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ABSTRACT

Fo populations are commonly used in genetic studies of animals and plants. For simplicity, most
quantitative trait locus or loci (QTL) mapping methods have been developed on the basis of populations
having two distinct genotypes at each polymorphic marker or gene locus. In this study, we demonstrate
that dominance can cause the interactions between markers and propose an inclusive linear model that
includes marker variables and marker interactions so as to completely control both additive and
dominance effects of QTL. The proposed linear model is the theoretical basis for inclusive composite-
interval QTL mapping (ICIM) for Fs populations, which consists of two steps: first, the best regression
model is selected by stepwise regression, which approximately identifies markers and marker interactions
explaining both additive and dominance variations; second, the interval mapping approach is applied to
the phenotypic values adjusted by the regression model selected in the first step. Due to the limited
mapping population size, the large number of variables, and multicollinearity between variables,
coefficients in the inclusive linear model cannot be accurately determined in the first step. Interval
mapping is necessary in the second step to fine tune the QTL to their true positions. The efficiency of
including marker interactions in mapping additive and dominance QTL was demonstrated by extensive
simulations using three QTL distribution models with two population sizes and an actual rice Fo

population.

IGNIFICANT progress in the development of poly-
morphic molecular markers has led to the in-
tensive use of quantitative trait locus or loci (QTL)
mapping in genetically segregating populations
(PATERSON et al. 1991; LyncH and WarsH 1998;
Mackay 2001; BaArRTON and KEIGHTLEY 2002; DOERGE
2002). A number of statistical methods have been
developed for QTL detection and effect estimation. For
regression-based methods, see HALEY and KNoOTT
(1992), MARTINEZ and CurNow (1992), HALEY et al.
(1994), WricHT and MOWERS (1994), WHITTAKER et al.
(1996), and FEENSTRA et al (2006); for maximum-
likelihood-based methods, see LANDER and BOTSTEIN
(1989), KnoTT and HALEY (1992), ZENG (1994), KaO
et al. (1999), and L1 et al. (2007, 2008); and for Bayesian
model-based methods, see SATAGOPAN ef al. (1996),
BarLL (2001), SEN and CHURCHILL (2001), SILLANPAA
and CoRANDER (2002), Y1 et al. (2003), and BoGDAN
et al. (2004).
For simplicity, most QTL mapping methods (here we
mean linkage mapping for quantitatively inherited traits
in biparental populations derived through controlled
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fertilization rather than association mapping in natu-
rally mated populations) have been developed on the
basis of backcross populations, doubled haploids, or
recombination inbred lines derived from two parental
lines (represented by P; and Py), where two individual
genotypes occur at each marker locus or QTL. Fy
populations have been widely used in genetic studies
of animals and plants since the rediscovery of Mendel’s
hybridization experiments. Relatively fewer methods
have been developed on the basis of Fy populations,
and dominance has sometimes been ignored (WRIGHT
and MowERs 1994; WHITTAKER et al. 1996; J1a and Xu
2007). Using similar principles in interval mapping
(IM) as proposed by LANDER and BorTsTEIN (1989),
KnoTT and HALEY (1992) investigated the maximum-
likelihood methods for QTL mapping in Fs populations
using simulated data. However, it is generally agreed
that the mapping power of IM is low due to the lack of
background control, and linked QTL cannot be prop-
erly separated (ZENG 1994). For Fy crosses between
outbred lines, a mixed model was proposed to account
for the variation both between and within lines (PEREZ-
Enciso and VArRONA 2000). On the basis of composite-
interval mapping (CIM) (ZENG 1994), JIANG and ZENG
(1995) used simulated Fo populations to demonstrate
multiple-trait QTL mapping.
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In populations consisting of two distinct genotypes,
QTL mapping is focused on additive effects, even
though the additive effect is defined differently in
different populations. For example, in a backcross
where P; was used as the recurrent parent, the additive
effectat a specific locus is normally defined as half of the
difference between the P; genotype and the F; genotype
(ZENG 1994). In doubled haploids or recombination
inbred lines, the additive effect is defined as half of the
difference between the P; genotype and the Py geno-
type. Sometimes authors claimed their methods could
be extended to Fo populations (ZENG 1994). However,
we report here that dominance can unexpectedly
complicate the QTL mapping procedure by causing
interactions between markers. As a result, the interac-
tions detected between markers may be caused by the
dominance effect of a QTL, rather than by real epistasis
between interacting QTL.

Due to the lack of suitable QTL mapping methods for
epistasis, some authors have used two-way ANOVA
between markers to gain a rough idea of the importance
of epistasis (YU et al 1997; Hua et al. 2003). More
recently, Bayesian models have been widely investigated
for mapping epistasis (BALL 2001; BRoMAN and SPEED
2002; Y1 et al. 2003; BAIERL et al. 2006). ANOVA between
marker classes at one marker locus or two marker loci
and some Bayesian model-based QTL mapping meth-
ods are valid under the assumption that QTL are
completely linked with markers. Therefore, if QTL are
located between marker intervals, false interacting QTL
caused by the dominance effect may be detected by
using these methods.

In this study, we report an inclusive linear model that
includes interaction variables between two flanking
markers, capable of completely absorbing both additive
and dominance effects of QTL. On the basis of the linear
model, we propose the inclusive composite-interval map-
ping (ICIM) suitable for QTL studies using Fo populations.
Simulations were conducted to compare ICIM with
CIM, and an actual Fs population was used to investigate
QTL affecting plant height in rice (Oryza sativa L.).

