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Abstract The synthesis of “DNA pools” from segregat-
ing populations is an efficient strategy for identifying
DNA markers closely linked to genes or genomic re-
gions of interest. To-date, DNA pooling based solely
upon phenotypic information, or “bulked segregant
analysis”, has been employed only in the analysis of
simply-inherited traits. We have assessed the utility of
phenotype-based DNA pools for “tagging” (e.g., iden-
tifying DNA markers closely-linked to) quantitative trait
loci (QTLs), segregating in the presence of other such
loci, and expressing phenotypes which are influenced by
the environment. Theoretical estimates suggest that
QTL alleles with phenotypic effects of 0.75-1.0 standard
deviations (SD), or larger, should be detectable in back-
cross (BC), F, and recombinant inbred (RI) or doubled
haploid (DH) populations of manageable size (100-200
plants/lines). However, post hoc analysis of three data
sets, used in QTL mapping of tomato and rice, indicate
that the majority of QTLs identified had allele effects of
less than 0.75 SD, and thus could not be easily tagged in
DNA pools. Segregation distortion can have a large
effect on the allelic composition of DNA pools, necessi-
tating the use of more individuals in the pools to mini-
mize false positive and false negative results. In general,
we suggest that use of phenotype-based DNA pools
might be successful in tagging QTLs of very large effect,
but is unlikely to permit comprehensive identification of
the majority of QTLs affecting a complex trait. DNA
pools constructed from a priori information should,
however, be useful in identifying new DNA markers for
regions of the genome known to contain QTLs.

Key words DNA pools - Bulk segregant analysis *
RFLPs -+ RAPDs - QTL mapping - Genetic mapping

Communicated by A. L. Kahler

G.-L. Wang - A. H. Paterson (2<)
Department of Soil and Crop Sciences, Texas A & M University,
College Station, TX 77843, USA

Introduction

DNA markers have become an indispensable tool in
plant genetics, and are of particular value in gene map-
ping and marker-assisted selection. However, the large
numbers of individuals required for gene mapping ex-
periments hinder the utilization of these tools. Mapping
of simply-inherited traits can be streamlined by the
synthesis of “DNA pools” from individuals sharing a
common phenotype (Michelmore et al. 1991) or geno-
type at an interval delineated by two RFLPs (Giovan-
noni et al. 1991). The principle of DNA pooling is the
grouping together of informative individuals so that a
particular genomic region carrying a “selectable
marker” (morphological mutation, or DNA marker) of
interest can be studied in a randomized genetic back-
ground of unlinked loci. Trait mapping using DNA
poolsis amenable to RFLPs or other DNA markers, but
can be streamlined through the use of RAPDs (Williams
et al. 1990) which minimize needs for genomic DNA,
Southern blotting and radioisotopes. Using DNA pool-
ing methods, Michelmore et al. (1991) identified three
RAPD markers in lettuce linked to a gene for resistance
to downy mildew. Giovannoni et al. (1991) identified
two RAPD markers tightly linked to loci affecting ripen-
ing and jointless stem in tomato.

While simply-inherited loci altering morphology or
disease reaction can be of great importance, measures of
agricultural productivity, e.g., yield, quality and hori-
zontal resistance to various stresses, are usually in-
fluenced by many genes. The restriction fragment length
polymorphism (RFLP) technique has been successfully
used to map individual genetic factors or quantitative
trait loci (QTLs) associated with these traits in several
crops (Nienhuis et al. 1987; Paterson et al. 1988, 1990,
1991; Tanksley and Hewitt 1988; Weller et al. 1988,;
Grant et al. 1989; Keim et al. 1990; Stuber et al. 1992;
Wang et al. 1993). While such experiments are accurate
and repeatable, they require large populations, and are
labor-intensive and tedious.
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Our objective in the present work was to determine
whether a phenotype influenced by multiple genetic loci,
together with the environment, could serve as a “select-
able marker” for the construction of DNA pools which
would permit enrichment for DNA markers near genes
influencing the target phenotype. It is well-documented
that the most extreme individuals in a phenotypic dis-
tribution carry a disproportionately large amount of
genetic information useful for mapping QTLs (Lander
and Botstein 1989; Darvasi and Soller 1992). However,
when a phenotype is influenced by multiple genetic loci,
and environment, individuals can have extreme pheno-
types due to different sets of QTLs, or due to non-genetic
factors. Thus, the task is to distinguish a genetic signal
against a background of environmental noise. Factors
which determine the power to accomplish this task
include the magnitude of the difference between “sub-
populations” (carrying different QTL alleles), the extent
of mixing of sub-populations, and the number of indi-
viduals studied (Mendell et al. 1991).

