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Abstract The power to detect QTL using near-isogenic
line (NIL) comparisons versus recombinant inbred (RI)
populations was assessed. The power to detect QTL
was found to be generally greater when using RI popu-
lations than when using NIL contrasts. Power to detect
QTL with NIL contrasts never exceeded that of RI
populations when the number of RI lines is maximized
relative to replication of lines for a given number of
experimental units. The relative power of NIL con-
trasts is highest for traits with high heritability and
when a gain in precision is realized due to increased
replication of entries. Although NIL populations are
generally less powerful than RI populations of similar
size, some practical considerations may enhance the
value of these materials. Availability of NILs allows the
genetic effect of a specific chromosome region to be
determined by comparing two lines; all RI lines in
a population need to be rescored for each new trait
even if the effect of a specific chromosome region is
suspected. NIL comparisons may allow genetic differ-
ences to be detected by visual inspection; genetic effects
can only be expressed as means and variances with
recombinant inbred populations. In summary, RI
populations generally, and in some cases, substantially,
provide better power for QTL detection than NIL
comparisons. Practical considerations, however, indi-
cate that many factors need to be considered when
choosing a population structure to meet an experi-
mental objective.

Key words Backcross-derived line · Near-isogenic
line · Quantitative trait · Statistical power

Abbreviations BD¸ Backcross-derived line · NI¸
near-isogenic line · Q¹¸ quantitative trait locus ·
RI recombinant inbred line · RP recurrent parent ·
SB substitution line

Introduction

Near-isogenic lines (NILs) derived by backcrossing or
selfing are a valuable resource for quantitative trait
analysis in plants. Chromosome substitution lines (SB)
in wheat, which are near-isogenic to the recurrent
parent for 20 chromosome pairs and divergent for
1 chromosome pair, are useful for dissecting quantitat-
ive traits, especially when polymorphic molecular
markers are not available. This method has been used
to determine chromosome effects for a wide variety of
traits including plant height, maturity, grain quality
parameters, and yield and yield components (Law
1966a, b; Mansur et al. 1990; Berke et al. 1992).

The inbred-backcross approach was proposed by
Wehrhahn and Allard (1965) and used to study quan-
titative inheritance in wheat. This procedure was
designed to isolate major genes (effective factors) in
a relatively uniform genetic background. The utility of
the method was shown for the trait ‘heading date’.
Baker (1978) subsequently demonstrated that the in-
bred-backcross approach is less effective if alleles with
major effects are not segregating in the population
under study.

Analysis of NILs using molecular markers has been
shown to be an effective method to detect quantitative
trait loci (QTL) (Osborn et al. 1987; Phillips et al. 1992;
Koester et al. 1993). In these studies, backcross-derived
lines (BDLs) were produced by selection for a specific
trait during the backcrossing process. Molecular
markers were used to identify portions of the donor
parent genome remaining in one or more of the BDLs,
and then to determine the effect of these regions on the
trait of interest. This approach to quantitative trait



Table 1 ANOVA tables for analysis of RI populations and NIL
contrasts. Variance components were based on parameters for the
RI populations and related, as shown, to the NIL comparison

Source of Degrees Expected
variation of freedom mean square

ANOVA for recombinant inbred analysis

Replications r!1 p2
%
#1p2

3
Marker genotypes m!1 p2

%
#rp2

1:.
#rl'2

2
Lines :marker genotypes (l!1)m p2

%
# rp2

1:.
Residual (r!1) (l!1) p2

%

ANOVA for analysis of NIL contrasts

Replications r!1 p2
%
#1p2

3
BDL vs RP 1 p2

%
#r'2

2
Residual r!1 p2

%

analysis is a ‘‘trait-based’’ approach, where markers are
used to assess population or line divergence due to
selection.

