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Abstract Advanced backcross QTL analysis is pro-
posed as a method of combining QTL analysis with
variety development. It is tailored for the discovery and
transfer of valuable QTL alleles from unadapted donor
lines (e.g., land races, wild species) into established elite
inbred lines. Following this strategy, QTL analysis is
delayed until the BC2 or BC3 generation and, during the
development of these populations, negative selection is
exercised to reduce the frequency of deleterious donor
alleles. Simulations suggest that advanced backcross
QTL analysis will be effective in detecting additive,
dominant, partially dominant, or overdominant QTLs.
Epistatic QTLs or QTLs with gene actions ranging from
recessive to additive will be detected with less power
than in selfing generations. QTL-NILs can be derived
from advanced backcross populations in one or two
additional generations and utilized to verify QTL activ-
ity. These same QTL-NILs also represent commercial
inbreds improved (over the original recurrent inbred
line) for one or more quantitative traits. The time lapse
from QTL discovery to construction and testing of
improved QTL-NILs is minimal (1-2 years). If success-
fully employed, advanced backcross QTL analysis can
open the door to exploiting unadapted and exotic germ-
plasm for the quantitative trait improvement of a num-
ber of crop plants.
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Introduction

Most traits of agronomic importance, including yield,
nutritional quality and stress tolerance, are quantita-
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tively inherited (Allard 1960; Hallauer and Miranda
1988). The ability to manipulate genes responsible for
quantitative traits is a prerequisite for sustained im-
provement of crop plants. In the past 10 years there
have been numerous reports on the use of molecular
marker-based methods to detect, map and characterize
the loci responsible for quantitative traits in crops
(Paterson et al. 1988; Keim et al. 1990; Fatokun et al.
1992; Stuber etal. 1992; Anderson ectal. 1993 a;
Hayes etal. 1993; Wang et al. 1994). Despite these
successes, there are few examples where molecular
marker techniques have led to the creation of new
crop varieties enhanced for one or more quantitative
traits.

Two factors may be contributing to the less-than-
expected impact of marker-based QTL analysis on the
development of varieties with enhanced quantitative
traits.

(1) QTL discovery and variety development
are currently separate processes

QTL analysis, as applied to plant breeding, typically
involves a two-step process. The first step is QTL dis-
covery. Parental lines are identified which differ for one
or more quantitative traits of agronomic importance
(e.g., yield, quality). The parents are hybridized and a
segregating population(s) is created in which markers
can be used to identify linked QTLs. The second step is
to utilize knowledge of QTL map locations to create a
superior variety.

The most common populations for QTL analysis are
F2 or F3 families, backcrosses to one or both parents or
recombinant inbred lines (e.g., F7 single-seed descent
lines). Each of these populations has different strengths
with regard to QTL analysis. However, with respect to
plant breeding, they all share a common weakness: once
potentially valuable QTLs are discovered, considerable
backcrossing and/or intercrossing is likely to be
required for the development of commercial varieties/
inbreds.
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Separating QTL discovery and variety development
into discrete and sequential steps not only increases the
time required for new variety development, but also (for
other reasons to be discussed later) reduces the probabil-
ity of successfully using QTL information to create a
superior crop variety.

(2) Most breeding-related QTL studies are
targeted toward manipulating quantitative trait
variation already existing within elite germplasm

In every breeding program there exists a primary
adapted pool of elite germplasm from which most new
variety selections are made. Breeders have observed that
working within this adapted gene pool normally in-
creases the probability of making successful selections.
Excluded from this pool are a wide range of genetic
resources, including primitive varieties, land races and
wild species, all of which are inferior to commercial
varieties in one or more respects.

Even when one is working within the primary gene
pool, improvement of quantitative traits is often a diffi-
cult and time-consuming task. There has been an impli-
cit expectation that marker-based QTL analysis will
make it easier and faster for breeders to manipulate
these traits (Soller and Beckman 1983; Tanksley 1983).
Theoretically, marker-aided selection can lead to the
accumulation of valuable QTLs into new varieties with-
in elite germplasm. However, in reality there are several
practical problems with this strategy. Frequently, elite
germplasm (especially in self-pollinated crops) has re-
duced levels of genetic variation making it difficult to
find the necessary polymorphism with the molecular
markers required for QTL analysis (Helentjaris et al.
1985; Miller and Tanksley 1990; Wang et al. 1992; An-
derson et al. 1993 b). A second problem is that focusing
on elite germplasm means that molecular markers are
being used to manipulate the same alleles that breeders
have been manipulating for many years through classi-
cal breeding procedures. While the molecular marker
approach may in some instances be faster than tradi-
tional selection, it is often more expensive and, if applied
in this manner, will not result in a general enhancement
of the gene pool of crop varieties. Without such enhan-
cement, it is unlikely that molecular markers can con-
tribute to the long-term and sustained improvement of
quantitative characters in crop plants.

Need for an alternative approach

Before QTL analysis will have a major impact on the
genetic improvement of crop plants it seems likely that
the situation described above will have to change. Spe-
cifically, QTL discovery and variety development must
be integrated into a single process. In addition, QTL
analysis must be used to identify and selectively intro-
duce new and beneficial alleles into elite crop varieties,
thereby broadening the genetic base of the crop species

and accelerating the rate of genetic improvement. The
topic of this paper is a proposal of how these goals might
be achieved through a new strategy which we refer to as
“advanced backcross QTL analysis”.