In this paper, we evaluate the possibility of using
DNA pooling strategies for QTL mapping in F,, back-
cross (BC), recombinant inbred (RI), and doubled hap-
loid (DH) populations. Predictions about the likelihood
of finding DNA polymorphisms linked to the target
QTL in phenotype-based DNA pools are tested by post
hoc analysis of large plant populations previously used
for QTL mapping. The effects of population size, frac-
tion of population selected, magnitude of phenotypic
effect of individual QTL alleles (QTL allele effect), and
effects of both dominance and deviations from Men-
delian segregation ratios, are considered. General
concordance of post hoc analyses with theoretical pre-
dictions supports the conclusion that phenotype-based
DNA pools can be reliably used to tag occasional QTLs
of very large effect, but may frequently fail to tag many
QTLs of smaller effect which collectively explain a large
portion of the genetic variation in a trait.

Materials and methods

The work described in this paper involved two discrete components.
First, using defined parameters of the normal distribution (Selby
1973), we determined expectations for cross-contamination of DNA
pools under a variety of circumstances, e.g. different population sizes,
different QTL effects, different degrees of segregation distortion.

To exemplify how this was done, consider a population consisting
of two genotypes, genotype A and genotype B, at a particular QTL in
a backcross population. We assume that the population is derived
from a cross between homozygous parents, and segregates for only
two alleles per locus. The two genotype groups have equal sample size
and are each normally distributed with a common variance, ¢2, but
different means, u, and py (Fig. 1). The phenotypic effect of this QTL
is expressed in units of standard deviations, and calculated from
[(1s — Hp)/o]/n, where n is the number of alleles per locus which differ
between genotypes A and B (one for a backcross population, two for
an F,, DH, or RI). For example, if a QTL allele at a particular locus
has an effect of 0.75 standard deviations in a backcross population
then, based on the genotype at that locus, the backcross population
can be divided into two normally-distributed populations (A and B)
whose means differ by 0.75 SD. If individuals are selected whose

phenotypes are so extreme that they fall more than 1.0 SD outside the
means of population (e.g., genotype) A, then by definition these fall
more than 1.75 SD outside the mean of population B (Fig. 1). The
fraction of population A which falls outside 1.0 SD in one tail can be
taken directly from published tables (Selby 1973), as can the fraction
of B which falls outside 1.75 SD. If populations A and B contain equal
numbers of individuals, then the allele composition of the resulting
DNA pool can be directly calculated from the ratio %B/(%A + %B).
Adjustments must be made for heterozygous genotypes “contamina-
ting” otherwise homozygous pools, and vice versa (e.g., backcross or
F, populations), since in these cases, “contaminants” only contain
one “contaminating allele”. Similarly, adjustments must be made
when the numbers of individuals in the A and B populations differ
(e.g., F, dominant locus case, or deviation from Mendelian segrega-
tion), weighting the contribution of the populations to the overall
allele composition in proportion to the expected population size.

DNA pools to be screened with DNA markers are constructed
from the most extreme individuals in the overall population (e.g., A
plus B). A successful result (e.g., new DNA markers diagnostic of the
trait) is expected when the individuals at one extreme of the distribu-
tion are mostly of genotype A, and those at the other extreme are
mostly of genotype B, at a particular QTL. We considered < 5%
contamination of pools with the alternate allele small enough to
indicate a successful result, approximately the level found by Michel-
more et al. (1991) to render the rare allele undetectable in similar
RAPD-PCR amplifications. Using RFLPs, a slightly higher level of
contamination could probably be tolerated (Michelmore et al.
1991) — thus the data presented here represents a conservative apprai-
sal of the feasibility of mapping QTLs in DNA pools with RFLPs.
Finally, throughout this work we have defined the A and B pools as
containing ten individuals since ten plants in a pool is sufficient to
avoid detecting false positive markers, even with moderate deviations
from Mendelian segregation (See Fig. 4 and related text). Variations
in the number of plants per pool may be warranted in some circum-
stances, but affect the size of the polymorphic region and consequent-
ly the likelihood of a success (Michelmore et al. 1991), so we have held
this number constant.