MATERIALS AND METHODS

One-QTL model in F; populations: For one QTL (Qand ¢
are the two alleles) in Fy populations, the genotypic value of an
individual with a known QTL genotype, i.e., QQ, Qg, or qg, is
written by

G=pn+ aw+ dv, (1)

where W is the mean of the two homozygous genotypes QQand
qq, ais the additive genetic effect, d is the dominance effect,
and wand vare indicators for QTL genotypes valued at 1 and 0
for QQ, 0 and 1 for Qg, and —1 and 0 for ¢q.

For two codominant markers (A-aand B-b) flanking the QTL,
nine marker classes can be found in Fo (Table 1). In Fo
populations, two indicators (represented by xand y, respectively)
occur for each marker locus, similarly defined as indicators w
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One QTL (Q and ¢ are the two alleles) was assumed to be located between two marker loci (A and @ and B and ) are the marker alleles). 1 7, and 7 are recombination
frequencies between the two flanking markers, between QTL and the left marker locus, and between QTL and the right marker locus, respectively. Assuming there is no
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crossover interference, r = r, + % — 2n%. It can be easily seen that f
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and vfora QTL in model (1). The expectations of wand v, i.e.,
E(w) and E(v), can be calculated from the frequencies of the
three QTL genotypes in each marker class (Table 1). In QTL
mapping, the QTL genotype of an individual is usually
unknown, but the marker type or the class of its flanking
markers is known. In general, we can define the expected
genotypic value (the last column in Table 1) of an individual
with known marker types as

E(G‘ x17x27y17y2) = p'+ aXE(w‘xthJ’hyQ)
+dXE(U|X1ax2>)’1>))2)7 (2)

where x; and y; are the indicators for the left marker, x, and yo
are the indicators for the right marker, x; and xo have similar
values to w, and y; and y have similar values to v Similar to two
genes, we can define the additive effects of the two markers,
i.e., (a) A; and (a) As, dominance effects of the two markers, i.e.,
(d)Dy and (d) Do, and various interactions between the two
markers, i.e., (d)AAys9, ADy9, DAys, and (d)DD,s in Equation 3,
where w + (d)p, is the mean of the four homozygous marker
classes (Table 1):

[w+fia+gid] 1 1 1 00 1 0 0 0
bt fat @d 1 1 0 01 0 1 0 0
w+ fa+ gd 1 1 -1 0 0 -1 O 0 0
wtfia+ gid 1 0 1 10 0 0 1 0
W+ gd =11 0 0O 1 1 0 0 0 1
w— fia+ gid 1 0 -1 10 0 0 -10
w—fat+gd 1 -1 1 0 0 -1 0 0 0
w— fa+ od 1 -1 0 01 0 -1 0 0
w—fiatad| |1 -1 -1 0 0 0 0 0]
[+ (d)pa ]
(a)Ar
(a)As
(d)Dy
X | (d)Dy
(d)AAyp
ADyg
DAyo
(d)DDyg

(3)

By resolving the above linear equations, the relationship be-
tween marker effects and QTL effects can be identified; i.e.,
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Clearly, the additive QTL effect (a) causes only additive
marker effects, i.e., (@) A; and (a)Ag, but the dominance QTL
effect (d) causes additive-by-additive and dominance-by-
dominance marker interactions, i.e., (d)AA;9 and (d) DD, o, as

well as dominance marker effects, i.e., (d)D; and (d)Ds. The
genetic model used in Equations 1 and 3 is usually called the
F. model (ZENG et al. 2005). It has been proved that the use of
other models such as the Fo model or the G2A model (ZENG
et al. 2005) cannot eliminate the influence of the dominance
effect on the interactions between markers either (results not
shown).

In Equation 4, fi, f5, /3, g1, &, g3, g4, and g5 defined in Table 1
(similar to Table 1 in HALEY and KNOTT 1992) are functions of
recombination frequencies and independent of QTL effects.
Denote
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The expectations of w and v under each marker class can be
proved as

E(w| x1, %, y1,y) =N X x5 + A3 X x9 (6)

and

E(v|x1, %2, 91, y2)
=3+ pi Xy +ps Xy + Ao X x1x0 + pplo X yiye.  (7)

Equation 6 has been widely used in mapping QTL with
additive effects regardless of the statistical method, e.g,
regression analysis, maximum likelihood, or Bayesian models
(for examples see ZENG 1994; WHITTAKER et al. 1996; KAo et al.
1999; BaLL 2001; SEN and CHURCHILL 2001; SILLANPAA and
CORANDER 2002; Y1 et al. 2003; BOGDAN et al. 2004; FEENSTRA
et al. 2006; L1 et al. 2007). However, we have not seen Equation
7 used in QTL mapping studies of Fy populations.

Using Equations 6 and 7, the genotypic value of an Fy
individual with known marker class can be represented by
marker variables and two-marker interactions as

E(G | x1, %0, 31,52)
=ntaXE(w|x,x,y,y2) +dXE(v|x,x,91,%)
=B+ (@)A1 X x1 + (d)Dy X y1 + (a)As X %0 + (d) Do X o
+ (d)AAyg X %1% + (d)DDya X y1y9, (8)

where B =+ (d)py, representing the mean of the four
homozygous marker classes (i.e., AABB, AAbb, aaBB, and aabb
in Table 1).

