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Novel linkage mapping approach using DNA pooling

in human and animal genetics.

II. Detection of quantitative traits loci in dairy cattle
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Abstract. Selective DNA pooling is an advanced methodology for linkage mapping

of quantitative trait loci (QTL) in farm animals. The principle is based on densitometric

estimates of marker allele frequency in pooled DNA samples of phenotypically ex-

treme individuals from half-sib, backcross and F2 experimental designs in farm ani-

mals. This methodology provides a rapid and efficient analysis of a large number

of individuals with short tandem repeat markers that are essential to detect QTL

through the genome – wide searching approach. Several strategies involving whole ge-

nome scanning with a high statistical power have been developed for systematic search

to detect the quantitative traits loci and linked loci of complex traits. In recent studies,

greater success has been achieved in mapping several QTLs in Israel-Holstein cattle us-

ing selective DNA pooling. This paper outlines the currently emerged novel strategies

of linkage mapping to identify QTL based on selective DNA pooling with more empha-

sis on its theoretical pre-requisite to detect linked QTLs, applications, a general theory

for experimental half-sib designs, the power of statistics and its feasibility to identify

genetic markers linked QTL in dairy cattle. The study reveals that the application of se-

lective DNA pooling in dairy cattle can be best exploited in the genome-wide detection

of linked loci with small and large QTL effects and applied to a moderately sized

half-sib family of about 500 animals.
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Introduction

“Selective DNA pooling” is defined as a novel method to detect the genetic mark-

ers linked to QTL through densitometric estimates of marker allele frequencies in

pooled DNA samples of phenotypically extreme individuals. The method is based

on the detection of differences in allele frequencies at a given genetic marker

among individuals in the lower and upper extreme of the phenotypic distribution

for an experiment involving an F2 or back-cross between inbred lines, or from

a half-sib family in an out-bred population. The estimate of effect associated with

the genetic marker is based on associating differences in the distribution of mean

phenotypic values of individuals in the upper and lower extreme pools. The con-

cept and general theory of selective DNA pooling was first introduced

by DARVASI, SOLLER (1994). They explained that selective DNA pooling could

be utilised in determining the required frequency of marker alleles in the upper

and lower extremes of the phenotypic distribution. They showed that selective

DNA pooling significantly reduces the amount of genotyping (up to two orders

of magnitude) needed to obtain a certain power for the detection of a linked QTL.

In selective DNA pooling, the power for detecting genes with large effects was

observed to be the same as that obtained by individual selective genotyping. How-

ever, the power for detecting genes with small effects decreases strongly with

an increase in the technical error in the estimation of allele frequencies from

the pooled DNA samples. LIPKIN et al. (1998a) provided the result with great suc-

cess from the application of selective DNA pooling to detect markers linked to

QTL for the protein content of milk in dairy cattle. In a genome – wide search to

detect the QTL in dairy cattle, LIPKIN et al. (1998b) found twenty QTLs located on

fifteen chromosomes, at a significance level of P < 0.01. Using the same approach,

MOSIG et al. (2001) employed selective DNA pooling in a daughter design

to screen all bovine autosomes for QTL affecting “estimated breeding values for

milk protein percentage” (EBVP %) and found significant associations with milk

protein percentage for 61 short tandem repeat (STR) markers with the adjusted

false recovery rate of 0.10 and the estimated power of 0.68, respectively. These

identified QTLs seemed to account for all the variability in EBVP % in the ana-

lysed population. The detected significant markers appear to be linked to

the 19-28 QTL range with the overall heterozygosity of 0.40.

Recently, a new modified concept to map QTLs was introduced by DIKKERS

(2000) using half-sib, back-cross and F2 experimental designs in farm animals.

