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Abstract. Near-isogenic lines (NILs) are a valuable re-
source for detecting linkages between qualitative trait
loci and molecular markers. Molecular marker studies
are expensive and methods that require genotyping fewer
individuals, such as the NIL-analysis method, are desir-
able. We present a theory for using sets of NILs to detect
linkages between molecular markers and introgressed
loci. The probability that a marker a specific distance
from the introgressed gene will have a donor parent allele
in a near-isogenic line is a function of the distance be-
tween the marker and the gene, and the number of back-
crosses and/or selfs used in deriving the NIL. The bino-
mial probability formula is used to calculate the
probability of having a donor parent allele at a given
marker when sets of NILs are used. The formulae given
allow calculation of the probability that a marker is
linked to the introgressed gene, as well as the probability
that a gene will be successfully detected when using given
numbers of NILs, backcrosses, and molecular markers.
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Introduction

The genetic mapping of qualitative trait loci using segre-
gating populations and conventional or molecular mark-
ers requires the analysis of large numbers of individuals
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e.g., 50—100. Methods that require analyzing fewer indi-
viduals would be beneficial in terms of time and re-
sources. A procedure is available which in certain cir-
cumstances could contribute greatly to the efficiency of
mapping. This procedure makes use of existing near-iso-
genic lines (NILs) produced by backcrossing or selfing
(Allard 1960; Fehr 1987) to locate introgressed genes.
Genetic mapping can potentially be carried out with as
few as three individuals — the recurrent parent, the donor
parent, and the NIL, although the power of the method
is enhanced when multiple NILs are used.

Muchlbauer and coworkers (1988) provide a theory
for using near-isogenic lines produced by backcrossing to
facilitate the integration of conventional and molecular
marker maps. They suggest that NILs can be used to
identify putative linkages of molecular and conventional
genetic markers. Segregating populations would then be
used to confirm the linkages and to calculate map dis-
tances. This theory requires assumptions about both ge-
nome size and the size and number of individual chromo-
somes, and is affected by the location of the gene on a
chromosome. It is most correctly applied when the loca-
tion of the molecular markers is random and not evenly
spaced throughout the genome. This approach has been
shown to be useful by several researchers (Muehlbauer
et al. 1989, 1991; Paterson et al. 1990).

We present an alternative theory for the use of NILs
in mapping that does not require any assumptions of
genome size and is not affected by the position of a gene
on a chromosome. We demonstrate how this theory can
be applied to sets of independently derived NILs contain-
ing the same introgressed gene. Finally, we show by ex-
ample how to determine in which situations (e.g., number
of backcrosses, number of NILs, number of markers,
etc.) this method could be effectively used to determine
the map position of the gene of interest.
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Theory

The theoretical probability of having a donor parent
(DP) allele at marker positions linked (r<0.5) or un-
linked (r=0.5) to the introgressed gene is a function of
the genetic distance (r) and the number of backcrosses or
selfs used in producing the NIL (b or s, respectively). We
provide formulae to calculate the probability (d) of hav-
ing a DP allele at marker positions any genetic distance
from the introgressed gene for NILs produced by three
different methods (Table 1). Formulae listed under Case
1 correspond to NILs produced using b recurrent back-
crosses with (1b) or without (1a) selfing following the last
backcross. Selfing after each backcross with selection for
a homozygous genotype, a procedure often used when
introgressing recessive alleles, does not change the ex-
pected probabilities as given in Case 1. The formula in
Case 2 gives the probability that a marker any genetic
distance from the gene of interest would have an allelic
contrast in NILs produced by selfing (Allard 1960).

The formulae in Table 1 are presented in terms of the
recombination fraction, r. Measurements in centimor-
gans (cM) must be converted to r for use of these formu-
lae. This can be done using equations such as those pre-
sented by Haldane (1919) or Kosambi (1944).

