from the appropriate tail of the normal distribu-
tion.



The mean of each genotype, over the pooled sample
formed of the upper and lower tails of the entire popula-
tion, are obtained directly from (5) and (6) and equal:

E(A)=p} 1, —p3 1y (11)
E(B)=—pf u;+p3 u, (12)

where u, and u, are the population means of genotypes
A and B in the upper tail and —p, and —yu, are the
population means of genotypes B and A in the lower tail,
and equal:

=iy, +0 (13)
'u'2=i172_5 (14)

where, i,=x,/t (¢t stands for either p, or p,) is the mean of
an upper tail of a standard normal distribution, ¢ is the
area under the tail and x, is the ordinate of the standard
normal distribution at the point Z, (Falconer 1989).

Using (13), (14) and the appropriate substitutions in
(11) and (12) yields:

E(4)="2""r 15 (15)
D

E(B)= Xp2 " Xpy -5 (16)
p

Then D is:

DTEE(A)_E(B)=2<M +5> (17)

p

Using Taylor’s expansion and defining;

Vo=14+Z1 iy (18)

we obtain;

Dp=25-y, (19)

Consequently, estimating D through D;=A—B, it is
possible to estimate the actual gene effect:

oS

§=-1 (20)

3|

Within-genotype variance in the pooled-tails
population (62)

From (5), (6) and using the well-known equation:
Var (x)=E(x*)—[E(x)}? 21)

it is possible to obtain Var(A) and Var(B) (the within-
genotype variance o2):

1
o2= Var(A)zVar(B):l-i-l—)(Zl_p1 Xy +Zy_,, %) (22)

D2
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When considering relatively small gene effects this ex-
pression can be very closely approximated by:

o3=7, (23)

Thus, relative to the mean and the variance in the unse-
lected population, both the difference between means and
the variance in the pooled-tails population are increased
by the same factor, y,,.

Number of individuals required (Nr)

Using the described procedure, and the standard expres-
sion for sample size for a ¢-test as a function of type I and
type II errors (Soller et al. 1976), the number of geno-
typed individuals (when genotyping a fraction p of the
population sample) required to attain a given power 1 — f
with a given type I error, o, is:

467 (Z2+Z,)
Ny = —»Bl%— (24)
Consequently, Ny relative to the required population size,
N, for the case where all the population is genotyped, is:

Ny (2876 1

NTOoDE Ty, 2

Clearly, N, decreases as p decreases. However, the num-
ber of individuals raised and phenotyped (N, ) increases
as p decreases since,

N,

Npy=—F (26)
p

Therefore, N, relative to N would be:

N 1

ph
—F = (27)
N pyp

Thus, savings in genotyping by decreasing p result in an
increased total number of individuals raised and pheno-
typed. Finding the optimal proportion of selection, in
terms of reducing the overall cost of such an experiment,
is considered in the following section.

Optimal selection

The total cost of an experiment aimed at detecting link-
age between a marker and a QTL as a function of the
proportion of the population selected, p, is:

F(p)=c, Nr+c,, N, (28)

where ¢, is the cost of completely genotyping an individ-
ual for all markers followed in the experiment (including
costs of obtaining a DNA sample for that individual) and
¢, 1s the cost of rearing and trait evaluation of an individ-
ual. Incorporating (19) and (23) in (24), substituting the
resultant Ny in (26) and both Ny and N, in (28), dividing
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by ¢, and all the constants in Ny and defining C=c,/c,,
yields a relative cost function, F * (p), which has the same
optimum as F(p),

F*(p)=l<C+1> (29)
» P

Since p ranges only from 0 to 1, the value for p which
minimizes the relative cost function, F*(p), was readily
found numerically for a wide range of cost ratios, C.

