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ABSTRACT

Composite interval mapping (CIM) is the most commonly used method for mapping quantitative traitloci
(QTL) with populations derived from biparental crosses. However, the algorithm implemented in the
popular QTL Cartographer software may not completely ensure all its advantageous properties. In addition,
different background marker selection methods may give very different mapping results, and the nature of
the preferred method is not clear. Amodified algorithm called inclusive composite interval mapping (ICIM)
is proposed in this article. In ICIM, marker selection is conducted only once through stepwise regression
by considering all marker information simultaneously, and the phenotypic values are then adjusted by
all markers retained in the regression equation except the two markers flanking the current mapping
interval. The adjusted phenotypic values are finally used in interval mapping (IM). The modified algorithm
has a simpler form than that used in CIM, but a faster convergence speed. ICIM retains all advantages of
CIM over IM and avoids the possible increase of sampling variance and the complicated background marker
selection process in CIM. Extensive simulations using two genomes and various genetic models indicated
that ICIM has increased detection power, a reduced false detection rate, and less biased estimates of QTL

effects.

HE rapid increase in availability of fine-scale

genetic marker maps has led to the intensive
use of QTL mapping in the genetic study of quan-
titative traits (FALCONER and Mackay 1996; DOERGE
et al. 1997; LyNcH and WaLsH 1998; KEArRSEY 2002;
STEINMETZ et al. 2002; Wu and LiNn 2006). A number of
statistical methods have been developed for QTL detec-
tion and effect estimation (LANDER and BoTsTEIN 1989;
HarLey and KnotT 1992; JaNsEN 1994; WRIGHT and
Mowers 1994; ZeENG 1994; SATAGOPAN et al. 1996;
WHITTAKER el al. 1996; PiepHO and GaucH 2001; SEN
and CHURCHILL 2001; BRoMAN and SPEED 2002; VAN
DEN OoORD and SuLrLIvaN 2003; Xu 2003; BoGDAN et al.
2004).

From a statistical perspective, methods for QTL map-
ping are based on three broad classes: regression
(HarLey and KnorT 1992; WHITTAKER et al. 1996),
maximum-likelihood (DOERGE et al. 1997), and Bayes-
ian models (SiLLANPAA and CoORrRANDER 2002). The
simplest single-marker analysis identifies QTL on the
basis of the difference between the mean phenotypes of
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different marker groups, but cannot separate the esti-
mates of recombination fraction and QTL effect (SOLLER
et al. 1976; DOERGE et al. 1997). Interval mapping (IM) is
based on maximum-likelihood parameter estimation
and provides a likelihood-ratio test for QTL position
(LANDER and BoTsTEIN 1989). Regression interval map-
ping was proposed to approximate maximum-likelihood
interval mapping to save computation time at one or
multiple genomic positions (HaLEy and KnoTT 1992;
MARTINEZ and CURNOW 1992). The major disadvantage
of IM is that the estimates of locations and effects of QTL
may be biased when QTL are linked (HALEY and KNOTT
1992; MARTINEZ and CUrRNOW 1992; ZENG 1994). Com-
posite interval mapping (CIM) (JaNsEN 1994; ZENG
1994) combines IM with multiple-marker regression anal-
ysis, which controls the effects of QTL on other intervals
or chromosomes onto the QTL that is being tested and
thus increases the precision of QTL detection. More re-
cently, the use of Bayesian models has been widely ex-
plored for QTL mapping (SATAGOPAN et al. 1996; UIMARI
and HorscHELE 1997; SEN and CHURcHILL 2001; XU
2003; BoGDAN et al. 2004; WANG et al. 2005a). However,
methods based on Bayesian models have not been widely
used in practice, partially due to the difficulty of choosing
prior distributions, complexity of computation, and lack
of userfriendly software.
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Due to the accessibility of the freely available software
QTL Cartographer (WANG et al. 2005b) CIM is now the
most commonly used method for QTL mapping with
populations derived from biparental crosses. However,
in Zeng’s algorithm, QTL effect at the current testing
position and regression coefficients of the marker vari-
ables used to control genetic background were estimated
simultaneously in an expectation and conditional max-
imization (ECM) algorithm. Thus, the same marker
variable may have different coefficient estimates as the
testing position changes along the chromosomes. The
algorithm used in CIM cannot completely ensure that
the effect of QTL at the current testing interval is not
absorbed by the background marker variables and may
resultin biased estimation of the QTL effect (see Table 4
and Figure 1 in ZENG 1994).

In this article, we propose a modified algorithm to
render CIM more inclusive of all marker data [inclusive
composite interval mapping (ICIM) ] and then compare
ICIM with CIM through extensive simulations.

MATERIALS AND METHODS

The linear regression model and its properties in QTL
mapping: For simplicity, it is supposed that two inbred parents
Py and P, differ in m QTL, being distributed in m intervals
flanked by m + 1 markers. The parental QTL genotype is as-
sumed to be Q; Q1 Qs . .. Q, 0, for Py and q1q1qoqo - . . @
for Py. We consider a backcross population where P, is the
recurrent parent. For an individual in a backcross population
X = (X1, X9, . . ., X, X,11) TEepresents marker variables that are
1 and —1, standing for the two marker types (homozygote and
heterozygote), respectively, and G = (g, g, - - . , g») represents
the QTL variables that are 1 and —1, standing for the two QTL
types (homozygote and heterozygote), respectively. Additive
effects of QTL are represented by a4, as, . . . ,and a,,. Under the
assumption of additivity of QTL effects, the genetic value G of
an individual under an additive genetic model can be written
in the following form:

G=Y ag (1)
j=1

(WHITTAKER et al. 1996).