The second component of this work was to determine if the
theoretical expectations are corroborated by empirical data. This was
done by post hoc analysis of large BC (Paterson et al. 1988), F,
(Paterson et al. 1991) and RI {(Wang et al. 1993) populations which
had been completely genotyped with RFLPs, and employed to map a
large number of QTLs. The post hoc analysis involved sorting a
population based on phenotype, and determining the allele composi-
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Fig. 1 Tllustration of using DNA pooling strategies for mapping
a quantitative trait in a backcross population. A QTL controlling
the trait has an allele effect of 0.75 standard deviations (SD). Con-
sequently, the population can be thought of as two subpopulations
differing in genotype at this QTL, and differing in mean phenotype
by 0.75 SD. If one selects individuals more than 1.0 SD outside the
mean of genotype A to form pool A, those falling 1.75 SD outside the
mean of genotype B will also be chosen and will “contaminate” pool
A. If the QTL has larger effect (> 0.75 SD) or more extreme individ-
uals are selected (> 1.0 SD), a clean pool A and pool B can be
distinguished



tion of the hypothetical DNA pools which would result from this
(prepared as described above), by examining RFLP genotypes of
these individuals at markers near mapped QTLs.

Results
Backcross population

Backcross populations are better than F,s, but poorer
than RI or DH populations, for tagging QTLs using
phenotype-based DNA pools. At any locus in a back-
cross population, two subpopulations of putatively
equal size occur; the genotype of one subpopulation is
the same as the recurrent parent (xx); the genotype of the
other is heterozygous (Xx). Using dominant markers
such as RAPDs (Williams et al. 1990), only those bands
unique to the XX parent will be informative; thus on
average only about half of the available polymorphisms
will be useful. Consequently, one may have to screen
twice as many markers to obtain the required polymor-
phisms. A contaminant individual in the xx pool which
is from the X x subpopulation has 50% of the X allele so
that this individual has only half the contamination of a
homozygous contaminant, e.g., the XX individual.
Therefore, the contamination rate in a backcross popu-
lation is much lower than that in other populations.
Assuming there is no segregation distortion, a QTL with
an allele effect of > 0.75 SD might be identified in a
backcross population of about 100 plants (Fig. 2).

F, population

F, populations appear to be a poor choice for tagging
QTLs using DNA pools. Under other circumstances,
the presence of all three possible genotypes at a locus
permits one to distinguish additivity from dominance,
and the presence of two informative gametes in each
indvidual affords more recombinational information
than might otherwise be available. However, these fac-
tors complicate the analysis of DNA pools.

In an F, population, the utility of DNA pooling
strategies is affected by gene action; that is, whether the
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dosage effect at a QTL is “additive” or “dominant”. As
described above, for strictly additive QTLs (phenotype
of heterozygote = midparent mean), the relationship be-
tween contamination rate and population size at differ-
ent QTL allele effects is as shown in Fig. 2. For QTL
alleles with a phenotypic effect less than 1.0 SD, con-
tamination from the heterozygote and contrasting
homozygote are both appreciable. Contamination is
less for QTL alleles with a phenotypic effect greater than
1.0 SD because most contaminants are from hetero-
zygous class. Strictly additive QTLs with an allele effect
of 0.75 SD can be detected in an F, population of about
3300 plants (Fig. 2).

Ifa QTL has complete dominant gene action (pheno-
type of heterozygote = homozygote) in an F, popula-
tion, the phenotypic values of XX and Xx individuals
are the same, and only two subpopulations must be
considered at an expected ratio of 3:1. As for the back-
cross, only half of the dominant polymorphic markers
are informative, specifically those bands unique to the
X X parent. Contamination in the aa pool is higher than
that in the additive case because the dominant class (X X
and X x)is three times larger than the recessive (xx) class.
However, the average phenotype of the XX + Xx pool
differs from the average phenotype of the xx pool by
twice the additive effect of the allele (because of domi-
nance); thus the separation between pools is equivalent
to the recombinant inbred or doubled haploid case. A
QTL with an allele effect of 0.75 SD requires, on average,
a population of 140 or more plants to be detected
(Fig. 2).