Background

All crop species were originally domesticated from wild
plants by humans — a process that inherently reduced
genetic variation (Simmonds 1976; Ladizinsky 1985).
Intensive breeding of crop varieties by modern science
has further narrowed the gene pool in many crops. This
problem is especially acute in self-pollinated crops
where the level of genetic variation in cultivated varieties
is often a small fraction of that available in nature
(Miller and Tanksley 1990; Wang etal. 1992). The
limited genetic variation among modern crop varieties
makes them more susceptible to disease epidemics. For
example, Southern corn leaf blight destroyed a large
portion of the U.S. corn crop in 1971 due to the wide-
spread use of a single source of cytoplasmic male sterility
in hybrid maize (Ullstrup 1978). Reduced genetic vari-
ation is likely to have another, more subtle, effect: a
slower rate of crop improvement by plant breeders. The
lower the genetic variation in breeding populations, the
less likely breeders are to identify new and useful combi-
nations of genes.

Unadapted and wild germplasm: an under-utilized
reservoir of genetic variation

There is no shortage of genetic variation in nature. The
wild ancestors and related land races of most crop plants
can still be found in their natural habitats and national
and international centers have been established to col-
lect and maintain this material. For most major crop
plants, germplasm banks contain tens of thousands of
individual seed accessions. However, only a few of these
accessions have actually contributed to the develop-
ment of new elite varieties. Nevertheless, we maintain
these collections with the tacit belief that the alleles
contained in these wild and unadapted accessions will
someday fuel crop plant improvement. The unfortunate
reality is that, for the most part, we have been unable to
exploit the majority of the genetic potential stored in
germplasm repositories.

Problems with using unadapted germplasm
to improve quantitative traits

Linkage drag

The productivity, uniformity and quality of modern,
elite cultivars is based on decades of selection by
breeders. As this elite germplasm becomes more differ-
entiated from primitive cultivars, the option of utilizing



wild or unadapted germplasm, which is likely to contri-
bute many undesirable characters and require intensive
selection to recover acceptable cultivars, becomes less
and less attractive. For this reason, unadapted or wild
species germplasm has been used mainly as a source of
major genes for disease and insect resistance which can
be incorporated via a backcross breeding scheme. Even
in these cases, the transfer of the resistance genes has
often been fraught with problems associated with link-
age drag. Theoretical and empirical studies have shown
that, even after 20 or more years of traditional breeding,
a single gene transferred from a wild species will be
associated with enough linked chromosomal DNA to
contain more than 100 other, potentially undesirable
genes (Young and Tanksley 1989; unpublished results).
Breeding to introduce polygenic characters from
wild germplasm, where epistasis becomes a problem
and linkage drag is compounded, has been generally
avoided.

Molecular linkage maps provide a method to reduce
the problems with linkage drag by allowing selection for
individuals containing recombinant chromosomes
which break linkage drag. It has been estimated that the
use of molecular maps can reduce linkage drag at least
tenfold in a fraction of the time needed for traditional
breeding(Tanksley et al. 1989). In tomato, the molecular
linkage map has been used to identify varieties carrying
minimal linkage drag around several disease resistance
genes transferred from wild species (Young and Tan-
ksley 1989; Messeguer 1991; Zamir et al. 1994)

Most unadapted germplasm has inferior phenotypes
with respect to key quantitative traits

While it is relatively straightforward to identify wild
accessions that contain genes for resistance to patho-
gens, it is difficult to identify accessions that are likely to
contain genes for the improvement of quantitative traits
such as yield. In this respect, unadapted germplasm is
almost always inferior to elite varieties.

Report of occasional transgressive variation for yield
in populations derived from crosses of elite lines to wild
species suggests that, despite their inferior phenotypes,
wild accessions do contain genes that can improve
quantitative traits (Frey et al. 1981). Recent studies in
tomatoes utilizing molecular markers have confirmed
this hypothesis and have demonstrated that QTLs iso-
lated from wild accessions, can substantially improve
the phenotype of commercial tomato varieties for most
quantitative traits (de Vicente and Tanksley 1993; Eshed
and Zamir 1994). In these studies, molecular markers
were used to screen the genome of the wild species L.
pennellii for QTLs that modify both botanical and
horticultural traits. Altogether more than 20 traits were
studied. Regardless of the character, 10-50% of the
QTLs detected in the wild species improved the trait of
interest, even though the wild species phenotype was
inferior to that of the cultivated parent. Specific QTLs
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for increased yield and soluble solids were subsequently
transferred into the cultivated tomato using linked mol-
ecular markers (de Vicente and Tanksley 1993; Eshed
and Zamir 1994).

The experiments described above demonstrate that
positive (with regard to agronomic value) QTLs can be
identified and transferred from an unadapted or wild
species into elite cultivated varieties using molecular
markers. If wild species, regardless of their phenotype,
contain alleles that can improve most traits of interest,
then the problem of identifying the source of new genes
for the genetic improvement of quantitative traits disap-
pears. It is replaced by the task of locating and selective-
ly transferring valuable QTLs from unadapted germ-
plasm into elite crop varieties. Theoretically this can
be accomplished via QTL mapping and marker-based
selection using the molecular linkage maps that are well-
developed for many crop species. However, the genetic
design used to identify and transfer useful QTLs from
unadapted germplasm may have to differ from that
followed by researchers in the past.