The expectation of QTL genotype g; is dependent on the
position of the jth QTL on the chromosomal interval flanked
by the jth and (j + 1)th markers and the length of the interval
(ZENG 1993; WRIGHT and MOWERS 1994; WHITTAKER et al.
1996); i.e.,

E(g | X) = Njx; + pjxi1, (2)

where \; and p; are functions of the three recombination
fractions between the jth marker and jth QTL, between the jth
QTL and (j + 1)th marker, and between the jth and (j+ 1)th
markers. Therefore, the expectation of the genotypic value G
conditional on the known marker types can be written as a
linear function of marker variables; i.e.,

m m+1

E(G|X) =Y ai(\x +pjxe1) = by, (3)
j=1

J=1

where b =MNa, bj=p, 41+ Nag (j = 2,...,m), and
bu+1 = p,,an. The coefficient of the jth marker is affected by
QTL only on intervals (j— 1, j) and (j, j + 1). If there are no
QTL in the neighboring intervals of the current interval (j, j +
1), corresponding to the assumption of isolated QTL accord-
ing to WHITTAKER et al. (1996), the two coefficients b; and b;,,
contain all the position and additive effect information of the
QTL in the interval (j, j + 1), which provides the theoretical
basis for mapping additive QTL in CIM (ZENG 1994) and other
regression mapping methods (WRIGHT and MOWERs 1994;
WHITTAKER el al. 1996).

Suppose that we have a sample of nindividuals from a back-
cross population with observations on a quantitative trait of
interest and m + 1 ordered markers. The following linear
regression model based on Equation 3 can be used in mapping
additive QTL; i.e.,

m+1

Yi = b() + Z b]X,] + &, (4)
j=1

where y; is the trait value of the ith individual in the mapping
population; b is the overall mean of the model; x;; is a dummy
variable for the genotype of the ith individual at the jth marker,
taking value 1 for homozygote of marker type and —1 for het-
erozygote; b; is the regression coefficient of the phenotype
on the jth marker conditional on all other markers; and ¢;
is the residual random error that is assumed to be normally
distributed.

According to ZENG (1994), the two major properties of CIM
were:

Property I: In the multiple-regression analysis, assuming
additivity of QTL effects between loci (i.e., ignoring epista-
sis), the expected partial regression coefficient of the trait
on a marker depends only on those QTL that are located on
the interval bracketed by the two neighboring markers and
is unaffected by the effects of QTL located on other
intervals.

Property 2: Conditioning on unlinked markers in the multiple-
regression analysis will reduce the sampling variance of the
test statistic by controlling some residual genetic variation
and thus will increase the power of QTL mapping.

Both properties come from the regression properties of
regression model (4). In Zeng’s algorithm, both QTL effect
at the current testing interval and regression coefficients of
the background markers were estimated simultaneously by an
ECM algorithm. However, this algorithm may not completely
ensure the two properties.

A modified CIM algorithm: The basic idea behind the
modified algorithm is to use all marker information when
building model (4), so that properties 1 and 2 in ZENG (1993,
1994) can be completely guaranteed, and then the interval
mapping approach of LANDER and BoTSTEIN (1989) is applied
on the adjusted phenotypic data. Considering that the
number of QTL is always much lower than the number of
markers, stepwise regression can be used to select the most
important marker variables and therefore select the sig-
nificant QTL. The coefficients of unselected markers through
stepwise regression are set to 0 in model (4). When scanning
for QTL along the chromosomes, the parameters in model
(4) are estimated only once. For a testing position in interval
(k, k+ 1), the observation values in model (4) can be adjusted
by

A kkH

=
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TABLE 1

Marker types on the current mapping interval and their QTL distributions in a backcross population

Marker genotype Frequency of QTL genotype
Group Sample size Frequency J j+1 (0]0) Qq Distribution of Ay;
1 m 2 + + M 1—p PN (py,0%) + (1 RN (g, %)
2 ny P + - P 1—pe PaN(py,0%) + )(mmﬂ
3 ns L—1e - + L—p0 P (1—p2)N (Mu )+Pz ()
4 Ny 1—p - - 1—p 2 (1= p)N(py,0%) + piN(py, 0%)

pl - ( ]q)(l - Tq,j+l)/(1 -

1) and po = (1 — 1)1, 41/7;41, where 7, 7,11, and 7; ;41 are the recombination frequencies

between marker jand the QTL, between the QTL and marker j + 1, and between markers jand j + 1, respectively. “+” denotes

homozygote for the marker genotype and “—” denotes heterozygote. N(p,, o

two QTL genotypes QQ and Qq, respectively.

where b is the estimate of §; in model (4). As shown in model
(3), the two estimates b, and bkﬂ contain all the position- and
additive-effect information of the QTL located on the current
interval (k, k& + 1) under the condition of no QTL in its
neighboring intervals and the condition of large samples.
Therefore, the use of Ay; in the subsequent interval mapping
does not lose any information of the QTL at the current
mapping interval, but the effects of QTL located on other
intervals and chromosomes are controlled through the in-
troduction of other coefficients in Equation 5. The adjusted
observation Ay; does not change until the testing position moves
into a new interval. Please note that the only assumption we
made here is that the QTL on the same linkage group or
chromosome are isolated by at least one empty interval
(isolated QTL according to WHITTAKER et al. 1996).

For a testing position in an interval, all individuals in the
backcross population can be classified into four groups on the
basis of the two flanking markers (Table 1).If there is one QTL
(with the two alleles denoted as Qand ¢) at the testing position,
individuals in all the four groups have QTL genotypes QQ or
Qq and hence follow a mixture distribution consisting of
components N(p,,0?) and N (e, 0?) (Table 1) (McCLACHLAN
and Basrorp 1988). The distribution proportions in each
mixture distribution depend on the recombination frequen-
cies between QTL and the two flanking markers (Table 1). The
existence of QTL at the current mapping position can be
tested by the following hypotheses:

Ho: oy = o vs. Hat gy # po.

Supposing that all the nindividuals have been sorted on the
basis of their marker types, the log-likelihood function under
the alternative hypothesis Hj is

Ly=> In[prf(Ayii 1, 0%) + (1= pu)f (Ayi; g, 0%)]

i=1
ny+no . .

