Heredity 84 (2000) 525-537

Maximum likelihood analysis of quantitative
trait loci under selective genotyping
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Selective genotyping is a cost-saving strategy in mapping quantitative trait loci (QTLs). When the
proportion of individuals selected for genotyping is low, the majority of the individuals are not
genotyped, but their phenotypic values, if available, are still included in the data analysis to correct
the bias in parameter estimation. These ungenotyped individuals do not contribute much
information about linkage analysis and their inclusion can substantially increase the computational
burden. For multiple trait analysis, ungenotyped individuals may not have a full array of phenotypic
measurements. In this case, unbiased estimation of QTL effects using current methods seems to be
impossible. In this study, we develop a maximum likelihood method of QTL mapping under
selective genotyping using only the phenotypic values of genotyped individuals. Compared with the
full data analysis (using all phenotypic values), the proposed method performs well. We derive an
expectation—maximization (EM) algorithm that appears to be a simple modification of the existing
EM algorithm for standard interval mapping. The new method can be readily incorporated into a
standard QTL mapping software, e.g. MAPMAKER. A general recommendation is that whenever full
data analysis is possible, the full maximum likelihood analysis should be performed. If it is
impossible to analyse the full data, e.g. sample sizes are too large, phenotypic values of ungenotyped
individuals are missing or composite interval mapping is to be performed, the proposed method can
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be applied.

Keywords: EM algorithm, QTL mapping, simplex algorithm, truncated selection.

Introduction

Statistical analysis of quantitative trait loci requires both
the phenotypic data and marker genotypes of individ-
uals sampled from a reference population. It is generally
believed that a large sample size is required to map
QTLs with small effects. However, obtaining a large
sample can be very costly or even impossible. Usually,
the cost of genotyping is higher than that of the
phenotypic measurement. Lander & Botstein (1989)
showed that one can selectively genotype individuals
from the extremes of the phenotypic distribution, yet
receive almost identical power as when the whole sample
is genotyped. If the cost of the phenotypic measurement
is low, selective genotyping can significantly reduce the
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cost. This selective genotyping technique has been
widely utilized in QTL mapping experiments (e.g.
Groover et al., 1994).

Under selective genotyping, phenotypic values of
ungenotyped individuals still have to be included in the
analysis, with their marker genotypes treated as missing
values, otherwise estimates of QTL effects will be biased
(Lander & Botstein, 1989). A full likelihood function is
given by Muranty & Goffinet (1997a). Exact maximum
likelihood estimates (MLEs) can be achieved via an
iterative approach. However, Muranty & Goffinet
(1997a) derive approximate MLEs under the assump-
tion that QTL effects are small relative to the residual
standard deviation. Recently, Johnson et al. (1999)
proposed an expectation—maximization (EM) algorithm
implemented via Monte Carlo sampling for handling
missing marker genotypes.

With phenotypic values of ungenotyped individuals
excluded from the data analysis, Darvasi & Soller (1992)
investigated an analysis of variance (ANovA) approach
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to estimate QTL effects with a bias correction. Without
providing a detailed implementation, they also proposed
a maximum likelihood approach for such a truncated
data analysis.

Muranty & Goffinet (1997b) extended their selective
genotyping to multiple trait QTL mapping, showing
that selection on one trait can increase the power of
QTL detection for a correlated trait. They also
proposed a selection index method for multiple trait
selective genotyping. Instead of selecting the two tails
of a single trait, they first established a selection index
combining phenotypic values of all traits, and then
selected the two extremes on the scale of the index.
Again, phenotypic values of ungenotyped individuals
must be included in the data analysis to remove the
bias in the estimated QTL effect. In reality, different
traits may be expressed in different stages. If selection
is performed on an earlier displayed trait, individuals
that fail to reach the criterion of selection in this stage
may be removed, and thus do not have the opportunity
to express their phenotype for a later trait. In this case,
unbiased estimates of QTL effects for the later trait
seem to be impossible based on the method of Muranty
& Goffinet (1997a,b). Therefore, a new method is
needed to handle missing values for both the genotypes
and the phenotypes.

Such a method is now available as a result of work
by Henshall & Goddard (1999). They adopted an
entirely different approach by altering the roles of
genotypes and phenotypes in the likelihood function.
They treated phenotypes as independent variables and
genotypes as dependent variables. Because genotypes
are binary in a population with only two genotypes,
they utilized a standard logistic regression approach.
The advantages of this method are: a standard statis-
tical package, such as SAS, is readily applied and
estimates are not affected by selection of the phenotype.
The second advantage is important in handling the
problem of missing phenotypes. As recognized by the
authors, the logistic regression method, however, has
not been sufficiently generalized to handle populations
with more than two segregating genotypes, e.g. the F;
family. Furthermore, it is not clear how to implement
the composite interval mapping (Jansen & Stam, 1994;
Zeng, 1994) in the logistic regression framework.

The objectives of this study are to develop a
maximum likelihood approach to QTL mapping using
samples containing only the genotyped individuals and
to compare its efficiency relative to that using samples of
all individuals. The maximum likelihood solution will be
achieved via an EM algorithm that is simple enough to
be incorporated into any standard interval mapping
software.

Theory and methods

Single-trait analysis

Consider an F, population of N individuals with
phenotypic values measured for trait y. Among the N
individuals, only n (n < N) of them are selectively
genotyped, with n/2 being selected from the upper
extreme and n/2 being selected from the lower extreme in
the scale of y. This selection regime can be viewed as
‘disruptive selection’ with two known artificial trunca-
tion points. Individuals are genotyped only if y; < ¢, or
V= b, where t; and ¢, are, respectively, the (r/2)th and
(N — n/2)th ascendingly ordered phenotypic values of y
among the N individuals. In real data analyses, the two
tails selected for genotyping may not be symmetrical.
The two truncation points, #; and 7,, are not calculated
from the distribution; rather, they take the largest
phenotypic value in the lower tail and the smallest
phenotypic value in the upper tail.

