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ABSTRACT

Selective genotyping is a method to reduce costs in marker-quantitative trait locus (QTL) linkage
determination by genotyping only those individuals with extreme, and hence most informative, quanti-
tative trait values. The DNA pooling strategy (termed: “selective DNA pooling”) takes this one step further
by pooling DNA from the selected individuals at each of the two phenotypic extremes, and basing the test
for linkage on marker allele frequencies as estimated from the pooled samples only. This can reduce
genotyping costs of marker-QTL linkage determination by up to two orders of magnitude. Theoretical
analysis of selective DNA pooling shows that for experiments involving backcross, F, and half-sib designs,
the power of selective DNA pooling for detecting genes with large effect, can be the same as that obtained
by individual selective genotyping. Power for detecting genes with small effect, however, was found to
decrease strongly with increase in the technical error of estimating allele frequencies in the pooled
samples. The effect of technical error, however, can be markedly reduced by replication of technical
procedures. It is also shown that a proportion selected of 0.1 at each tail will be appropriate for a wide

range of experimental conditions.

TH the development of methods for uncovering

genetic variation at the DNA-level, it was evident
that this would allow the widespread application to ag-
ricultural and experimental species of experimental de-
signs aimed at mapping individual loci affecting quan-
titative traits (SOLLER and BECKMANN 1982, 1983;
BECKMANN and SOLLER 1983, 1986). Genetic analyses of
quantitative traits based on DNA-level markers have in-
deed been carried out successfully (HILBERT ef al. 1991;
NIENHUIS et al. 1987; PATERSON et al. 1988). However,
identifying linkage between marker loci and quantita-
tive trait loci (QTL) having effects of low or moderate
size requires large samples for useful power (DARvASI
et al. 1993; KasHi et al. 1990; SOLLER et al. 1976; SOLLER
and GEnNizi 1978; WELLER et al. 1990). Thus costs of
marker genotyping for these applications are relatively
high, limiting their utilization for genetic analysis and
genetic improvement (KasHI ef al. 1990).

In some cases it is possible to reduce the amount of
genotyping, by genotyping only individuals at the phe-
notypic extremes of the population (DARvAsSI and SOLLER
1992; LANDER and BOTSTEIN 1989; LEBOWITZ et al. 1987),
a procedure termed “selective genotyping.” HILLEL et al.
(1990) and PLOTSKY et al. (1990, 1993) used DNA pool-
ing procedures to identify a DNA fingerprint band in
linkage to a QTL affecting abdominal fat pad weight.
MICHELMORE et al. (1991) used DNA pooling to locate a
genetic marker in close linkage to a resistance gene.
They crossed a resistant and susceptible inbred line, and
then pooled the DNA of resistant and susceptible F, seg-
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regants. Markers that were in linkage with the resistance
gene showed a marked difference in frequency in the
two alternative DNA pools. PACEK et al. (1993) and
KHATIB ¢t al. (1994) have shown that relative frequencies
of microsatellite alleles can be determined by quantita-
tive densitometry analysis of DNA amplified from
pooled samples. Similarly, highly accurate densitometry
methods for quantifying radioactive patterns on gels and
blots, based on phosphor storage technology, have been
developed (JOHNSTON et al. 1990). These can readily be
applied to estimation of marker allele frequencies in
genotyping procedures based on Southern blot analysis.
Thus, in principle it would appear feasible to identify
linkage between marker loci and QTL by combining
DNA pooling and selective genotyping (henceforth:
selective DNA pooling). In this procedure, two DNA
pools are formed. One pool would include individuals
with high phenotypic value for the trait of interest; the
other would include individuals with low phenotypic
value. Quantitative densitometry of allelic bands is then
employed to provide estimates of relative allele frequen-
cies in the two pools. Thus, irrespective of the total num-
ber of individuals actually included in the selected tails,
when using selective DNA pooling each marker is geno-
typed only twice, once in each pooled sample (although
in practice some replication might be required to re-
duce technical error). Consequently, selective DNA
pooling can provide a substantial reduction in the total
amount of genotyping required for marker-QTL linkage
determination, as compared to selective genotyping with
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separate genotyping of each individual in the selected tails
(henceforth: “standard selective genotyping”).

The present study provides a statistical test for marker-
QTL linkage, based on selective DNA pooling, and a
detailed examination of the statistical attributes of this
procedure.

