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Improving QTL Mapping Resolution Based on Genotypic
Sampling—a Case Using a RIL Population
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Abstract: The QTL mapping results were compared with the genotypically selected and random samples of the same size on the
base of a RIL population. The results demonstrated that there were no obvious differences in the trait distribution and marker seg-
regation distortion between the genotypically selected and random samples with the same population size. However, a significant
increase in QTL detection power, sensitivity, specificity, and QTL resolution in the genotypically selected samples were ob-
served. Moreover, the highly significant effect was detected in small size of genotypically selected samples. In QTL mapping,
phenotyping is a more sensitive limiting factor than genotyping so that the selection of samples could be an attractive strat-
egy for increasing genome-wide QTL mapping resolution. The efficient selection of samples should be more helpful for QTL

maker assistant selection, fine mapping, and QTL cloning.
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Quantitative trait loci (QTL) mapping in the
whole genome is one of the most important ways for
gene finding until today. One of the key factors con-
tributing to the success of QTL marker assisted selec-
tion(MAS) and/or positional cloning is the precision
with which QTL position can be estimated. The pre-
cision of QTL can be affected by several factors such
as, size and type of populations, density and resolu-
tion of linkage maps, and methods used for statistical

M In general, QTL precision should be

analysis
higher with larger population size, and higher density
of linkage maps. Usually, the population used in QTL
study can be divided into two groups: primary popu-
lation (e.g. F,, RIL, DH, and BC) and secondary
population (e.g. near isogenic lines (NIL) constructed
by continuous backcrossing and hybrid). On the basis
of the primary population, it is difficult to improve the
QTL precision through improving the statistical method
@ with a confidence interval being 10-20 cM ¥\, Usu-

ally, larger population size is required for fine map-
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ping the target traits on the basis of the secondary
population. Both kinds of samples were randomly
produced. Melchinger ez al. ™ used two independent
samples (n = 344 and 107), which derived from the
testcross (TC) progenies of the corresponding F; lines
with two testers to perform the QTL experiments in
four environments. The results demonstrated that the
numbers of QTL and their effects might be underes-
timated with the smaller size samples (e.g. n<200).
However, it is difficult to handle the larger population
size in field experiment. Vision et al. ™ proposed a
method for choosing small mapping samples from a
large sample to replace furthest the information of
original population by genotypic selection. Selective
mapping is an experimental design strategy for ge-
nome-wide, high-density linkage mapping of mo-
lecular markers in experimental crosses. In the first
step, a limited number of markers, which distribute
average around the genome, are genotyped in a large

base population. From the genotypic data, individuals
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are selected to collectively provide good coverage of
the crossover sites in the larger population. In the
second step, a large number of markers can be geno-
typed on the selected sample. Recently, the results
through simulations showed that the QTL detection
power, sensitivity, specificity, and the precision of
estimated QTL positions were increased significantly
in the genotypically selected samples compared with
the same size of random samples. Here, we compared
the differences of these parameters during QTL map-
ping between the same size of selected and random
population on the basis of phenotypic and molecular
markers data of a RIL population that should provide
some useful information for further construction of
high-density linkage map, QTL fine mapping, and

map-based cloning.

1 Materials and Methods

1.1 Plant materials and data of field experiment

The population used in this study consisted of
294 Fg recombinant inbred lines (RIL) derived by
single seed descendent (SSD) from an elite single
cross (Yuyu22) between Zong3 and 87-1. RIL popu-
lation along with its parents and the F, were planted
at three locations, Changping (Beijing), Jinan (Shan-
dong Province), and Xunxian (Henan Province) dur-
ing summer 2003 and 2004, respectively. A random-
ized complete block design was employed with three
replications at each location. In all locations, each
field plot consisted of 20 plants grown in a 5 m single
row with a planting density of 45 000 plants/ha. At
maturity, the plant height was measured from ten
random plants in each row. The pooled mean of plant
height was used for QTL analysis.