Most quantitative trait locus mapping studies cur-
rently conducted are ‘‘marker-based’’ studies, where
phenotypic or genetic variation is partitioned based on
molecular marker genotypes. Marker-based analysis
has been done on numerous types of populations in-
cluding single individual F

2
populations, populations

of F
2
-derived F

3
families, and recombinant-inbred-line

(RI) populations. With all of these population struc-
tures, QTL detection is markedly affected by popula-
tion size, QTL effect, heritability, and QTL number
(Beavis 1994). In many scenarios, the power to detect
a QTL is most affected by other QTL segregating in the
population (Knapp and Bridges 1990). Because of the
importance of background genetic variation in QTL
detection, NILs have been suggested or utilized as
a resource to theoretically improve QTL detection and
estimation.

Deriving populations by backcrossing effectively
homogenizes the genomes of population members, re-
ducing variability among lines and minimizing the ef-
fect of background genetic variation on QTL detection.
The development of an introgression line population
by Eshed and Zamir (1995) was inspired, in part, by the
desirable reduction in background genetic variation in
the population. The population was shown by the
authors to be useful in detecting quantitative trait loci
for several traits in tomato. The number of QTL detec-
ted for soluble solids and fruit mass was reported to be
twice that detected in other populations of similar
parentage.

Power comparisons for F
2
-derived, single backcross,

and RI populations are well-documented (Knapp and
Bridges 1990). The objective of this study was to
determine the theoretical relative effectiveness of NILs
in QTL detection studies. Three scenarios are docu-
mented. First, the power to detect QTL using sets of
NILs is compared to QTL detection using RI popula-
tions. This scenario is designed to assess the relative
utility of sets of NILs (eg. introgression lines) for initial
detection of QTL. Second, the relative power to con-
firm a QTL using a specific NIL pair [e.g., a BDL
versus its recurrent parent (RP)] is compared to the
power to detect the same QTL in an RI population.
This scenario is designed to test the logic that produc-
tion of NILs is the preferred method to confirm QTL
presence. Finally, power to detect QTL using popula-
tions of chromosome substitution lines, recombinant
chromosome lines (derived from substitution lines) and
RI lines is compared. This scenario is designed to
determine the relative effectiveness of chromosome
substitution line populations in an era where other
population structures may now be reasonably con-
sidered. The substitution line concept is analogous to
the first objective, but since this population structure is
relatively unique, it is dealt with separately.

Theory and methods

The linear model for the RI analysis is:

y
*+,
"k#q

*
#c

*+
#e

*+,

where y
*+,

is the phenotypic value of the kth replication of the jth line
at the ith marker genotype, k is the population mean, q

*
is the effect

of the ith marker genotype (i"1 to 2), c
ij

is the effect of the jth line in
the ith marker genotype ( j"1, 2,2 , number of lines), and e

*+,
is

residual error (k"1, 2,2number of replications).
The mean square for variation among lines can be calculated and

further partitioned into variation due to marker genotypes and
variation due to lines within marker genotypes (Table 1). Variation
due to marker genotypes is a fixed effect and is equal to variation
due to a QTL if no recombination occurs between the marker and
the QTL. Significance of this effect can be tested by analysis of
variance using lines within marker genotype mean square as the
denominator of the F-test. A significant difference among means of
marker genotypes indicates the linkage of the marker and a QTL.

The linear model for analysis of NIL pairs is:

y
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"k#c

+
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where y
*,

is the phenotypic value of the kth replication of the jth line,
k is the mean of the two lines, c

+
is the effect of the jth line ( j"1 to 2),

and e
+,

is residual error (k"1, 2,2 , number of replications).
Analysis of variance is used to test for equality of NIL means

(Table 1). QTL presence is indicated by a significant difference
between the means. Individual single-factor analyses of variance are
done on the same data set for each marker scored on an RI popu-
lation. Tests of significance for NIL pairs require at least two
replications. The replication of lines is not necessary to test differ-
ences among marker genotype means when using RI populations.