+ > Infpf(Ayispg,0%) + (1= po)f (Ayii po,0?)]
i=m+1
n1+notng

+ > 1
i=nt+ngtl

+ > I[(1=p)f Ay,

i=n+ngtngtl1

— p2)f (Ayis g, 0%) + pof (Ayi, o, 07%)]

o?) + pif (Ayis g, 0?)],
(6)

where prand po are the proportions of individuals with QQ
genotype in group 1 and group 2 or the proportions of in-

2) and N(p,,0?) represent the distributions for the

dividuals with Qg genotype in group 4 and group 3, respec-
tively. /(Ay;; iy, 0%) and f(Ay;; o, 02) represent the probability
densities of the two normal distributions of N(p,,0?) and
N(po, 0?), corresponding to the two QTL genotypes QQ and
Qg, respectively (Table 1).

The expectation and maximization (EM) algorithm
(DEMPSTER et al. 1977; McLACHLAN and BAsrorD 1988) is
used to estimate the two means and one variance in Equation
6. The initial values of the three unknown parameters can
be defined from groups 1 and 4 (Table 1) as

- o 1 -
ZA oy i:n1+;z+n3+lAy“
and
2(0) _ 1 . Ay, — w2 4 - Ay — 1 9y2
o = ;( i) i:nﬁ;mﬂ( yi— g ).

In the E-step, the posterior probabilities of an individual
being QQ at the QTL in groups 1-4 are

2% = nf Ay, pl”,02©)
Ay 2O+ (1= ) f (A 020
i=1,...,m,
o = pof Ay o)
pof Ay, o) + (1= po)f (Agised” 02 0)’
i=m +1,...,n +no,

0 _ (1= po)f Ayt 0*)
(1= po)f (Ayisnt”,* ) + pof (Ayss ) 6*©)

i:m +n2+1,.,.,n1+n2+n3,
and
(1-p )f(A o)
w(o) — (} ylap“] , O . ,
(1=p)f Qi 0*) + puf (Byisnd” o)
i=nt+tmnet+tmng+1,...,nm,
respectively.

In the M-step, the three parameters were updated as

n 0 n
o _SewAy )Y,

(0)
1 w; A /i
¢ ( ) )

bl p“( —7
S m(1 -
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TABLE 2

Chromosomal position and additive and additive-by-additive epistatic effects of 10 QTL

Chromosome
1 1 1 2 2 2 3 3 3 4
Position (cM): 16 48 108 3 43 77 33 68 129 26
QTL symbol: QZ1 QZ2 QZ3 QZ4 QZ5 QZ6 QZ7 QZ8 QZ9 QZ10

Q71 0.54
Q72 0.16 0.95
QZ3 0.45 0.17 0.73
Q74 0.92 1.29
Q75 0.61 —1.57
QZL6 -1.16 0.46 0.21 —1.61
Q77 0.17 1.30 —0.59
QZ8 118 291 0.36 2.05
Q79 0.30 -1.12 —0.30 -1.72 1.12
QZ10 —0.44 —0.96 296 0.94
PVE of additive genetic model
H=038 1.46 451 266 8.32 1230 1296 1.74 21.01 6.27 4.42
H=05 091 282 1.67 520 7.70 8.10 1.09 13.13 3.92 2.76
PVE of additive and epistasis genetic model
H=038 097 3.01 1.78 555 822 8.64 1.16 14.01 4.18 2.95
H=05 0.61 1.88 1.11 347 5.14 540 0.73 8.76 2.61 1.84

The additive variance (Vj) was 4.0, and the interaction variance (V;) was half of the additive variance. The interaction effect was
drawn from a Gamma distribution I'(a = 0.3). The error variance (V) was calculated by V. = (V4 + V;)(1 — H)/H, where H is the
heritability in the broad sense. When interaction was not included, the error variances were 1.0 and 4.0 for H = 0.8 and H = 0.5,
respectively. When interaction was included, the error variances were 1.5 and 6.0 for H = 0.8 and H = 0.5, respectively. PVE,

percentage of variance explained by individual QTL.

and

The EM algorithm continues until the difference in likeli-
hood function between two consecutive iterations reaches a
preassigned precision criterion. The maximum-likelihood
estimates thus obtained are represented as fi;, fL,, and 42,
from which the additive effect of the putative QTL can be
estimated.

Under the null hypothesis, Hy, all Ay; defined by Equation 5
follow a normal distribution denoted as N(j,,03). The mean
and variance of this distribution can be estimated as

n

1 1
o="> Ay and gf="3 (Ayi—m)*.
=1 =1

Thus, the log-likelihood function under the null hypothesis
H() is

Ly=>>_Inf(Ay;py,03).
i=1

The LOD score at the testing position can be calculated from
the log-likelihoods under the two hypotheses.

Genetic models used in simulation studies: Two hypothet-
ical genomes were used in simulation. One genome consisted
of six chromosomes, each of 150 cM in length and with 16
evenly distributed markers. Ten QTL (represented by QZ1-
QZ10; Table 2) were assumed to contribute to the trait of in-
terest. Three QTL were located on each of the first three
chromosomes and one QTL on the fourth chromosome.

There was no QTL on chromosomes 5 and 6. The locations
and effects of these QTL were similar to the scenario used by
ZENG (1994). Both coupling and repulsive linkages and un-
equal QTL effects were considered in this scenario and there-
fore should have a wide applicability. To investigate the effect
of epistasis on mapping additive QTL, two genetic models
were simulated for this genome, one consisting of only addi-
tive genetic effects and the other consisting of both additive
effects and digenic interactions (Table 2). The additive effects
in the epistasis model were the same as those in the additive
model, and the interaction effect was drawn from a Gamma
distribution implemented by QTL Cartographer (WANG et al.
2005b). Under the QTL distribution in Table 2, the theoretical
additive variance was 4.0, and the theoretical epistasis variance
was 2.0 (estimated by QTL Cartographer). Two heritability (in
the broad sense) levels were considered: H= 0.8 (representing
high heritability traits) and H = 0.5 (representing medium
heritability traits). One hundred backcross populations of 200
individuals were simulated for each model by heritability
combination using QTL Cartographer.