1.2 Construction of genetic linkage map

Total genomic DNA was extracted from the
plant leaves according to Saghai-Maroof ez al. M and
the SSR analyses were based on the methods reported

by Senior er al*)

. Polymorphic markers between two
parents were selected to assay the mapping popula-
tion. A genetic linkage map was constructed using

Mapmaker 3.0, The critical LOD score for the test

of independence of marker pairs was set at 3.0, and
the order with the highest LOD score was then se-
lected. Finally, 263 polymorphic markers were used
to construct the linkage map.

1.3 Data analysis

1.3.1
On the basis of the original RIL population, two

Production of subpopulation

methods were used to produce the subpopulation: one
was produced randomly by the use of Microsoft
EXCEL; whereas another was generated by selection
by the software of Mappop (http://www.bio.unc.edu/
faculty/visio/lab/mappop). The idea of selection is as
follows: a Bin was defined to be an interval along a
linkage group within which no breakpoints occur
among any members of a given set of individuals but
which is bounded by such breakpoints in at least one
individual (or by the end or a linkage group)®. By
minimizing the squares of the bin lengths (SSBL), we
could get a subpopulation that had more crossovers
frequency than the same size random population.
Different samples size from the RIL population such
as 30, 60, 90, 120, 150, 180, 210, 240, and 270 were
produced by random and selection for next step data
analysis.
1. 3. 2 Chi-square test for segregation distortion of
markers

Chi? (xz) test used to test the marker ratio for

normal Mendelian segregation (1:1) at the 0.05 sig-

nificance level. The formula is as follows:

R

1.3.3 Analysis of crossover enrichment
The use of the SSBL objective function is ex-
pected to lead to an enrichment of crossovers in a se-

(o- E| 1/2)*

lected sample. The total number of crossovers in the
selected sample relative to that of expected in the same
size of random sample is referred to as the crossover

enrichment, or CE © Xu et al.'®

pointed out that when
the marker spacing was less than or equal to about 10
cM, crossover enrichment (CE) could very closely be
formula:

CE =1+0.5(1- f)J¥A/L . Here, f is the sample frac-

predicted by the following empirical
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tion; A is a constant that is determined by the type of
base population. For a RIL population, A=500, L is
the length of molecular linkage map. The particular
parameter range should be (L = [100, 2500], f = [0.1,
0.9] and marker spacing from 1 to 10 cM).
1.3.4 QTL analysis

The QTL analysis was performed by single-marker
analysis as implemented in QTL Cartographer V 2,019,
The method was only used to estimate the effect of QTL
detection power in the subpopulations. The QTL detec-
tion power was defined to be the probability that the
maximum threshold for logarithm of odd (LOD) at any
marker or position exceeded the significance threshold

! On the basis of the mean

for a Type I error of p=0.05
of the three locations, single-locus QTL were mapped
with composite interval mapping (CIM) M by QTL
cartographer 2.0"%. Model 6 in CIM was employed to
map QTL in this study. A window size of 10 ¢cM was
used, and cofactors were chosen by stepwise regression
(SRmapqtl). We assumed that there should be one QTL
if LOD =2.5, the position of the highest LZOD peak
within the range was taken to be the QTL position.
1-LOD drop support interval was defined as the distance
between the two points on either side of the peak where
the LOD declined by one unit. The QTL mapped in the
original RIL population with 294 individuals was
counted as true QTL. If the peak of a QTL mapped in
the subpopulation located in the 1-LOD drop support
interval of a true QTL, it was counted as a true positive
QTL (TP); if not, it was considered as a false positive
QTL (FP). If one QTL can be detected in the original
population but not in the subpopulation, it was counted
as a false negative QTL (FN); in contrast, if one QTL
could not be detected in the original population but in
the subpopulations, it was counted as a false positive
QTL (FP). Sensitivity (Sn) and specificity (Sp) were
calculated as follows:

Sn=TP/ (TP+FN); Sp=TP/ (TP+FP).

The QTL mapping resolution was measured by
1-LOD drop support interval. The mean of 1-LOD
drop support interval of QTL in the same size
population were used to estimate the QTL resolu-

tion in selected and random populations. At this
point, only the TP QTL had been considered.