Advanced backcross QTL analysis — a strategy to
identify and transfer beneficial QTLs from
an unadapted line into an elite breeding line

Most QTL studies have utilized populations in which
the alleles of both parents occur at a relatively high
frequency (e.g., F2, BC1, RI). While such populations
(hereafter referred to as balanced populations) are well-
suited for QTL mapping, they have significant draw-
backs when employed to detect and transfer useful
QTLs from unadapted germplasm into elite breeding
lines. In this context, the shortcomings of balanced
populations are as follows: (1) Undesirable QTL alleles
from the unadapted parent occur in high frequency and
can seriously reduce (or eliminate altogether) the ability
to collect meaningful data on yield and other field
performance traits. For example, the presence of shatter-
ing and/or sterility genes would make it difficult to
measure yield in balanced populations derived from
crosses of cultivated wheat or barley with one of their
wild relatives. (2) Epistatic interactions are statistically
difficult to detect, yet are likely to occur in balanced
populations where donor alleles occur in a high fre-
quency. For breeding purposes it is desirable to identify
QTLs not requiring epistatic interactions among donor
alleles—a goal which is more difficult to achieve in
balanced populations. (3) Subtle (and often negative)
pleiotropic effects may go unnoticed in balanced popu-
lations due to the large genetic and phenotypic variance
created by the segregation of donor alleles in high
frequency. These pleiotropic effects may not become
obvious until the QTL has been backcrossed into an
elite line and the genetic variance reduced.

A possible solution to the above problems would be
to delay QTL analysis until an advanced generation
(e.g., BC2, BC3, etc). Researchers have already demon-
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strated that advanced backcross populations can be
used to increase the probability of successful selections
when breeding with wild germplasm (Bliss 1981; Sul-
livan and Bliss 1983 a,b). With regards to QTL analysis
the potential benefits of advanced backcross popula-
tions versus more balanced populations (e.g., F2, BC1,
Rl) are: (1) The genotype (and phenotype) of an average
individual would be much more similar to the elite
parent in an advanced backcross population than in a
balanced population, making measurements of yield
and other characters more meaningful. (2) By waiting
until an advanced generation, one could allow for
phenotypic selection to further reduce the frequency of
deleterious or undesirable alleles from the donor. There-
fore, problems with deleterious characters (e.g., sterility,
seed shattering, etc), often encountered in balanced
populations derived from wide crosses, should be reduc-
ed or eliminated. (3) One would be less likely to detect
QTLs with epistatic effects in advanced generations due
to the overall lower frequency of donor alleles. There-
fore, the effect measured for each QTL in the advanced
generation is likely to be a better predictor of the
ultimate effect of that QTL when it is transferred to the
cultivated background. (4) Few, if any, additional back-
cross generations will be needed to create nearly
isogenic lines with selected QTLs. Such QTL-NIL lines
could then be subjected to extensive field testing in
replicated trials. (5) Associated deleterious effects due to
linkage drag are less likely to be observed in advanced
generations since there have been more opportumtles
for useful meiotic recombination.

The objective of this paper is to explore, through
computer simulations, the properties of QTL analysis in
advanced backcrosses populations as compared with
more traditional balanced populations. Results from the
simulations are discussed in the context of using ad-
vanced backcross QTL analysis as the basis for a breed-
ing strategy in which valuable QTLs from unadapted
germplasm are efficiently discovered and transferred
into elite breeding lines.

Materials and methods
Simulations for QTL detection

Simulations were performed on a Macintosh Power PC computer.
Genetic maps were simulated as arrays of integers representing map
positions in units of 0.1% recombination (where 100% probability of
crossover is represented as 1000) and containing subarrays represen-
ting chromosomes, separated from the other subarrays by intervals of
size 500. Maps were constructed according to specifications of chro-
mosome number, average number of markers per chromosome,
average chromosome length, number of QTLs governing the
simulated trait, the magnitude of the weights on the different QTLs,
and the nature of gene action. For all simulations two QTLs were
used, each being allowed to account for half of the phenotype. They
were placed on different chromosomes and any modifier genes also
included in an experiment were placed on separate chromosomes
from each other and from either QTL, in order to avoid confounding
of gene action with linkage. Each QTL (specified at random as one of
the loci in the map) was given a uniform numerical weight, applied to
either the maternal or the paternal allele.

Genotypes were simulated as strings of bits set to either 1 (ma-
ternal allele) or O (paternal allele). An F, diploid individual consisted
of a string of 1s and another of 0s. Gametogenesis was done via
“random walk™ (all randomness being simulated by the computer’s
pseudo-random number generator) starting at random on one of the
strings, beginning with a gamete with the first bit set as on that string,
then proceeding along the map, generating a random number be-
tween O and 1000 at each interval, and crossing over to read from the
other string if the specified recombination probability exceeded this
number. Either one (backcrossing) or two (selfing) gametes were
produced for each parental genotype; for backcrossing, the second
gamete consisted of a string of 1s. Manipulations of this kind are
described in several sources; two early ones are Bellman and Ahrens
(1966) and Fraser and Burnell (1970). In this manner, populations of
200 diploid genotypes were generated. Their phenotypes were evalu-
ated as the sums of the weights placed on the QTLs having the allele
that had been specified for weighting, each weight being multiplied by
the number of weighted alleles at the locus. Where other than additive
types of genetic action were specified, the corresponding modification
was made to the evaluation as follows. For full dominance, hetero-
zygotes were given the same value as the weighted homozygote. For
overdominance, only the heterozygotes at a QTL contributed to the
phenotypic score for that QTL. For epistasis, an unweighted, unlin-
ked marker was specified for each epistatically modified QTL, such
that the specified type of gene action of the QTL was phenotypically
expressed subject to the number of modifier alleles present at the
modifier locus.

All simulations were done from 20 different maps, constructed at
random according to the map specification which was four chromo-
somes, an average of 50 markers per chromosome, and an average of
1200 for the recombination length of a chromosome, corresponding
to approximately 100 cM after expression of the individual recom-
bination fractions as ¢cM according to the Kosambi function (Ko-
sambi 1944). Each simulation run from a map consisted of at least five
generations: the first one a population of 200 genotypes constructed
from an F, individual as described above and each succeeding
population of 200 generated by selfing or backcrossing each member
of the preceding generation to produce one progeny, analogous to the
single-seed-descent method of advancing selfed populations. From
each map either 50 or 100 simulation runs were made, corresponding
to 5000 or 10000 distinct populations.