The other genome consisted of four chromosomes, each
with 100 cM in length and 21 markers evenly distributed. Eight
large-effect QTL (represented by QYI-QY8) and 16 small-
effect QTL contributed to the expression of a quantitative trait
of interest (for details see Table 1in Y1et al. 2003). To compare
CIM and ICIM with the Bayesian mapping methods of Y1
et al. (2003), 100 backcross populations each of 300 individuals
were generated, and the residual variance o2 was adjusted to
1. The population size and the residual variance were the same
as those used in Y1 et al. (2003).

For CIM, we applied different background marker selection
methods available in QTL Cartographer. The model using
stepwise regression to select control markers was the best in
terms of the estimates of QTL positions and effects, so other
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TABLE 3
Accumulated probability of LOD score, P(LOD < x), from a permutation test
Population size 200 Population size 300
ADD ADD + EPI ADD ADD + EPI

x H=038 H=05 H=038 H=05 H=038 H=05 H=038 H=05
2.0 0.9018 0.9434 0.9255 0.9610 0.8250 0.8773 0.8771 0.9214
2.5 0.9370 0.9689 0.9538 0.9796 0.8607 0.9101 0.9068 0.9526
3.0 0.9609 0.9823 0.9724 0.9893 0.8891 0.9351 0.9261 0.9720
3.5 0.9757 0.9900 0.9836 0.9943 0.9131 0.9543 0.9401 0.9837
4.0 0.9857 0.9936 0.9902 0.9973 0.9328 0.9691 0.9519 0.9913
45 0.9921 0.9966 0.9950 0.9987 0.9477 0.9800 0.9607 0.9953
5.0 0.9955 0.9979 0.9975 0.9993 0.9597 0.9875 0.9685 0.9977
55 0.9973 0.9991 0.9988 0.9997 0.9696 0.9921 0.9743 0.9986
6.0 0.9987 0.9996 0.9994 0.9999 0.9772 0.9950 0.9791 0.9993

ADD, additive genetic model as defined in Table 2; ADD + EPI, additive and epistasis genetic model as defined in Table 2;

H, heritability in the broad sense.

models for CIM were not considered in power analysis. For
ICIM, the stepwise regression was used to select markers and
estimate the parameters in model (4), in which the largest
Palue for entering variables was set at 0.05, and the smallest
P-value for removing variables was 0.10. CIM was implemented
by QTL Cartographer, and IM (where applicable) and ICIM
were implemented by an in-house computer program called
IciMapping (available from http:/www.isbreeding.net/software.
html). On the basis of a permutation test, a LOD threshold of
2.5 was used to declare the presence of a QTL.

Power calculation and position and effect estimation: QTL
mapping based on an interval test is not a point estimation,
which makes it complicated to calculate power through sim-
ulation. Especially, when QTL are closely linked, it is difficult
to determine which putative QTL the LOD peak belongs to.
We adopted two methodologies to calculate power. First, a
power was calculated for each interval defined by markers.
This power calculation allows monitoring of QTL locations if
not on the predefined intervals. Second, each predefined
QTL was assigned to a 10-cM interval centered at the true QTL
location, and then the power was estimated for the so-defined
confidence interval. QTL identified in other intervals were
viewed as false positives.

We also adopted two methodologies to calculate the mean
QTL position and effect (ZENG 1994). One was calculated
from all peaks in the confidence interval across 100 runs, and
the other from the peaks having a LOD score over the pre-
defined threshold of 2.5.

SIMULATION RESULTS

LOD score distribution of ICIM: Permutation tests
(CHURrcHILL and DOERGE 1994) were conducted to find
the LOD score distributions of ICIM under the null
hypothesis. These distributions were different for dif-
ferent genetic models and heritability levels in genome
1 (Table 3). For a population size of 200, the probabil-
ities that the LOD score was >2.5 were 0.0630, 0.0311,
0.0462, and 0.0204 (calculated from Table 3) for the
four combinations of two genetic models and two herit-
ability levels, respectively. For a population size of 300,
these probabilities were 0.1393, 0.0899, 0.0932, and

0.0474, respectively. Results in Table 3 indicate that
different LOD thresholds should be applied for differ-
ent data sets to ensure the same level of false-positive
rates. For simplicity, we applied the LOD threshold of
2.5in the simulation study. This threshold value may not
result in a false discovery rate <0.05, but will have little
effect on the comparison of different mapping meth-
ods. Moreover, we compared ICIM with CIM not only in
terms of mapping power butalso in terms of the number
of false positives.

Power analysis of CIM and ICIM from genome 1: On
the average LOD profiles of ICIM displayed clear peaks
around most of the predefined QTL, but this was not
the case for CIM especially on chromosomes where
there were multiple QTL (Figure 1). The three QTL on
chromosome 2, i.e., QZ4, QZ5, and QZ6 (explaining
8.32, 12.30, and 12.96% of the phenotypic variance un-
der the additive genetic model and H = 0.8, respectively;
Table 2), had similar effects. QZ4 was linked with QZ5
in repulsive phase, and QZ5 was linked with QZ6 in
coupling phase. Three clear peaks were observed on the
average LOD profiles of ICIM, but it was hard to dis-
tinguish QZ5 and QZ6 on the average LOD profiles
of CIM (Figure 1). The average LOD profiles were very
low on chromosomes 5 and 6 on which there were
no QTL, indicating that both CIM and ICIM are less
likely to locate a QTL on one chromosome to other
chromosomes.