RI or DH lines

RIor DH lines are a good choice for tagging QTLs using
DNA pools. RI or DH populations contain two sub-
populations at a locus, each homozygous, with the same
genotype as one of the two parents. All DNA polymor-

Fig.2 Relationship between contamination rate in DNA pools and
population size (or percent of population selected) in BC, F, and RI
or DH lines. Note that RT or DH values are for individual plants, and
assume no replication. For a discussion on the effects of replication,
see text
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phisms are informative (with both dominant and codo-
minant markers). QTLs with allele effects of 0.75 SD can
be detected in populations of about 40 lines (Fig. 2).
We note that RI or DH lines can be evaluated in several
environments with replications. Such replication reduc-
¢s the environmental “noise”, thereby increasing the
proportion of phenotypic variation attributed to QTLs.
Consequently, by using replicated traits, QTLs would
be detected in smaller populations than our theoretical
expectations would indicate. We have not factored this
into our results, the gains from replication will vary
substantially from experiment to experiment, in relation
to the proportion of phenotypic variance due to non-
genetic factors (environment, measurement error).

Effect of deviation from Mendelian ratios

It was noted previously that a dominant QTL in an F,
population resulted in two subpopulations with a 3:1
ratio. Deviations in Mendelian segregation ratios create
a similar situation. Segreation distortion is particularly
prominent in wide crosses, such as those often used for
RFLP mapping. The relationship between contamina-
tion rate and population size in the “rare” pool and
“common” pool is calculated at different skewing levels
for QTLs having an 0.5 SD effect in an RI population
(Fig. 3). The “rare” pool has a much higher contamina-
tion rate, and a larger population size is needed to
identify QTLs than in a normally-segregating popula-
tion. However, there is less contamination in the “com-
mon” pool (B), than in a normally-segregating popula-
tion. A clean pool B can be obtained from a population
of 200 plants, if a QTL has an allele effect of as little as
0.25 SD. As the skewing increases, the contamination
rate in pool B decreases.

Segregation distortion increases the likelihood of
false positive polymorphism, requiring use of a larger
number of individuals in the pools to “homogenize”
genomic regions outside the target. A highly-skewed
locus might be polymorphic by chance if the DNA pools
are not big enough. The relationship between allele fre-
quency and the number of individuals needed in DNA

pools is shown in Fig. 4. For example, at least 13 plants
were required to form the DNA pools when allele frequen-
cies of some loci are < 0.20 in the population. The number
of individuals needed in pools to avoid false positives is
determined by segregation ratios at the most deviant
loci in the genome, not just the locus under selection.

As additional individuals are added to the pools, the
length of the chromosome segment which remains poly-
morphic between-the pools is likely to shrink, making it
somewhat more difficult to find linked markers — how-
ever the markers which are found will be closer to the
target gene (Michelmore et al. 1991).

Post hoc analysis of DNA pooling in a backcross
population of tomato

A backcross population of 237 plants, derived from an
interspecific cross between Lycopersicon esculentum cv
UC82B and L. chmielewskii accession LA 1028, was used
in mapping QTLs for fruit mass, soluble solids concen-
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rare allele is presented in both DNA pools), under different degrees of
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tration and pH (Patersonet al. 1988). A total of 15 QTLs
were identified, with allele effects ranging from 0.48 to
1.25 SD (Fig. 5). The correlation between QTL allele
effects and the percent of contamination in DNA pools
is highly significant (r = 0.796**). Our theoretical pre-
diction was that QTLs with an allele effect that > 0.75
SD could be tagged in a backcross population of this
size. The SP locus, which has a large effect on soluble
solids concentration (1.25 SD) and pH (1.0 SD), had 0%
contamination in the DNA pools. Marker CD34, linked
to a QTL with 0.9 SD effect on fruit pH, had 5%
contamination in the DNA pools. These were the only
QTLs which could have been detected by DNA pools,
and also the only QTLs with effects > 0.75 SD in this
population, corroborating our prediction.

Post hoc analysis of DNA pooling in an F,
population of tomato

An F, population of 350 plants, derived from a wide
cross between L. esculentum Mill and L. cheesmanii, was
used to determine the chromosomal locations of QTLs
affecting fruit size, soluble solids concentration and pH
(Paterson et al. 1991). A total of 14 QTLs was detected,
with effects of 0.25-0.80 SD. Our theoretical prediction
was thatin an F, population of this size, only QTLs with
an effect > 1.0 SD might be tagged. None of the QTLs
found in this population yielded an uncontaminated
DNA pool, consistent with our prediction.