THEORY

The theoretical analysis of selective DNA pooling dif-
fers from standard selective genotyping in the following
aspects: (i) In pooled DNA samples only marker allele
frequencies can be estimated, whereas in standard se-
lective genotyping the individual marker genotypes are
obtained, (ii) In pooled DNA samples, marker allele fre-
quencies will normally be estimated with some degree of
technical error, and (iii) When analyzing data obtained
through selective DNA pooling, the quantitative trait
value of each individual cannot be individually assigned
to a particular marker genotype, since information is not
available on individual genotypes. Nevertheless, by using
the allelic frequencies at each tail to estimate the re-
spective genotype frequencies and by assighing the
sample average at each tail to every individual at that tail,
the problems raised by the above differences can be
overcome.

We consider the case where a molecular marker, with
alleles M and m, is in absolute linkage to a QTL with
alleles J and ¢g. When the marker is not in absolute link-
age to the QTL, experimental power decreases and the
estimate of QTL effect is biased downward, but this does
not affect the mode of analysis (DARvASI and SOLLER
1992). Standardized values of the QTL genotypes QQ,
Qg and gq are assumed normally distributed with means
d, h and —d, respectively.

Selective DNA pooling provides estimates of marker
allele frequencies in the selected tails. In principle and
in practice, therefore, a test for marker-QTL linkage de-
termination can simply be based on the differences in
estimated marker allele frequencies in the two pools,
relative to their standard error (KHATIB ef al. 1994). It
turns out, however, that the different experimental de-
signs (backcross, F,, halfsib) affect marker allele fre-
quencies in the two tails differently. Consequently, it
proved cumbersome to develop expressions for the
power of selective DNA pooling based on significance
tests of the difference in marker allele frequencies in the
two tails of the experimental population. Instead, the
theory is developed according to the usual approach to
power calculations in simple tests for marker-QTL link-
age determination, which are often carried out by de-
fining two marker genotypic groups and comparing
mean trait value of these groups. For example, in a back-
cross design, marker genotypes Mm and mm are com-
pared, while in an F, design, marker genotypes MM and
mm are compared (SOLLER et al. 1976). Similarly, in the
present instance, power calculations are also developed
in terms of two marker genotypic groups that are rel-

evant to QTL mapping, and whose frequencies in the
pooled tails can be derived from estimates of marker
allele frequencies in the pools. For generality, the two
marker genotypic groups are designated A and B. Using
this model, a uniform and general test for marker-QTL
linkage based on marker allele estimates obtained from
pooled DNA samples is derived, and its statistical at-
tributes explored. Specific application of the general
model to particular experimental designs is deferred to
a later section.

As will be detailed in the section on specific designs,
the genotypic groups A and B can be defined: (i) as
marker genotypes per se (e.g., in a backcross population,
genotypic group A represents marker genotype Mm,
and genotypic group B represents marker genotype
mm), or (ii) through their marker allele composition
(e.g., in a halfsib population, genotypic groups A and
Brepresents progeny that received marker allele M and
m, respectively, from their common sire). For the spe-
cific designs considered, the designated genotypic
groups, A and B, have equal expected frequency in the
experimental population, and their respective quanti-
tative trait values are assumed normally distributed with
means and variances w,, iz and 0,2 = ¢,;2. In many in-
stances, the gene effect at the QTL, d, is small, so that
the QTL in question contributes only a small compo-
nent to the overall population variance. In this case
(y — Hp)/T,., p is also small so that ,* and o,° are
approximately equal to ¢, the overall population vari-
ance. This ensures that the approximations used are ap-
propriate. For theoretical analysis, it is convenient to
standardize trait values, setting the population variance
to 1 and the expectations of the genotypic groups A and
B to 8 (termed: the genotypic group effect) and —3& re-
spectively, so that the difference between them is equal
to 26.

Testing for marker-QTL linkage: Although, as men-
tioned above, a test for marker-QTL linkage can be
based directly on the densitometric estimates of marker
allele frequencies in the two tails, in order to maintain
consistency with the power calculations the test devel-
oped here will be based on the marker genotypic group
frequencies at the tails, as estimated from the marker
allele frequencies. The exact procedure for obtaining
such estimates depends on the specific experimental de-
sign employed for linkage analysis, and will be detailed
later for a number of specific designs. Given such esti-
mates, however, the test for marker-QTL linkage is based
on rejecting the null hypothesis that the expected rela-
tive frequency of genotypic group A in the upper tail and
of genotypic group Bin the lower tail, denoted m, equals
0.5. Using the Normal distribution approximation, the
rejection criteria will be: reject the null hypothesis with
type I error, a, if:

7~ 0.5>\/Var(®Z _, (1)

where, 7 is the estimate of 7, Var(4) is the variance of
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7, and Z,_,, is the ordinate of the standard normal
distribution such that the area from —% to Z,_,,
equals 1 — a/2.