The phenotypic value of the jth individual is described
by the following linear model:

Vi =Mu+zja+wid+e, (1)

where a and d are the additive and dominance effects of
a QTL, respectively, z; and w; are indicator variables for
the genotype of the QTL, which are defined as:

+1 for Q1Q1
z; = 0 for 010, and w; = {
1 for Q2Q2

+1 for Q]Qz
1 for 010y or 0,0

where Q,Q; for k < /=1,2 denotes the QTL genotype,
and e; is the residual effect distributed as N(0, o).

For notational simplicity, let us define b=[pu, a, d]
and x;=[1, z;, w], and rewrite model (1) by:

T

yj:ij+eja (2)
where x;=uy, for genotype Q,Q; and

up 1 1 1
11§ = 1 0 1
|1 5)) 1 1 1

This is a typical regression model. Because the QTL
genotype is not observable but inferred from marker
information, only the conditional distribution of x;
given the marker genotype is available. Define the
conditional probabilities of the QTL genotype, and thus
X;, by p(x;) and the probability density of y; given x; by:
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[1/v/(@2na®)]exp{ [1/26°](y; x;b)}.

The likelihood function is rewritten as:

N
L(b,a’ly) = H [ZP x;)f (ilx;) ]
j=1 [x;e8
[ZP (x)f (yilx))

x;€S

flx;) =

|
.E=

Jj=1

N
X H [(1/8)f yluir) +

+(1/4)7 (jlua2)]; (3)

where S'={u;y, u,, ux,}. Note that the first n individuals
are genotyped and the last N — n individuals are
ungenotyped, and p(x;) takes its prior value for
j=n+1,.., N.

The phenotypic values of ungenotyped individuals
contribute very little information to linkage analysis.
Their inclusion in the likelihood serves solely as a way
to correct the bias in estimation of the QTL effects
caused by selective genotyping. When the number of
ungenotyed individuals becomes very large, the maxi-
mum likelihood method implemented this way is com-
putationally inefficient. An alternative way to construct
the likelihood function is to include only the phenotypic
values of the genotyped individuals while still taking
into account the selection process. The likelihood
function then becomes:

(1/2)f (yjlui2)

L(b,o’ly) = H [ZP (x/)g(yilx)) ] (4)
j=1 Lx;es
where:
g(yilx;) = f(yilx) H{@(uilx;) + [1 - ®(rafx;))]}- (5)

The denominator of g(y/x;) is Pr[(y; < #;) U (y; 2 1)
x;], the conditional probability that the jth individual is
selected for genotyping given X; where @(t(|x;)=
Pr(y; < t1]x;) and @(15]x;) =Pr(y; < 15|x;) are standard-
ized normal functions, and 7;|X; = (#; — x;b)/c and 7,|x;=
(t2 — x;b)/0 are the standardized truncation points.

The likelihood function can be searched via an EM
algorithm that is described below. In the E step, the
conditional posterior dlStI’lbuthl’l of x; is obtained using
initial values of b and o2,

P (x) = [p(x))g(y|x;) / [Zp X;)g

x;€S

9(yilx;) ] (6)

The posterior distribution is then used to calculate the
expectations of various quantities that involve x;. In
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the M step, we estimate the parameters based on the
following equations:

- lz E, (x}x_,-)]

[

1

¢ ulx) ¢ nlx)
it 1+(D rl\xj) D rz|xj)

(7)

, ulx) ¢ ulx;)
1+® ‘Cl|Xj)

T[x;) ¢ 72|Xj)] (8)

D 1,x;)

where ¢(7,|x;) and ¢(1>|x;) denote the standardized
normal densities, different from ®(t;|x;) and ®(1,|x)).
The notation E, stands for expectation with respect to

» the missing genotype. The initial values of param-
eters are then replaced by b and 62, forrmng a new
cycle of iteration. After convergence, b and 62 will be
the MLEs of b and ¢°. Note that the terms involving
o and ¢ in the right hand sides of eqns (7) and (8)
are because of selective genotyping. Without selection,
these terms will vanish and the EM equations will
reduce to the standard ones (Zeng, 1994). In the
simple model described in this study, only one non-
QTL effect, u, is included in the model. If the model
includes many covariates, as seen in composite inter-
val mapping, the ECM approach should be adopted
(Jiang & Zeng, 1995). The derivations of b and 67 are
given in the Appendix.

Multiple-trait analysis

Let us define a 1 X m vector for m traits measured in the
Jjth individual by y;=[yy1, yj2, ..., Yjml]. The multivariate
linear model is expressed by:

y; =x;B+ej 9)

where x;=[1, z; wj] remains the same as in the single-
trait model,

M Myt iy
B:[Ble-“Bm]: 3] ar e Ay

dl d2 dm
and
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ej = [ejl,ej27...,ej,,1]

is a 1 x m vector for the residuals with a multivariate
normal distribution, i.e. e; = N,,(0, V), where:

2
071 012 - Olm
2
g12 0y 0 O2p
V = Var(e;) =
2
Oml Om2 - Oy,

Assume that the criterion of selection is a linear
combination of all traits, called the selection index and
denoted by ;=% _iciyx;=Yy;¢. The selection index
is a generalized criterion of selection. If ¢;=1 and
cjz1 =0, then the index becomes the phenotypic value
of the first trait. The score of the selection index can
be similarly partitioned into a genetic and residual
component:

