
OR IGINAL AR TIC LE

Combined use of phenotypic and genotypic information in
sampling animals for genotyping in detection of quantitative
trait loci
S. Ansari-Mahyari1,2,3 & P. Berg1

1 Department of Genetics and Biotechnology, Faculty of Agricultural Sciences, University of Aarhus, Denmark

2 Agricultural Biotechnology Research Institute of Iran, Karaj, Iran

3 Department of Large Animal Sciences, Faculty of Life Sciences, University of Copenhagen, Denmark

Keywords

selective genotyping; phenotype and

genotype information; QTL mapping.

Correspondence

Department of Genetics and Biotechnology,

Faculty of Agricultural Sciences, University of

Aarhus, Research Centre Foulum, Blichers Allé
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Summary

Conventional selective genotyping which is using the extreme pheno-

types (EP) was compared with alternative criteria to find the most infor-

mative animals for genotyping with respects to mapping quantitative

trait loci (QTL). Alternative sampling strategies were based on minimiz-

ing the sampling error of the estimated QTL effect (MinERR) and maxi-

mizing likelihood ratio test (MaxLRT) using both phenotypic and

genotypic information. In comparison, animals were randomly geno-

typed either within or across families. One hundred data sets were simu-

lated each with 30 half-sib families and 120 daughters per family.

The strategies were compared in these datasets with respect to estimated

effect and position of a QTL within a previously defined genomic region

at genotyping 10, 20 or 30% of the animals. Combined linkage disequi-

librium linkage analysis (LDLA) was applied in a variance component

approach. Power to detect QTL was significantly higher for both Min-

ERR and MaxLRT compared with EP and random genotyping methods

(either across or within family), for all the proportions of genotyped ani-

mals. Power to detect significant QTL (a ¼ 0.01) with 20% genotyping

for MinERR and MaxLRT was 80 and 75% of that obtained with com-

plete genotyping compared with 70 and 38% genotyping for EP within

and across families respectively. With 30% genotyping, the powers were

78, 83, 78 and 58% respectively. The estimated variance components

were unbiased in EP strategies (within and across family), only when at

least 30% was genotyped. To decrease the number of genotyped individ-

uals either MinERR or MaxLRT could be considered. With 20% geno-

typing in MinERR, the estimated QTL variance components were not

significant compared with complete genotype information but all studied

strategies at 20% genotyping overestimated the QTL effect. Results

showed that combining the phenotypic and genotypic information in

selective genotyping (e.g. MinERR and MaxLRT) is better than using

only the EPs and the combined methods can be considered as alterna-

tive approaches to decrease genotyping costs, with unbiased QTL effects,

decreased sampling variance of the QTL variance component and also

increased the power of QTL detection.
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Introduction

Use of gene (marker) information of quantitative

traits to increase genetic gain in breeding schemes

has been argued as an alternative in dairy cattle

selection. The cost of genotyping is generally high

but phenotypes of some economically important

traits are routinely recorded in dairy cattle, e.g.

milk yield and milk contents. Selecting individuals

for genotyping is an attempt to overcome this

problem. Selective genotyping was firstly intro-

duced by Lander & Botstein (1989) to increase

power of detecting quantitative trait loci (QTL)

with a small effect. This approach selects portion of

individuals for genotyping, on the basis of the indi-

viduals’ phenotype (generally those with extremely

high or low phenotypic value). The advantage is

that fewer individuals need to be genotyped for a

given probability of identifying QTLs. Selective

genotyping yields significant savings in expensive

genotyping. Darvasi & Soller (1992) practiced this

method for a single marker linked to a QTL to

genotype only the individuals with potentially most

informative observations. The extreme phenotype

method (EP) considers individuals with the most

EPs, without using available pedigree or marker

genotype information. The general principle

exploited is that most linkage information can be

inferred by individuals with EP values and for a

given number of individuals genotyped, this

increases power to detect a QTL compared with

random genotyping. However, due to selecting a

subset of animals for genotyping, EP could cause a

bias in QTL parameter estimations (Lander & Bot-

stein 1989; Darvasi & Soller 1992).

