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Abstract Populations derived by multiple backcrosses
are potentially useful for quantitative trait locus (QTL)
mapping studies. Comparisons of relative power to
detect QTL using populations derived by multiple back-
crosses are needed to make decisions when mapping
projects are initiated. The objective of this study was to
theoretically compare the power to detect QTL in
populations derived by multiple backcrosses relative to
mapping in a recombinant inbred population of equal
size. Backcrossing results in a reduction in genetic
variance with each generation and also results in an
increasing frequency of the recurrent parent marker
genotype. The relevant outcome for QTL mapping is
a reduction in genetic variance to partition between
marker genotype classes and increasing unbalance of
the number of individuals contributing to the mean of
the marker genotypes. Both of these factors lead to
a decrease in the power to detect a QTL as the number
of backcross generations increases. Experimental error
was held constant with the populations compared.
From a theoretical standpoint, backcross-derived
populations offer few advantages for QTL detection. If,
however, a backcrossing approach is the most efficient
method to achieve a desired breeding objective and if
QTL detection is an objective of equal or less import-
ance, backcross-derived populations are a reasonable
approach to QTL detection.
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Introduction

Quantitative trait locus (QTL) mapping has been ac-
complished using a number of population structures,
including segregating heterogeneous families (e.g., F

2
-

derived F
3

families), recombinant inbred families, and
backcross-derived families. While numerous statistical
procedures have been used to analyze data from these
mapping experiments, the basic approach is to test for
equality of marker genotype means, with a significant
deviation from equality indicating linkage between
a marker and a QTL. Discussions of statistical issues
relating to QTL detection are available for many types
of populations (Knapp and Bridges 1990).

Backcrossing is a procedure used in a number of
breeding programs to improve a good line or parent
especially when an unadapted or poor line is used as
the source of favorable alleles. Backcross-derived lines
have been used in both trait-based (Osborn et al. 1987;
Phillips et al. 1992; Koester et al. 1993) and marker-
based (Eshed and Zamir 1995; Tanksley et al. 1996)
QTL mapping studies. Advanced backcross popula-
tions (two or more backcrosses) have been proposed as
population structures that would facilitate QTL detec-
tion and integration into elite breeding lines (Tanksley
and Nelson 1996).

Statistical issues relating to QTL detection in popu-
lations derived by one backcross have been presented
by Knapp and Bridges (1991). QTL detection in ad-
vanced backcross populations has been previously as-
sessed by computer simulation (Tanksley and Nelson
1996). This manuscript describes a theoretical ap-
proach for determining the relative power to detect
QTL in advanced backcross populations. This ap-
proach allows rapid calculations of power without the
effort and imprecision associated with computer simu-
lation. Comparisons were made relative to a recom-
binant inbred population of equal size and are de-
scribed for populations derived by one to four back-
crosses.



Table 1 Coefficients for variance among
backcross-derived progenies based on an
additive genetic model (based on Mather
and Jinks 1982 and Hallauer and
Miranda 1988). Genotypic frequencies for
a single locus are given for each
generation. Mean number of replications
given for the molecular marker genotype
means (nN ) is based on a population size of
100

Population structure Coefficient of Frequency Frequency nN
genetic variance! MM" Mm or mm"

RI 1A 1/2 1/2 50.0

BC
1

1/4A 1/2 1/2 50.0
BC

2
3/16A 3/4 1/4 37.5

BC
3

7/64A 7/8 1/8 21.9
BC

4
15/256A 15/16 1/16 11.7

I-BC
1

3/4 3/4 1/4 37.5
I-BC

2
7/16A 7/8 1/8 21.9

I-BC
3

15/64A 15/16 1/16 11.7
I-BC

4
31/256A 31/32 1/32 6.1

!Coefficients based on an additive genetic model
"Genotypes designated MM, Mm, or mm correspond to molecular marker genotypes, with
MM corresponding to the genotype of the recurrent backcross parent. Genotypes MM and
Mm are present in backcross (BC) populations, and genotypes MM and mm are present in
inbred-backcross (I-BC) populations

Theory and methods

Analyses were done for both backcross and inbred-backcross popu-
lations. Inbred-backcross populations have been selfed to homozy-
gosity following the specified number of backcrosses. Throughout
the manuscript, backcross populations will be designated BC fol-
lowed by the number of backcrosses, and inbred-backcross popula-
tions will be designated I-BC followed by the number of backcrosses.
Comparisons were made to recombinant inbred populations which
are designated RI.