I; = x;br + ey, (10)

where b;=> "% _ ;B =Bc and e;=> "% _crei=e;c.
The expectation and variance of I; are E(/;|x;) =xBc
and Var(/j]x)) = 0% = cTVar(ej)c =c'Ve, respectively.
The two truncation points of selection in the scale of
the index are defined, again, by #; and ¢,, respectively.
The probability density of y; without selection is:

Flylx) ={1/[2m)"2 V]2
xexp[ (1/2)(y;

After truncation selection on index /;, the joint density
becomes g(yj[x) = [Ay[x)l[1 + @(rz]x) — D(12]x)),
where the denominator is the probability that the jth
individual is selected for genotyping, i.e. I + @(t(|x;) —
Q(nrfx) = 1 = [ly<y. <0 Aylxpdy,=1 = I fLIx)dAL,
where 17,|x; = (#; = x;Bc)/o; and 1,|x; = (#; — x;Bc)/o; are
the standardized truncation points in the scale of the
index.

The likelihood function appears the same as eqn (4).
Again, the MLEs can be obtained by using an EM
algorithm, which requires first calculating the posterior
distribution of x; and then maximizing the expectation
of the log likelihood. The EM equations are given as
follows:

xB)V 'y, xB)". (11)

1
B =

>E(xfy)
=
2 T o nulx;) ¢ nlx)
{]Zl Ex |f‘j <y] + BO'I 1 +(I) T1|Xj) O T2|Xj)>] }

(12)

and

V:

S =

D E |y, xB)y, xB)'
=1

X)) ¢ wlx)
D 1x;) 7

Tp 2 T1|X./')¢ 7~'1|X./')
b 1+ @ 7]x;)

(13)

where BZ(I/O’%)[O‘]], G215 --vs Omil, 18 @ 1 X m vector for
the simple regression coefficients of the traits on the
index. Note that the multivariate EM equations are
simple extensions of the univariate EM by multiplying B
and B'p by the appropriate terms in eqns (7) and (8).
Again, eqns (12) and (13) will reduce to the standard
ones (Jiang & Zeng, 1995) under random selection.

Statistical power under selective genotyping

It is difficult to evaluate the power of QTL mapping
when a genome-wide chromosomal scanning is per-
formed because the distribution of the test statistic
under either hypothesis (null or alternative) is unknown.
The usual practice is to evaluate the power under the
assumption that the position of the QTL is known
so that only point-wise test statistics are considered
(Muranty, 1996). The distribution of a point-wise test
statistic is usually known, at least asymptotically.
Although the power calculated this way cannot be
applied to a whole genome-wide analysis, it may be used
to compare relative efficiencies of different methods. It
is certainly appropriate to use this power to evaluate
mapping procedures under the candidate gene ap-
proach. Theoretical work has been conducted for
systems with two contrasting genotypes in the segregat-
ing population, e.g. backcrosses or half-sibs (Darvasi &
Soller, 1992). In this study, we evaluate the statistical
power of QTL detection for a single-trait model in
systems with three possible genotypes, e.g. F> families,
under the assumption that the trait is controlled by a
single QTL whose genotype is observable. Throughout
the discussion, we will emphasize the difference in power
between QTL detection with and without selective
genotyping.

Power calculation without selective genotyping has
been extensively investigated by researchers (e.g. Soller
& Brody, 1976 and Muranty, 1996). Denote the general
linear model in matrix notation by:

y=Xb+e. (14)

The null hypothesis is Hy : a=d =0, which is expressed
in matrix notation by Hy : Kb=0, where:
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010
K:[o 0 1]'

The generalized likelihood ratio test statistic (Graybill,
1976) for testing this hypothesis is:

JC RPN
1= <l’l p) (UQOAZ O-Ql>7 (15)
q 0q,

where ¢ =2 is the rank of K, p=3 is the number of
parameters in the full model, 63 and 65 are the
residual variances estimated from the full model and
the reduced model (Kb = 0), respectively. Graybill (1976)
showed that 4 follows a noncentral F distribution
denoted by F(X : ¢, n — p, 0), where ¢ is the noncentral-
ity parameter given by:

o = {[Kb]"[K(X"X) 'K"] '[Kb]}/26°. (16)

Muranty (1996) called A the F-test statistic because
of the nature of F distribution. In genetic studies, a
different sample will involve a different X because
a completely different segregation process will occur
for a different experiment. When the sample size is not
too small, however, X'X will be fairly constant from
sample to sample. Therefore, we can substitute X' X by
its expectation. Defining

e[a] =[] =[]

and
i Zj _ Vz VZW _ 1/2 0
I P |
we have
1 M. M,
EX'X)=n|M. V.+M> V.. +MM,
My, Voe+ MM,  V,+ M
10 0
=nl0 1/2 0
0o 0 1

Substituting X"X by E(X'X) and after some algebraic
manipulation, we get:
_n(@/2+d*)  nog

0= 202 T 2¢2’ (17)
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where o =a?/2 + d” is the total genetic variance. The
statistical power is then calculated as:

‘I‘:/ F(A:q,n p,0)dA, (18)
F (1 o:g,n p0)

where 1 — ¥ is the Type II error and F~'(1 —«: g,
n — p, 0) is the critical value for testing Hy at a Type I
error rate of a.