Extension of theory to multiple independently derived
backcross lines having common parents

The power of this method is enhanced when multiple
independently derived NILs are analyzed. Independently
derived lines are lines that have been handled separately
throughout the entire NIL derivation. The binomial
probability distribution is used to calculate the probabil-
ity that a certain marker allele will be found in a given
number of independently derived NILs by chance
(r=0.5), or because of linkage (r<0.5).

For example, the probability (D) that the donor par-
ent allele for a marker will be present in a given number
of independently derived NILs which were derived as in

Table 1. Probability of a donor parent allele (Case 1) or diver-
gent alleles (Case 2) at a marker a given distance from the intro-
gressed gene for NILs derived by two different schemes

Case  Method of NIL Probability of DP

derivation allele at marker (d)*
1a Backcrossing only (BN
b Backcrossing followed by (—nP*t
selfing to homozygosity
2 Selfing (I—rp*?*

* r, Recombination fraction; b, number of backcrosses; s, num-
ber of selfs

Case 1b, Table 1 is:

D=p(DP allele in a given number of NILs)

T!
=5y @ a-d

where X =number of NILs containing a donor parent
allele for a given marker, Y =number of NILs containing
a recurrent parent allele for a given marker, T=total
number of near-isogenic lines in set (X+Y), d=p (donor
parent allele at marker)=(1—r)***.

Substitution of the appropriate probability formula for d
(Table 1) allows probability calculations for sets of NILs
produced by backcrossing and/or selfing.

Application of theory

The formulae described above can be used to analyze
data from a molecular marker analysis of NILs. The
probability that a given situation (e.g. three out of three
NILs have the DP allele for a marker) would occur by
chance (r=0.5) is calculated. If this probability is less
than a chosen significance level, it is determined that the
situation has occurred because of linkage and not by
chance.

Consider, for example, the situation where a set of
three NILs produced after three backcrosses followed by
selfing to homozygosity is being analyzed. The following
probabilities can be calculated for each marker used,
with the restriction r=0.5.

3
P(0 out of 3 have DP allele)= =~ ((0.5)")° (1~ (0.5

=0.824,
p(1 out of 3 have DP allele)=0.1647,
p(2 out of 3 have DP allele)=0.0109 ,
p(3 out of 3 have DP allele)=0.00024 .

Assume for a given probe that three out of three of the
NILs have the DP allele. The probability that this has
occurred by chance is 0.00024. If our chosen significance
level is 0.00052 (corresponds to an approximate overall
experiment error rate («,) of 0.05 when 100 markers are
used) we would conclude that this probe is likely linked
to the introgressed gene because 0.00024 is less than
0.00052.

The choice of a significance level is very important.
Multiple tests on the same data set increase the probabil-
ity that in one or more of the tests there will be a mistaken
conclusion. We suggest that an experiment error rate (o,)
be chosen and that the error rate for each individual test
() be calculated as follows (Weir 1990):

Oy = 1 — 1 (ltlog (1 ~ae))/n]



Table 2. Individual test Type 1 error rates («,,) which approxi-
mate the stated overall Type 1 error rate () for 6 situations

Markers Maximum marker- x®
gene distance for
20 M genome 0.05 0.10
40 25cM 0.013 0.0026
100 10cM 0.00051 0.0011
200 5c¢cM 0.00026 0.00053

® «,, Experiment error rate
® o, Individual test error rate

where

o, =Type 1 error rate for each individual test
o, =overall Type 1 error rate
n =number of markers used

This approximation approaches the desired overall ex-
periment-wise rate. Table 2 shows the individual test sig-
nificance level (o) appropriate for two experiment-wise
error rates (o). Note that this approximation is based
only on the number of markers used and the desired
overall Type 1 error rate.