When powers were calculated for all marker intervals
along the six chromosomes, the probability that QTL
were mapped onto the two devoid chromosomes (z.e., 5
and 6) was rather low for both CIM and ICIM (Figure 2),
as has been seen from the average LOD profiles in Fig-
ure 1. The advantage of ICIM over CIM was not sig-
nificant for chromosome 3 (Figure 2), for which QZ7
has a very small effect (explaining 1.74% of phenotypic
variance under the additive model and H = 0.8; Table
2), and QZ8 and QZ9 are far apart (61 cM apart on
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LOD score

LOD score @

LOD score

LOD score OO

—CIM ——ICIM
—CIM ;CIM
—CIM ——ICIM
—CIM ——ICIM

...............................................

Testing position (cM)

F1Gure 1.—Average LOD profiles of CIM and ICIM across 100 simulation runs for different genetic models and heritability
levels under genome 1. Arrow size and direction represent the approximate effect size and direction of the pointed QTL, respec-
tively. (A-D) Mean LOD profile across 100 runs: (A) additive genetic model, H = 0.8; (B) additive genetic model, H = 0.5; (C)
additive and epistasis model, H = 0.8; and (D) additive and epistasis model, H = 0.5.

chromosome 3; Table 2). The advantage was not
significant for chromosome 4 either, on which there
was only one QTL (Figure 2). However, the advantage of
ICIM was significant for chromosome 2 for all genetic
models and heritability levels, on which there were three
QTL of similar effects (QZ4, QZ5, and QZ6), and the
distances between QZ4 and QZ5 and QZ5 and QZ6 were
40 and 34 cM, respectively (Table 2). ICIM had higher
powers to map QZ4 and QZ5 in the right intervals and
lower probability to assign them to incorrect intervals
than CIM (Figures 2 and 3).

The advantage of ICIM over CIM was much clearer
when power was calculated on the basis of an interval of
10 cM centered on the predefined QTL (Figure 3). For
QZ1, CIM had higher powers than ICIM for the additive
genetic model under heritability 0.5 and the additive
and epistasis model under heritability 0.8. For QZ2 and
QZ6, CIM also had higher powers in most cases. For
QZ8, the powers of CIM and ICIM for the additive
genetic model under heritability 0.5 and the additive
and epistasis model under heritability 0.5 were the
same, and for QZ9 those powers for the additive genetic
model under heritability 0.5 were the same. But for all
other cases, ICIM had higher powers. On average, CIM

identified 6.11, 3.63, 3.97, and 2.35 QTL for the two
genetic models and two heritability levels in each run,
respectively, while ICIM identified 7.52, 4.40, 4.84, and
2.72 QTL, respectively, and all of them were higher than
those observed from CIM (Figure 4). QTL identified in
intervals other than the defined intervals were viewed as
false positives. On average the false QTL numbers in
each run were 6.58, 4.82, 4.85, and 3.36 for CIM, but
3.67, 3.71, 3.31, and 2.73 for ICIM, respectively (Figure
4). Thus, the proportions of true to false positives were
0.93, 0.75, 0.82, and 0.70 for CIM, but 2.05, 1.19, 1.46,
and 1.00 for ICIM for the two genetic models and two
heritability levels, respectively. As shown in Figure 2,
many false positives were located in the neighboring
intervals on the chromosomes, and the proportion of
true QTL wvs. false positives was generally dependent on
the width of confidence intervals.

Lower heritability and the inclusion of epistasis re-
duced the power for mapping additive QTL using CIM
and ICIM (Figures 1-4). The mapping power under the
additive and epistasis model and heritability 0.8 was
similar to that under the additive genetic model and
heritability 0.5. When mapping was conducted assum-
ing additivity of QTL, the epistatic effect should enter
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Ficure 2.—Power of QTL detection of CIM and ICIM for two genetic models and heritability levels under genome 1. Power was
calculated as the proportion of runs that detected the presence of QTL for each of the 90 intervals defined by the 96 markers
evenly distributed on six chromosomes. Arrow size and direction represent the approximate effect size and direction of the
pointed QTL, respectively. (A) Additive genetic model, H = 0.8. (B) Additive genetic model, H = 0.5. (C) Additive and epistasis

model, H = 0.8. (D) Additive and epistasis model, H = 0.5.

into the sampling error. The effect of epistasis on
additive QTL mapping was equivalent to additional
random errors on phenotypic data. For the additive and
epistasis genetic model under heritability 0.8 (Table 2),
the proportion of additive variance to the phenotypic
variance was 4/ (4 + 2 + 1.5) ~ 53%, which was similar
to the additive genetic model of heritability 0.5 (Table
2). This suggests that CIM and ICIM are still effective for
locating the QTL and estimating their additive effects
when epistasis is present if the heritability in the narrow
sense is not too low.

Estimation of QTL positions and effects from
genome 1: The estimates of QTL positions can be on
the left or right of the true position. The deviation of the
average position estimates across the 100 simulations

ranged from —2.23 to 2.40 cM (Table 4). There is a
tendency that QTL were mapped toward to their closest
markers. In other words, a QTL closer to its left flanking
marker had a negative deviation (i.e., QZ4 at 3 cM and
QZ5 at 43 ¢M on chromosome 2 and QZ7 at 33 ¢cM on
chromosome 3), and a QTL closer to its right flanking
marker had a positive deviation (i.e., QZ2 at 48 cM and
QZ3 at 108 cM on chromosome 1, Q76 at 77 cM on
chromosome 2, and QZ8 at 68 cM and QZ9 at 129 cM on
chromosome 3). This is understandable by looking into
the two coefficients in model (2). If a QTL is located in
the middle of a flanking interval, its effect will be evenly
absorbed by the two flanking markers. Otherwise, the
marker closer to the QTL will absorb most of the QTL
variation and is more likely retained through stepwise
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F1cure 3.—Power of QTL detection of CIM and ICIM for two genetic models and heritability levels under genome 1. Power was
calculated as the proportion of runs that detected QTL within the interval defined as 5 cM from each side of the predefined QTL.
The QTL were rearranged in ascending order by the percentage of variance explained. (A) Additive genetic model, H = 0.8. (B)
Additive genetic model, H = 0.5. (C) Additive and epistasis model, H = 0.8. (D) Additive and epistasis model, H = 0.5.

regression. Therefore, a QTL is more likely to be
mapped onto the marker closer to it. Due to the same
reason, the highest power of ICIM was not reached on
interval (120, 130) on chromosome 3 where QZ9 was
located (i.e., 129 cM), but was achieved on interval (130,
140), as shown in Figure 2.