Depending on the specific experimental design, the
estimate of 7 is obtained as a function of allelic band
intensity in a specific gel. In principle, estimates of 7 can
be obtained by separately estimating the frequencies of
the alleles M and m in each tail relative to a standard.
This would provide four independent estimates of 7
(two from each tail). However, in practice, it was found
that quantifying band intensities using an internal con-
trol is more accurate than through an external standard
(NEDELMAN et al. 1992). Therefore we envision that es-
timating the frequencies of M and m will be carried out
relative to one another at each DNA pool. This will pro-
vide two independent estimates, one from the M allele
at the upper tail and one from the m allele at the lower
tail, and their average is used to estimate . Since at each
tail alternative alleles are used for estimating 4, any bi-
ases in the expected allelic frequencies due to differen-
tial amplification, or unknown PCR bands or PCR
“shadow” bands, are eliminated. In the following deri-
vations we assume that this procedure is followed.

The variance of 7 includes two components, one
being the variance due to binomial sampling of the ge-
notypic groups in each tail; the other being the variance
generated from the technical procedure of estimating
from band intensity in a gel. Thus, where p is the pro-
portion selected over both tails ( /2 at each tail); N is
the total population size; and V_ is the technical com-
ponent of the variance of 7 in one of the tails,

V. "—9_'?.5_4._‘2." 2
ar() = -5 + 3 2

henceforth denoted experimental error variance. V_isa
simple function (depending on experimental design) of
the technical error variance, V,, of estimating the fre-
quency of a particular allele in one of the tails. As pre-
viously described, two independent estimates of  are
available (one from each tail) and their average is used
to estimate 7. Consequently, both binomial and experi-
mental error variance are reduced by a factor of 2.

Power of the test: The expected genotypic group fre-
quency, m, can be approximated as:

. ®(z,, + 8) 3)
p

where ® () is the cumulative normal distribution func-
tion (DARvasi and SOLLER 1992). The power of the test
can then be obtained from the properties of the normal
distribution,

_ T — 0.5 _ 4
Zl_B_\/\Tr('er) Z _op 4

where a is the type I error and 1 — B is the power. Power
calculations can be obtained by incorporating Equations

2 and 3 into Equation 4:
Zl _ ¢(Zp/2 + 5)/[7 - 05 _
7 7/0.25/pN + V,/2

This power can be compared with the power of stand-
ard selective genotyping as presented by DArvasi and
SoLLER (1992).

The optimal proportion selected: If DNA is available
for all individuals in the total sample population, any
proportion, p, of the sample can be chosen for pooling
and experimental costs will not depend on the propor-
tion chosen. Therefore the optimal proportion selected
will be the one that maximizes the power of the experi-
ment, as given by Equation 5. Maximization of Equation
5 as a function of p must be carried out numerically.
Nevertheless, it can be seen directly from Equation 5
that the only parameters that can influence the optimal
proportion are § and the product NVr.

Estimating the genotypic group effect: Let A and B,
represent groups comprising all individuals from both
selected tails with genotypes A and B, respectively; and
A, and B, represent the estimated mean value of groups
A, and B, respectively. These are computed as follows:

A =4%+1 - DX (6)
=(1 - DX, + X, (7)

Zl—u/? (5)

&

s

where X, and X, are the sample trait averages of the
upper and lower selected tails, respectively. Let D, be the
expected difference of the genotypic groups means.
Then, since E(X,) = —E(X,) = i,/5 (FALCONER 1989),

where i,, = 2x,,,/p is the mean of an upper tail of a
standard normal distribution, and x, , is the ordinate of
the standard normal distribution at the point Z, ,. For
small values of 8, D, was found to be a linear function
of & (DaRrvast and SoLLER 1992). Therefore, Taylor’s ex-
pansion of the first order was used on Equation 8 with
7 represented by Equation 3, to provide an accurate
approximation of D as a function of &:

Dy = 28(i,,,)". (9)

Thus, under this procedure the actual genotypic group
effect can be estimated as:

_(A,-B)
§= 2(iy,0)?

Specific expressions for estimating the QTL effect
(i.e., d and &) from the genotypic group effect depend
on the specific experimental design, and are given in the
following section.