Statistics were recorded for each population and averaged for
each generation. The computation done for most experiments was a
regression of phenotype on marker genotype at every locus within
35¢M of a QTL. For backcross populations the marker genotypes
were either 0 or 1 and a simple regression was performed to estimate
the additive effect of a single allele substitution. In selfed populations
the marker genotypes were 0 and 2 for homozygotes and 1 for
heterozygotes. In this case the regression also included a dominance
term. The resulting R, representing the proportion of genetic vari-
ance explained, was recorded as a function of the generation and of
the distance of the marker from the QTL. The correctness of segrega-
tion, weighting, and statistical computations was verified directly or
by sampling. For each genetic model, whether additive, dominant,
over-dominant, or epistatic, a multiple-regression model could be
constructed that accounted for 100% of the genetic variance. Envi-
ronmental variance was simulated by the addition to each phenotypic
score of a N(0,1) random number scaled by 20% of the range of the
phenotype.

For tallying segment lengths, each locus on a map was assigned a
length calculated as the sum of the half-intervals on either side (or
only the proximal side for the terminal locus of a chromosome)
expressed in ¢cM. Runs of consecutive loci with the same marker
genotype were tabulated for all individuals by marker genotype,
number, length, and generation. Average segment length at a gener-
ation was then calculated as the sum of products of run counts by the
corresponding lengths, divided by the sum of counts.

Simulations of NIL extraction

For these, as for the other simulations, all populations were of size
N = 200. Based on a 12-chromosome map with an average of 50 loci



pet 100-¢cM chromosome, a BC2, BC3, or BC4 population was
generated and sorted in descending order based on the proportion of
recurrent-parent genome (genome ratio). For the 12 top genotypes
bearing the donor allele at a preset pair of loci at least 10cM apart
and at all loci between them, a P value was calculated as the
probability that after one more backcross the sole remaining donor
alleles would be those in this interval. The genotype with the highest P
value of these 12 (usually in the top four with respect to genome ratio)
was backcrossed and all progeny in the resulting population were
accepted as NILs if they were heterozygous in the specified interval,
but over no more than 30 cM total, and homozygous for the recurrent
parent everywhere else in the map.

In 50 such runs from each of 200 independent maps, the numbers
of such heterozygous or homozygous NILs were recorded for each of
12 P-value classes indexed by the negative log, of the P-value, from 0
to 11. These subclasses were not treated separately in the summary
and did not enter into the experiment. They are mentioned only
because in practice the best estimate of the number of genotypes to
screen for the desired introgression would take into account the
quality of the original NIL candidate, expressed as this P value or a
similar parameter. The NIL counts were summed for each introgres-
sionlength from 10 to 30 cM and the frequencies and expected lengths
were calculated for each cumulative class; that is, the frequency (f) of
finding a genotype with an introgression of less than a given length
(calculated as the cumulative sum of counts divided by the total
genotypes in the experiment, N x runs x maps = 2 000 000} and the
length expectation within this class, calculated as the sum of products
of counts and lengths, divided by the sum of counts. These frequencies
were then used to calculate n, the number of plants to genotype in the
final population to obtain with probability p, a NIL with an introg-
ression in the specified length range, by the formula
n =log(l — p)/log(1 — f). This n was plotted for a minimal acceptable
size of introgression (10 ¢cm) as a function of the backcross generation
at which the NIL candidate was selected for subsequent advance-
ment.

The software (unpublished) used for simulations may be obtained
from the junior author via electronic mail (jenS @ cornell.edu).

Results

Average size of donor chromosome segments
in backcross and selfing generations

The size of intact donor chromosome segments in a
segregating population determines the degree of linkage
drag (Stam and Zeven 1981). Shorter donor segments
not only reduce linkage drag but should also increase
the resolution with which QTLs are mapped. The size of
intact donor segments is influenced by chromosome
length (as measured in centiMorgans) as well as the
number of generations in which the donor and recurrent
parent genomes are allowed to recombine by meiosis
(Hanson 1959; Stam and Zeven 1981). Recombination
leading to a reduction in linkage drag can occur only in
heterozygous regions of the genome. During backcross-
ing all regions of the genome containing donor DNA
will be heterozygous and any recombination in these
regions of the genome will result in a reduction in the
size of the donor segment. In contrast, selfed popula-
tions contain individuals homozygous for donor seg-
ments. Recombination occurring in these homozygous
areas will result in no net reduction in linkage drag.
Figure 1 depicts the results from simulations in which
the average size of donor segments is plotted against the
number of generations for both selfing and backcross-
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Fig. 1 Averagelength in centimorgans (cM) of intact donor chromo-
somal segments (y-axis) versus number of selfing or backcross gener-
ations (x-axis) subsequent to production of an F1 hybrid (e.g., for
selfing, generation 1 = F2; for backcrossing, generation 1 = BC1). See
Materials and methods for details of simulation parameters

ing. The results indicate that for the BC1 and F2 gener-
ations the average length of donor segments is the same
(approximately 40 cM). However, after the first gener-
ation, the length of donor segments decreases rapidly
with additional backcrosses as compared with addi-
tional selfing generations. By the BC5 the average length
of donor segments is approximately 14cM —50% of
that obtained with the same number of selfing gener-
ations (29 cM).