Heritability, for the purposes of this study, was defined as the ratio
of genetic to total variation in the reference RI population. Relation-
ships between heritability, variance in an RI population, and vari-
ance among an NIL pair were established for this comparison based
on the above linear models. Genotype x environment interactions
were not included in the models. Each QTL was considered to be
coincident with a marker locus and assumed to segregate indepen-
dently. Relationships were defined as follows:

Heritability"p2
'
/p2

'
#p2

%
, where

p2
'
"genetic variance, and

p2
%
"experimental error variance

Genetic variance (p2
'
) is the sum of the variance due to each QTL

assuming independence and no epistasis. To accommodate analysis
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of variance tests among RI lines or NIL pairs, genetic variance was
further partitioned as follows:

p2
'
"'2

2
#p2

1:.
, where

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

and

p2
1:.

"(p2
'
!'2

2
)

"variation due to all QTL independent of the QTL under
analysis.

All genetic variation was assumed to be additive genetic variation in
the two models described since the populations are homozygous and
epistasis assumed absent.

Power comparisons between RI populations and NIL pairs
were made based on the preceding definitions. Heritability values
ranging from 0.1 to 0.9 were chosen to define the proportion of
genetic versus non-genetic variation in the RI population. The
variance due to the QTL under analysis ('2

2
) was defined as a per-

centage of the total genetic variation, with the remaining genetic
variation partitioned as p2

1:.
. Genetic variance among an NIL pair is

due to the introgressed QTL and, therefore, is defined as '2
2

for
purposes of comparison. Total variation was given a value of 1, so
experimental error was defined as (1!heritability) for the RI popu-
lation, and this value was used to define experimental error for the
NIL contrast.

Comparisons of methods were made using balanced models. The
critical test for the RI mapping experiment is H

0
:k

11
"k

22
, where

k
11

and k
22

are the means of marker genotypes 11 and 22, respec-
tively. The F-statistic for testing this hypothesis is F"MS

.
/MS
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,

and the non-centrality parameter is:
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E(SS

.
)

E(M
1:.

)
"

p2
e
#rp2

1:.
#rl'2

2
p2
%
#rp2

1:.

The critical test for the NIL contrast is H
0
: k

RP
"k

BDL
, where

k
RP

and k
BDL

are the means of the recurrent parent (RP) and
BDL, respectively. The F-statistic for testing this hypothesis is
F"MS

RP 74 BDL
/MS

%
, and the non-centrality parameter is:
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SAS (1987) functions PROBF and FINV were used to calculate
critical values and probabilities for F-distributions.

Comparison of QTL detection using recombinant inbred
populations versus sets of near-isogenic lines

The power to detect QTL was determined for an RI population
f 200 individuals versus 100 NIL pairs. This comparison was
chosen to approximate mapping in a species with a genome the size
of maize (roughly 2000 cM on 10 chromosomes) with each BDL
containing a different 20 cM of the donor parent genome. The
comparison assumes that each BDL is grown in a two-entry experi-
ment with the other entry being the RP. An NIL pair is constituted
by a BDL and its RP. Based on the choice of 100 NIL pairs,
a population size of 200 recombinant inbred lines was chosen to
represent an RI line experiment with an equal number of entries for
comparison.

Comparisons were made using a factorial of heritabilities from 0.1
to 0.9 by 0.1, replications from 2 to 20 by 2, and QTL percentage of
genetic variation of 1%, 5%, 10%, and 20%. A Type-I error rate of
a"0.01 was used for all comparisons. Experiment-wise error rates
would be approximately the same for the two procedures if it is
assumed that 100 markers were used in the recombinant inbred
mapping experiment. Since there may be some gain in precision due
to the smaller block size of the NIL contrast relative to the RI
population, analyses were also done with p2

%
in the NIL contrast set

at varying proportions of p2
%

in the RI line experiment.