When calculated from all peaks, the estimate of QTL
effect was almost unbiased. In comparison, the QTL
effect was generally overestimated when calculated from
the significant peaks only, which was expected as small-
effect estimates in some simulation runs were not
counted. Therefore, in any simulation studies, it is not
likely to achieve an unbiased estimation of QTL effect if
only significant QTL are counted. Compared with CIM,

A QTLs identified in the ten confidence
intervals in each simulation run
8- 7.52 dcim micim
7+ 611
g 6T - 4.84
5T 263 3.97
247 272
o34 235~
[
(@]

Additive Additive Additive and  Additive and
genetic model, genetic model,  epistasis epistasis
H=0.8 H=0.5 model, H=0.8 model, H=0.5

ICIM tends to have smaller bias in effect estimation in
most cases (Table 4).

Simulation results from genome 2: The advantage of
ICIM over CIM is also significant for genome 2 (Figures
5 and 6). The power given in Figure 5A was calculated
for each chromosomal interval of 5 cM as defined by two
neighboring markers. For ICIM, the highest powers
were achieved in the intervals where QY1, QY3, QY4,
QY5, QY7, and QY8 were located, which were 0.56, 0.69,
0.67, 0.72, 0.71, and 0.78, respectively. The highest
powers were achieved in the neighboring intervals for
QY2 and QY6 (Figure 5A). The result of CIM was com-
parable to that of ICIM for chromosome 4, for which the
two QTL were linked in coupling with a distance of 35

B QTLs identified not in the ten confidence
intervals in each simulation run
8+ Ocim Eicim
7] 658
3 g T 4.82 485
ENT 3.67 3.71
1 i 3 3.36
24 =S 273
a3t
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1 -
0 t
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H=0.8 H=0.5 model, H=0.8 model, H=0.5

FIGURE 4.—Average number of QTL identified on the 10-cM intervals of the 10 predefined QTL (A) and other chromosome
regions (B) for two genetic models and heritability levels under genome 1.
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Frcure 5.—Power of QTL detection (A), average LOD (B), and additive effect (C) profiles across the 100 simulation runs of
CIM and ICIM based on genome 2. Power was calculated as the proportion of runs that detected the presence of QTL for each of
the 80 intervals defined by 84 markers evenly distributed on four chromosomes. Arrow size and direction represent the approx-
imate effect size and direction of the pointed QTL, respectively.

cM. The worst performance of CIM was for chromo- estimate QTL effects on chromosomes 1, 3, and 4 where
some 2, for which the two QTL were linked in repulsion the linked QTL were in the coupling phase, but tended
with a distance of 21 cM (Figure 5A). to underestimate QTL effects on chromosome 2, where

The mean LOD profile of ICIM across the 100 sim- the linked QTL were in the repulsive phase (Figure 5C).
ulations had eight clear peaks corresponding to the When a confidence interval of 10 cM with the pre-

eight major predefined QTL, while that of CIM only defined QTL at the center was considered, ICIM had a
had two clear peaks on chromosome 4 (Figure 5B). The power >0.87 to map the eight major QTL (Figure 6A).
mean estimated effects from ICIM across the 100 sim- The powers of CIM were >0.76 for QTL on chromo-
ulation runs were close to the true QTL effects for all the somes 1, 3, and 4, for which linked QTL were in the
eight predefined major QTL. But CIM tended to over- coupling phase, but were only 0.09 for QY3 and 0.47 for

A gcm EICIM

99
94 95 94 g2 93 94 95 97 97 98 90

100 - 87
£o 76

Power (%)
8

Figure 6.—Power (A)
and deviation of position
estimation (B) in genome

19 2 from 100 simulation runs.
20r HiSS Bici Each predefined QTL was
assigned to a 10-cM interval
centered at the true QTL
location.

Deviation (cM) 0
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FIGURE 7.—LOD profiles of (A) IM, CIM (with three background marker selection methods), and (B) ICIM (with three prob-
ability levels). The first simulated backcross population of 200 individuals was used, where the 10 QTL were additive, and H = 0.8.
For clarity, 20, 40, and 60 were added to the LOD scores of CIM with unlinked marker control, of CIM with all marker control, and
of CIM standard model control, respectively. Similarly, 20, 40, and 60 were added to the LOD scores of ICIM with PIN = 0.10 and
POUT = 0.20, of ICIM with PIN = 0.05 and POUT = 0.10, and of ICIM with PIN = 0.01 and POUT = 0.02, respectively.

QY4 on chromosome 2, where the two QTL were linked
in repulsion (Figure 6A). In addition, ICIM also re-
sulted in less false positives (total false positives in inter-
vals other than the eight confidence intervals divided
by 8) than CIM (Figure 6A). Across the 100 simulations,
the estimates of QTL effects were almost unbiased for
ICIM (Figure 6B), while the effect estimates of QY3 and
QY4 on chromosome 2 were about twice the true QTL
effects for CIM.

DISCUSSION

Theoretical justification of ICIM: For both ICIM and
CIM, Mendelian segregation and recombination laws
(Table 1) and quantitative genetic theories [models
(1)-(3)] provide the theoretical basis (FALCONER and
Macgkay 1996; LyncH and WaLsH 1998; HARTL and
Jonges 2005), and regression and maximume-likelihood
principles [Table 1, model (4), and Equation 6] provide
the statistical basis. The statistical assumption made in
CIM and ICIM is that the residual errors in model (4)
are normally distributed. The genetic assumptions are
that (i) the genotypic value of an individual is the

summation of effects from all loci affecting the trait of
interest and (ii) linked QTL are separated by atleast one
blank interval. These well-established genetic and sta-
tistical theories ensure that these mapping methods are
valid under these assumptions. However, simulations
are useful if one wants to investigate their sensitivities
to the violation of the underlying assumptions, such as
nonisolated QTL and epistasis.