Under selective genotyping, the exact form of the
distribution of the likelihood-ratio test statistic is
unknown. To derive the power under selective geno-
typing, we must assume that the test statistic still
follows a noncentral F distribution but with a different
noncentrality parameter. This approximation is valid
when the selection intensity is weak or the QTL in
question has a small effect. In fact, Darvasi & Soller
(1992) have already made this approximation when
calculating the number of genotyped individuals
required to achieve a given power under an additive
effect model in a backcross design. Selective genotyp-
ing will change the conditional distribution of y; given
its genotype and the frequencies of the three geno-
types in the mapping population. These changes will
eventually modify a, d, o> and E(X"X), leading to an
increase in the noncentrality parameter and thus an
increase in the power.

Let us denote the phenotypic value in the selected
population by y*. Using the theory of truncated
selection (Cohen, 1991), we found that the conditional
expectation and variance of y* given genotype Q,Q; are:

E(V'|0c01) = wub + a[dp(w2|uy)  d(ti|ug)]/
1+ (11 |ugr)  D(72|upr)]
and
Var(y*|0x01)
_ 2 [1 (t1fwer) (i fugr) (Tz|“k1)¢(fz|llk1)]
1+ (I)(‘L'l |uk1) (D(Tzlllk[)
02{ ¢(Tl|uk1) <f>(‘f2|llk1) r
1+ ®(tifug)  D(tafug)

respectively, where t;|u=(¢; — ub)/o for k < /=12
Let us now define the probability that an individual
with genotype Q,Q; is selected for genotyping by
=1 + ®(tq|ug) — ®(12|ug;). According to Bayes’
theorem, the frequency of genotype Q,Q), in the selected
population can be defined by pi,=[(1 + |k — I))gul/
(qi1 + 2q12 + gx) for k<i=1, 2.

The modified additive and dominance effects after
selective genotyping become:
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a =E(0101) [pnE(0101)
+pnE(0:02)]/Ip11 + p22] (19)

and

pPnE(*10101) + pnE(*|0:00)
pi1 +p»

d* == |E(y"|010»)

)

(20)

NS

respectively. The altered residual variance takes the
weighted average of the within-genotype residual vari-
ances, 1.e.

2
ot =Y puVar(y'|Qu0). (21)

k<l
The modified E(X"X) resulting from selective genotyp-
ing is:
1 M M,
EXX"™X) =n| M} VI (M) Vi A+ MM

w

My, Vi, 4+ MM, Vi (M)
where
M — Pt p»
M pi2 (pu+p»n)
and
|:Vz* Vztv]:{(pn-kpzz) (pn P22)2 pi2(pn pn)
Ve Vs pi2(pn pu) dpin(1 pio)

Denote b* =[u* a* d*]" as the vector of parameters after
selection, then the noncentrality parameter under selec-
tive genotyping is

Kb*)"{K[E*(X"X)] 'K"} '(Kb*)
202

g = . (22)

Subsequently, the statistical power under selective
genotyping is calculated using eqn (18) but with the
noncentrality parameter replaced by o*.

lllustration

In this section we demonstrate the application of the
method using simulated data and show the general
behaviour of the method that one expects to observe in
QTL mapping experiments.

Single-trait QTL mapping

In the first simulation study, we assumed that a single
QTL is located at position 25 ¢cM of a 100-cM chromo-
some segment covered by 11 evenly spaced codominant
markers. The size of the QTL (measured by the
percentage of phenotypic variance explained by the
QTL) is 0.05. The actual genetic effects that generate
such a QTL are ¢=0.229 and 4=0.162. In an F,
population, these genetic effects will make up a genetic
variance of 65 =a’/2 + d*=0.0525. The residual vari-
ance was set at o>=1.0, leading to A*>=0.0525/
(0.0525 + 1.0)=0.05. The number of individuals geno-
typed was fixed at 100. We then varied the total number
of individuals measured for the phenotype to control
different levels of selection pressure. We set up four
levels of proportion genotyped: 100%, 50%, 10% and
5%. The total numbers of phenotypically measured
individuals corresponding to the four proportions were
100, 200, 1000 and 2000, respectively. Under selective
genotyping, three methods of QTL mapping were
compared: (i) full data analysis (FULL) where all
phenotypic values, including ungenotyped individuals,
were included in the data analysis with the marker
genotypes of ungenotyped individuals treated as missing
values; (ii) biased analysis (BIAS) where only pheno-
typic values of genotyped individuals were included in
the analysis with the likelihood function constructed as
if there were no selection; and (iii) the true method of
selective genotyping (SELECT) proposed in this study
where only genotyped individuals were included and the
likelihood was constructed with correction for the bias.
The QTL location was estimated as the mean chromo-
somal position that shows the highest value of the test
statistic. Each simulation was repeated 100 times.

The mean and standard deviations of the estimates are
given in Table 1. Under random selection with the low
variance explained by the QTL and the small sample size
(n=100), estimation of the QTL position is not only
severely biased towards the centre of the chromosome
but is also subject to a large estimation error. Estimates
of the QTL effects and the residual variance are quite
close to the expected values, although with relatively
large errors. With selective genotyping (SELECT),
although the same numbers of individuals are included
in the analysis, the bias in QTL position estimate has
been progressively corrected as the selection intensity
increases; for instance, when the proportion selected is
5%, the estimation is almost unbiased with the estima-
tion error reduced to one-third of what is observed under
random selection. Compared with the FULL method,
the SELECT method has a slightly increased estimation
error in the QTL position estimate. This indicates that
inclusion of the large number of ungenotyped individuals
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Table 1 Comparisons of quantitative trait loci (QTL) mapping procedures under different selection intensities, where cM, is
the estimated QTL position (true value is 25) and 4 is the generalized likelihood ratio test statistic for the presence of QTL
(including both the additive and dominance effects). The numbers listed in the table are the averages of 100 replicated
simulations with the standard deviations in parentheses