In some cases the cost of genotyping x individuals is
not a linear expression, ¢, x, and the cost of rearing y
individuals is not a linear expression, ¢, y. Instead, costs
increase or decrease when exceeding a certain number of
markers per individual or individuals per experiment.
Costs may increase, particularly for raising and pheno-
typing additional animals, since additional or more ex-
pensive facilities and efforts might be required. Costs may
decrease, particularly for genotyping individuals, since a
major effort is required to set up an efficient system for
genotyping each marker, but once the system is in place,
genotyping additional individuals reduces unit costs. In
these cases, the optimum is obtained by following the
same procedure as above, except that C equals the mar-
ginal cost ratio, ie. ¢, is the cost of genotyping the last
individuals, and ¢, is the cost of raising and phenotyping
the last individuals (Darvasi and Soller 1992).

Effect of recombination

The analysis presented so far considers the case of a
pleiotropic effect of the marker (the marker is the quanti-
tative trait locus) or a marker tightly linked to a QTL.
However, in most cases there will be an appreciable pro-
portion of recombination, r, between the QTL and the
marker. The probability density functions, (5) and (6),
adjusted for recombination become:

fa )= =7) p¥ fau )+7DP3 fp0v(X) (30)
+(1—7r)p% fA,L X)+rpt fB,L (x)
fe()=(1—71)p} fp,0(X)+7pT f40 ) (31

+{(1—7)p¥ fB,L (X)+rp% fA,L (x)

Following the same argument as above, it can be
readily shown that this will cause a decrease in Dy by a
factor of (1-27), so that N will increase by a factor of
1/(1—2r)%. Consequently, in the presence of recombina-
tion the estimate of the gene effect, §, will be biased,
because under the above analysis it is impossible to esti-
mate r. This problem can be overcome by using maxi-
mum likelihood techniques to estimate r (see following
sections).

Specific designs

The method we have just presented has been described in
a general manner (ie. in terms of “genotype A”, “geno-

type B”) so that it can be applied to a variety of popula-
tions and designs. As a specific example we consider a
backcross population originating from a cross between
two inbred lines. It is assumed that one line has genotype
M/M at a marker linked to a QTL with genotype A/A;
whereas the other line has genotypes m/m and a/a, re-
spectively. Genotype A of the general design would now
be M/M, and genotype B of the general design would
now be M/m.

In this simple example the results of the general de-
sign apply directly. In more complex designs adjustments
might be needed. For example, in an F, population there
will be three genotypes M/M, M/m and m/m. The analy-
sis can then be based on the two homozygous marker
genotypes only. In this case genotype A would be M/M,
genotype B would be m/m and N, would be the total
number of homozygous marker genotypes in the pooled-
tails needed to attain a given power. Alternatively, the
analysis could be carried out by a maximum likelihood
approach that takes into account all of the available
genotypes.

Maximum likelihood approach

Using maximum likelihood techniques it is possible to
estimate both-the proportion of recombination and the
gene effect (Weller 1986, 1987; Lander and Botstein 1989)
and to increase the overall power of detecting a QTL
(Simpson 1989; Lander and Botstein 1989). Maximum
likelihood can also be applied, as in the F, design, when
more than two genotypes are present in each tail and
their distributions are known.
The likelihood function would be:

z

L)

! M
L= 11 TI fu (xi,j,k) (32)

i=U,Lj=1k=1

where f; ; (x)is the probability density function of an indi-
vidual with genotype j at the i tail (Upper, U, or Lower,
L ). M is the number of marker genotypes at each tail, N, ;
is the number of individuals at the i tail with genotype
jand x; ;, is the trait value of the k™ individual at the i™
tail with the j™ marker genotype. Maximizing L in rela-
tion to the unknown parameters, i.e. the means and vari-
ances of the trait value for the QTL genotypes and pro-
portion of recombination between marker and QTL,
provides maximum likelihood estimators (MLE) of these
parameters.

A likelihood ratio test can be carried out to test if
5=0. This test is expected to be more powerful then the
t-test presented in the general analysis.