2 Results

2.1 Frequency for genotypic percentage and seg-
regation distortion of markers

263 SSR markers were employed to construct a
linkage map. Using Mapmaker 3.0, polymorphic mark-
ers were classified into 10 linkage groups covering 10
maize chromosomes with a total length of 2 360.8 cM
with an average interval of 8.98 cM. The chromosome
fragments from the parents in the original and subpopu-
lation were all fitted for the theoretical ratio 1:1 by x2
tests. When the population size was smaller (<90), the
allelic frequencies did not completely fit in normal dis-
tribution, although the 1:1 segregation ratio fit both in
selected and random populations, respectively. With
larger population size (=120), allelic frequencies in
both selected and random populations followed normal
distribution. Moreover, it looks better in selected popu-
lation than in random population (Fig. 1.) There were no
significant differences for markers segregation distortion
both in selected and random populations at P<:0.05
level. As a whole, the markers segregation distortion
ratio was increased with the rise in population size, oth-
erwise, the markers segregation distortion ratio was little
lower in random population than in selected population
(Fig. 2.) For the original RIL populations, the markers
segregation distortion ratio was almost same with the F,
population, which was derived from the same hybrid
“Yuyu22” with RIL population """

2.2 Performance of plant heights

Plant height is an appropriate model trait for
studying QTL because it had higher broad heritability,
heterosis and could be easily measured. In this study,
the pooled mean of plant height in 18 replications
across three locations over two years was used for
final data analysis. The plant height followed normal
distribution in both selected and random populations
of same size (Fig. 3.) It implied that the genotypic
selection had no obvious effects for trait performance.
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Fig.1 Frequency for genotypic percentage in selected and random samples in different population size

A: random population; B: selected population.
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Fig. 2 Chi-square test for segregation distortion of markers

in selected and random samples in different population size
(P<0.05)
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2. 3 Crossover enrichment in both selective and
random population

In general, the crossover enrichment (CE) was
negative lincar with the population size (Fig. 4). When
the population size was 30 (about 1/10 of original
population), CE ratio in selected population was 1.45
times higher than in the same size random population.
However, when the population size was 270 (about
9/10 of original population), CE ratio as almost same
in both selected and random populations (1.04). It
showed that the effect of selection decreased with the

increase in the size of the selected population.
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Fig.3 Frequency distribution for plant height in selected and random samples in different population size

A: selected population; B: random population.
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Fig. 4 Crossover enrichment after selection in different
population size based on the RIL population

2.4 QTL analysis

QTL detection power: The probability of the
maximum threshold for logarithm of odd (LOD) at
any marker or position exceeded the significance
threshold reflected partly the QTL detection power ]
In general, the QTL detection power improved with
the increase in size of both the selected and random
populations (Fig. 5). Taking selected populations as
the example, the QTL detection power was (.36 when
the population size was 30; the QTL detection power
reached to 0.71 which was close to the value (0.73) of
original population when the population size increased
to 270. However, as a whole, the QTL detection power
was better in selected population than the same size
random population (Fig. 5). The results implied that
the QTL detection power could be improved by geno-

typic selection in the same size population.
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Fig. 5 QTL detection power in selected and random samples
in different population size based on the RIL population

Sensitivity: The proportion that the true QTL
number detected in the subpopulation took among
QTL number detected in the original population
reflected the sensitivity of QTL detection. As
showed in Fig. 6 (left), as a whole, the sensitivity

should increase with the increase of population size
both in selected and random populations. For ex-
ample, the sensitivity were 0.13 and 0.50 when the
population size was 90 for random and selected
populations, respectively, that means only 1.3 QTL
could be detected in random population but 5 QTL
could be detected in selected population if 10 QTL
could be detected in the original RIL population.
However, there were no differences of sensitivity
of QTL detection between sub and original popula-
tions when the selected population size increased
to 270. The sensitivity of QTL detection was higher
in selected population than in random population
when the population size was smaller than 210
(except population size=30). There were no obvi-
ous differences for sensitivity between selected
population and random population when the popu-
lation size was bigger than 210 (except population
size=270).