Selection Method+ cMj hi a d 62 i
True value 25 0.00 0.229 0.162 1.00

100% 33.79 (23.41) 001 (0.10) 0243 (0.190)  0.164 (0.156)  0.998 (0.134)  4.45 (2.40)

50% FULL 31.06 (18.29)  —0.02 (0.09)  0.271 (0.155)  0.193 (0.116)  0.992 (0.075)  7.70 (3.53)
BIAS 3035 (18.70)  0.00 (0.15)  0.426 (0.257)  0.349 (0.203)  1.686 (0.151)  6.91 (3.44)
SELECT 3034 (18.65) =001 (0.09) 0252 (0.166)  0.196 (0.118)  0.973 (0.103)  6.80 (3.40)

10% FULL 27.07 (1225) =003 (0.04)  0.284 (0.110)  0.160 (0.075)  1.009 (0.041) 12.28 (5.55)
BIAS 2718 (13.03) 005 (0.20) 0.923 (0.369)  0.618 (0.338)  3.588 (0.539) 11.69 (4.30)
SELECT 26.99 (13.10)  —0.01 (0.06)  0.255 (0.106) 0.155 (0.080) 0.993 (0.112) 10.57 (4.29)

5% FULL 2554 (6.10)  —0.04 (0.03)  0.280 (0.075)  0.170 (0.058)  0.996 (0.035) 15.31 (5.51)
BIAS 25.36 (8.12) 0.04 (0.20) 1.116 (0.314) 0.811 (0.301) 4.272 (0.538) 13.73 (4.97)
SELECT 25.25 (8.58) —-0.02 (0.06)  0.273 (0.095) 0.175 (0.076) 1.004 (0.121) 13.10 (4.29)

T See text for definitions of the three methods.

does provide a little information about linkage for a
reason to be explained later. The BIAS method, using the
same amount of phenotypic information as the SELECT
method, has almost identical estimation error of the
QTL position as the SELECT method. Both the FULL
and the SELECT methods provide estimates of the QTL
effects close to the expectations with similar estimation
errors. The BIAS method, however, gives severely biased
estimates of the QTL effects, because of the use of an
incorrect likelihood function. The residual variance is
estimated very closely to the expectation by both the
FULL and SELECT methods. However, estimate of the
FULL method has decreased the already small estima-
tion error. This explains the slightly decreased estimation
error of the QTL position by the FULL method. The

BIAS method, again, gives a very biased estimate of the
residual variance. Finally, selective genotyping has
increased the score of the test statistic up to threefold
(see the last column of Table 2).

Multiple trait QTL mapping

In the second simulation study, we investigated QTL
mapping for two correlated traits under selective geno-
typing. The marker map remains the same as previously
described. The first trait is controlled by one QTL at the
same location (25 ¢cM) with the same effect as described
in the previous experiment, i.e. a;=0.229 and d, =
0.162. The second trait is controlled by a QTL located
at 85 cM with identical effects, i.e. a,=0.229 and

Table 2 Comparison of multiple-trait mapping under selective genotyping and
random selection from 50 replicated simulations. The estimated values are means
of 50 replicates with standard deviations given in parentheses

Estimate
True Selective Random
QTL parameter value genotyping selection
Trait one  Location 25 cM 25 cM 24 cM
Additive effect 0.229 0.248 (0.065)  0.248 (0.096)
Dominance effect 0.162 0.173 (0.042)  0.154 (0.081)
Residual variance 1.00 1.00 (0.070) 0.966 (0.082)
Trait two  Location 85 cM 84 cM 85 cM
Additive effect 0.229 0.225 (0.087)  0.206 (0.088)
Dominance effect 0.162 0.156 (0.069)  0.152 (0.065)
Residual variance 1.00 0.996 (0.040)  0.988 (0.070)
Joint Residual covariance 0.50 0.500 (0.078)  0.501 (0.086)
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d>»=0.162. The residual variances were set at o7 = g3 = 1
and the residual covariance set at o, =0.5. The selec-
tion criterion was I;=cy; + coyp where ¢;=1 and
¢;=0, 1.e. only the first trait was selected. A total of
2500 individuals were measured for phenotype, but 250
(10%) were selectively genotyped. The simulation was
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Fig. 1 (a) Test statistic profiles under selective genotyping for
multivariate quantitative trait loci (QTL) mapping. (b) Test
statistic profiles under random selection for multivariate QTL
mapping. Two QTLs, each controlling one trait. The true QTL
position of the first trait is 25 ¢cM and that of the second trait is
85 cM. Selection is on the first trait. T, T, and T, are test
statistics for the presence of QTLs for the first trait, second
trait and both traits, respectively (see text for definitions of
the T%s).

replicated 50 times. Figure 1(a) gives the average like-
lihood ratio test statistic profiles under selective geno-
typing (10%). The solid (7), dotted (7,) and dashed
(T>) lines represent the likelihood-ratio test statistic
profiles for the first trait, the second trait and both traits
(joint test), respectively. Note that the likelihood-ratio
test statistic profiles (functions of the F-test statistics)
are used here. They are defined as:

~2 ~2
T] _ 2<n 6) (agl - O—le>’
2 9q,,
2 2
I = 2<n 6) JQZQ 7
2 99,

2
T, =4 n o6 % %
12 — 4 ) )
9q,,

where 63, is the estimated residual variance under model
Q which defines the linear model by the set of param-
eters included in the model:

Quefy a di w a d}
Qe{y, 0 0 w a d}
Qe{y a d w 0 0}
Qef{y 0 0 u 0 O}

We used T instead of 4 to depict the test statistic profiles
because T approximates a ;{f, distribution and thus bears
the additive property, i.e. T1o=17; + T,. Although the
two traits have an identical genetic variance, the first
trait has a substantially higher test statistic profile than
the second one because the first trait is directly selected
for genotyping. As a comparison, we repeated the
simulation under random selection, i.e. we generated
250 individuals and genotyped all of them (100%) for
mapping. The corresponding test statistic profiles are
given in Fig. 1(b). Compared with random selection
(Fig. 1b), the increase in the test statistic profile for the
first trait (Fig. 1a) is obvious. A slight increase in the test
statistic profile for the second trait is also observed
because of its correlation to the first trait.