Analysis of power to confirm presence of a QTL using a
near-isogenic line/recurrent parent contrast relative to
detection of the QTL in a recombinant inbred population

Power comparisons were done as described, with one modification.
QTL detection in a recombinant inbred experiment usually involves
multiple significance tests on the same data set. In the previous
analyses, the number of significance tests (markers) was 100. QTL
detection in a specific NIL contrast involves only one significance
test. Therefore, power values were determined at different a levels to
facilitate comparisons based on equivalent experiment-wise error
rates in the scenarios compared.

Implementation of theory to assess QTL detection using
chromosome substitution lines, recombinant chromosome lines,
and recombinant inbred lines

For this example, the following parameters were chosen. Forty
unlinked QTL, each accounting for 2.5% of the genetic variation,
are present in the genome. Heritability in the reference recombinant
inbred population is 0.5. The substituted chromosome in the substi-
tution line contains 2 QTL, and thus accounts for 5% of the genetic
variation in the recombinant inbred population. Based on para-
meters from the recombinant inbred population, the heritability in
the recombinant chromosome population is approximately 0.05,
and the QTL under study accounts for 50% of the genetic variation.
The recombinant inbred population is comprised of 200 lines, the SB
vs. RP contrast is a two-entry experiment, and recombinant chro-
mosome populations contained 50, 100, or 500 individuals.

Results and discussion

Comparison of QTL detection using recombinant
inbred populations versus sets of near-isogenic lines

The power to detect a specific QTL was higher, across
the heritabilities and replications analyzed, for RI
populations than NIL contrasts. This statement is
based on power estimates for an RI population of 200
relative to an NIL pair, and equal p2% in both analyses.
Figure 1a versus 1b illustrates this power comparison
for a QTL accounting for 1% of the genetic variation,
heritabilities of 0.1—0.9, and 2—20 replications. Power
using the RI population exceeded that for the NIL
contrast across the entire range of parameters shown.
Trends are the same for QTL accounting for larger
percentages of the genetic variation.

The RI population size of 200 lines was chosen based
on the prediction that 100 BDLs would cover an entire
genome of a crop such as maize. The RI population
would be grown in one experiment with a maximum
complete block size of 200 entries. Each of the 100 NIL
pairs, however, would be grown as a separate experi-
ment. Depending upon the variability present in the
field where the experiment is grown, a substantial gain
in precision could be realized due to the reduction in
block size from 200 to 2. Power estimates were there-
fore made for different simulated values of p2% pro-
portionately assigned in the two cases. Figure 1b shows
power estimates for an NIL comparison over a range of
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Fig. 1a–d Plots of power estimates for RI populations (a and d) and
b NIL comparisons (b and c) over a range of heritabilities and replica-
tions. Parameters were a QTL accounting for 1% of the genetic variation
and a Type-I error rate of a"0.01. The value of experimental error (p2e)
used in 1c is one-tenth of that used in 1b. a is based on a population size
of 200 individuals, b and c are based on the comparisons of a backcross-
derived line and its recurrent parent, and d is based on variable popula-
tion sizes with two replications. The Y-axis values of a and d (replications
and population size, respectively) relate to equal numbers of experi-
mental units at each point. The comparison of a and d, therefore, allows
visualization of power differences for recombinant inbred populations
when the number of lines (d) is maximized relative to replication of lines
(a) for a given number of experimental units

heritabilities and replications when p2
%

in the NIL
and RI experiment are equal. Figure 1c shows the same
power estimates when p2

%
for the near-isogenic

line/recurrent parent comparison was set at one-
enth the value of the recombinant inbred population
analysis.