Specificity: The proportion of true QTL
number among all QTL numbers detected in the
subpopulation reflected the specificity of QTL
detection. As a whole, the specificity was in-
creased with the increase in size of both selected
and random populations as shown in Fig. 6 (right).
Regard selected population as the example: the
specificity was 0.33 when the population size was
30 that means only 3.3 QTL could be true if 10
QTL could be detected in the subpopulation.
However, there were no differences of specificity
between sub and original populations when the
population size increased to 270. The specificity
of QTL detection was higher in selected popula-
tion than in random population when the popula-
tion size was smaller than 210. There were no ob-
vious differences for specificity between selected
and random populations when the population size
was bigger than 210. Another character for se-
lected population is that there were no obvious
differences for specificity when the population
size ranged from 90 to 240.

2.5 QTL mapping resolution

We only compared the 1-LOD drop support
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Fig. 6 Sensitivity and specificity of QTL detection in selected and random samples in different population size based on the

RIL population

interval of the same QTL between the selected
and random populations with the same size be-
cause the QTL numbers and locations in different
size populations were not always the same and
the 1-LOD drop support intervals for different
QTL were also not same. As showed in Fig. 7,
there were obvious differences for QTL mapping
resolution between the selected and random
populations when the population size was
smaller than 150. For example, when the popula-
tion size was 90, the means of QTL 1-LOD drop
support interval was 7.53 c¢M in selected popula-
tion and 13.82 cM in random population. There
was no obvious difference for QTL mapping
resolution between selected and random popula-
tions when the population sizes were 150, 180,
and 240, respectively. But in general, the QTL
mapping resolution could be improved signifi-

cantly by genotypic selection.
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Fig. 7 Confidence intervals based on average of the same
QTL obtained using the 1-LOD drop method in random
and selected samples in different population size

3 Discussion

The results in this study demonstrated that there

were no obvious differences in the trait performance
and markers segregation distortion between the se-
lected and random populations with same size. How-
ever, the QTL detection power, sensitivity, specificity,
and QTL mapping resolutions were improved sig-
nificantly in selected population than in random
population. Moreover, the effects of selection should
be more significant as the intensity of selection being
greater. In the past two decades, gene/QTL. mapping
had become a hot research area with the rapid devel-
opment of molecular markers. However, because of
the limitation of funding, experimental design, and so
on, the population of QTL mapping was often smaller
than 500 individuals. Since the 1990’s, with the de-
velopment of PCR-based molecular markers tech-
niques, the expenses were reduced constantly that
made it possible to handle a large population such as
bigger than 3 000. On the other hand, the acquisition
of the phenotypic data had already become a limiting
factor at this moment. The strategy of genotypic se-
lection should be considered in future studies. Firstly,
we can genotype in a large population using limited
markers, then select the appropriate sample size for
the next step; secondly, the high-density linkage map
can be constructed in the selective population with
large numbers of markers; thirdly, the accurate QTL
locations and resolutions should be evaluated com-
bined with the phenotypic data. Without doubt, QTL
mapping on the basis of genotypic-selected popula-
tion should provide useful information for QTL
marker assisted

selection, fine mapping, and

map-based cloning.

1[12]

Recently, Hua e a proposed “immortalized
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F,” population for studying the genetic basis of het-
erosis in rice. Large numbers of F; individuals pro-
duced by random cross of a RIL/DH population re-
sembled the F; population. The genotypes of F,
population can be calculated by the genotypes of
RIL/DH  populations. For example, 43071
(43071=(294 x 293)/2) unrepeated F; individuals can
be gained on the basis of the present RIL population
containing 294 individuals. The genotypes of 43071
individuals can be easily gained through the geno-
types of the RIL population containing 294 individu-
als, but it should be difficult to perform the field ex-
periments with such large size population. Theoreti-
cally, we can get an appropriate subpopulation by

genotypic selection for the next study.
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