Results and Discussion

The preceding discussion outlines how this method can
be used to determine if data indicate linkage between a
marker and an introgressed gene. We now employ this
theory to give examples of situations (e.g., number of
NILs, markers, backcrosses) for which this approach will
be successful. When a certain number of markers is used
to analyze a genome of known size and the markers can
be considered to be evenly distributed, a maximum dis-
tance between a marker and a gene (i.e., a maximum
value for r) can be determined. Using this value we can
apply this method to calculate a minimum probability of
successfully detecting a linkage. Table 3 gives examples of
some of these calculations. Information is provided for
40, 100, and 200 markers; 1, 3, 5, 7, 9, and 20 backcrosses
(BC), and 1-10 backcross-derived lines (BDLs). These
data are calculated using the formula from Table 1, Case
1b, and the binomial probability formula.

The columns labelled * in Table 3 give the number of
lines out of the NIL set that must contain a DP allele at
a given marker for that marker to have a significant
probability of being linked to the introgressed gene. In
each case the probability that a given situation (e.g., 2 out
of 10 lines produced by 3 backcrosses have the DP allele)
would occur by chance (r=0.5) was calculated and com-
pared to a value corresponding to a 0.05 experiment-wise
Type 1 error rate. The number given is the number of
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NILs out of the total for which the probability of occur-
ring by chance was less than our chosen error rate; ns
indicates that it was not possible to obtain a significant
probability value for this combination using «,=0.05.
The minimum number of NILs that must contain the DP
allele depends upon the number of markers, the number
of backcrosses, and the chosen .

The columns labelled P give the probability that the
minimum number of lines out of a NIL set (corresponds
to value in adjacent* column) actually would contain a
DP allele for a marker the maximum distance from a
gene. This can be considered the probability of success-
fully locating the introgressed gene using the given error
rates and is an appropriate statistic to use in determining
if given materials are appropriate for analysis by this
method. These calculations were made assuming a
2,000 cM genome (approximately the size for maize) and
equally spaced markers. For 40, 100, and 200 markers
the maximum distance between a marker and the intro-
gressed gene would be 25, 10, and 5 ¢M, respectively. The
value used for o, was 0.0013, 0.00052, and 0.00026 for
these numbers of markers, respectively.

The data indicate that increasing the number of
markers will increase the probability of detecting a link-
age between a marker and a gene. When 40 markers are
used the highest probability of detecting a linkage be-
tween a marker and a gene with less than 0.05 chance of
error is 0.52 when using a 10 NIL set produced by 7
backcrosses. When 200 markers are used this probability
is 0.95 or greater in 21 of the 60 situations depicted.

When mapping a gene in a segregating population, it
would usually not be necessary to have a 10 cM interval
marker saturation. In fact, a gene could be effectively
mapped with markers distributed at 50-cM intervals.
This would be 40 markers for the 2,000 cM genome ex-
ample. Therefore, when mapping a specific gene, an anal-
ysis of a segregating population would be the most effi-
cient approach since fewer markers would need to be
scored.

There can be, however, a gain in efficiency due to
scale. When a number of different genes need to be
mapped, and NIL sets are available for each gene, the
NIL analysis method would be more efficient. For each
gene one would genotype the donor parent, the recurrent
parent, and as few as 1 NIL. A number of such sets could
be analyzed simultaneously with the same effort required
to genotype the 75--100 progeny usually used in the anal-
ysis of a population segregating for a single or small
number of genes. In our gel system, for example, once the
DNA is extracted it is nearly as efficient to genotype 144
individuals as it is to genotype a single individual. These
144 individuals could be comprised of two F, popula-
tions of 72 individuals each or 48 NIL sets.

In most cases where this method might be used, the
NILs will have been produced for another purpose. The
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Table 3. Number of NILs with DP allele required for significance (*) and minimum probability of successfully detecting a linkage
between a marker and an introgressed gene (P) for a number of situations