Power of detecting QTLs in backcross versus
selfing generations

The statistical detection of QTLs is likely to depend not
only on the type of population utilized, but also on the
intralocus and interlocus interactions of the segregating
QTLs. For this reason, simulations were done to deter-
mine the power of detecting different types of QTLs in
both selfing and backcrossing populations (Fig. 2). It
should be noted that because additive and dominant
effects are inseparable in backcross populations, the
plots for additive, dominant and over-dominant QTLs
in backcross generations are effectively identical to one
another.

Additive QTLs

A single selfing generation (e.g., F2) was approximately
twice as powerful (based on R? values) as a BC1 gener-
ation in detecting a QTL with additive gene action and
no epistatic interactions (Fig. 2 A). Additicnal selfing
slightly increased the power of detecting a QTL com-
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pletely linked with the test marker, but resulted in
decreased power as the distance between the QTL and
marker increased to more than 10 ¢cM. Additional gener-
ations of backcrossing consistently decreased the power
of detecting the linked QTL, regardless of the distance
from the marker to the QTL.
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Recessive QTLs

A recessive QTL coming from the donor genome would
go undetected in any backcross generation since no
genotypes homozygous for the donor allele would occur

in such generations (simulation not shown).
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Dominant QTLs

A QTL for which the donor genome contained a com-
pletely dominant allele would be detected 1n both selfing
and backcrossing generations (Fig. 2 B). The efficiencies
for all selfing generations are very similar and equally
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diminished with increasing distance between the QTL
and the marker. For backcrossing the power of detecting
a dominant QTL in the first or second generation is very
similar to that in the selfing generations. However, with
every additional generation of backcrossing the power is
reduced and by BC5 the power is reduced by nearly 80%
of that in the BC1 generation. This is likely because only a
very few individuals (approximately 3%) would still contain
donor alleles at any given locus by the BC5 generation.

Over-dominant QTLs

An over-dominant QTL is defined as a locus for which
individuals heterozygous for a donor and recurrent
parent allele have a greater phenotypic value than either
homozygous genotype. For simulation purposes, the
homozygous genotypes were considered to have the
same mean with respect to the phenotypic trait (see
Materials and methods for details). Because over-domi-
nance requires heterozygous individuals, one would
expect detection of an overdominant QTL to be less
powerful as a population becomes more inbred. The
simulation for selfing generations confirms this predic-
tion (Fig. 2C). Each generation of selfing reduces the
power (based on R* values) by approximately 20% each
generation. By the F6 generation, R? values are so low
that detection of an overdominant QTL would be un-
likely (Fig. 2 C).

Backcross populations are, on average, more power-
ful in detecting overdominant QTLs than selfing gener-
ations (Fig. 2 C). When the QTL and marker are com-
pletely linked (0 cM), the R? for each backcross gener-
ation is the same as for the corresponding selfing gener-
ation. However, as the distance between the marker and
QTL increases, the power of the backcross generation
remains relatively high as compared with the corre-
sponding selfing generation. For example, when the
QTL and marker are 10 cM apart, the R? = 12 for a BC2
generation; however, for the corresponding generation
of selfing (F3) R? = 8. As the distance between the QTL
and marker increases, selfing becomes even less power-
ful. In selfing generations recombination between the
QTL and marker may have occurred in either parental
gamete. For backcrossing, recombination is restricted to
gametes from only one parent. This difference probably
explains the decreased power with selfing as compared
with backcrossing.

Epistatic QTLs

A QTL whose allelic effects depend on the genotype of
another locus (loci) elsewhere in the genome is referred
to herein as an epistatic QTL. In the simulations the
donor allele for a given QTL was expressed only in the
presence, in the same individual, of the donor allele from
an unlinked modifier locus (see Material and methods
for details). The probability that the donor allele for
both the QTL and modifier locus will occur simulta-

neously in any given individual in the population de-
pends in part on the frequency of the donor alleles in the
population. For example, in any selfing generation the
genotypes with the donor allele at both QTL and modi-
fier locus will constitute 1/4 of the population. In
contrast, the fraction is only 1/16 in the BC1 and be-
comes negligibly small in succeeding generations. Thus,
one would predict that the power of detecting an epi-
static QTL to be much lower in backcrossing gener-
ations versus selfing generations. The simulations dis- .
played in Fig. 2D confirm this prediction. An epistatic
QTL is detected with nearly equal power in any selfing
generation. In contrast, the R% values for any backcross
generation are nearly ten-fold less than for selfing gener-
ations. These results suggest that one is unlikely to
detect an epistatic QTL in backcross populations, es-
pecially in advanced generations (= BC2).

Detection of an additive QTL in the presence
of an unlinked, epistatic QTL

As described above, a major difference in selfing
and backcross populations is the amount of genetic
variance contributed by epistatic QTLs. Backcross
populations (especially in advanced generations)
should have only a small portion of the genetic variance
contributed by interaction of donor QTL alleles.
In contrast, a much larger portion of the genetic
variance should be due to epistatic interactions in
selfing populations due to the overall higher frequency
of donor alleles. For this reason, it is important to
ask the question whether detection of non-epistatic
QTLs (e.g., additive or dominant QTL) would be differ-
entially affected by the segregation of epistatic QTLs
(elsewhere in the genome) in backcross versus selfing
generations. To test this notion simulations were made
in which the power of detecting a non-epistatic, additive
QTL was measured in populations in which an epistati-
cally expressed, unlinked QTL was also segregating
(Fig. 2 E).