The likelihood function, presented here in a general
way, must be applied and solved separately for each de-
sign. Maximizing the likelihood function is not a simple
task, and specific computer programs are needed.



Numerical results

For convenience, Fig. 2 presents 26 as a function of Dy
and p. When p is small, D, is many fold greater than 24.
Thus, estimates of gene effect obtained from selective
genotyping experiments must be appropriately adjusted
using expression (19) or Fig. 2. From (19) it is seen that 26
is a linear function of D, and that as p increases the
function approaches the values for p=1 at which point
D;=254.

Over the entire range of values of p, as the proportion
selected decreases, the relative number of progeny geno-
typed decreases linearly (Fig. 3) while the relative number
of progeny phenotyped increases exponentially. Over the
range p=1.0 to 0.3, the increase in number of progeny
phenotyped, although exponential, is slow and moderate-
ly linear in form. For p<0.3, however, the increase be-
comes dramatically more rapid. Consequently, when p is
small, although the number of progeny genotyped is
markedly reduced, this is only at the expense of a major
increase in the number of progeny phenotyped. For ex-
ample, at p=0.05 (0.025 selected in each tail), the number
of progeny genotyped for a given power is smaller by a
factor of 5.6 relative to genotyping the entire population,
but the number of progeny phenotyped is increased by a
factor of 3.6 (similar results are presented by Lander and
Botstein 1989). When p is large, however, the number of
progeny genotyped can be appreciably reduced at the
expense of only a negligible increase in total number of
progeny phenotyped. For example, at p=0.5 (0.25 select-
ed in each tail), the required number of progeny pheno-
typed for a given power increases by only 8%. Consid-
ered another way: for §=0.125, with a total population

45 p=0.1
4_
3.57
p=0.2
3_
. 251 p=0.3
o
2] p=04
p=05
15 p=08
1+ p=10
0.54
0 —t
0 020 040 060 | 080 100
Genotype effect(25)

Fig. 2. The observed difference in quantitative trait value asso-
ciated with alternative marker genotypes in the selected popula-
tion (D) as a function of the actual gene effect at the quantita-
tive trait locus (26) and total proportion selected over both tails
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size of 500 and genotyping only half of the population (i.e.
p=0.5), the power of detecting marker-QTL linkage will
only drop from 0.80 to 0.77. This remarkable result
means that the middle 50% of the experimental popula-
tion contributes essentially no information to the analy-
sis.

Optimal proportion selected, p*, depends strongly on
the cost ratio, C. Figure 4 presents the optimal selection
for a wide range of C. It can be seen that the optimal
proportion selected, p*, is a very sensitive function of C,
ranging from p* =0.8 for C=0.01 to p*=0.02 for C=100.

progeny phenotyped

relative number of progeny
[~ ]

progeny genotyped

0 010 020 030 040 050 080 070 080 080 100
proportion selected (p)

Fig. 3. Numbers of progeny genotyped and phenotyped re-
quired to attain a given power with a given type I error (relative
to an unselected population) as a function of the proportion of
the sample analyzed (p)

Optimal proportion selected
o
o
7

L B 3£ R M 53

0.001 001 o1 1 o 100 1000

Fig. 4. Optimal proportion selected over both tails of the popu-
lation in order to minimize costs for given experimental power
as a function of C, the cost of completely genotyping an individ-
ual for all markers included in the experiment (including costs of
obtaining a DNA sample) relative to the cost of the rearing and
trait evaluation of an individual. C is given in logarithmic scale
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Discussion

The present study emphasizes the efficiency of selective
genotyping when analyzing marker-QTL linkage data
with respect to a single trait. The results show that for this
situation it will almost never be useful to genotype more
than the upper and lower 25% of the population, even if,
for some reason, it is not possible to increase population
size accordingly. When population size can be suitably
increased, a much smaller proportion of selection will
generally be appropriate.