Comparisons were made for unreplicated populations based on
the following linear model:

y
*+
"k#q

i
#e

*+

where:

y
*+
"the phenotypic value of the jth line ( j"1, 2,2 , n) with the ith

marker genotype (i"1 to 2),

k"mean value of the population calculated across all QTL except
the one under consideration,

q
*
"the effect of the ith marker genotype,

and

e
*+
"residual error calculated as variation among lines within geno-

types.

The ratio of genetic to non-genetic variation (p2
'
/p2

'
#p2

%
) was

determined in a theoretical recombinant inbred population and was
defined as heritability for purposes of this study. Genetic variance
includes the effect of the QTL under analysis plus the effect of all
other QTL. Values for the following variance components were
established after defining the portion of variation accounted for by
the QTL of interest:

p2
%
"experimental error

'2
2
"fixed effect of the QTL in the genomic region under analysis,

and

p2
6
"(p2

'
!'2

2
)"variation due to all QTL not linked to the QTL

under analysis.

Using an unreplicated model, p2
%
cannot be separated from p2

6
, and

a residual error term, p2
E
, was defined as p2

%
#p2

6
. Experimental

error, p2
%
, was held constant for all population types. '2

2
and p2

6
were

modified based on the relative coefficient of genetic variance in

advanced backcross populations as defined in Table 1. For example,
the coefficient 1/4 was used to quantify '2

2
and p2

6
in the backcross

1 population relative to the reference recombinant inbred popula-
tion. Table 1 was produced based on Mather and Jinks (1982) and
Hallauer and Miranda (1986) using a completely additive genetic
model. Molecular markers and QTL were assumed to be coincident.

The critical test to determine independence of a molecular marker
and a QTL in a backcross population is Ho: k

MM
"k

M.
, where k

MM
and l

M.
are the means of the homozygous recurrent parent and

heterozygous marker genotypes, respectively. The F-statistic for
testing this hypothesis is F"MS

MM 74. M.
/MS

E
, and the non-cen-

trality parameter (Knapp and Bridges 1990) is:
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The critical test to determine independence of a molecular marker
and a QTL in an inbred-backcross population is Ho: k

MM
"k

..
,

where k
MM

and k
M.

are the means of the homozygous recurrent and
donor parent marker genotypes, respectively. The F-statistic for
testing this hypothesis is F"MS

MM 74...
/MS

E
, and the non-cen-

trality parameter is:
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The parameter nN is used to represent the unbalance of marker
genotype means in advanced backcross generations. The variable
nN is the mean number of replications (i.e., individuals or lines) in the
two marker classes. This parameter is calculated as:

nN "
N!

m
+
i/1

n2
i

N

m!1

where:

N"total population size,

n"population members in marker group i (for i"1 to m marker
genotypes),

m"number of marker genotypes.

Values for nN are included in Table 1 for the respective populations
based on a population size of 100 individuals.
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Function PROBF and FINV (SAS 1987) were used to calculate
critical values and probabilities for F-distributions. Comparisons
were made using a factorial of heritabilities from 0.1 to 0.9 in-
cremented by 0.2, and QTL percentages of genetic variation of 5%
and 10% in the reference recombinant inbred population. A Type
1 error rate of a"0.01 was used for all comparisons.

Results and discussion

The recombinant inbred population had more power
to detect QTL than any of the backcross populations
compared (Fig. 1). Power decreased in the backcross
populations with each additional generation of back-
crossing. The explanation for the decrease in power as
backcross generations increase is obvious by inspection
of Table 1. Genetic variance decreases each backcross
generation, resulting in a decrease in the important
variance component '2

2
relative to p2

%
. In addition, the

mean number of replications of molecular marker
genotypes, nN , is reduced in each backcross generation,
further reducing the power to detect differences be-
tween the molecular marker genotype means. Func-
tionally, the recurrent parent marker class mean be-
comes better estimated as the number of backcrosses
increases, and the donor parent marker class mean
becomes more poorly estimated due to the increasing
unbalance of the number of members in each group.