For both backcross and selfing populations the
power of detecting an additive QTL is lower in the
presence of epistatic QTLs (Fig. 2E) than in the case
where the additive QTL is segregating alone (Fig. 2 A).
However, selfing generations appear to be more ad-
versely affected by the presence of the epistatic QTLs
and the R? values were reduced by approximately 50%
(Fig. 2 A,E). In comparison the R? was reduced approxi-
mately 35% for the BC1 generation, and in subsequent
backcross generations the reduction was even less
severe.

Detection of an additive QTL in the presence
of a recessive QTL

QTLs with recessive donor alleles will not contribute to
the genetic variance in backcross populations but will



contribute significantly to the variance in selfing gener-
ations. Whether the increased genetic variance, due to
recessive QTLs in selfing generations, affects the ability
to detect an additive QTL was tested. The power of
detecting an additive QTL was measured in populations
in which another unlinked QTL with a recessive donor
allele was also segregating. The results indicate that the
presence of a segregating recessive QTL does affect the
ability to detect an unlinked additive QTL in selfing
generations (Fig. 2F). In contrast, backcross gener-
ations are unaffected since the recessive QTL is not
expressed (Fig. 2F). This difference would most likely
enhance the power of backcross populations in detect-
ing additive or dominant QTLs in situations where the
donor genome contains recessive alleles at other QTL
loci.

Probability of recovering QTL-NILs

The goal of QTL analysis as described in this manu-
script is the detection of valuable QTL alleles from
a donor genome and their transfer into elite breeding
lines. In this context, it is important to consider
how many additional generations of backcrossing,
and how many individuals would need to be sampled,
in order to obtain lines in which the segment of the
donor chromosome containing the valuable QTL is
present in an otherwise recurrent parent genome. We
refer to such lines as QTL/nearly isogenic lines or
QTL-NILs.

Two factors are important in determining how
many generations and how many individuals are
needed to create a QTL-NIL. These are: (1) the maxi-
mum size (in centimorgans) of the donor segment
specified to contain the QTL and (2) the amount
of residual donor genome (unlinked to the targeted
QTL) still present in the genome. In this regard back-
cross populations are skewed toward recurrent
parent alleles and should therefore be superior to selfing
generations.

Simulations were employed to test the efficiencies of
generating QTL-NILs from backcross versus selfing
populations. For these simulations we assumed that a
QTL has been localized to a marker-defined segment of
donor DNA at least 10cM long. We examined the
probability of recovering after one backcross a genotype
heterozygous only in a segment <15¢cM, <20cM,
<25c¢M, or <30cM long that included the target
segment. The lower the maximum donor segment size,
the less the linkage drag (and hence undesirable effects) a
QTL-NIL is likely to have.

Using the concept of graphical genotypes for whole-
genome selection (Young and Tanksley 1989) a single
individual was selected from a population of 200 indi-
viduals. This individual was determined to contain the
donor allele for the specified QTL and also to be the
individual most likely to yield the desired heterozygous
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QTL-NIL with one additional cross to the recurrent
parent. The number of individuals that would need to be
screened to yield the desired heterozygous QTL-NIL
with a probability greater than 90% was plotted against
the generation from which the initial individual was
selected (Fig. 3).

The simulations reveal two main points. First, to
select for QTL-NILs with small target segments
(e.g., < 15¢M) would require, in most instances, very
large populations. For example, more than 10 000 BC2-
derived progeny would be required to have aa 90%
chance of recovering at least one such QTL-NIL.
If one accepts a larger target segment (e.g., < 30cM)
the number of individuals to sample decreases
dramatically. For example, in the BC2 the number of
individuals drops to approximately 1000. The second
point is that selecting QTL-NILs from BCl-derived
populations would require prohibitively large popula-
tions (>50 000 individuals, data not shown).
QTL-NILs could be isolated from BC2 derived popula-
tions, but a large number of individuals (usually > 1000)
would need to be screened. More realistically, one
would probably screen a smaller number of individuals
over two sequential generations (e.g., a backcross fol-
lowed by a selfing) in which selection would be exerted
to remove non-target donor segments. In contrast to the
BC1 and BC2, QTL-NILs can be derived directly from
BC3-BCS selections from a relatively small number of
individuals.

Fig.3 Number of individuals that would need to be screened to
have a >90% chance of identifying at least one QTL-NIL. The
population for selection is derived by hybridization of a single
selected individual from primary populations (e.g., BC2, BC3, etc) to
the recurrent parent (see Materials and methods and Results section
for details)
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Discussion

Selfing populations and backcross populations differ in
the power with which different types of QTLs can be
detected. Compared with selfing populations, backcross
populations will be less powerful in detecting a donor
QTL having some degree of recessive gene action. How-
ever, as the donor QTL becomes more dominant it will
be detected with relatively greater power in backcross
populations. Fully dominant or over-dominant QTLs
will be detected in the BC1 and BC2 generations with
efficiencies nearly equivalent to or greater than that of
selfing populations. Backcross populations are not very
powerful for detecting donor QTLs requiring epistatic
interactions and it is very unlikely that such QTLs
would be detected in advanced backcross genera-
tions. Recessive and epistatic QTLs contribute little to
the phenotypic variance of backcross generations com-
pared with selfing generations. As a result, detection of
additive, dominant and over-dominant QTLs is
enhanced in backcross generations as compared
with selfing generations in cases where recessive or
epistatic QTLs are segregating simultaneously in the
population.