ICIM makes the background marker selection pro-
cess easier: Various methods for selecting background
markers are available in QTL Cartographer implement-
ing CIM (WANG et al. 2005b), and different methods
may result in different, sometime controversial, map-
ping results. A mapping population from the first
simulation run using the additive genetic model and
H=0.81in genome 1 was used to demonstrate this point.
Three cofactor selection methods used in CIM, i.e.,
unlinked marker control, all marker control, and the
standard model using stepwise regression (window size
10 cM), gave rather different LOD profiles (Figure 7A).
The method using unlinked markers as a control was
similar to IM (Figure 7A), which should not be re-
commended. The method using all markers as a control
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TABLE 5

Effect of marker inclusion and exclusion probabilities in the stepwise regression of ICIM

Genetic model PIN POUT QzI QZ2 Q3 Qz4 QZ5 Qz6 QZ7 QZ8 Qz9 QZ10 False QTL"
ADD, H = 0.8 001 002 35 77 57 94 94 95 22 99 82 71 267
005 010 41 76 59 96 95 92 32 99 8 76 367
010 020 40 72 56 94 94 92 35 99 8 73 511
ADD, H = 0.5 001 002 13 32 11 51 50 71 8 79 41 24 286
005 010 12 3 15 63 63 72 18 8 47 32 371
010 020 18 3% 24 68 68 71 26 8 49 33 531
ADD + EPL, H=08 0.01 002 10 44 24 61 56 73 791 47 26 250
005 010 14 3 2 74 69 77 11 92 51 36 331
010 020 15 34 28 73 68 77 14 92 54 38 481
ADD + EPL, H=05 001  0.02 9 20 9 17 26 50 2 54 923 7 194
005 010 11 20 13 31 37 52 5 61 30 12 273
010 020 11 22 15 36 44 52 8 68 33 15 459

ADD, additive genetic model as defined in Table 2; ADD + EPI, additive and epistasis genetic model as defined in Table 2; H,
heritability in the broad sense; PIN, the largest P-value for entering variables; POUT, the smallest P-value for removing variables.
“ All significant positives not located in the 10 predefined QTL intervals.

had clear peaks where major QTL were located, but the
LOD score was generally lower than that from IM
(Figure 7A). Moreover, power analysis showed that this
method resulted in a large number of false positives on
the two devoid chromosomes (results not shown), and
this method cannot be applied when markers outnum-
ber the mapping population size.

In ICIM, the background markers were selected only
once using the standard stepwise regression, and thus
the difficulty in choosing the background markers
associated with CIM can be avoided. To investigate the
influence of marker inclusion and exclusion criteria
in stepwise regression on mapping results, different
Pvalues for entering variables (PIN) and removing
variables (POUT) were applied to the population used
above for comparing marker selection methods in CIM.
The LOD profiles from three levels of PIN and POUT
showed very little difference (Figure 7B). All three
probability levels identified the 8 largest QTL (Figure
7B). When PIN = 0.10 and POUT = 0.20 were used, the
average power to detect the 10 predefined QTL from
the additive genetic model and H = 0.8 was slightly
lower than that from PIN = 0.05 and POUT = 0.10, z.e.,
73.7 vs. 75.2 (calculated from Table 5), but the false
positive was much higher, i.e., 511 vs. 367 (Table 5).
Similar results were also observed for other genetic
models. Therefore, ICIM is robust to the choice of
probability levels, and in practice a lower probability
level should be applied to further reduce the false
positives without sufficiently changing the detection
power (Figure7B and Table 5).

ICIM does not increase sampling variance compared
to IM: According to property 3 proposed by ZENG
(1994), conditioning on linked markers in the multiple-
regression analysis will reduce the influence of inter-
ference caused by possible multiple linked QTL on

hypothesis testing and parameter estimation, but with a
possible increase of sampling variance. The increased
sampling variance can be seen from the lower LOD
scores (compared with IM) that resulted from CIM
using all markers as a control (Figure 7A). But this is not
the case for ICIM. At most peak positions, ICIM has
higher LOD scores than IM (Figure 7, A and B). So for
ICIM, properties 2 and 3 of CIM (ZENG 1994) can be
merged as “Conditioning on both linked and unlinked
markers in the multiple regression analysis will reduce
the sampling variance of the test statistic by controlling
some residual genetic variation and thus will increase
the power of QTL mapping” (ZENG 1994, p. 1460).
CIM and ICIM are valid and simple methods for
mapping with populations derived from biparental
crosses: CIM, when implemented properly, represents
the best single-interval mapping method based on
linear model and maximume-likelihood principles. Re-
cently, Bayesian models have gained some popularity
among theoreticians. In a sense and in the context of
QTL mapping using populations derived from biparen-
tal crosses, both frequentist statistics and Bayesian
statistics deal with the maximization of likelihood
function. The major difference is that a prior distribu-
tion has to be considered in any Bayesian model, and
the choice of the prior in the case of QTL mapping is
rather arbitrary and a tedious process (Xu 2003). On
the basis of the prior, Bayesian statistics derive the
posterior and then conduct inference on the basis of
the posterior distribution. The conventional maximum
likelihood can be viewed as a special case of Bayesian
models where a uniform density is used as the prior
distribution. It should be noted that the effect and
advantage of prior distribution diminish as the sample
size increases (GELMAN et al. 2004). The population size
for a QTL mapping population is normally hundreds,
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which can be reasonably regarded as a large sample in
statistics. Theoretically, Bayesian mapping has no flaw in
terms of models. However, Bayesian statistics may not
have significant advantages over frequentist statistics in
QTL mapping for some standard mapping populations
derived from biparental crosses, considering the diffi-
culty in choosing prior distributions and the complexity
in computing posterior distributions.