For clarity, we added the symbols of QTL effects to various
marker effects in Equations 3, 4, and 8. For example, (d)p4 is
the additional mean contributed by QTL dominance, (a)A4; is
the additive effect of the left marker caused by QTL additive
effect, (d)AA,; is the additive-by-additive effect between the
left and right markers caused by QTL dominance effect,
and so on. Model (8) is a completely fitted model, and
coefficients in it contain all the information regarding QTL
location and effects. In other words, the additive and
dominance effects of the flanked QTL are completely
absorbed by the six variables in model (8). The nonzero
marker interactions (d)AA;o and (d)DD,s, caused by the
dominance effect, indicate that marker variables by them-
selves cannot completely absorb the effects of QTL located
between the two markers.

The inclusive linear model for multiple QTL: For succinct-
ness, we assume there are m QTL located in mintervals defined
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by m + 1 markers on one chromosome. The genotypic value of
an Fy individual is defined as

m
G=pn+ Z[ajw]— + djuj, 9)
=1
where w;and v;are the indicators for genotypes at the jth QTL.

By using Equations 6 and 7, the genotypic value of an Fy
individual with known marker types can be reorganized as

+ (@) A; X % + (d;)D; X y;
+ (@) Ajs1 X i1 + (dj)Dj1 X pj41
+ (df)AA]/+l X .XIX/+1 + (d )DD J+1 X y7y7+1]

m+1 m+1

=B+ Z)\ X x; + Zp]Xy]+ ZMHHXWJH

+ Z PPjj+1 X MiJj+1
J=1

where

m

B=u+t D (dpg; M=(a)di; p =
Jj=1

(di)Dy;

wherej =2,3,---,m
)\m+l = (am)Am-H; Pm+1 = (dm)Dm+l§

and

)\)\]‘,]ur] == (d])AA]]+1 and pij+1 = (dj)DDjﬁjJrl,
wherej=1,2,---,m

Therefore, the inclusive linear model simultaneously contain-
ing all markers and phenotyping errors is

P=E(G)+s
m+1 m+1

=B+ E)\ X x; + Zp]Xy]-i- E)\ i1 X X1

+ Z PP i1 X ViY+1 + &, (10)
=1

where Pis the phenotypic value of the trait of interest, and € is
the random environmental error.

It can be seen that coefficients in model (10) are affected
only by neighboring QTL. In other words, QTL effects will be
completely absorbed by the six variables of the two closest
markers. Model (10) is suitable for QTL mapping in Fo
populations, as it completely explains both additive and
dominance variations. In some studies, marker interactions
were not included (for examples see JIANG and ZENG 1995;
Kao et al. 1999; J1a and Xu 2007), which may bias the QTL
mapping results and be problematic when extending to
epistatic mapping.

ICIM in F; populations: Assume there are n individuals in
an Fy population. Similar to QTL mapping for other popula-
tions (L1 et al. 2007, 2008), we adopted a two-step mapping
strategy. In the first step, stepwise regression was used to
estimate the parameters in model (10). Coefficients of those
variables not retained by stepwise regression were set at 0.

However, we did not exclude the possibility that other model
selection methods (MILLER 1990; PiepHO and GaucH 2001)
may achieve similar or better performance in model selection
than stepwise regression. In the second step, traditional
interval mapping (LANDER and BoTsTEIN 1989) was con-
ducted on adjusted phenotypic values; i.e.,

JF#kk+1

— Z[)\X];jJr] X xijXij+1 T pﬁmﬂ X yi]'yi4j+1]7 (11)
j#k

where kand k + 1 represent the two flanking markers of the
current testing position, ¢=1,2,---,n represents each Fo
individual, and the circumflex means “estimated.” Under the
condition of isolated QTL (WHITTAKER et al. 1996), adjusted
values in Equation 11 contain all the location and effect in-
formation of QTL in the currentinterval, but at the same time,
QTL in other chromosomal intervals have been completely
controlled. At a testing position in the interval [k, k + 1],
phenotypes of the three QTL genotypes QQ, Qq, and ¢q were
assumed to be normally distributed as N(p,, 0%), where k=1,
2, 3, representing the three QTL genotypes, respectively. The
two hypotheses used to test the existence of QTL at the
scanning position are

Ho: oy = po = pg

US.

Hj: atleast two of W, o, and g are not equal.

The logarithm likelihood under Hy is, therefore,

Iy = ZZlog[kaf AP py, 0 )]7

j=1 i€s;

where S; denotes individuals belonging to the jth marker class
(j=1,2,...,9;Table 1), m; (k=1, 2, 3) is the proportion of
the kth QTL genotype in the jth class, and f(-; b, 0?) is the
density function of the normal distribution N(puk, 2

Most individuals in marker classes 1, 5, and 9 have QTL
genotypes QQ, g, and gqq, respectively. Hence, the initial
parameters used in the EM algorithm (DEMPSTER et al. 1977; L1
et al. 2007) can be defined as

1 ny 0 1 n+ - +ns
m = 5 i=ny+ o gt
0 1 =
9 i=ny+ - +ngtl

and
ny nt - +ny (0)
0 [3 (AP —p)?
t 2
! + "5 + g ; i=nt+ - +ngtl
n
0
DI R UL
i=ny+ - +ngtl

In the E-step, the posterior probabilities of an individual
belonging to the three QTL genotypes were calculated as

0 9
w(o) _ ﬂjicf(APz'§ ME; )7 02(0))
ik B )
S mf (APl 0% 0)
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TABLE 2

Six putative QTL and their distributions in a genome consisting of eight chromosomes, each of 140 cM and evenly distributed by
15 codominant markers