Application to specific experimental designs: The
general procedure will now be applied to backcross
(BC), F, and half-sib designs. Backcross and F, designs
are appropriate for analysis of data originating in a cross
between two inbred lines with marker-QTL genotypes

(10)
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MQ/MQ and mq/mgq, respectively; the half-sib design is
appropriate for analyzing data originating from a single
sire, heterozygous at the QTL and at marker loci, in an
outcrossing population, segregating for marker and
QTL alleles. The half-sib design is particularly attractive
for analysis of dairy cattle and other livestock popula-
tions, where very large halfsib families are often pro-
duced through artificial insemination.

In applying the general theory developed above to
specific experimental designs itis necessary to define the
following four elements for each design: (i) The geno-
typic groups corresponding to A and B, (ii) a2 mode of
obtaining independent estimates of the genotypic group
frequency, m, at each tail, from the estimated marker
allele frequencies: M and m, in the upper tail, and M,
and m, in the lower tail, (iii) an expression for V_ in
terms of V,, and (iv) a mode of expressing the genotypic
group effect §, in terms of the QTL effects, d and ».
Elements (i) to (iii) are required to carry out the sta-
tistical test for linkage. Element (iv) is required for
power calculations and for QTL gene effect estimation.

In a backcross population: (i) The two genotypic
groups, A and B, are represented by the two marker
genotypes, Mm and mm, respectively. (ii) Independent
estimates of m, the frequency of Mm in the upper tail
and mm in the lower tail, are provided respectively, by
2M, in the upper tail and by 2m; — 1 in the lower tail.
(iil) Note that, in estimating 7, the allelic frequency es-
timates are doubled. Hence V_, the experimental vari-
ance of the estimate of 7, is four times the technical error
variance of the estimate of the marker allele frequency.
(iv) Since groups A and B represent genotypes Mm and
mm in the backcross design, the genotypic group effect,
o, represents (d + h)/2.

In an F, population: The model developed here ap-
plies exactly for a QTL showing co-dominance (i.e., & =
0).Nevertheless, as argued later, using this model for the
analysis of a QTL with 4 # 0 in an F, population does
not significantly alter the results. In considering the situ-
ation where & = 0, (i) the heterozygous individuals at the
QTL (QTL genotype Qg, and marker genotype Mm) will
be symmetrically distributed at both extremes and so are
not informative in the analysis. Consequently, the two
genotypic groups A and B, can be represented by the
homozygous marker genotypes MM and mm, respec-
tively. Note that since marker heterozygotes are not in-
cluded in the analysis, the effective population size is
half the total sample size and N/2 should be used in-
stead of N in Equations 2 and 5. (ii) For small gene
effects and with co-dominance at the QTL (% = 0), the
frequency of the genotype Mm is approximately % at
each tail. For example, for gene effect of 2d = 0.25 and
analyzing a proportion of 0.25 or 0.05 at each tail, the
proportion of the heterozygotes at each tail will be 0.498
or 0.488, respectively. Consequently, independent esti-
mates of m, the frequency of MM in the upper tail and

mm in the lower tail, are provided respectively, by 2M,,
— %2 in the upper tail and by 2m; — %% in the lower tail.
(iii) As in the BC design, V, is fourfold the technical
error variance of the estimate of the marker allele fre-
quency. (iv) Since groups A and B represent genotypes
MM and mmin the F, design, the genotypic group effect,
8, represents d.

In the F, design a further increment, 0.5/pN, in the
variance of 1, as given in Equation 2, is present due to
the binomial variance of the heterozygous individuals.

As noted above, when dealing with a QTL showing
partial or complete dominance (& # 0) the model pre-
sented in this study does not provide exact estimates of
power gene effect for an F, design. This is due to the fact
that the two tails are no longer symmetrical with respect
to marker allele frequencies. Nevertheless the effect of
dominance at the QTL on marker allelic frequencies in
the two tails are at least partially compensated. Domi-
nance at the QTL causes an increase in the frequency of
m at the upper tail (the marker allele in linkage to the
QTL allele associated with low trait value), but a de-
crease in the frequency of marker allele M in the lower
tail. Consequently, the influence of partial or even com-
plete dominance at the QTL on power and estimated
gene effect in an F, population is expected to be mod-
erate. For example, numerical calculations show that for
a gene effect of 2d = 0.25 and analyzing a proportion
of 0.25 at each tail, complete dominance does not have
anoticeable influence on either the power of the test for
linkage or the estimate of the QTL effect, d. It should
be emphasized that the presence of dominance at the
QTL does not affect the general utility of DNA pooling
as a mean of testing marker-QTL linkage. The statistical
test for linkage can be conducted as usual, and statistical
significance remains an indication of linkage. Only the
theoretical power and the estimation of gene effect will
not be precise.