Power under selective genotyping

As reported in this section, we first calculated the
predicted powers under various proportions of geno-
typed individuals using the theoretical formula given in
eqn (18). We then conducted simulation experiments to
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Table 3 Statistical powers under various degrees of selective genotyping using the phenotypic values and marker data of
n = 100 genotyped individuals. The case with 100% proportion genotyped represents random selection without selective
genotyping. The trait is controlled by a single quantitative trait locus (QTL) explaining 5% of the phenotypic variance

(@ = 0.229 and d = 0.162)

P
Proportion Number of individuals Lowert truncation Noncentrality ower ()
genotyped measured (V) (1) D) Theoretical Simulated
100% 100 -0.00 2.623 0.511 0.526
75% 133 —-0.33 3.555 0.648 0.635
50% 200 -0.70 5.190 0.818 0.793
25% 400 -1.17 8.424 0.960 0.935
10% 1000 -1.70 14.125 0.998 0.990
5% 2000 -2.00 18.599 1.000 0.999
T The upper truncation point is 1, = —1;.

verify our theoretical prediction. The effects of the QTL
were again set at ¢ =0.229 and d =0.162. The number of
individuals genotyped remained at »=100. We varied
the total number of individuals measured () to control
the proportions selected for genotyping (see column 2
of Table 3). Because the population mean was set at
u = 0, the truncation points are symmetrical, and thus
t, =—t;, where the values of #; were found by trial and
error so that the theoretical proportions selected equal
the predetermined proportions (see column 3 of
Table 3). The values of the noncentrality parameter
are listed in column 4 of Table 3. The critical value for
testing the hypothesis at a Type I error rate of «=0.05 is
F_1(0.95 12, 97, 0)=3.09, which was used to calculate
the theoretical powers (listed in column 5 of Table 3).
We then simulated 1000 samples under each level of
proportion and conducted QTL analysis for each
sampled data set. The empirical power under ecach
setting was calculated as the proportion of the samples
that have the F-like test statistic greater than 3.09. These
empirical powers, given in the last column of the table,
are fairly close to the corresponding theoretical predic-
tions.

Discussion

When the phenotypic values of ungenotyped individuals
are included in the data analysis, standard methods with
proper handling of missing markers are used (Lander &
Botstein, 1989; Muranty & Goffinet, 1997a,b; Henshall
& Goddard, 1999; Johnson ef al., 1999). A problem
occurs if the number of ungenotyped individuals is large
because of the increased computational burden; for
example, if 10% of the test population is genotyped, to
genotype 250 individuals, one needs to measure an
additional 2250 individuals for their phenotypes. The
total sample size will be 2500. Because the 2250
ungenotyped individuals contribute very little to linkage
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analysis but serve as bias correctors, their phenotypic
values do not have to be included in the analysis. These
individuals, however, do contribute to the estimation of
the residual variance. The estimate of the residual
variance usually has very small estimation error. When
the number of individuals genotyped is small, however,
the residual variance estimate from only the genotyped
individuals may not be sufficiently accurate. In this case,
it is important to include the ungenotyped individuals.
The methods described above (e.g. Muranty & Goffinet,
1997a,b; Johnson ef al., 1999) are not the only ways
to include the ungenotyped individuals. An alternative
way is to ignore completely the genetic effects for the
ungenotyped individuals, partition the residual variance
of an ungenotyped individual into a genetic and a pure
environmental component, and use a mixed-model
approach. This can be accomplished via the following
maximum likelihood analysis. Define the model for
an ungenotyped individual by y;=u + r;forj=n + 1,
..., N, where r; is the residual effect with an
N(0, 6§ + o) distribution and og=d/2 + d? as
defined previously. The probability density of y; for
the ungenotyped individual will be:

f) = {1/v/[2n(eg + o%)]}
xexp{ [1/2(cg +0”)ln  ul’}.

The likelihood function including all individuals will be:

Lib.oly) =[] [Zp<x,->f<y_/—|xj>} )

j=1 Lx;es Jj=n+1

Note that ungenotyped individuals do not contribute to
the estimation of b except u, but they are used to
estimate o5 + o°. The MLE may be directly searched
or obtained via an EM algorithm. In either way, the
speed of convergence may be faster than the methods
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that treat x; as missing values because there is no need to
update p(x;) for an ungenotyped individual. Further
investigation is required to explore the properties of this
alternative approach.

It is not hard to imagine that ungenotyped individuals
may not have a full measurement of phenotypic values.
This may occur, for example, in QTL mapping for the
trait of flowering time. An investigator may choose to
visit the field for the first few days when the population
of plants begins to flower and the last few days when the
population approaches the end of the flowering season.
In this case, plants that flower in the middle of the
season may not have a record of phenotype. Another
example comes from multiple trait analysis in forest
trees. One may decide to select early growth rate for
QTL mapping, but later the investigator may want to
map QTLs for later growth rate as well. If selection is on
the early trait, because of limited space, the investigator
may not keep the culled individuals in the field. Then the
final population would be a selected population with
regard to the later growth rate. The maximum likeli-
hood analysis proposed in this study is the proper tool
for handling such centrally truncated data.