- . Model I Model II Model III . . . -
Additive ~ Dominance Genotypic variation ~ Phenotypic variation
QTL effect (a) effect (d) Chr. cM  Chr cM Chr. cM explained (%) explained (%)
QTL1 1 0 1 25 1 25 1 25 11.4 8.0
QTL2 0 1 2 55 1 55 2 55 5.7 4.0
QTL3 1 1 3 25 2 25 3 25 17.1 12.0
QTL4 1 -1 4 55 2 55 1 55 17.1 12.0
QTL5 1 15 5 25 3 25 2 25 24.3 17.0
QTL6 1 -15 6 55 3 55 3 55 24.3 17.0

Genotypic and phenotypic Varlances explained by individual QTL were calculated for QTL distribution model I. The genetic

variance of each QTL in Fo i 1s

where 7 € S;. In the M-step, parameters in the maximum-
likelihood equation were updated by

(1) " —1 wlk AP
e
i=1 Wik

1727 3)7

and

1 n 3 ()ro
- wlk (AP; — ) :
i=1 k=1

The genetic effects in model (1) were therefore estimated by

p=g 0 +0s), a=5(0 —fg), and d=fy—p.

1 1
2 2

Under the null hypothesis, the three QTL genotypes follow
the same normal distribution, denoted by N(,, o). Param-

eters under Hj were calculated as

N 1< o 1 L
Po =" ZAP,; and 6j = n Z(AP,; — )’
=1

i=1

from which the maximum likelihood under Hy and the LOD
score between H, and H; can be calculated. Additional
hypotheses can be built to further test if the additive or the
dominance effect s significant; this is not discussed in detail in
this article.

QTL distribution models in simulation: We considered six
QTL with different levels of dominance and a genome
consisting of eight chromosomes in our simulation studies
(Table 2). Each chromosome is of 140 cM, with 15 evenly
distributed codominant markers. QTL1 has additive effect 1,
without a dominance effect. QTL2 has dominance effect 1,
without an additive effect. QTL3 can be viewed as completely
dominant, while QTL4 is completely recessive. Both QTL5
and QTL6 show overdominance, but in different directions.
No interactions between QTL were considered. Each QTL was
assumed to be located in the middle of a marker interval.

To investigate the effect of linkage on QTL mapping, we
considered three QTL distribution models (Table 2). QTL
were distributed on different chromosomes in model I, and
two QTL were linked on each of the first three chromosomes
in models II and III. In model I, QTL5 and QTL6 each
explained 24.3% of genotypic variation and 17.0% of the
phenotypic variance under heritability 0.7. QTL2 explained
the least genotypic and phenotypic variation among the six
defined QTL (Table 2).

2 + 142, and heritability in the broad sense was set at 0.7. Chr., chromosome.

Fy mapping populations were simulated by the genetics and
breeding simulation tool of QulLine, formerly called QuCim
(WANG et al. 2003, 2004). ICIM was implemented by the
software QTL IciMapping, and CIM was implemented by the
software QTL Cartographer (WANG et al. 2005). For CIM, we
applied “Model 6: Standard Model” and “3. Forward &
Backward Method” available in Cartographer. The two prob-
abilities for entering and removing variables were set at 0.01
and 0.02. For ICIM, the same probability levels were adopted
in the first step of stepwise regression. The threshold LOD
score was set at 3.0 for both methods.

One F; population in rice: The actual Fo population used in
this study consists of 180 individuals and was derived by the
Rice Research Institute, Sichuan Agricultural University (Y
et al. 2005, 2007). The cross was made in Chengdu, China, in
July 2002 between the indica rice variety PA64s (full name:
Pei’Ai 64s) and japonica rice variety Nipponbare. Nipponbare
was completely sequenced in 2002, and PA64s was partially
sequenced in the same year. The F; population was planted in
Hainan, China, in December 2002, and the Fy population was
planted in Chengdu, China, in April 2003 for genotyping and
phenotyping. A total of 137 SSR markers were screened for
building the linkage map (YE et al. 2005), and a number of
agronomic traits were investigated in the field (YE et al. 2005,
2007). The whole genome was of 2046.2 cM, and the average
marker distance was 17.1 cM. Each of the 12 chromosomes had
6-12 relatively evenly distributed markers. We used ICIM for
QTL mapping of plant height, where the two probabilities for
entering and removing variables in the first step of stepwise
regression were set at 0.01 and 0.02, and the threshold LOD
score was set at 3.0.

RESULTS

Expected effects of the flanking markers: The
expected additive, dominance, additive-by-additive, and
dominance-by-dominance effects of the two nearest
flanking markers associated with each defined QTL in
Table 2 were calculated from Equation 4 and are shown
in Table 3. When the dominance effect is zero, i.e,
QTL1 (a=1and d=0), the two flanking markers have
only additive effects, the size of which is dependent on
the QTL additive effect and its location between the two
markers. In cases where the QTL was located at the
center of its flanking marker interval, both markers have
the same additive effect, which approximates half of the
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TABLE 3

Genetic effects of each QTL on its two flanking markers

QTL (d)pg (a)A; (a)As (d)Dy (d)Dq (d)AA;2 (d)DDyg Interaction variation (%)
QTL1 0.000 0.498 0.498 0.000 0.000 0.000 0.000 0.0
QTL2 0.253 0.000 0.000 0.248 0.248 —0.248 0.243 21.8
QTL3 0.253 0.498 0.498 0.248 0.248 —0.248 0.243 5.7
QTL4 —0.253 0.498 0.498 —0.248 —0.248 0.248 —0.243 5.7
QTL5 0.379 0.498 0.499 0.371 0.371 —0.371 0.364 9.6
QTL6 —0.379 0.498 0.498 —0.371 —0.371 0.371 —0.364 9.6

(d)pg is the additional mean caused by dominance, (a)A; and (a)As are the additive effects of the left and right flanking
markers, (d)D; and (d)Dy are the dominance effects of the two flanking markers, and (d)AA;s and (d)DD;s are the additive-
by-additive and dominance-by-dominance interaction between the two flanking markers. The last column represents the percent-
age of interaction variation under linkage equilibrium and allele frequency 0.5.