A simulation study based on selective DNA pooling revealed that the position

of QTL could be estimated from the differences in allele frequencies for two

flanking markers between individuals with high and low phenotypes and did not

depend on the phenotypic means of the selected groups. They showed that esti-

mates of the QTL effect obtained by relating group differences in phenotypic
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means to differences in QTL frequencies could be estimated from the QTL posi-

tion and marker allele frequencies.

Theoretical pre-requisite of allelic associated QTL detection in

selective DNA pooling

Mapping gene or linked marker loci of economically important traits through link-
age analysis in farm animals has recently become an important issue in genomics.
For this purpose, the determination of marker genotypes of hundreds of animals
for more than hundred STR loci is usually required. Therefore, a method to detect
polymorphic markers linked to a quantitative trait has become a high priority to
save time and financial resources. The detection of such polymorphic markers is
also important for these species where a dense genetic map is not available.
In most farm animals, the genetic map is available with highly polymorphic STR
markers placed at least 10 to 20 cM apart. In dairy cattle, the available genetic map
is comprised of 3811 loci including 2334 STR markers and 1197 genes (http://lo-
cus.jouy.inra.fr/cgi-bin/bovmap) and < 200 additional genes on all recently pub-
lished cattle linkage maps (MA et al. 1996, BARENDSE et al. 1997, KAPPES et al.
1997) and nearly 500 structural genes with cattle chromosome assignments
(http://bos.cvm.tamu.edu/bovgbase.html and BAND et al. 2000). The use of highly
polymorphic STR markers covering the whole genome at an approximately 10 cM
distance can make the genome-wide mapping of QTL more easily accessible and
provide accurate estimates of marker/QTL linkage coupling in individual sires.
This application could further be applied for the fine mapping of QTL and
marker-assisted selection (MAS), by virtue of its tremendous statistical power in-
herent in the numerous very large dairy cattle half-sib sire families. In modern
dairy herds, a small number of proven sires are utilised as paternal parents through
artificial insemination, all the cows born from such sires often have upwards of
1000 daughters. These large half-sib families carry a great potential for QTL map-
ping. In selective genotyping, the determination of the linkage between a molecu-
lar marker and a QTL is based on genotyping individuals found at the phenotypic
tails of the population (DARVASI, SOLLER 1992). This procedure reduces to
one-third the number of individuals genotyped in such investigations. The theo-
retical analysis of selective DNA pooling differs from the selective genotyping in
the following manner. First, selective DNA pooling estimates only the marker al-
lele frequencies, whereas selective genotyping provides individual marker geno-
types. Secondly, in a pooled DNA sample, marker allele frequencies are usually
inaccurately estimated with some degree of technical error. Thirdly, from the ob-
tained analysed data, the QTL value of every individual cannot be individually as-
sessed for a particular marker genotype.

Estimating allele frequencies in pooled DNA samples is based on its allelic

band intensity, as determined by densitometry (KHATIB et al. 1994). QTL map-

ping based on pooled DNA and individual genotyping data provides an opportu-

nity to extend the selective DNA pooling method to the use of multiple markers

and multiple half-sib family designs. A study showed that the use of selective
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DNA pooling could effectively be extended from the detection of marker associa-

tions to the mapping of QTL. A simulation study of DIKKERS (2000) in a half-sib

family and a F2 family of 2000 individuals revealed that the method gives close to

unbiased results when the power is high. Biases increased when measurement er-

rors on marker allele frequencies increased and when the effects of QTL become

small.

Selective DNA pooling significantly reduces the number of genotyping

needed to detect markers that are linked to QTL in linkage studies. A method de-

veloped by DARVASI, SOLLER (1994) mainly focused on the use of selective DNA

pooling to detect markers with significant associations to the trait of interest.

However, this method did not make it possible to estimate separately the QTL po-

sition and QTL effect. To solve this limitation, DIKKERS (2000) proposed the ex-

tended method of DARVASI, SOLLER (1994) to facilitate the estimation of QTL

positions and QTL effects based the data on flanking markers from selective DNA

pooling. The resulting method, thereby, makes it possible to use of selective DNA

pooling not only for the detection of linked markers, but also for QTL mapping.