In the half-sib design: A single sire, assumed to be
heterozygous at the QTL and the linked marker, is
crossed with several different dams to produce a half-sib
population. For purposes of analysis, it is assumed that
the marker-QTL phase of the sire is MQ/mq and that the
dams are in independent Hardy-Weinberg equilibrium
for the QTL and the marker. Let ¢t and 1 — ¢ be the
frequencies of QTL alleles Q and ¢, respectively, in the
dam population. Since the marker locus in the dam
population can have more than the two alleles, M and
m, that are present in the sire, let p, ¢ and r be the
frequencies of marker alleles M, m and m* in the dam
population, where m*, denotes any marker allele other
than M or m. The expected frequencies of the various
genotypes in the halfssib population are presented in
Table 1.

For this case: (i) genotypic group A comprises all in-
dividuals that received the M marker allele from the sire;
genotypic group B, all individuals that received the m
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TABLE 1
Proportion of marker and QTL genotypes in a halfsib design

QTL genotype

Marker

genotype  QQ Qq 9
MM pt/2 p(1 — 072 0
Mm qi/2 [p+ q(1 — )2 p1— 972
mm 0 qt/2 gl — 972
Mm* /2 1 — §/2 0
mm* 0 /2 (1 — /2

The expected proportion of marker and QTL genotypes in half-sib
progeny of an heterozygous sire (genotype Mm), mated to randomly
chosen dams. M and m denote the sire marker alleles; m* denotes all
other marker alleles found in the dams; p, gand r are the frequencies
of M, m and m* in the dam population; @ and ¢ denote QTL alleles
in the sire and in the dam population; ¢ is the frequency of @ in the
dam population.

marker allele from the sire. (ii) In order to estimate the
genotypic group frequency, m, the marker allele fre-
quencies of the dams, p, ¢ and 7, must be known or
estimated from a pooled DNA sample representative of
the dams. Simple calculations then show that 7 can be
estimated by M(2 — r) — p in the upper tail, and by
m;(2 — r) — ¢ in the lower tail. (iii) It should be noted
that in this design, experimental error variance, V,, will
range from equal to the technical error variance (when
r = 1and the allele frequencies of the dams are known),
to as much as five times the technical error variance
(when 7 = 0 and the marker allele frequencies of the
dams are estimated through a DNA pooling procedure).
(iv) In the half-sib design, the genotypic group effect, 3,
represents a rather complex function (denoted &*)
which is calculated from the expectation of the marker
and QTL genotype frequencies given in Table 1, as:

o = a(l - 1/2)

“apg-2r+s (1

where a = d — (1 — 2t)h is the average effect of an
allele substitution (FALCONER 1989). Expression (11)
reaches a maximum value of a/2, when neither of the
marker alleles of the sire are present in the dams (e.g.,
p = ¢ =0and r = 1), and a minimum value of a/4,
when p = g = %.

Table 2 presents a summary of the four elements
needed for the adjustment of the general theory to the
specific population designs.

NUMERICAL RESULTS

The optimal proportion selected at each tail in order
to achieve maximum power, was obtained by numeri-
cally maximizing Equation 5 with respect to p for various
values of NV_ (Figure 1). The results show that when the
allelic frequencies in the pooled samples can be esti-
mated without error (V, = 0), the optimal total pro-
portion selected over both tails is 0.48, 0.41 and 0.29, for
genotypic group effects of 8 = 0.125, 0.25 and 0.5, re-

TABLE 2

Adjustment of the design-dependent elements of the general
theory to specific experimental designs

Backcross F, Half-sib

Genotypic group
A MM M (from sire)

B Mm mm m (from sire)
Estimate of
Upper 2M, 2My — % My2—1)—p
Lower 2m; — 1 2m;, — Y m(2—1 —p
V. 4V, 4V, Vpto bV,
8 (d + 2 d ol = 172)
4pg ~ 2r+ 3

Genotypic groups, A and B; estimate of 7 from the frequencies of
marker allele M in the upper and lower tail, M;;and M, respectively;
V, in terms of V;; and 8 in terms of d and £ (see text for details).

0.5
0.45
0.4+
0.351
031}

0.25

Optimal p

0.2

0.15-

0.1

0.05

FiGURE 1.—Optimal proportion for selective DNA pooling.
The optimal total proportion of the population, p, that should
be taken in order to maximize experimental power for marker-
QTL linkage determination is presented as a function of the
product NV_ (N = population size, V, = experimental error
variance of the genotypic group frequency estimate). Propor-
tions for three genotypic group effect, 3, are presented: solid
line, 6 = 0.125; dashed line & = 0.25; dotted line 8 = 0.5. The
two DNA pools are made up of the extreme p/2 of the popu-
lation at each phenotypic tail, respectively.

spectively. Thus, the optimal proportion selected is
lower for larger gene effects. This effect, however, be-
comes insignificant for values of NV, greater than 10.