QTL additive effect (Table 3). Therefore, when the
dominance effect can be ignored, or the additive effect
is the only genetic effect of interest, including one
marker indicator for each marker locus will allow the
QTL additive effect to be absorbed. This is the case of
QTL mapping in populations consisting of two individ-
ual genotypes (LI et al. 2007), where the additive is the
only genetic effect of interest.

When there is no additive effect, i.e., QTL2 (a= 0 and
d = 1), the two flanking markers do not have additive
effects either, but they do have additive-by-additive
interaction (Table 3). Obviously, this interaction was
caused by the dominance effect of QTL2 and did not
indicate there were two interacting QTL. When both
additive and dominance effects are present, i.e., QTL3—
QTL6, additive, dominance, additive-by-additive, and
dominance-by-dominance effects can all occur on the
two flanking markers (Table 3). The dominance effect
of a QTL causes not only marker dominance effects, but
also marker interactions (Equation 4 and Table 3).
Under linkage equilibrium and when each marker allele
had a frequency of 0.5, ANOVA indicated that marker
interactions caused by QTL2 explained >20% of the
variation, those caused by QTL3 and QTL4 each
explained >5% of the variation, and those caused by
QTL5 and QTL6 each explained ~10% of the variation
between marker classes (Table 3).

The results from Equation 4 and Table 3 clearly
indicated that the dominance of a QTL could compli-
cate the coefficients of the two markers flanking a QTL
by causing interactions between markers. We used the
E.model, i.e.,, Equation 3, to illustrate the phenomenon
in this study. We have used other models such as the Fo
or the G2A model (ZENG et al. 2005) and found they
would neither eliminate the marker interactions caused
by QTL dominance effect nor make the mapping
procedure less complicated. The consequence of this
phenomenon is that QTL mapping focusing on estima-
tion of marker effects may lead to erroneous conclu-
sions about QTL locations and effects.

Comparison of ICIM with CIM: In Figure 1, each
simulated QTL was assigned to a confidence interval of

15 cM centered at the true QTL location, and the power
for the confidence interval was estimated. QTL identi-
fied in other intervals were viewed as false positives. In
the confidence interval, if multiple peaks occurred, only
the highest one was counted. In other chromosome
regions, all peaks higher than the LOD threshold of 3.0
were counted, regardless of the distance between the
significant peaks (L1 ez al. 2007). Under population size
200, both ICIM and CIM resulted in high powers (i.e.,
>0.60) for QTL3-QTL6 (Figure 1, A, C, and E). QTL1
and QTL2 explain the least genetic variation (Table 2)
and their detection powers were relatively low. The
difference in powers between ICIM and CIM is minor,
except for QTLI and QTL2 in models I and II and
QTLI-QTL3 in model III (Figure 1, A and E). The
distribution of QTL has effects on their detection
powers (Figure 1, C and E).

As expected, the increase in population size resulted in
the increased detection power for both methods (Figure
1A vs. 1B, Figure 1C vs. 1D, and Figure 1E vs. 1F). Under
population size 500, both CIM and ICIM had powers
close to 1 in detecting all QTL (Figure 1, B, D, and F).
The false discovery rate (FDR) is defined as the pro-
portion of false positives to the total number of signifi-
cant discoveries (BENJAMINT and HOCHBERG 1995). The
FDR of ICIM was always lower than that of CIM (Figure
1). The increase in population size not only improved
the detection power of ICIM, but also reduced its FDR.
For CIM, the increases in population size improved its
detection power, but did not reduce its FDR. As stated
earlier, false positives were counted without considering
a confidence interval; that is to say, any significant peaks
that were not within the QTL confidence intervals were
viewed as false positives, which resulted in a large number
of false positives for both methods. In the other aspect,
this may indicate that a higher LOD threshold should be
applied when using CIM or ICIM.

In Figure 2, power was calculated for every marker
interval on the genome, which allows monitoring QTL
locations if not located in the predefined intervals. It
can be clearly seen that false positives were around the
true QTL positions and were less likely to be located in
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chromosomal regions far from the predefined QTL or
in chromosomes where no QTL were located (Figure 2).
There is an obvious tendency for significant peaks
identified by ICIM for QTL distribution models II and
III to be closer to the true QTL locations (Figure 2, C—
F), indicating that ICIM is more capable of dissecting
linked QTL.

Estimated QTL location and effects from QTL
distribution model II are shown in Table 4. Unbiased
estimations of QTL locations and additive effects were
observed for ICIM and CIM under the two population
sizes. The dominance effects estimated by ICIM were
less biased than those estimated by CIM, indicating the
advantage of using model (10) in ICIM. Taking pop-
ulation size 500 as an example, the dominance effects
estimated by ICIM were 0.05, 0.98, 0.82, —0.87, 1.38, and
—1.38, corresponding to the true effects 0,1, 1, —1, 1.5,
and —1.5, respectively. However, the effects estimated by
CIM were 0.39, 1.01, 0.61, —0.64, 0.94, and —0.90,
respectively. Considering the higher detection power,
lower FDR, and less biased estimation of dominance
effect, we can conclude that ICIM built on the inclusive
linear model (10) is a better method for mapping QTL
with additive and dominance in Fy populations. The
LOD score from ICIM was always higher than that from
CIM (Table 4), indicating the residual variation is better
controlled in ICIM.