The power to detect QTL was higher for NIL popu-
lations than RI populations when a substantial reduc-
tion in p2

%
was simulated for the NIL population

(Fig. 1c vs. 1a). This reduction was included in the
analysis since the smaller block size for the NIL con-
trast relative to the RI population would potentially
affect the relative magnitude of p2

%
in the two popula-

tions. In the figures presented, power of the NIL con-
trast exceeded that of the RI analysis for heritabilities
greater than 0.5 and with 6 or more replications. At
higher heritabilities, the variation due to unlinked QTL
becomes a proportionately larger fraction of the de-
nominator for the critical RI population F-test. The
homogeneous genetic background in the NIL compari-
son results in the power advantage at higher heritabili-
ties if accompanied by a relative reduction in p2

e
in the

NIL comparison. A reduction in experimental error of
90% would likely be a practical maximum. As seen in
Fig. 2b and 2c, the power response to relative error is
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b
Fig. 2 Plots of power estimates for QTL accounting for 1% of the
genetic variation (a–c) and 5% of the genetic variation (d–f ). Recom-
binant inbred populations of 200 lines (a and d) are compared to
NIL contrasts with heritabilities of 0.1 (b and e) and 0.9 (c and f ).
Variable values for p2

%
were used for the NIL comparisons, and were

based on p2
%

from the RI population

inversely curvilinear so that an error reduction of 50%
or more is required to realize substantial improvement
in power.

The preceding discussion has considered a RI popu-
lation of fixed size with variable numbers of replica-
tions. As described by Knapp and Bridges (1990), the
power to detect QTL with RI populations is generally
increased more by maximizing the number of lines (n),
rather than replicating (r) a fixed set of lines, although
the importance of r and n become similar when a sub-
stantial proportion of the genetic variation is explained
by markers. The relative relationship between r and n is
depicted in Fig. 1a versus 1d for a QTL explaining 1%
of the genetic variation. In these figures, the number of
experimental units is consistent at each point along the
Y-axis (1a — population size is fixed at 200; 1d — replica-
tions are fixed at 2). The advantage of maximizing lines
relative to replications is obvious and increases at high-
er heritabilities. Power estimates for NIL comparisons
were obtained for heritabilities of 0.1—0.9, replica-
tions from 2—20, and with p2

%
values ranging from

1.0 to 0.1 times those of the relevant RI population.
Within the parameters of our analysis and given a fixed
number of experimental units, RI populations which
maximized the number of lines relative to replication of
lines always had greater power to detect QTL than
NIL contrasts based on the same heritability and QTL
effect.

Figure 2 gives examples of power estimates for QTL
accounting for 1% (2a—c) and 5% (2d—f ) of the genetic
variation. Acceptable power for NIL comparisons rela-
tive to RI populations requires four or more replica-
tions, and the utility of the comparisons is realized for
traits with higher heritabilities. Excellent power can be
realized for detecting QTL with small effects if error
can be minimized.

As discussed, the potential benefit of QTL analysis
using NILs is due to a reduction in background genetic
variation. Statistical methods to account for back-
ground genetic variation have been proposed and
shown to be useful in enhancing QTL detection (Jansen
and Stam 1994; Zeng 1994). These methods implement
multiple marker models, partitioning variation to mul-
tiple loci simultaneously. Use of these types of analyses
would be expected to further enhance QTL detection in
recombinant inbred populations, making NIL con-
trasts comparatively less attractive.

In summary, RI populations are preferred over sets
of NILs for QTL detection in all situations if the

number of lines is maximized relative to replication of
lines and if multiple marker analyses are used. This is
true even if a substantial reduction in error variation is
realized due to a reduction in experimental block size.
This statement assumes the absence of epistasis.

Analysis of power to confirm presence of a QTL
using an NIL contrast relative to detection of
the QTL in an RI population

Near-isogenic lines derived by backcrossing or selfing
have been proposed as a resource to confirm the effect
of QTL detected in populations, such as RI popula-
tions. I have calculated power estimates for a number
of scenarios to explore this hypothesis (Table 2). The
power estimates shown assume equal experimental er-
ror in the RI experiment and the NIL comparison.