Complete exploitation of the information in the se-
lected sample requires application of maximum likeli-
hood techniques. However, the ANOVA-based analysis
presented throughout this paper can be easily applied in
all cases with reasonable power. The analysis presented
here also provides an expression relating the observed
difference in quantitative trait value associated with alter-
native marker genotypes (D) in the selected pooled-tails
population, to the actual gene effect at the quantitative
trait locus. As pointed out in the Theory section, due to
recombination this expression will generally underesti-
mate the actual gene effect. However, analyses of this sort
will generally be carried out at rather close marker spac-
ings in regions of interest. Consequently, the average and
even maximum distance of a QTL from the nearest mark-
er, and resultant bias, will be small.

The distribution of values found for individuals hav-
ing genotype A or B is a consequence of residual effects
of genes at other loci and environmental factors. Individ-
uals in the upper tail of their genotype distribution are
those that received positive residuals. Individuals in the
lower tail of their genotype distribution are those that
received negative residuals. Consequently, a powerful
positive correlation between residual efforts and geno-
tpye value will be present in the pooled-tails population.
It is this positive correlation (analogous to a positive
genotype x environment correlation) that magnifies the
actual difference in genetic value between the two geno-
types.

The powerful dependence of optimum proportion se-
lected on total costs of genotyping an individual for all
markers relative to total costs of rearing and phenotyping
an individual requires detailed consideration of these
costs when planning a marker-QTL analysis based on
selective genotyping. Relative costs in the range of C=1
to 10 would be appropriate when considering experi-
ments specifically carried out for purposes of QTL map-
ping and involving fruit trees, large farm animals or traits
that are costly to measure. In such cases, optimal selec-
tion would be between 0.1 and 0.4. In contrast, C can be
very large for traits that are readily evaluated in annual
plants or small animals (e.g. body weight in poultry). In
such cases optimal selection would be in the range 0.05 to
0.1. Finally, in some cases, e.g. dairy herd recording pro-

grams, large numbers of individuals are routinely evalu-
ated with respect to a large number of agrotechnical traits
for management, disease control or other purpose. In this
case, rearing and phenotyping costs for the QTL map-
ping program are nil, and optimum proportion selected
can be extremely small, limited only by the general cau-
tion that extreme phenotypic outliers may represent er-
rors of recording or other artifacts.

Most experimental studies of marker-QTL linkage to
date have been of a general nature, aimed at exploring the
genetic architecture of quantitative traits. In the future, it
can be expected that a greater proportion of marker-QTL
linkage studies will be carried out for purposes of provid-
ing basic information for marker-assisted introgression
(Soller and Beckmann 1988). In this case, studies will
generally be focused on single traits. For example, exper-
iments are currently under way in a number of institutes
in Africa aimed at mapping loci conferring trypanotoler-
ance through the analysis of crosses between the trypano-
tolerant N’Dama cattle of West Africa and trypanosensi-
tive Zebu animals (Soller and Beckmann 1987). F, F,
and backcross animals are being produced specifically for
this purpose and will be evaluated for trypanotolerance
and associated traits only. Even in this case, although the
costs of rearing and phenotyping the experimental ani-
mals are very great, selective genotyping can still make a
major contribution to reducing genotyping costs.

Although presented here in terms of marker-QTL
linkage analysis, the statistical benefits of basing an anal-
ysis on selected tails of a population are perfectly general
for any situation where it is desirable to determine a
relationship between a two-class variable (such as sex,
habitat, treatment versus control group, etc.) and a con-
tinuous variable. Clearly, in most cases of this sort there
is no difficulty in defining the class to which an individual
belongs, so that little is to be gained by reducing classifi-
cation (“genotyping”) costs. However, the method may be
useful in those instances where the classification proce-
dure is complicated or expensive, or when a new classifi-
cation is required for an existing sample, requiring that
the sample be revisited for reclassification purposes. In
this latter case it would be appropriate to classify and
analyze a sub-sample of the original sample consisting of
only the pooled population tails.
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