Results based on the simulation study showed that the developed method resulted

in estimates of QTL position and QTL effect that are close to unbiased, at least

when the power is high.

Applications of selective DNA pooling

With the use of both pooled DNA samples and the automation of STR typing,

the magnitude of genomic screening becomes more feasible in terms of reduced

labour and reagent cost. Though the advantage of using pooled DNA samples is

clear in terms of cost and labour, yet careful quantification of DNA samples

in equal aliquot and careful construction of pools are both essential as they are per-

formed just once for the entire screen and constitute a small fraction of the actual

typing effort. Therefore, an additional replicate of pools should be prepared simul-

taneously. It is desirable to complete the optimisation runs of STR markers before

the amplification of experimental samples for either pooled or individual type

screen. However, some STR markers are not suitable for selective DNA pooling

because of either poor primer design and inefficiency in resultant amplification

or unpredictable stutter artifact patterns, especially in case of the dinucleotide type

of STRs, which leads to inaccurate estimates of allele frequencies in pooled DNA

samples.

In the selective DNA pooling approach, grouped progenies are based on phe-

notype rather than on marker genotype, and an estimate of QTL position is ob-

tained by contrasting differences in allele frequencies at the two flanking markers.

Thus, in this approach, information to map the QTL is obtained by contrasting

summary parameters (phenotypic means or marker frequencies) for groups

of progeny. The difference between QTL mapping based on individual vs. selec-
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tive DNA pooling data depends upon how the groups are formed on the basis

of phenotype with the selective DNA pooling approach vs. on the basis of marker

genotypes in the individual animal approach. The method of grouping progeny

has, however, an important practical consequence, that is grouping based

on marker genotype requires genotyping each individual. Selective DNA pooling

does not require genotyping individuals, but grouping is based on individual phe-

notype, which is much easier to obtain in animal data, and marker data can then

be obtained from a pooled analysis of individuals within the group. Thus, method-

ology can make genome-wide mapping of QTL feasible in case of moderately

sized breeding organizations, especially when there is an extremely large popula-

tion to analyse for the detection of QTL detection having moderate to low effects.

In dairy cattle, a simulation study showed that a conclusive QTL detection can be

achieved with families of at least 500 half-sibs if sires are chosen on the basis

of criteria that most of their marker alleles are either both missing or are fixed

among dams (BARO et al. 2001). An effective utilisation of selective DNA pool-

ing has some limitations because of its strong dependence of the experimental

power on the technical error variance as described above, while estimating the al-

lele frequencies from the pooled DNA samples. Hence, several different tech-

niques by different authors have been developed to accurate by estimate allelic

frequencies in the pooled DNA samples.

General theory of the experimental half-sib design using selective

DNA pooling

The theory of selective DNA pooling basically relies on experimental data ob-
tained through accurate estimates of marker allele frequencies from the upper
and lower tails of pooled DNA samples (DARVASI, SOLLER 1994). These esti-
mates are then further subjected to the statistical analysis for power calculation
and for the estimation of marker-QTL linkage. In general, a test for marker-QTL
linkage determination is based on the differences in the estimated marker allele
frequencies in the two pools, relative to their standard error (KHATIB et al. 1994).
It has been noticed that marker allele frequencies in the pooled DNA samples dif-
fer significantly from the specific experimental designs, for example back-cross,
F2, half-sib designs in farm animals. The half-sib design is the most appropriate
for analysing data originating from a single sire, heterozygous at the QTL, and at
the marker loci, in dairy cattle. Let A and B represent genotypic groups including
all individuals from both selected tails, where M, m represents the marker allele,
Q, q QTL alleles, and MQ, mq, marker-QTL haplotypes, respectively. In order
to analyse half-sib data, it can be assumed that the marker-QTL phase of the sire is
MQ/mq where as, dams are independent to Hardy-Weinberg equilibrium for
the QTL and the marker. Let as consider t and (1-t) as frequencies of QTL al-
leles Q and q, respectively, and p, q as frequencies for marker alleles M and m in
the analysed population. Since the marker locus in the dam population can have

Selective DNA pooling to detect quantitative trait loci in dairy cattle 313



more than two alleles, r is designated as the allele frequency for the marker allele
m* in the dam population. The expected frequencies of various genotypes in
the half-sib population are presented in Table 1.