Power estimates are shown for different Type-I error
levels to facilitate comparison of methods at equivalent
experiment-wise Type-I error rates. For example, anal-
ysis of 100 markers on an RI population would involve
100 significance tests on the same data set. To approx-
imate an experiment-wise Type-I error rate of a"0.05,
individual significance tests would have to be declared
significant at P(0.0005. Since the NIL contrast in-
volves one test, an equivalent Type-I error rate would
be a"0.05. In reality, all loci are not independent, and
most researchers do not use a levels as stringent as
P"0.0005.

A reasonable example may be as follows. A QTL
accounting for 5% of the genetic variation is present in
an RI population, and the population, is replicated
twice. The power to detect this QTL in an RI popula-
tion at a"0.01 given a heritability of 0.5 is 0.583. The
probability of detecting this same QTL using an NIL
contrast at a"0.05 is 0.075, 0.195, and 0.269 for 2, 10,
and 20 replications, respectively. In this circumstance,
there is less power to detect a QTL in the NIL contrast
than in the original RI population, an unattractive
prospect for an approach meant to confirm the pres-
ence of a QTL. Surprisingly, NIL contrasts generally
have less power to detect a QTL than the original RI
population for populations of 200 or greater. Evidently
the replication of marker genotypes across lines over-
comes the disadvantage of background genetic vari-
ation in the error term. As stated above, power is
increased using RI populations if the population size is
maximized relative to replication of lines and if mul-
tiple marker analyses are implemented.

The effectiveness of NIL contrasts relative to RI
populations is greatest for QTL with small effects and
with high heritability. In these cases, substantial repli-
cation of the NIL lines can enhance the power of QTL
detection. The power to confirm QTL is increased if
a reduction in p2

%
is realized, but the response curve is

inversely curvilinear so only large proportionate reduc-
tions in error result in appreciable gains in power.
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Table 2 Power estimates for a factorial set of QTL effects, heritabilities, and replications. The RI populations consist of 200 lines, and the
NIL contrast is a two-entry experiment. Power estimates provided for several values of a (Type-I error rate)

QTL Recombinant inbred population NIL contrast

Effect (%) Heritability Replications a"0.05 a"0.01 a"0.001 a"0.0005 a"0.05 a"0.01

1 0.1 2 0.213 0.078 0.016 0.010 0.073 0.015
1 0.1 10 0.298 0.124 0.030 0.019 0.147 0.041
1 0.1 20 0.337 0.148 0.039 0.025 0.161 0.050
1 0.5 2 0.331 0.145 0.037 0.024 0.073 0.015
1 0.5 10 0.388 0.182 0.052 0.034 0.156 0.044
1 0.5 20 0.398 0.189 0.054 0.036 0.180 0.058
1 0.9 2 0.397 0.189 0.054 0.036 0.077 0.015
1 0.9 10 0.406 0.195 0.057 0.038 0.235 0.076
1 0.9 20 0.408 0.196 0.057 0.038 0.356 0.148

5 0.1 2 0.388 0.182 0.052 0.034 0.073 0.015
5 0.1 10 0.712 0.474 0.214 0.161 0.151 0.043
5 0.1 20 0.811 0.583 0.317 0.251 0.170 0.054
5 0.5 2 0.799 0.583 0.302 0.238 0.075 0.015
5 0.5 10 0.898 0.739 0.464 0.387 0.195 0.060
5 0.5 20 0.910 0.760 0.492 0.415 0.269 0.094
5 0.9 2 0.909 0.760 0.489 0.412 0.091 0.018
5 0.9 10 0.919 0.780 0.516 0.438 0.553 0.259
5 0.9 20 0.921 0.783 0.520 0.442 0.851 0.581

10 0.1 2 0.579 0.335 0.125 0.089 0.073 0.015
10 0.1 10 0.934 0.809 0.556 0.479 0.157 0.045
10 0.1 20 0.977 0.903 0.736 0.668 0.183 0.058
10 0.5 2 0.973 0.903 0.714 0.644 0.077 0.015
10 0.5 10 0.995 0.975 0.891 0.849 0.245 0.080
10 0.5 20 0.997 0.981 0.910 0.874 0.376 0.148
10 0.9 2 0.997 0.981 0.908 0.871 0.107 0.021
10 0.9 10 0.998 0.985 0.924 0.892 0.803 0.504
10 0.9 20 0.998 0.986 0.926 0.894 0.985 0.912