Genome 2 used in our simulation has been used by
Y1 et al. (2003) to demonstrate their Bayesian mapping
method. The results of ICIM shown in Figure 5 were
comparable with the probability profile from the Bayes-
ian method (Figure 1 inYr1et al. 2003). The mean effects
for the eightidentified large-effect QTL were 1.02, 0.96,
—0.83, 0.81, —0.78, —0.87, 1.00, and 1.03, respectively
(Figure 5C), which were close to the true additive effects.
But ICIM is much simpler in principle and faster in
computation. It required <5 min for ICIM to complete
the 100 simulation runs in a personal computer. In
addition, we also compared ICIM with the Bayesian map-
ping method proposed by SiLLANPAA and Arjas (1998),
and the results of ICIM were very similar to those from
Bayesian models (results not shown).

Since the number of QTL is always much lower than
the number of markers, QTL mapping can be viewed as
an issue of model selection (BrRoMaN and SpPeED 2002;
SiLLANPAA and CORANDER 2002). 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). How-
ever, there is no conclusion in statistics as to which
model selection method is the best (MILLER 1990). On
the basis of our simulation results, the performance of
stepwise regression is satisfactory. However, we do not
exclude the possibility that other model selection meth-
ods may achieve similar performance as the stepwise
regression used in ICIM.

The calculation of probability that a QTL is in a given
interval is viewed as a major advantage of Bayesian
models (BaLr 2001). In any likelihood-ratio test-based
mapping methods such as IM, CIM, and ICIM, the QTL
position is estimated as the peak of the LOD profile with
a LOD score over a specified threshold value. The LOD
score is actually a likelihood-ratio test (LRT) [LRT =
2 log(10)LOD =~ 4.61 LOD]. In the case of mixture
models (McLAcHLAN and BasrorD 1988; GOFFINET
el al. 1992), the asymptotic distribution of LRT may
not exactly follow a x*(d.f.), where d.f. is the difference
in the number of dependent variables under the two
hypotheses. However, ZENG (1994) showed when the
sample size was large and the number of markers fitted
to the model was relatively small, the LRT statistic was
still approximately distributed as x*(d.f. = 1). Another
way to find the LOD threshold is to use permutation
tests (CHURCHILL and DOERGE 1994). A probability may
be calculated at any testing position if required. In any
mapping methods based on the likelihood-ratio test, the

LOD score actually indicates the likelihood of a QTL at
the testing position. The similarity between the mean
LOD score profile shown in Figure 5B and the proba-
bility profile shown in Figure 1 in Yret al. (2003) is con-
sequently not unexpected.

Multiple interval mapping (MIM) was proposed to
map multiple QTL simultaneously (Kao et al. 1999;
ZENG et al. 1999). MIM may have avoided the compli-
cated background selection process associated with
CIM, but introduced various model selection methods
(ZENG et al. 1999; WANG et al. 2005b). We applied two
model selection methods available in QTL Cartogra-
pher to the same mapping population previously used
for comparing different cofactor selection methods in
CIM. Eleven QTL were identified when the forward and
backward selection on markers was used, while only 6
QTL were identified when the MIM forward search
method was used (results not shown). Again, different
MIM model selection methods resulted in different
mapping results.

Further considerations of QTL mapping: An impor-
tant assumption of most QTL mapping methods is that
the QTL are separated by atleast one blank interval. Itis
expected that this assumption is more satisfactory for
narrow than for wide marker spacing. Similarly, itisa bet-
ter assumption for independent or loosely linked than
for tightly linked QTL. With the rapid development of
molecular technology, high-density linkage maps are be-
coming available for more and more species. The treat-
ment of tightly linked QTL is more an issue of biology
than of statistical methodology. Two linked QTL can be
separated only if recombinants are sampled in the
mapping population (Kearsey 2002). Therefore, the
mapping resolution is limited by the practicable map-
ping population size. Populations of size =500 are rarely
seen in practice for mapping using primary populations
such as backcross, Fo, and recombination inbred lines.
Therefore, QTL mapping using primary populations
can give only a rough position and effect estimation due
to the limited population size and errors in both geno-
typing and phenotyping. Once the QTL interval has
been identified, some secondary mapping populations
should be built from the preliminary mapping popula-
tion and fine mapping needs to be conducted (KEARSEY
2002). As whole-genome genotyping is not requested in
the secondary population, and selective phenotyping
may be implemented, a larger population can be used.
At the same time, new markers in the candidate intervals
may be discovered and added to the linkage map. By
then we may determine whether the identified QTL con-
tain one gene or multiple genes.

It is now common that the number of markers ex-
ceeds the sample size of the mapping population. The
performance of ICIM and other recommended map-
ping methods needs to be investigated under this situa-
tion. We have used a backcross population to illustrate
our method in this article. However, the extension of
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ICIM to Fy, doubled haploids, and recombination
inbred lines is straightforward. CIM is not extendable
to epistasis (ZENG et al. 1999). As can be seen, models
(1)=(3) can be easily extended to include epistasis. For
instance, by inclusion of marker-pair multiplications in
model (4) digenic epistasis can be modeled. This work is
currently under development.

Conclusions: The problem with the current CIM
method is the arbitrariness of choosing the cofactors.
Different methods of cofactor selection will generate
different, sometime controversial results. In ICIM, sig-
nificant cofactors are selected and their corresponding
effects are estimated by using stepwise regression ana-
lysis prior to interval mapping. The effects of the cofac-
tors are then fixed when used in the genome-scanning
process. This eliminates the arbitrariness of cofactor
selection associated with CIM. ICIM has a simpler form
and faster convergence speed (EM algorithm converges
after three to five iterations), without losing the optimal
properties of CIM. ICIM gives clearly high LOD scores
at chromosomal regions with QTL but rather low LOD
scores where no QTL is located and results in less biased
estimates of QTL effects, thereby improving the map-
ping power and precision. Extensive simulations
showed that ICIM improved the performance of QTL
mapping over the existing CIM method.
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