An observational comparison of the relative import-
ance of nN and '2

2
can be made from Fig. 1. For example,

'2
2 :I~BC2

is greater than twice '2
2:BC2

: nN
I~BC2

is 21.9 and
nN
BC2

is 37.5. Power for the two populations is similar,
indicating that a decrease in the variance due to the
QTL of interest is proportionally counteracted by an
increase in nN .

A recombinant inbred population was used as a basis
for comparison in this study because: (1) it is among the
most statistically powerful types of populations for
detection of QTL, and (2) only two genotypes are pre-
sent, analogous to the backcross population structures
presented. F

2
-based populations such as F

2
individuals

or F
2
-derived F

3
lines have less power to detect the

additive effect of a QTL than recombinant inbred
populations for a given population size because each
marker class is replicated fewer times (Knapp and
Bridges 1990). Specific power comparisons need to be
made if other types of populations are to be considered.
However, for a given population size, few population
structures equal the power of recombinant inbred
populations for detecting the additive effect of a QTL.

Power estimates are given based on an additive gen-
etic model. With increasing amounts of dominance for
the recurrent parent allele, the genotypic values in
backcross populations become increasingly similar un-
til equality is expected with complete dominance.
Therefore, dominance will decrease power in backcross
populations but will not affect power estimates given
for recombinant inbred or inbred-backcross popula-
tions.

Fig. 1a, b Power (1!b) curves for detection of a QTL in recom-
binant inbred (RI), backcross (BC), and inbred-backcross (I-BC)
populations assuming coincidence of a marker and the QTL. Curves
shown for a QTL representing 5% (a) and 10% (b) of the genetic
variation in the recombinant inbred population. Calculations were
made for a"0.01 and a population size of 200 individuals

The comparisons presented assume a constant p2
%

over all populations considered. In some cases, homo-
genization of the population by backcrossing may re-
duce this parameter. For instance, plant height and
maturity differences among entries can result in plot-
to-plot variation. Tall entries may shade and inhibit
growth of shorter neighboring plots. Early-maturing
entries may senesce and allow more light to reach
late-maturing neighboring plots. Considerations such
as these would enhance QTL detection in the more
homogeneous advanced backcross populations relative
to recombinant inbred populations from the same
parents.

The results presented are based on the assumption of
the absence of epistasis. The presence and magnitude of
epistatic effects have been difficult parameters to detect
and quantify. However, epistasis is likely to be substan-
tial for certain traits and populations. If the genetic
potential of a donor parent line to improve an elite
line is being assessed, and if genetic background (epi-
static) effects contribute appreciably to trait expression,
then it is prudent to assess donor parent allele effects in
the background of the elite parent. In this instance,
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homogenization of the population by backcrossing is
a useful approach to QTL characterization in a specific
genetic background.

From a theoretical standpoint, backcross-derived
populations offer few advantages for QTL detection. In
selfing species, backcrossing is a particularly labor-
intensive procedure whereas selfing is much easier.
Similar numbers of selfs and backcrosses are required
to reach homozygosity for recombinant inbred or in-
bred-backcross populations. If QTL detection is a pri-
mary objective of a research project, choosing the
population structure with the most statistical power is
preferred especially if the resources required to produce
the population are reasonable. Advanced backcrossing
would be preferred if: (1) a backcrossing approach is the
most efficient method to achieve a desired breeding
objective, QTL effects are relatively large, and QTL
detection is an objective of equal or less importance, or
(2) if epistasis is important in controlling a trait, and
QTLs can be analyzed in a ‘‘reference’’ genetic back-
ground.

QTL detection is often attempted to enable marker-
assisted selection procedures. With increasing numbers
of backcrosses, only QTL with relatively large effects
will be efficiently detected. In general, phenotypic selec-
tion will likely to be as efficient as marker-assisted
selection when selecting for QTL with relatively large
effects. Therefore, advanced backcrossing may only
allow the detection of QTL which can be efficiently
selected without the use of molecular markers.

Population structures for genetic mapping projects
are chosen for numerous reasons. This research con-
sidered intrinsic factors associated with population
development by backcrossing. Reduction in genetic
variance and genotypic unbalance are inextricably
a part of advanced backcrossing procedures. Trade-offs
between breeding objectives and statistical issues are
present in all areas of plant improvement. Whatever

population structure is chosen, QTL detection will
always be enhanced by minimizing experimental error
and maximizing marker genotype replication.
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