Implementation of theory to assess QTL detection
using chromosome substitution lines, recombinant
chromosome lines, and recombinant inbred lines

Wheat is a polyploid crop with a wealth of well-charac-
terized cytogenetic stocks. These stocks have been used
to create chromosome substitution lines in which
a single, non-recombinant chromosome of one geno-
type has been substituted into a recurrent parent back-
ground. Substitution lines can, furthermore, be crossed
to the recurrent parent and the F

1
’s manipulated to

produce recombinant chromosome populations con-
taining lines detectably recombinant for only the sub-
stituted chromosome. This example will compare the
power to detect a QTL in a recombinant inbred line
population relative to a substitution line/recurrent
parent contrast or a recombinant chromosome line
population.

Power to detect QTL is substantially higher with the
RI population than the substitution line/recurrent par-
ent (SB/RP) contrasts (Table 3). The power comparison
is a real-life situation and thus relevant, however equal
numbers of experimental units are not compared. A set
of SB/RP contrasts would contain 21 pairs of lines,
with a total entry number of 42; the recombinant in-
bred population has 200 individuals. In addition,

two QTL were relevant in the SB/RP contrast, but the
power to detect only one was considered in the RI or
recombinant chromosome population analyses.

Power values are shown for both a"0.05 and 0.01.
When multiple comparisons are made, such as multiple
markers in the recombinant inbred populations or mul-
tiple substitution line/recurrent parent contrasts, an
a value of 0.01 or higher is necessary to control the
experiment-wise Type-I error rate.

Power to detect QTL in the recombinant chromo-
some populations was very high, greater than 0.9 in
many of the examples presented. Increasing lines rela-
tive to increasing replications for a given number of
experimental units resulted in higher power values,
analogous to the RI population comparisons shown
in Fig. 1. The heritability for the recombinant
chromosome population was approximately 0.05, and
the effect of each QTL was 50% of the genetic vari-
ation. These calculations show that QTL can be detec-
ted in populations which have low heritability values if
the QTL account for a large portion of the genetic
variation.

Several points can be summarized from the example.
(1) Recombinant inbred populations will generally
provide more power to detect QTL than substitution
line/recurrent parent contrasts. This observation was
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Table 3 Example of application of theoretical discussion in three
population structures in wheat. Power estimates provided for speci-
fic population sizes and replications at two Type-I error rates.
Parameters were based on a reference RI population with 40 unlin-
ked QTL each accounting for 2.5% of the genetic variation,

and with a heritability of 0.5. The substitution line contains 2 QTL
and thus contained 5% of the genetic variation found in the refer-
ence RI population. Parameters determined for the recombinant
chromosome population relate to detection of 1 of the 2 QTL
segregating in that population

Experimental structure Population size Replications Power

a"0.01 a"0.05

Recombinant inbred population 200 10 0.41 0.90
Substitution line vs. recurrent parent

p2
%
"p2

%(RI)
2 10 0.06 0.20

p2
%
"0.1p2

%(RI)
2 10 0.29 0.59

Recombinant chromosome population 200 10 0.99 1.00
50 10 0.78 0.92

250 2 0.86 0.96
100 10 0.98 1.00
500 2 1.00 1.00

theoretically predicted above for NILs which are basi-
cally lines with small substituted chromosome regions.
(2) Substitution line x recurrent parent-derived popu-
lations (recombinant chromosome populations)
enhance the power to detect QTL on specific chromo-
somes or in specific chromosome regions. Evidently,
the benefits of genome homogenization through
backcrossing for QTL detection are not realized
in the comparison of the substitution lines with the
recurrent parent. Rather, the benefits can be realized
in subsequent crosses with the recurrent parent or
of related lines. (3) The wheat example also illu-
strates that line development time must also be
considered. Substitution lines can take many years
to produce and undoubtedly require more effort than
the development of RI populations. In an outcrossing
species such as corn, backcross and RI populations
can be produced with similar amounts of effort. In
a selfing species such as wheat, RI populations require
much less effort to produce than backcross-derived
populations.