According to the above assumptions, genotypic group A includes all the indi-
viduals that received marker allele M from the sire, and all individuals
in genotypic group B receive marker allele m from the sire. In case of the estima-

tion of genotypic group frequency (�), the marker allele frequencies of the dams p,
q and r must be either known or estimated from a pooled DNA sample originating

from the dams. A simple calculation based on this shows that � can be estimated as
MU (2 – r) – p in the upper tail, and mL (2 – r) – q in the lower tail. It has been no-
ticed that the experimental error variance (V�) varies from r = 0 (when it is equal
to as many as five times the technical error variance and the marker allele frequen-
cies of the dams are estimated through a DNA pooling procedure) to r = 1 (when it
is equal to the technical error variance, and allele frequencies of the dams are
known). In the experimental half-sib design, the genotypic group effect desig-

nated as � is a rather complex function and is calculated from the expectation
of the marker and QTL genotype frequencies presented in Table 1 as:

� = � (1– r/2) / 4pq – 2r + 3 (1)

where: � = d – (1 – 2t) h is the average effect of an allele substitution (FALCONER

1989). Maximum values of � = 2 from the equation can be obtained when sire al-

leles are not present in the dams, i.e. p = q = 0 and r =1 and a minimum value

of � = 4 when p = q = 1/2.

Accurate estimates of allele frequencies from pooled DNA samples

and power analysis to detect QTLs in half-sib families using selective

DNA pooling

LIPKIN and co-workers (1998a) derived a correct procedure to estimate the marker

allele frequencies from the pooled DNA samples. The concept was based on a lin-
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Table 1. Expected proportion of marker and QTL genotypes in a half-sib experimental

design (DARVASI, SOLLER 1994)

Marker genotype for the parental genotypic group
QTL genotype 1

QQ Qq qq

Marker genotype for sire alleles M and m
with p and q allele frequencies

MM
Mm
mm

Pt/2
Qt/2
0

P(1-t)/2
{tp+q(1-t)}/2
Qt/2

0
P(1-t)/2
Q(1-t)/2

Marker genotype for dam alleles M, m
and m* with p, q and r allele frequencies

MM
Mm*
mm*

Pt/2
Rt/2
0

P(1-t)/2
R(1-t)/2
Rt/2

0
0
R(1-t)/2

1 QTL alleles in the sire and dam population are designated as Q and q and t is the allele frequency of Q in

the dam population.



ear relation between the initial number of copies of the allele in the pool (deter-

mined by the allele frequency in the group of individuals making up the pool)

and the final allele band intensity (determined by densitometry). However, these

estimates were often distorted by the presence of shadow bands i.e., the artifactual

PCR products derived from the genomic poly (TG) tract by the deletion or inser-

tion of one or more repeat motifs (HAUGE, LITT 1993, LITT et al. 1993). Such

shadow bands in the pool can be a composite of the main product of the genomic

tract and/or a number of shadow products generated by contiguous alleles in

the same lane. For accurate estimates of allele frequencies from the pooled DNA

samples, LIPKIN et al. (1998a) successfully proved that the relative intensity

of a shadow band is a tight linear function of the repeat number of the genomic

tract from which it derived and of the number of deleted or inserted motifs

by which it differs from the genomic tract (Figure 1). They used this linear func-

tion to correct the densitometritensity of STR bands for the overlapping shadow

bands.