The optimal proportion selected decreased exponen-
tially as either N or V_increased. The rationale for this
decrease is as follows. When N increases, the error due
to sampling decreases. Consequently, for given sam-
pling error a smaller proportion can be taken at the
extremes. This increases power by increasing the ex-
pected genotypic group frequency, 7. The effect of in-
creasing V,_ on optimal proportion selected is more
subtle, but can be explained by noting that reducing p
will tend to increase both 7 (as above) and Var(7#) (by
increasing sample error), but the effect of these two
changes on power is not the same (see Equations 4 and 5).
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0.8

0.7+

0.6+ +

0.59

Power

0.4

0.3
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Proportion Selected p

FIGURE 2.—Experimental power of marker-QTL linkage de-
termination using selective DNA pooling as a function of the
proportion selected, p. Two representative cases are pre-
sented. The first (dashes), with an optimal proportion of 0.06
(obtained with, 8 = 0.25 and V_ = 0.02), and the second
(crosses), with an optimal proportion of 0.48 (obtained with,
8=10.125and V_ = 0). In both cases N = 500 and type I error,
o = 0.05.

Figure 2 presents the power of marker-QTL linkage
determination as a function of the proportion selected,
p, for two representative cases. The first, with an optimal
proportion of 0.06 (obtained with 6§ = 0.25 and V, =
0.02), and the second, with an optimal proportion of
0.48 (obtained with 8 = 0.125 and V,_ = 0). In both cases
N = 500 and type I error @ = 0.05. Values of & were
chosen to provide similar maximum power but other-
wise do not affect the shape of the curves, which are
determined primarily by V. It can be seen that when the
optimal proportion is relatively high (i.e., p = 0.48, in
this example), the optimum is quite robust, and choos-
ing a value close to the optimum will not have a signifi-
cant influence on power. However, when the optimal
proportion is very small (é.e., p = 0.06, in this example),
deviating from the optimal proportion can cause a
marked reduction in power. Considering Figures 1 and
2, the following recommendations can be made, accord-
ing to the value of NV, the product of experimental
error variance and total experimental size. (i) For NV_
> 10, a proportion selected of p = 0.1 (0.05 at each tail)
seems reasonable. Although, as presented in Figure 1,
the optimum proportion might be even smaller than
this, as shown in Figure 2 the effect on power of taking
p = 0.1 instead of a smaller value will be slight. Fur-
thermore, using a smaller proportion than 0.05 at each
tail might introduce a disproportionate influence of in-
dividuals having extreme phenotypic values due to non-
genetic factors or technical errors. (ii) For 2 < NV_ <10,
a proportion selected of p = 0.15 (0.075 at each tail) is
suggested. (ili) For NV_ < 2, the optimum proportion
selected is more sensitive both to changes in NV_and to
genotypic group effect, 8. Nevertheless, at this range the

1

0.91

0.8+

0.7

0.6

Power

0.5+

0.4+

0.3+

0.2

0.1

0 002 004 006 008 01 012 014 016 018 02

FiGure 3.—Experimental power of marker-QTL linkage de-
termination using selective DNA pooling. Results are pre-
sented for a trait with standardized genotypic group effect,
8 = 0.125 (solid line) and 0.25 (dashed line); population size,
N = 500; and type I error, a = 0.05, as a function of experi-
mental error, o_. At each value of o, the optimal proportion
selected for that value was taken for the power calculation.

optimal proportion selected is relatively high, and as
shown in Figure 2 quite robust. Therefore the use of an
intermediate value such as p = 0.3 will be appropriate
for this case.

When an estimate of V,_ is not available, choosing a
proportion of p = 0.2 will not decrease power signifi-
cantly, as shown in Figure 2, even if the optimal pro-
portion is much lower or much higher than 0.2. There-
fore, a proportion of p = 0.2 (0.1 at each tail) seems
appropriate for an overall a priori proportion selected.
On the other hand, if an accurate estimate of V_ is avail-
able and the range of the gene effect relevant to the
experiment is known, the optimum proportion selected
can be determined more exactly using Figure 1.