Summary of statistical issues

Power to detect QTL is generally higher using recom-
binant inbred populations than sets of NILs. For
a given number of experimental units, greatest power is
realized when the number of RI lines is maximized
relative to more replication of fewer lines. Multiple
marker analyses will further enhance the advantage of
QTL detection in RI populations over NIL/RP con-
trasts. The power to confirm QTL is often less in the
NIL comparison than in the population in which it was
originally detected. Populations derived from near-
isogenic line]recurrent parent crosses or crosses of
related lines provide good power to detect QTL using
relatively small population sizes.

It should be noted that all of the conclusions drawn
to this point are based on the absence of epistasis.
Detection and quantification of the magnitude of epi-
stasis has been a particularly troublesome area of
quantitative genetics. If epistasis is of substantial
importance, especially multi-locus epistasis, then the
assessment of QTL in a reference genetic background is
likely preferred. An example would be the assessment of
QTL from wild species in elite or adapted lines (e.g.
Eshed and Zamir 1995). NILs may also be a preferred
resource for better assessing di- or tri-genic interac-
tions. Therefore, the presence of epistasis will affect
population structure choice for reasons other than stat-
istical power.

Practical considerations in the use of near-isogenic
lines for QTL analysis

The preceding discussion has focused primarily on stat-
istical issues related to QTL detection using NIL com-
parisons relative to RI populations. However, some
issues regarding the utility of NILs do not relate specifi-
cally to power comparisons.

NILs allow the effect of a specific chromosome re-
gion to be studied in a two entry experiment; the entire
recombinant inbred population needs to be rescored
each time the effect of a new trait is determined, even if
a suspected chromosome region is involved. Specific
NILs could be chosen to examine the effect of a specific
chromosome region when a new trait is studied. For
example, effect of characterized resistance loci could be
assessed for a new strain of a pathogen without ana-
lyzing an entire population.

NIL comparisons may allow the effect of specific
chromosome regions to be observed directly by eye.
Experiments using recombinant inbred populations
will only allow measurement of a trait in terms of
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means and variances. Some traits can be quite easily
visualized when two lines are grown side by side
but may be much harder to define on a quantitative
scale. For example, disease symptoms are often very
characteristic on specific genotypes, but devising
a scoring system to quantify obvious but variable
observations over a whole population can be quite
difficult.

Crosses between NILs will likely allow better studies
of epistasis to be done, as the interactions of two or
three specific loci can be studied in a uniform back-
ground. Problems of collinearity due to sample size are
increased when interactions of multiple variables are
studied in RI populations. As depicted in the wheat
example above, populations derived from substitution
line x recurrent parent crosses are very useful for high-
resolution mapping and the analysis of specific chro-
mosome regions.

Finally, NILs are a useful resource for map-based
cloning and high-resolution mapping studies. As with
many genetic mapping studies, future goals must be
considered in concert with theoretical realities when
identifying the best population structure and experi-
mental approach for mapping studies.

In summary, backcross-derived or near-isogenic
lines are not the most statistically powerful popula-
tion structure for QTL detection. Implementation of
NILs in the analysis of quantitative traits must be
justified by practical issues since other population
structures provide more power for QTL detection and
may be easier to construct. The importance of epistasis
in controlling the trait of interest will affect decisions on
the use of near-isogenic lines. For QTL with large
effects, relative power may not be as important as QTL
map resolution or objectives facilitated by the avail-
ability of pairs of NILs. In this case, the benefits of
NILs may outweigh the relative reduction in statistical
power.
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