It is undesirable to use only one tail of the trait
distribution to carry out QTL mapping because the total
variance of the trait is artificially deflated. However, if
the data happen to be single-tail truncated for some
technical reasons, the proposed method can readily be
applied for correcting the bias. A typical example of
single-tail truncation can be seen in artificial selection of
plant and animal breeding. Another example may come
from longitudinal data analysis where the phenotypic
value of an individual depends on it longevity. Only
surviving individuals have a complete measurement of
phenotype, whereas individuals not surviving only have
partial information; for example, the yearly egg pro-
duction of a chicken strongly depends on the viability of
the chicken. If a chicken dies in the middle of the year,
we do not know the phenotypic record of her yearly
production, but we do know that her yearly egg
production is greater than the current production in
her record at the time when she dies. An unbiased
analysis must be performed by taking into account these
partial records.

For multiple-trait analysis, selective genotyping has
been a problem because if all traits are deemed to be
important to the researcher, which traits should be
selected? The selection index approach of Muranty &
Goffinet (1997b) is a compromise between the traits.
Because the selection criterion now becomes a single
‘trait’, it is easy to apply in practice. Lin & Ritland
(1997) suggested that an individual should be genotyped
if at least one of m traits exhibits the extreme value.
Under this selection regime, different individuals seem to

have different criteria of selection; for example, if
individual j is selected because its kth phenotypic value
is first observed as being extreme, then the criterion for j
is (Vjx < tir) U (Vje 2 tax). On the other hand, if individ-
ual 7 is selected because its /th phenotypic value is first
observed as being extreme, then the criterion for i is
(vir £ t17) U (s 2 ty). In both the index selection and the
method of Lin & Ritland (1997), the selection criterion
of each individual is a single trait (one-dimensional
selection), and thus the proposed method will apply.
Another selection regime may be the so-called indepen-
dent culling level selection where an individual will not
be genotyped if any one of the m phenotypic values fails
to reach the extreme. This selection regime is perhaps
more rigorous than the previous two methods, but it is
hard to programme because it is a multiple dimensional
selection (requiring multiple integration). Further study
may be necessary to compare different selection regimes.
Nonetheless, when phenotypic values of ungenotyped
individuals are included, methods of selection will be
irrelevant to the statistical issue. Once selection is
carried out on the phenotypic value of one trait (primary
trait), QTL mapping for a highly correlated trait
(secondary trait) will also benefit. However, if the two
traits are not correlated, the effective sample size in
terms of the secondary trait will be comparable to a
random sample of n, where 7 is the number of genotyped
individuals. Therefore, one should be cautious about the
power of QTL mapping for traits less correlated to a
highly selected primary trait.

An advantage of the logistic regression of Henshall &
Goddard (1999) is that selection does not bias estimates
of QTL effects, irrespective of whether phenotypic
values of ungenotyped individuals are included in the
data analysis. This is because the roles of marker
genotypes and the phenotypes in the likelihood function
have been altered, just like the discordant sib-pair
mapping of Risch & Zhang (1995). Further investigation
on the logistic regression, however, shows that selective
genotyping can alter the estimation of the QTL effect.
The equivalence between logistic regression and the
maximum likelihood holds only approximately when the
effect of a QTL is small. This can be shown by looking
at the posterior probability of a QTL genotype given the
phenotypic value of individual j:

pP(x;) = [P(Xj)g(yj|xj)]/ {ZP(Xj)g(ijj)}
x;€8

where p(x;) is the prior probability of the QTL
genotype, independent of marker information, and
gWjIx) =[x {@(x1x)) + [1 — D(12]x))]}. However,
the logistic regression model uses r(x;) =[p(X)A( y/|x))]/
[>_xe sp(x)A[x)], 1.e. the term (zy[x)) + [1 = D(12]x))]
in the denominator of g(y;|x;) has vanished. The exact
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maximum likelihood function should be built using
p*(x;) instead of r(x;). However, using r(x;) may still be
justifiable because: (i) when the size of the QTL is small,
D(14]x;) + [1 — D(12]x;)] can be considered as a con-
stant across different genotypes so that the correspond-
ing terms in the numerator and denominator cancel
each other out, leading to p*(x;) = r(x;); and (ii) r(x;) is
much easier to handle than p*(x;) in the maximum
likelihood analysis. In addition to the approximate
nature of the logistic regression, there are two unsolved
problems: (a) modification is required to map a QTL in
an F, population; and (b) an exact interval mapping has
not been available. An approximate interval mapping
was accomplished via interpolation (Henshall & God-
dard, 1999). Solving for the first problem requires a
multicategorical response model, e.g. models for nom-
inal or ordinal responses (Fahrmeir & Tutz, 1994). The
second problem involves missing QTL genotypes and
may be solved using the EM or MCMC algorithm of
C. Vogl & S. Xu (unpublished results) for mapping
viability loci.