Number Number 1BC 3BC 5BC 7BC 9BC 20BC
of markers of BDLs
* P * P * P * P * P * P
40 1 ns ~ ns - ns - ns - 1 0.11 1 <0.01
2 ns - ns - 2 0.07 2 0.03 2 0.01 1 <0.01
3 ns ~ 3 0.07 2 0.17 2 0.08 2 0.03 1 0.03
4 ns -~ 3 0.19 3 0.06 2 0.13 2 0.06 1 0.04
5 5 0.11 4 0.09 3 0.12 2 0.20 2 0.09 1 0.05
6 6 0.07 4 0.19 3 0.19 2 0.27 2 0.13 1 0.05
7 6 0.22 4 0.31 3 0.27 2 0.33 2 0.17 1 0.06
8 7 0.15 4 0.43 3 0.35 2 0.40 2 0.21 1 0.07
9 7 0.31 5 0.29 3 0.43 2 0.46 2 0.25 1 0.08
10 8 0.24 5 0.39 3 0.51 2 0.52 2 0.29 1 0.09
100 1 ns - ns - ns - ns - ns - 1 0.14
2 ns - ns - 2 0.32 2 0.22 2 0.15 1 0.26
3 ns - 3 0.32 3 0.18 2 0.46 2 0.34 1 0.36
4 ns - 4 0.22 3 0.42 2 0.64 2 0.51 1 0.45
5 ns - 4 0.50 3 0.63 2 0.77 2 0.64 1 0.52
6 6 0.32 4 0.72 3 0.77 2 0.86 2 0.75 1 0.59
7 7 0.27 4 0.85 3 0.87 2 0.92 2 0.83 1 0.65
8 7 0.59 5 0.78 3 0.93 2 0.95 2 0.88 1 0.70
9 8 0.53 5 0.88 3 0.96 3 0.88 2 0.92 1 0.74
10 8 0.76 5 0.94 3 0.98 3 0.92 2 0.95 1 0.77
200 1 ns - ns - ns - ns - ns - 1 0.34
2 ns - ns - 2 0.54 2 0.44 2 0.36 1 0.56
3 ns - 3 0.54 3 0.40 2 0.73 2 0.65 1 0.71
4 ns - 4 0.44 3 0.71 2 0.88 2 0.82 1 0.81
5 ns - 4 0.77 3 0.88 2 0.96 2 0.91 1 0.88
6 6 0.54 4 0.92 3 0.96 2 0.98 2 0.96 1 0.92
7 7 0.49 5 0.88 3 0.99 3 0.96 2 0.98 1 0.95
8 8 0.44 5 0.95 3 0.99 3 0.97 2 0.99 1 0.96
9 8 0.78 5 0.98 4 0.99 3 0.99 2 >099 1 0.98
10 9 0.75 5 >099 4 >099 3 >099 2 0.99 1 0.98

ns no significance possible at the 0.05 level for this marker-NIL-BC combination; * number of lines out of total NIL set that must
contain the DP allele for a marker to be declared significantly linked to the gene; P the probability that the DP allele for a given marker
will be found in the minimum number of NILs in a set required for significance, or more, if the marker is the maximum distance from
the gene based on the marker density

number of NILs and backcrosses will be a fixed value. The use of NILs is one way to reduce the number of
The theory presented can then be used to determine (1) individuals genotyped when mapping a gene. In general,
if the number of lines available are suitable for mapping the NIL analysis method will be most useful when NILs
a gene using this method, (2) the probability that given are available and several loci can be mapped simulta-
situations (e.g., 3 out of 3 NILs have the DP allele) neously. Other methods such as the bulk-segregant anal-
indicate linkage, and (3) the number of markers to use to ysis proposed by Michelmore et al. (1991) may also be

have a given probability of success. useful. The choice of method will depend on the materi-
NILs can be a valuable resource in the integration of als available. Regardless of the method used, exact link-
molecular marker and genetic marker maps as recog- age values will likely need to be estimated in a segregating

nized by Muehlbauer et al. (1988). The theory we provide population.
will be useful in evaluating most situations encountered
when using this method. It provides a way to evaluate the
probability that regions containing DP DNA in 1 or
more NILs are linked to the introgressed gene. In addi-
tion, the optimum number of NILs, backcrosses and/or References

selfs, and markers can be determined for most situations Allard RW (1960) Principles of plant breeding. John Wiley, New
based on desired probability levels. York
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