Alleles of both parents occur in high frequency for
all loci in all selfing generations as well as in the BC1
generation. This creates a problem if one is trying to
identify a useful QTL(s) from a donor line and then to
transfer that QTL(s) into the elite parent. Any given
individual from a selfing population or a BC1 popula-
tion is likely to contain, in addition to the useful
donor QTL, many other donor segments that are unde-
sirable. To recover the recurrent parent genome while
maintaining the useful QTL (i.e., create a QTL-NIL)
would require very large progeny sizes and/or a number
of backcrosses to the recurrent parent (Fig. 3). In con-
trast, from advanced backcross generations one is much
more likely to recover a plant containing the useful
QTL, with few or no undesirable donor segments. This
is especially true for advanced backcross populations
(e.g., = BC2). The more advanced the backcross popula-
tion, the casier it will be to recover desired QTL-NILs
(Fig. 3).

Based on the above considerations, we propose the
application of “advanced backcross QTL analysis” in
which QTL mapping is delayed to either the BC2 or
BC3 generations. Generations beyond the BC3 are
likely to have too low statistical power to detect most
QTLs. However, additive, dominant and over-domi-
nant QTLs can be detected statistically in BC2 or BC3
generations and the plants are sufficiently similar to
the recurrent parent to allow ready isolation of QTL-
NILs which may serve directly as improved varieties (or
as a parent of a variety in the case of hybrid crops) or
used to further confirm and fine map selected QTLs. The
potential applications and limitations of AB-QTL
analysis with respect to plant breeding are discussed
below.

Strategies for the application of AB-QTL
analysis in crop improvement

Self-pollinated crops

For the application of AB-QTL analysis to a self-pollin-
ated crop, a single elite inbred variety could be crossed
to an unrelated donor line (e.g., land race or wild spe-
cies). One hundred or more BC1 progeny could be
generated. Selection could be exercised on the BCI1
population to remove any individuals with obviously
undesirable characteristics (e.g., sterility, seed shatter-
ing, undesirable growth habit, small fruit, etc). The
remaining BC1 could be crossed again to the recurrent
parent to produce a BC2 population of > 200 individ-
uals. If a sufficiently large BC2 population were gener-
ated, selection could be exercised again to remove obvi-
ously undesirable plants. A minimum of 200 selected
BC2 individuals could be measured in replicated trials.
By using BC2S1 or BC2S2 families it should be possible
to detect some recessive QTL donor alleles in addition
to the expected dominant and additive donor QTL
alleles. BC2 marker data would be used to search for
QTL associations from the BC2S1 or BC2S2 family
performance data.

Once putatively beneficial QTLs were identified from
such an analysis, one would use whole-genome selection
to identify the BC2S1 line(s) from which QTL-NILs
could be isolated. No more than two generations should
be required to isolate targeted QTL-NILs and such
QTL-NILs could be evaluated in replicated trials for
performance against the original elite inbred variety. As
little as 1 year might elapse from the time the QTL analysis
is originally conducted (i.e., BC2S2 generation) until field
trials could be performed on selected QTL-NILs. QTL-
NIL(s) outperforming the original elite variety would
replace that elite variety as the recurrent parent in future
experiments. Thus the process leads to a stepwise improve-
ment of elite lines through the introgression of valuable
QTLs. In addition, QTLs of proven benefit could be
easily combined by intercrossing different QTL-NILs.

Hybrid crops

Advanced backcross QTL analysis could be applied to
hybrid crops via a slight modification of the strategy
presented above. Assume one is starting with a commer-
cial hybrid derived from a cross of two inbreds, A and B.
The donor line would be hybridized and backcrossed to
inbred A to produce a BC2 population as described
above. Marker analysis would be conducted on the BC2
plants. However, instead of selfing the selected BC2
plants, these plants would instead be crossed to inbred B
to produce BC2F1 families which would be field tested
for yield and other traits. Based on QTL analysis of
these data, QTL-NILs could be generated in the A
inbred background and crossed to inbred B, or other
inbreds, for replicated trials to compare performance



against the original elite hybrid. In this manner a step-
wise improvement of one (or both) inbreds could be
accomplished.

Crops for which AB-QTL analysis is not likely
to be useful

Advanced backcross QTL analysis would be most read-
ily applied to annual crops with relatively short gener-
ation times (< 2 years). Development and exploitation
of the necessary advanced backcross populations and
QTL-NILs would very likely limit the use of this method
in long-generation perennial crops. It would also be
difficult to apply this method to crops for which inbred
lines do not exist. The success of this method requires
that the commercial varieties to be improved are either
inbred themselves or hybrids derived from the crossing
of inbreds. It would be difficult to apply the method to
highly heterozygous, outcrossing crops like alfaifa or
clonally propagated crops like potato for which inbred
lines are not commonly employed in breeding programs.

Advantages of AB-QTL analysis for introgression
of valuable QTLs

The advantages of AB-QTL analysis as compared with
conventional strategies for QT1 detection are as follows:
(1) Since phenotypic selection can be practiced on single
plants in the BC1 and BC2 generations, major negative
QTLs which would otherwise interfere with later
measurement of field/quality performance in the BC2F1
families can be reduced or eliminated. (2) Because
BC2F1 families are skewed toward alleles from the
recurrent parent, the probability is reduced for the
detection of QTLs requiring epistatic interactions
among alleles from the wild parent. Instead, there will be
a higher probability of detecting additive QTLs which
will continue to function as predicted when they are
placed in the nearly-isogenic background of the recur-
rent parent. (3) Since the mean performance of the
BC2F1 families is skewed towards the elite parent,
subtle pleiotropic effects are more likely to be detected.
(4) It is possible to produce lines nearly isogenic for
selected QTLs (QTL-NILs) in as little as a single gener-
ation after QTL detection. QTL-NILs (or hybrids pro-
duced with QTL-NILs) are candidates for new varieties
with one or more enhanced attributes. Hence, unlike
conventional QTL analysis which can require up to 5
more years of breeding to create candidate varieties,
AB-QTL analysis results in candidate varieties in as
little as a year after the initial QTL detection.