Figure 3 presents the power of detecting a QTL as a
function of o, = (V,)'/2 for two representative cases hav-
ing total population size, N = 500; type [ error, a = 0.05;
and genotypic group effects = 0.125 and 0.25, respec-
tively. The values in this figure were calculated using
Equation 5 with optimal p at each point. The decrease
in power is presented as a function of o, rather than V_,
so as to be in direct proportion to experimental error.
It can be seen that when power at o, = 0 is high (i.e.,
when 6 = 0.25 in this example) power remains high even
when the experimental error is fairly large. Indeed, for &
= 0.5 (data not shown), the power remains practically 1.0
for the entire range presented in Figure 2. However, when
initial power at ¢, = 0 is only moderate (i.e., at 8 = 0.125
in this example) experimental error of even a small mag-
nitude reduces experimental power substantially.

Table 3 compares the relative amount of genotyping
and power for complete population genotyping, stand-
ard selective genotyping and selective DNA pooling, for
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TABLE 3

Example of experimental power and number of genotypings
required according to experimental procedure

Genotypings
Experimental procedure Power (no.)
Complete genotyping 0.80° 500
Selective genotyping® 0.77¢ 250
Selective DNA pooling*
o,=00 0.74 2
o =0.04 0.50 2
o, = 0.04" 0.67 8

Presented for the case of total population size N = 500, genotypic
group effect 8 = 0.125 and type I error a = 0.05.

“ Taken from DArvasl and SOLLER (1992).

® Twenty-five percent at each tail.

‘o, degree of experimental error standard deviation.

4 Analyzed with four replications per marker.

the case N = 500, 6 = 0.125 and a = 0.05. As compared
to complete genotyping standard selective genotyping
reduces the number of genotypings from 500 to 250,
while decrease in power is only slight (from 0.80 to 0.77).
It can be seen that when the allelic frequencies in the
pooled DNA samples are estimated without error (o, =
0), selective DNA pooling provides a further very
marked reduction in the number of genotypings per
marker scored (from 250 to 2), while again decreasing
power only slightly (from 0.77 to 0.74). Standard selec-
tive genotyping for this case will provide a power of 0.77,
requiring 250 genotypings per marker. We parentheti-
cally note that this means that practically all the power
for QTL detection with selective genotyping, derives
from the allelic frequency difference at the extremes.
With experimental error o, = 0.04, however, power with
selective DNA pooling drops to 0.5; but in this case
power can be increased by replicating the genotyping so
as to reduce the effective experimental error. For ex-
ample, fourfold replication of allele frequency estimates
in the above case reduces experimental error by a factor
of two, increasing power to 0.67 while increasing the
number of genotypings per marker from 2 to 8, still
much less than the 250 required by standard selective
genotyping.

Summary of procedure for carrying out the test for
marker-QTL linkage: In carrying out a marker-QTL
linkage analysis by way of selective DNA pooling the fol-
lowing procedure should be followed. In a preliminary
step, an experimental design is chosen (backcross, F,,
half-sib) and an estimate of technical error variance, V.,
is obtained, either on the basis of previous experience
or experimentally [e.g., by genotyping DNA pools hav-
ing known proportions of individuals of various marker
genotypes for a representative set of the markers to be
used in the analysis, see e.g., KHATIB ef al. (1994)]. Ex-
pected experimental error variance, V_, is then estimated
using the appropriate expression according to the ex-
perimental design, as given in this study, and taking into
account the degree of replication to be implemented.

Then total experimental size, N, will be determined as
a function of genotyping replication so as to provide
desired power for QTL effects of interesting magnitude,
taking into consideration overall experimental costs.
The optimum proportion of selection can now be
determined.

The experimental population is produced and phe-
notyped for all traits of interest. For each trait, DNA
pools are then constructed from the high and low tails
of the population trait value, using the optimal propor-
tion. Pooled DNA samples are genotyped, and marker
allele frequencies in the upper and lower tails, M, m,,
M, and m, are estimated by appropriate densitometry.
Using these estimates, the genotypic group frequency,
7, is calculated according to the experimental design.
The statistical test, as previously defined, is implemented
in order to determine the statistical significance of
marker-QTL linkage. The trait value averages at the up-
per and lower selected tails, X, and X;, are then calcu-
lated in order to estimate the QTL gene effect.

DISCUSSION

The results of this study show that for given popula-
tion size, and depending on experimental error vari-
ance, selective DNA pooling can provide statistical
power that is only marginally reduced compared to that
provided by complete genotyping or by standard selec-
tive genotyping. The great advantage of selective DNA
pooling is in the marked reduction in the amount of
genotyping required. In the case analyzed in the results
section, for example, genotyping is reduced from 500
genotypings per marker for complete genotyping, or
250 genotypings for standard selective genotyping, to
only two genotypings per marker for selective DNA pool-
ing without replication, or to eight genotypings per
marker when a fourfold replication of genotyping is car-
ried out. That is, considered in the context of a 150
marker experiment, the number of genotypings is re-
duced from 75,000 to 1,200.