Estimated QTL locations and effects from large
simulated F, populations: To further illustrate the
outcomes from ICIM, we conducted QTL mapping on

QTL1 QTL2 QTL3 QTL4 QTL5 QTL6 FDR

fined QTL was set at 15 cM, and the
LOD threshold was 3.0. The last bar in
each section represents the false discov-
ery rate (FDR).

99100 100y

=

QTL1 QTL4 QTL5 QTL2 QTL3 QTL6 FDR

the first simulated Fy populations with 500 individuals
from the three QTL distribution models (Figures 3, A-C,
and 4, A-F). The genotypic values of the two parents
and their F; hybrid were 15, 5, and 16, respectively, for
the three QTL models. Phenotypic values in Fy for the
three QTL distribution models show continuous distri-
butions (Figure 3, A—C) that are similar to typical quan-
titative traits. There is no clear classification of the
phenotype, and itis impossible to deduce the number of
QTL without the assistance of molecular markers.

QTL mapping by ICIM found the difference in
genetic mechanism for the three seemingly similar
phenotypic distributions in Figure 3, A-C. For QTL
distribution model I, six clear peaks on the first six
chromosomes can be seen along the one-dimensional
LOD profile, indicating six unlinked QTL (Figure 4A).
The chromosomes or chromosomal regions not har-
boring QTL have LOD scores close to 0 (Figure 4A).
The six peaks were close to the true QTL position, and
the effects at those positions are shown in Table 5. The
estimated positions were at 28, 53, 24, 57, 26, and 55 cM,
corresponding to the true positions 25, 55, 25, 55, 25,
and 55 cM on the first six chromosomes. Along with
scanning, the additive and dominance effects (Figure
4B) and variation explained by QTL at the testing
positions can also be estimated. The estimated effects
at peak positions were close to the true effects in Table 3,
although some discrepancies were observed.

For QTL distribution model II, six clear peaks, two
each on the first three chromosomes, can be seen on the
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LOD profile (Figure 4C). The last five chromosomes do
not have any QTL and have LOD scores close to 0. The
estimated positions were at 21, 54, 26, 55, 24, and 55 cM,
corresponding to the true positions 25, 55, 25, 55, 25, and
55 ¢cM on the first three chromosomes. Some bias in
estimated effects was observed (Table 5), especially the
dominance effect of QTL2. Similar results from Figure 4,
E and F, can be observed for QTL distribution model III.

QTL affecting plant height in rice: The plant height
of rice variety PA64s, a carrier of one major dwarfing
gene, is 74.4 cm, while that of Nipponbare is 98.3 cm
(Figure 3D). The distribution of plant height in their Fo
populations is similar to those in Figure 3, A—C. There
are a total of 24,660 (i.e., 180 X 137) marker points in
the Fy population, 5131 belonging to the PA64s marker
type, 6175 to the Nipponbare marker type, and 11,114
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TABLE 4
Estimated QTL location and additive and dominance effects from 100 simulations for QTL distribution model II
Population size Estimation Method QTL1 QTL2 QTL3 QTL4 QTL5 QTL6
200 LOD score CIM 6.20 5.66 7.76 7.41 8.45 8.71
(2.14) (2.26) (3.80) (3.82) (8.55) (4.07)
ICIM 8.90 5.92 12.72 11.06 15.17 15.71
(8.18) (2.52) (5.64) (4.75) (6.25) (5.96)
Position (cM) CIM 25.95 54.42 25.01 54.99 24.42 55.34
(3.49) (3.62) (3.45) (3.32) (3.25) (3.44)
ICIM 25.95 54.60 24.69 55.15 24.70 55.03
(3.92) (3.42) (3.39) (8.71) (3.31) (3.05)
Additive effect CIM 1.02 0.37 1.21 1.18 1.12 1.17
(0.20) (0.43) (0.30) (0.31) (0.30) (0.35)
ICIM 0.96 0.05 1.03 0.94 0.93 0.97
(0.18) (0.18) (0.37) (0.33) (0.40) (0.42)
Dominance effect CIM 0.44 1.20 0.65 -0.67 0.99 —0.96
(0.31) (0.25) (0.34) (0.26) (0.30) (0.32)
ICIM 0.05 1.13 0.72 -0.73 1.28 —1.29
(0.33) (0.20) 0.41) (0.39) 0.41) (0.42)
500 LOD score CIM 13.19 8.64 15.11 13.93 19.63 18.71
(4.35) (3.97) (7.12) (6.72) (8.16) (7.78)
ICIM 18.74 9.59 26.09 25.81 33.90 34.46
(5.85) (3.95) (7.13) (7.12) (9.42) (7.54)
Position (cM) CIM 25.31 54.30 24.81 55.31 25.08 54.67
(2.53) (2.75) (2.73) (2.28) (3.14) (3.02)
ICIM 24.69 54.67 24.66 55.24 25.10 54.80
(2.63) (2.54) (2.20) (2.42) (1.32) (1.56)
Additive effect CIM 0.96 0.24 1.12 1.07 1.13 1.13
(0.15) (0.32) (0.24) (0.23) (0.29) (0.26)
ICIM 0.96 0.04 0.99 0.98 0.95 0.98
(0.16) (0.10) (0.16) (0.20) (0.20) (0.19)
Dominance effect CIM 0.39 1.01 0.61 —0.64 0.94 —0.90
0.17) (0.18) (0.19) (0.20) (0.24) (0.21)
ICIM 0.05 0.98 0.82 —0.87 1.38 —1.38
(0.14) (0.21) (0.32) (0.26) (0.33) (0.25)