Post hoc analysis of DNA pooling in an RI
population of rice

One-hundred-and-thirty-nine RI lines derived from an
Oryza sativa ssp. japonica and O. sativa ssp. indica cross,

Fig. 5 Relationship between QTL allele effects and contamination
rate in a backeross population of tomato (Lycopersicon esculentum cv
UCS2B and L. chmielewskii accession LA 1028, Paterson et al. 1988)
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Fig. 6 Relationship between segregation distortion and conta-
mination rate in DNA pools in a tomato backcross (Lycopersicon
esculentum cv UC82B and L. chmielewskii accession LA 1028, 237
individuals, Paterson et al. 1988) and a rice recombinant inbred
population [Moroberekan (Oryza sativa ssp. japonica) x CO39 (0.
sativa ssp. indica), 131 lines, Wang et al. 1993]

Moroberekan X CO39, were used to map QTLs encod-
ing partial resistance to rice blast. Nine QTLs were
found to be associated with lesion number, with allele
effects of 0.32—0.88 SD. Pools from the highly-resistant
lines (Moroberekan phenotype) had a higher contami-
nation rate than expected because of extreme segre-
gation distortion in the RI population. The lowest
contamination in DNA pools was 10%. However, most
of the pools from the highly-susceptible lines (CO39
phenotype) were uncontaminated, which is consistent
with the result of theoretical estimations (Fig. 3). The
correlation between QTL allele effects and pool con-
taminations was not significant, probably due to dif-
ferences in segregation distortion of each QTL.

Relationship between segregation distortion and
contamination rate in tomato and rice

Segregation distortion was observed in both tomato and
rice populations. As the skewness (deviation from Men-
delian ratio) increases, the contamination rate also in-
creases (Fig. 6). Marker CD46, linked to pH in the
backcross population of tomato and having an allele
effect of 0.8 SD, was highly skewed (only 26 % of individ-
uals were heterozygotes versus an expected 50%). Based
on its allele effect and the size of the backcross popula-
tion, our prediction of DNA contamination in pool A is
19%. The observed contamination of pool A at this
locus was 20%. Marker RG333 was associated with
partial resistance to rice blast, and its segregation was
highly skewed (36% of individuals were homozygous for
the japonica allele) in the RI population. The observed
contamination of pool A was 20%, slightly higher than
our prediction of 17%.



360

Discussion

The success of DNA pooling strategies for tagging
QTLs based solely upon phenotypic information (e.g.,
bulked segregant analysis) is dependent on the magni-
tude of the phenotypic effect of individual QTLs, the
population size sampled, and the influence of non-
genetic factors on the phenotype. A qualitative trait with
100% penetrance is the ideal case for using this method
(Giovannoniet al. 1991; Michelmore et al. 1991). To tag
genes underlying continuous variation (QTLs) using
phenotype-based DNA pools, several precautions are
recommended, including (1) the use of crosses in which
extreme variation is observed; (2) the use of large popu-
lations, (Fig. 2); (3) the use of homozygous populations,
e, RI or DH lines; (4) the replication of phenotypic
evaluations, facilitated by the use of homozygous popu-
lations, but also possible by using F, or BC-derived lines
for phenotype evaluations (e.g., Paterson et al. 1991). In
general, RI or DH populations are preferable; however,
the ease with which BC populations are made in many
species may favor their use in some cases. F, popula-
tions appear to be a poor choice for tagging QTLs based
solely upon phenotypic information.