A statistical procedure to correct the overlapping shadow bands and accurate

estimate allele frequencies in pooled DNA samples includes estimates of the rela-

tive intensity of shadow bands, accurate estimates of allele frequency estimates

in the pooled DNA samples and the test of significance for marker-QTL linkage

and the power of magnitude for the QTL effect. (for detailed review on statistical

calculations, see LIPKIN et al. 1998a).
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Figure 1. Figure A representing observations and the regression line for the relative intensity of

shadow band (RIn-1) of all alleles plotted against the allele repeat number as a function of

n pooled over the STR markers, and Figure B showing the observed regression lines for

the relative intensity of shadow bands (RI) on the allele repeat number (n) according to

the measured shadow band order (i) (adopted from LIPKIN et al. (1998a) with some

modifications).



By analysing both simulated and exact data, a desirable power for QTL detec-

tion from selected pooled samples depends upon the following factors such as

family size, selection rate and QTL additive effect. For example, in case of family

size ranging from 100 to 1 000 half-sib animals, DARVASI, SOLLER’S (1994) for-

mula predicts a power of 0.744, the extended Hill’s exact formula 0.706,

and a simulation study by BARO et al. (2001) 0.703. The highest power can be at-

tained when each tail covers around 25% of the population with the selection rate

of 50%. According to the simulation study by BARO et al. (2001) the power of sta-

tistic decreased from larger to smaller family size (from over 70% power in

the large family size of 500 half-sibs to a decrease to over 30% in the small family

with 200 half-sibs). The power of QTL detection is almost complete when its ad-

ditive effect (�) is higher than 0.5 and moderate with the residual standard devia-

tion � of 0.25.

Concluding remarks

Selective DNA pooling strategies have successfully documented that the use

of pooled DNA amplification of STR markers facilitated an efficient,

cost-effective, high-resolution genome screening to detect QTL regions with

small and large effects in dairy cattle. This methodology facilitates a rapid perfor-

mance of genome-wide linkage scans to dissect the complex traits for identifying

recessive disease loci in highly inbred humans and termed as DNA pooling, while

in farm animals, it has so far attained great success in the identification of QTLs

for milk protein genes in dairy cattle (LIPKIN et al. 1998a,b, MOSIG et al. 1998,

MOSIG et al. 2001) and was termed as selective DNA pooling. Recent results on

the whole bovine genome scanning for QTL affecting milk protein percentage by

means of selective milk DNA pooling in a daughter design (MOSIG et al. 2001) us-

ing an adjusted false discovery rate criterion revealed that the mean allele substitu-

tion effects of putative QTL were observed to be 0.016 (0.009-0.028) in the units

of within sire family standard deviation of EBVP% and summed to 0.046

EBVP%. This resulted in the existing genetic variation for milk protein percent-

age in the Israeli-Holstein population to reach an absolute genetic increase of as

much as 1% in milk protein percentage, which is an increase of one third above

the present mean of 3%. Apart from the rapid screening of the genome, this meth-

odology can effectively be utilised to compare the effective population size

for marker-QTL mapping through total population genotyping, selective genotyp-

ing, and selective DNA pooling. Furthermore, it provides a firm basis in the QTL

phase identification for MAS programs (SOLLER 1994). Once markers and QTL

are identified in linkage equilibrium (KASHI et al. 1990), the specific coupling re-

lations between marker alleles and QTL alleles in each elite proven sire for each

located QTL can be determined using selective DNA pooling. The application

of selective DNA pooling can effectively be utilised for fine mapping by virtue
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of its tremendous statistical power inherent in the numerous very large dairy cattle

half-sib sire families. Moreover, the methodology can make it feasible to identify

suitable candidate genes in regions of this size through synthesis of human,

mouse, and bovine gene maps (WOMACK, KATA 1995, BAND et al. 2000) by as-

suming that the pools are already available as part of the routine QTL mapping

and sire evaluations with negligible total genotyping costs.
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