The numbers in parentheses are the standard errors.

to the Fy marker type. A total of 2240 marker points were
missing, representing 9.08% of total marker points.
Segregation distortions were observed for a few markers
as well. LOD scores, along with estimated additive and
dominance effects along the rice genome, are shown in
Figure 4, G and H. Obviously, the LOD profile in Figure
4G is more complicated than those in Figure 4, A, C, and
E, indicating the genetic model with real data may be
more complicated than those used in simulation. The
other reasons for the rugged LOD profile may be the
large amount of missing data and segregation distortions.
Under the LOD threshold of 3.0, eight QTL affecting
plant height in the Fy population were identified: two
each on chromosomes 1 and 3, one on chromosome 4,
and three on chromosome 7 (Table 5). Locus ¢PHI-2, a
major QTL explaining ~30% of the phenotypic varia-
tion, has been detected by other methods (YEet al. 2005).
The PA64s allele at ¢gPHI-2 can reduce plant height by
~10 cm, and the dominance effect is relatively small.
Few Fy individuals are shorter than PA64s (Figure 3D),
indicating most, if not all, reduced-height alleles are

harbored by PA64s. However, many Fy individual plants
are taller than the taller parent Nipponbare (Figure 3D),
which may indicate the presence of overdominance.
Five QTL have negative additive effects (Table 5),
indicating the reduced-height alleles at these loci are
also from PA64s. Overdominance effects were observed
for ¢qPHI-1, PH3-1, ¢PH7-1, ¢PH7-2, and ¢PH?7-3, which
explains the large number of Fo individuals that are
taller than Nipponbare. For ¢PHI-1 and ¢PH7-1, the
additive effects were close to 0, indicating that these loci
will be less likely to be detected in other populations,
such as recombination inbred lines, where heterozygos-
ity is not present. So it is not unusual that different QTL
are detected even when using the populations derived
from the same parents.

DISCUSSION

Properties of the proposed inclusive linear model:
In an Fy population, all three genotypes at a locus are
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represented, which allows the estimation of additive
effects and dominance deviations for individual QTL
(PATERSON et al. 1991). At the same time, the genetic
analysis can be very complicated, as more genetic
parameters have to be considered simultaneously. In
this study, we proposed an inclusive linear model where
the included marker variables can completely explain
the additive and dominance effects of QTL. Model (10),
built on solid genetic and statistical theories, is the
theoretical basis for QTL mapping in Fy populations. It
has the properties similar to those reported by ZENG
(1994) for CIM, which are summarized as follows.
Property 1: The QTL additive effect causes marker
additive effects, while the QTL dominance effect causes
marker dominance effects, as well as additive-by-additive
and dominance-by-dominance interactions between the
two flanking markers. By including two multiplication
variables between flanking markers, the additive and
dominance effects of one QTL can be completely ab-
sorbed. This property comes from Equations 6 and 7.
Property 2: Assuming the additivity of QTL effects on a
phenotypic trait, i.e., model (9), the expectation of the
main marker effect in model (10), e, N or p, depends
only on those QTL located on two intervals where the
current marker is involved. The expectation of marker
interaction in model (10), i.e., AN or pp, depends only on
the QTL located in the interval flanked by the two
markers. This property can be seen from the deriving
process of Equation 10. Thereby, under the condition of
isolated QTL (WHITTAKER et al. 1996), the six coefficients
of the jth marker interval, i.e, Nj, Nj11, Pj> Pj+1s AN+t
and pp;;;,, contain and contain only the effect and
location information of the QTL located in the interval.
Property 3: Under the condition of isolated QTL,
adjusted phenotypic values by Equation 11 retain the

effect and location information of the QTL located in
the current interval; at the same time, QTL in other
intervals and chromosomes have been controlled.
Therefore, conditioning on both linked and unlinked
markers in the second step of interval mapping reduces
the sampling variance of the test statistic by controlling
the residual genetic variation, thus increasing the power
of QTL mapping.

Marker coefficients are biased in the first step of
model selection using stepwise regression: In the QTL
and marker distribution model used in our simulation
study, there were a total of 464 variables included in
model (10), i.e., %1, %o, -+, X190, Y1, Y2, - * * > Y120, X1 X Ko, * -+,
X119 X X190, Y1 X Yo, - -, and y;19 X Y190, where the mul-
tiplication of the last marker in a chromosome with the
first marker in the next chromosome was excluded.
When the largest Pvalue for entering variables and the
smallest Pvalue for removing variables were set at 0.01
and 0.02, only a few of the six variables were picked up by
stepwise regression. For QTLI in distribution model I,
only variable x4 was retained and its coefficient was
estimated as 0.841. Without the second step of interval
mapping, one could conclude that one additive QTL
was located at 30 cM. For QTL1 in distribution models IT
and III, only variable x; was retained and its coefficient
was estimated as 0.648 and 0.713, respectively. Without
the second step of interval mapping, one could con-
clude that one additive QTL was located at 20 cM.
However, the second step of interval mapping found the
largest LOD score was achieved at 21 c¢M for model II
and at 25 cM for model IIT (Table 5), which are closer or
the same to the true QTL position. For QTL5 and
QTLS6, the interaction coefficients were more important
(Table 2). Under distribution model II, the four
variables for QTL6 retained by stepwise regression were
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TABLE 5

Estimated QTL location, additive effect, dominance effect, and variation from ICIM in three simulated and one actual
F; populations