Comparison of AB-QTL analysis with the inbred

backcross breeding method

Wehrhahn and Allard (1965) proposed the development
of inbred backcross lines by crossing a donor line with a

201

recurrent line, followed by several sequential back-
crosses to the recurrent parent. These backcross plants
and their descendents would then be selfed until a state
of near homozygosity. If the trait of interest was affected
by a few ( < 10) QTLs, then most inbred backcross lines
would differ for donor alleles at only a single QTL.
Inbred backeross lines would therefore be expected to
fall into discrete phenotypic clusters determined by
difference at single QTLs. A comparison of phenotypic
clusters would then allow inferences about the number
and magnitude of effects of QTLs (Wehrhahn and Al-
lard 1965). Bliss (1981) later proposed the use of inbred
backcross lines as the basis of a breeding method for the
use of exotic germplasm to improve quantitative traits
in crop plants. The inbred backcross method has been
demonstrated in beans in which high-yielding, high-
protein BC2 selfed lines were identified (Bliss 1981;
Sullivan and Bliss 1983 a,b). The method has also been
utilized in breeding for fruit weight and length in cucum-
bers (Owens et al. 1985a,b).

The inbred backcross breeding method and AB-QTL
analysis method described in this paper are similar in
that they both rely on sequential backcrosses to create
populations in which allele frequencies are highly
skewed towards the recurrent parent. However, the
methods differ in the manner in which these skewed
populations are utilized to improve quantitative traits
and create improved varieties.

Genotypic versus phenotypic selection

Inbred backcross breeding, like all breeding methods, is
based on phenotypic selection and dependent upon the
random appearance of inbred backcross lines, or
progeny derived from intercrossing selected inbred
backcross lines, whose phenotypes are superior to that
of the recurrent parent (Sullivan and Bliss 1983a,b;
Owens et al. 1985b). However, if such lines do not
appear, there is no obvious way to direct their creation.
In contrast, AB-QTL analysis is based on utilizing
information about the map locations and effects of
favorable QTL alleles from the donor parent to create
QTL-NILs which are likely to be superior to the recur-
rent parent. In other words, AB-QTL analysis is based
on genotypic selection versus phenotypic selection. Su-
perior QTL-NILs can be created whether or not su-
perior phenotypes occur in the generation used for QTL
mapping (e.g., BC2). This is an important point, since,
even though favorable QTL alleles exist in most exotic
germplasm, they may not manifest themselves in pheno-
types that surpass the recurrent parent until they are
isolated away from other, inferior alleles from the donor.

QTL-NILs and linkage drag

Unlike those of inbred backcross breeding, the end-
products of AB-QTL analysis will be nearly isogenic
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lines (QTL-NILs) which carry recurrent parent alleles
throughout their genome, except for the specific tar-
geted QTL. With QTL-NILs, any phenotypic difference
between the recurrent parent and the QTL-NIL, benefi-
cial or deleterious, can most likely be attributed to the
targeted QTL. Markers linked to the QTL can be used
to select for derived QTL-NILs with reduced linkage
drag. In contrast, breeding lines derived from inbred
backcross breeding will almost certainly contain a
number of segments of the donor genome and an overall
higher donor genome content than QTL-NILs derived
from AB-QTL analysis. While such lines may be im-
proved for one or two target characters, there is a
substantial risk that they will have been modified for
other untested traits which will ultimately be important
in the success of the breeding line. Also, there is no
obvious way to reduce linkage drag significantly in such
lines. In this regard, QTL-NILs derived from AB-QTL
analysis are more likely to match or exceed the recurrent
parent with respect to overall performance.

QTL map position and genotypic design

QTL mapping information derived from AB-QTL
analysis is cumulative. Every time AB-QTL analysis is
applied the map positions of donor QTLs affecting key
traits will likely be discovered. Based on this knowledge,
it would be straightforward to combine beneficial donor
QTLs discovered in one experiment with non-allelic
QTLs affecting the same trait from experiments in which
a different donor parent was used. It should be possible
to design genotypes containing QTL alleles, from sev-
eral different exotic donor lines, that are likely to trans-
gress the recurrent parent phenotype even further. In the
absence of map information and marker technology, the
development of NILs containing mixtures of specific
QTL alleles from different donor parents would be
difficult and time-consuming and there would be no
clear way to determine if one had successfully accom-
plished the goal. Combining QTL alleles from multiple
donors in a systematic manner would be nearly impos-
sible with conventional breeding techniques.

AB-QTL analysis and the cloning of QTLs

Map-based cloning has now been demonstrated to be a
powerful technique for the isolation of major genes from
plants without prior knowledge of their gene products
(Arondel et al. 1992; Martin et al. 1993; for review sce
Tanksley et al. 1995). Unfortunately, many traits of
agronomic importance are not represented by major-
gene mutations, but are quantitatively inherited (e.g.,
yield, drought tolerance, horizontal disease resistance).
The introduction of molecular maps into quantitative
genetics has made it possible to map and characterize
QTLs underlying most quantitative traits. If a QTL can
be mapped to a precise position in the genome relative to

molecular markers, the prospects are good that the QTL
can be cloned via the chromosome landing approach
(Tanksley et al. 1995).

QTL-NILs provide a starting point for fine mapping
of QTLs since associated, flanking markers can be used
to generate the necessary recombinants for high-resol-
ution mapping and the uniformity of the genetic back-
ground should permit straightforward phenotypic
evaluations. AB-QTL analysis can result in the creation
of a reservoir of well-defined QTL-NILs which may
ultimately be the substrate for map-based cloning of key
genes underlying quantitative traits.
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