By selecting individuals with the highest and lowest
phenotypic values to form DNA pools, QTLs with very
large effects on phenotype (> 1.0 SD) might be routinely
identified if sufficiently large populations are studied.
However, QTLs which account for much of the genetic
variation in a trait will probably escape detection. For
example, our results found that one QTL explaining
about 20% of the phenotypic variation in tomato sol-
uble solids, and two QTLs collectively explaining about
24% of the variation in tomato fruit pH, could have
been tagged in phenotype-based DNA pools. However,
additional QTLs explaining about 25% of the
phenotypic variation in soluble solids, about 24% of the
variation in fruit pH, and 58% of the variation in fruit
mass, would have escaped detection. Only 13%, 9%,
and 11% of variation in these traits, respectively, was
attributable to non-genetic factors. Subsequent RFLP
mapping experiments (Paterson et al. 1990) permitted
detection of yet additional QTLs with very small effects
which fell below the significance threshold of the initial
RFLP mapping experiment upon which these results
were based (Paterson et al. 1988). General concordance
of post hoc analyses with theoretical predictions sup-
ports the conclusion that phenotype-based DNA pools
can be reliably used to tag occasional QTLs of very large
effect, but may frequently fail to tag many QTLs of
smaller effect which collectively explain a large portion
of the genetic variation in a trait. This is consistent with
the expectations of Mendell et al. (1991) which indicate
that very large populations (>482 individuals) are
necessary to have even a 50% ability for distinguishing
mixtures of populations differing by even as much as
two standard deviations, with 95% confidence. (Our
population size estimates are significantly lower, since

we worked with averages rather than 95% confidence
limits).

Segregation distortion increases the contamination
rate of the DNA pool corresponding to the “rare”
genotype, but reduces contamination of the “common”
genotype pool. While the proportions of the two popu-
lations which fall in the wrong pool are determined by
the population variance and tail proportion selected (see
Fig. 1), the absolute number of contaminants in a pool is
influenced by the number of individuals in each of the
two populations. Severe segregation distortion in the
rice population we examined appears to explain the
failure of phenotype-based pooling to identify QTLs
with effects which otherwise would be large enough to
detect. One way to find QTLs using DNA pooling
strategies in a skewed population might be to use F,
DNA in place of the “rare” genotype pool. This is similar
to using a backcross population, where one pool is
heterozygous. However, as in backcross populations,
only half the informative markers which are present in
the donor parent could be used. Further, this requires
prior knowledge of the nature and extent of segregation
distortion in the population. As previously discussed,
the “common” pool should include enough individuals
to avoid finding many false positive markers (Fig. 4).

One issue which has received relatively little atten-
tion is the size of the genomic region which is being
targetted. If DNA markers are used to create pools
(Giovannoni et al. 1991), this is known from prior map-
ping. However, if phenotypes are used, the size of the
polymorphic region varies with the number of individ-
uals used in the pool (Michelmore et al. 1991), and with
the population structure. For example, ten F, individ-
uals carry 20 potentially-informative gametes, leaving a
smaller polymorphic region than ten BC or DH individ-
uals which have only ten informative gametes. The
length of the polymorphic region in pools from RI
(“single-seed descent”) individualsis similar to that of F,
individuals, since R1 individuals each carry ten informa-
tive gametes but after twice as many opportunities for
recombination (Taylor 1978). While a larger polymor-
phic region is a bigger target, a smaller region yields
markers more closely linked to the target gene. In
practice, other considerations probably outweigh the
differences in size of the polymorphic region.

Experimental aspects of DNA pooling warrant dis-
cussion. Two considerations are paramount — the DNA
of each individual needs to be equally represented in
DNA pools, and the experiment needs to include
measures for independent verification of putative new
markers. Equal DNA concentrations may be assured
simply by extracting DNA from each member of the
poolindividually, and quantitating. This is of particular
concern regarding PCR-based assays, and DNA pool-
ing procedures using RFLPs appear to be less sensitive
to small variations in DNA concentration (Churchill
et al. 1993). Verification of new markers is more diffi-
cult — our own protocol is to repeat putative positive
results from PCR-based assays twice with a new DNA



preparation, then demonstrate co-segregation of the
marker with the phenotype. For RFLPs, we proceed
directly to verifying co-segregation, without the repeti-
tions. Nonetheless, DNA from a population segregating
for both the phenotype and the relevant markers should
be available.

Finally, a more straightforward but quite valuable
application of DNA pooling is for identifying new DNA
markers near previously-mapped QTLs, utilizing DNA
marker genotypes to create pools (Giovannoni et al.
1991). High-density mapping of genomic regions har-
boring QTLs serves two valuable purposes. First, given
a large number of markers to choose from, there is a
higher probability of finding at least one informative
marker near the QTL, especially in an elite cross where
polymorphism is limiting. Second, additional markers
facilitate high-resolution mapping (Paterson et al. 1990),
and ultimately map-based cloning of the QTL.
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