Flanking markers with positions Position LOD Estimated Estimated PVE
QTL (cM) in parentheses (cM) score additive effect dominance effect (%)
QTL distribution model I
QTL1 M3 (20), M4 (30) 28 16.52 0.88 —0.11 6.67
QTL2 M21 (50), M22 (60) 53 7.67 0.03 0.85 3.27
QTL3 M33 (20), M34 (30) 24 25.11 0.86 1.08 11.28
QTL4 Mb51 (50), M52 (60) 57 35.46 0.74 —1.58 16.43
QTL5 M63 (20), M64 (30) 26 37.12 1.05 1.38 16.74
QTL6 MS81 (50), M82 (60) 55 28.44 0.84 —1.22 13.16
QTL distribution model II
QTL1 M3 (20), M4 (30) 21 9.67 0.66 —0.16 2.82
QTL2 M6 (50), M7 (60) 54 23.53 0.06 1.60 8.43
QTL3 M18 (20), M19 (30) 26 40.49 1.18 1.30 14.35
QTL4 M21 (50), M22 (60) 55 24.00 0.80 —1.02 8.03
QTL5 M33 (20), M34 (30) 24 35.93 1.02 1.35 12.82
QTL6 M36 (50), M37 (60) 55 52.76 1.13 —1.85 20.07
QTL distribution model III
QTL1 M3 (20), M4 (30) 25 11.33 0.76 0.04 4.04
QTL4 M6 (50), M7 (60) 53 34.54 1.22 —0.85 13.59
QTL5 M18 (20), M19 (30) 23 31.26 0.69 1.70 13.38
QTL2 M21 (50), M22 (60) 56 11.67 0.09 1.17 4.90
QTL3 M33 (20), M34 (30) 25 28.89 1.10 0.87 11.84
QTL6 M36 (50), M37 (60) 55 26.72 0.91 —1.26 11.04
Plant height (cm) in rice
qPHI-1 RM246 (94), RP2 (110) 103 3.32 0.18 —5.32 5.28
gPHI-2 RP82 (164), RP3 (188) 181 14.87 —-9.25 1.97 29.99
qPH3-1 RM523 (17), RM251 (57) 29 5.24 2.66 6.20 11.07
qPH3-2 RP242 (58), RM520 (72) 67 4.96 —3.90 2.89 7.80
qPH4 RM349 (46), RP68 (56) 49 3.68 —3.05 -3.10 5.56
qPH7-1 RM82 (0), RM180 (23) 3 3.98 0.11 5.58 5.50
gPH7-2 RM180 (23), RM119 (75) 55 3.26 —3.36 5.12 9.20
qPH7-3 RM118 (75), RM346 (132) 95 3.30 —3.95 5.72 11.75

PVE, percentage of variance explained.

X36, X37, X36 X X37, and yse X ys37. But this does not mean
there were two interacting QTL located at 50 and 60 cM
on chromosome 3. Rather, the dominance effect of
QTL6 caused interactions between the 36th and 37th
markers.

Model (10) is alinear regression model, and the choice
of variables is a typical model selection issue (MILLER
1990). Treating QTL mapping as a model selection
problem and the use of model selection criteria to
identify the best model have been intensely investigated
by many authors (PiepHO and GaucH 2001; BRomAN
and SPeEED 2002; BOGDAN et al. 2004; BAIERL et al. 2006).
A number of statistical methods are available to search
through the space of models, and various criteria can be
used to select the best model (M1LLER 1990; P1EPHO and
GaucH 2001). However, there is no general conclusion
in statistics as to which model selection method is best
(MILLER 1990). In the first step of ICIM, we use stepwise
regression for model selection. However, we do not

exclude the possibility that other model selection
methods may achieve similar or even better perfor-
mance than the stepwise regression used in ICIM. If
better model selection methods than stepwise regres-
sion are identified, they should be readily used in the
first step of ICIM.

The second step of interval mapping is necessary in
ICIM: Atfirst glance, the result of ICIM seems to depend
on the identification of an appropriate regression model
in the first step. However, the two-step approach we
adopted in ICIM has the advantage that the best
regression model in the first step does not need to be
very close to the true model. Ideally, the second step of
interval mapping can correct the imprecision of co-
efficient estimation in the first step. For all three QTL
distribution models, a large bias has been observed
between the true marker effects in Table 3 and the
estimated marker effects. In addition, some nonrelevant
variables were also selected by stepwise regression. Some
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were close to the markers flanking QTL, but some were
not. For example, the marker for x;5 in model I was close
to the markers flanking QTL4, but the marker for yy;
and the markers for x;94 X x105 were on the seventh
chromosome where no QTL was located. However, all
biases were apparently corrected to some extent by the
second step of interval mapping (Figure 4, A-F; Table 5),
which indicated the necessity of fine tuning using
interval mapping in the second step of ICIM.

In ICIM, the inference of QTL is not built on the
estimated coefficients in model (10). Actually, model
(10) is used to control background genetic variation in
the second step of interval mapping. In this sense, the
predictability of model (10) for the background genetic
effects that can be used to adjust the phenotypic per-
formance in Equation 11 becomes more important. In
the regression theory, it is generally agreed that collin-
earity between regression variables in model (10) can
seriously bias the estimation of their effects, but this
undesirable bias does not extend to the model’s fit
(MiLLER 1990; HARRELL 2001). In other words, collin-
earity does not affect predictions made on the same data
set used to estimate the model parameters. This may
have explained the advantage of using the two-step
strategy in ICIM.
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