Thus, the DNA pooling strategy dramatically reduces
genotyping requirements, and hence genotyping costs
in marker-QTL linkage determination. This can make it
possible to analyze extremely large populations and con-
sequently detect QTL having moderate to low effects
that were previously below experimental power. In ad-
dition, reduced genotyping requirements can allow cost
effective utilization of marker-assisted selection in situ-
ations, such as elite sire marker-QTL evaluation, that
were previously problematic (KasHI et al. 1990).

The most important limitation of selective DNA pool-
ing as compared to complete genotyping or standard
selective genotyping, is the strong dependence of ex-
perimental power on technical error variance (i.e., the
accuracy with which allelic frequencies are estimated in
the DNA pools). Technical error variance has a number
of components, including: difficulty in sampling exactly
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equal amounts of DNA from each individual included in
the pool; lack of quantitative accuracy of the molecular
procedures to detect the marker allele in the pooled
DNA,; and errors in quantifying the primary experimen-
tal results as numerical values, even when using a den-
sitometer or a computerized scanner. At every stage,
however, the sources of experimental error appear to be
unbiased. Consequently, by replicating any of the above
procedures the magnitude of technical error variance
can be controlled. Furthermore, as shown in Figure 3,
QTL with large effects can be detected with little loss of
power using selective DNA pooling even when technical
error variance is relatively large. At the least, selective
DNA pooling will be useful for initial screening of a
population for marker-QTL linkage. In this case a rela-
tively high type I error will be set and only those markers
showing significant effects will be genotyped individu-
ally. It can also be expected that the great advantages of
selective DNA pooling will encourage the development
of accurate technical methods to estimate allelic
frequencies in pooled DNA samples. This will make it
possible to utilize selective DNA pooling to its maximal
extent.

With selective DNA pooling, genotyping costs are in-
fluenced by total population size only to the extent that
this increases the number of DNA samples that are col-
lected and handled to make up the pools. Consequently,
this mode of analysis is particularly useful when applied
to existing large agricultural populations, which are
reared and phenotyped for existing breeding or com-
mercial purposes. A case in point in this regard are dairy
cattle, where large halfsib families are common and
genotyping can be based on somatic cells in individual
milk samples routinely obtained for herd management
purposes (LIPKIN et al. 1993). By means of selective DNA
pooling, these populations can be analyzed for marker-
QTL linkage determination using a large number of
markers, yet with relatively little effort.

A further advantage of selective DNA pooling, as com-
pared to standard selective genotyping, is its suitability
for multi-trait marker-QTL linkage analysis. In standard
selective genotyping, all individuals with extreme values
for a given trait are genotyped. Consequently, when si-
multaneously analyzing a number of traits, most of the
individuals in a population will be classified as extreme
for one or other of the traits, and almost the entire popu-
lation will be genotyped (Darvasi and SOLLER 1992;
LeBowrTzZ et al. 1987). Thus, in this case selective geno-
typing will not be useful. In contrast, selective DNA pool-
ing provides a marked reduction in overall genotyping
requirements when several traits are analyzed, even
though for each trait a different subset of the entire
population is pooled. For example, extending the nu-
merical example given in Table 3 to the case where 10
traits are analyzed, selective DNA pooling will still only
require 20 genotypings per marker (or 80 when fourfold
replications are carried out). This remains a major re-

duction as compared to the 500 genotypings required
per marker with complete genotyping.

The main contribution of selective DNA pooling is in
establishing marker-QTL linkage. This often is the first
step in a program aimed at mapping QTL with respect
to flanking markers on the chromosome. Such mapping
will ordinarily require individual genotyping in order to
identify recombinants. In some cases, however, selective
DNA pooling may also provide a means for estimating
QTL map location because the closer a marker is to a
QTL, the greater the QTL effect associated with that
marker. Thus, if a saturated genetic map is available and
a relative small technical error can be achieved, a large
number of markers can be scored in the region of the
marker that detected the QTL, and the QTL map lo-
cation will be estimated at the marker that showed the
greatest associated quantitative effect. Since with se-
lective DNA pooling, genotyping a large number of
markers is relatively simple, this may provide an al-
ternative to QTL mapping procedures based on flank-
ing markers.
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