Quantitative trait loci mapping is usually performed
after a marker map is fully developed. If the trait
under selection has a strong genetic component,
selective genotyping can also cause distortion of the
inferred marker map from the true one. The distortion
is reflected by the change in both the marker order
and the distances between markers. Because the
severity of marker map distortion depends on the
sizes and locations of QTLs, marker mapping and
QTL mapping should be carried out concurrently
under selective genotyping. One can apply the general
idea of EM to concurrent mapping. To do this, one
first maps QTLs under the assumption that the
marker map is known without error, and then corrects
the marker map by taking into account the distortion
caused by selective genotyping under the assumption
that the sizes and locations of QTLs are known. This
completes one cycle of iteration, and the iteration
should continue until a criterion of convergence is
reached. The problem can be very complicated,
especially when the marker order is allowed to change.
Many theoretical and practical problems may exist in
concurrent mapping, and further investigation is
deemed necessary.

Maximization of the likelihood function is not an easy
task. Special algorithms and computer programs are
required. We developed an EM algorithm that appears
to be a simple modification of the existing EM algorithm
for standard interval mapping. As a result, it can be
readily incorporated into a standard QTL mapping
software, e.g. MAPMAKER (Lander & Botstein, 1989).
One caveat about the EM algorithm is that when the
selection intensity is too high, the EM algorithm may
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take a very large number of iterations to converge
and sometime may not converge at all. This is
not a problem of the EM algorithm itself, rather, it is
caused by numerical overflow when the bias adjustment
of the residual variance is conducted. Recall that we
added an additional term in eqn (8), 0'2[(7:1|x,-)¢(n|x,-) -
(12|x)9(2]x))/[1 + D(11]x;) — D(12]X;)], to the standard
EM estimation of the residual variance. When the
selection intensity is high, this term can be numerically
unstable. Proper handling of this numerical overflow is
required which is, unfortunately, beyond our technical
ability. We found that when the proportion selected is
40% or more, the problem rarely happens. In our
simulation studies, when numerical overflow occurred,
the EM algorithm was replaced by the simplex algo-
rithm (Nelder & Mead, 1965) for direct search of MLEs.
The simplex method is usually slower than the EM
algorithm, but it can handle highly selected data.
Another caveat is the sensitivity of the proposed method
to departure from normality. Because the likelihood
function involves @(t), in addition to ¢(t), we anticipate
that the method is more sensitive to deviation from
normality than the methods using also the ungenotyped
individuals.

In conclusion, we developed an exact maximum
likelihood approach to map QTLs under selective
genotyping using phenotypic values of genotyped indi-
viduals only. Compared with the full data analysis
(using all phenotypic values), the proposed method
performs well: the average test statistic is slightly lower;
estimates of QTL parameters are almost identical; and
the estimate of residual variance is subject to a relatively
large error. The slightly lower test statistic value may be
caused by the relatively large increase in the estimation
error of the residual variance. A general recommenda-
tion is that whenever full data analysis is possible, the
full maximum likelihood analysis should be performed.
If it is impossible or difficult to analyse the full data, e.g.
the sample size is too large, the phenotypic values of
ungenotyped individuals are missing or composite
interval mapping is to be performed, then the proposed
method should be applied with the understanding that
there is little to lose.
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Appendix

Derivation of the EM algorithm for single-trait
analysis
First, let us define the log likelihood function by:
I(b,c|y) = Zlog {Zp X;)g(vi|x;) }
x;€S
The MLEs of b and ¢” are obtained by solving 8//db =0

and 81/0¢” =0 simultaneously.

Derivation of dl/0b

x,ESp X)) dbg »ilx;)

Zx,esp X;)g vix))

5>

where

0
> px) Y yilx;)

x;eS
=Y P x))9 ylx)
x;€S
5 [1+@(n]x))
1+ O(7i]x;)

O(na]x;)]

O(12]x;)

1
X ;X,T v xb)

In the above equation, the truncation points have been
standardized, i.e. 7, =(#; — x}b)/o and 1, = (%, — x}b)/0,
where ¢ and ¢, are the truncation points in the original
scale. Note that:

0

n 1+ ®(t]x;)  @(r2]x;)]
9 )
= dnl) 5 d(nix) o
= é [p(uilx;)  d(zalx))]( XJT)
Hence,

)9
> P X)) 59 2ilx))

x;€S
=Y px)g yjlxj)
x;€S
P(12]x;)
O(w2|x;)

P(t1]x;)
1+ ®(7y]x;)

X [yj xb) + ¢

Define p*(x)) = [p(x)gWix)N/[>_xe s P(X)g(y|x))] as the
posterior distribution of x;, We now have:
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Solving for 9//0b =0, we have:

S5y ot et 1)),

Derivation of dl/oa>

Z x,esp X)) ()gzg vilx;)
ZV,ESP X;)g yilx;)

where
0
> P X)) 559 Vilx;
= J) (9(72 J J)
{ men] sy xh]

1+ @(t]x;)  ®(r2]x))

1 1

2
A X 5

2,1+ ®(t]x)) (D(‘L'2|Xj)}‘|}.

1+ 0(t]x;)  O(12]x))
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Note that
0
597 L1 T 0@ilx)  O(wmfx;)]
ot
=o(ulx) 55 dlulx)s s

( 2%) (X)) Tag(12]x))].

Therefore,

0
Zp X] o 529 yj|X])

x;€8

= P x))9 ylx;)

x;€8

dEIR R s o =)

Finally, we have

oL X”:Zx,esp X)) 5029 ¥11%))
Zx/ESp X;)9 vilx))

= zn: { > px) [(y_; x;b)’
2 nd(nlx;)  n(nalx)
’ (1 I+ @(z1]x)) CD(’~'2|X/‘)>] }

Solving for 81/da* =0, we obtain

LS 2 Huglulx)  ne(nlx)
Z;Ex[ Vi ij) to 1_|_(I)(‘clj‘xj) (I)(‘52|ij)}
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