Instead of phenotype information, Kinghorn

(1997) presented an index to indicate the informa-

tion content of genotype probabilities derived from a

segregation analysis. According to this index, indi-

viduals with the least accurately known genotypes

can be identified sequentially. The genotyping mod-

els could be used for identifying individual-by-indi-

vidual (Kinghorn 1997, 1999) or group-by-group

(Macrossan 2004). However, this method becomes

more complicated when a large haplotype is consid-

ered.

Simulation studies proposed that selective meth-

ods (e.g. EPs) are using most informative individu-

als for detecting the QTLs (Muranty & Goffinet

1997; Martinez et al. 1998; Van Gestel et al. 2000)

compared with random genotyping and the costs

would be reduced. This is an advantage of genotyp-

ing the EPs when the traits are easily and routinely

collected in human and animal genetics studies in

large populations (Casas et al. 2000). Casu et al.

(2003) used a daughter design (DD) combined with

EP and showed that number of genotyped individ-

uals are lower in DD when combined with EP (50

and 25% of the population) with a reasonable

power for intermediate QTL effects than using com-

bined EP with grand DD. The choice of what frac-

tion to genotype depends on the relative cost of

phenotyping and genotyping (Darvasi 1997). It has

been demonstrated that in EP, the power of QTL

detection is at least as great as random genotyping

(Ronin et al. 1998; Bovenhuis & Spelman 2000).

Stella & Boettcher (2004) used 10 different strate-

gies in genotyping and concluded that all strategies

had the same precise estimates of the QTL position

but they were better than random sampling from

the population.

One disadvantage of EP is that linear model esti-

mates of the QTL effects are conditional on the

individuals with genotype information and this

might cause a bias. One solution to solve this prob-

lem is to use a mixture model approach which was

presented by Jansen et al. (1998) for the mapping of

QTLs in an outbred population. Johnson et al.

(1999) have simulated this approach in a half-sib

family to demonstrate that estimates of the allelic

effects of a QTL are unbiased not only for the main

trait used to select individuals but also for a corre-

lated trait when both traits were jointly analysed in

a bivariate model. In this case, Markov chain Monte

Carlo methods are appropriate for sampling missing

data (for individuals without genotype information)

and then all phenotype records in the population

could be used for the mapping of QTL. In addition,

Ronin et al. (1998) showed that it is possible to esti-

mate unbiased parameters if all phenotype records

for the trait under selection are included in the

analysis.

All current traditional selective methods for QTL

mapping experiments have used either phenotypic

or genotypic information, even if a proportion of

animals already have been genotyped. Therefore,

QTL mapping studies are expected to be more pow-

erful by utilizing both genotype and phenotype

information in finding the most informative animals

for genotyping.

The objective of the current study was to compare

strategies for selective genotyping with respect to

power of detecting a QTL in simulated data. New cri-

teria based on both phenotypic and genotypic infor-

mation are contrasted with traditional selective

genotyping approaches.

S. Ansari-Mahyari and P. Berg Combined criteria in sampling animals for genotyping

Journal compilation ª 2008 Blackwell Verlag, Berlin. No claim to original US government works • J. Anim. Breed. Genet. 125 (2008) 100–109 101



Material and methods

Data simulation

Selective genotyping approaches were compared on

simulated data and precision of the QTL mapping

and power of detection related to the selective geno-

typing criteria were studied in a DD resembling, e.g.

dairy cattle population.

Population structure and genetic model

The simulation of the parents (base population)

was based on the method of Meuwissen & Goddard

(2000), with discrete generation assumption to

generate linkage disequilibrium. This method

assumed that variation in a QTL is due to a mutation

that occurred 100 generations ago due to random

drift, given a specific effective population size. There-

fore, according to this method and based on the

genetic model described below, 100 generations of

completely random mating were simulated with

effective population size of 200. In generation 1, the

genotypes were simulated for six marker loci equally

spaced in a 50-cM chromosome segment and also an

associated QTL placed in the midpoint between

markers 3 and 4. A simple bi-allelic QTL and markers

with five alleles were assumed. In the first genera-

tion, unique alleles were sampled and the frequen-

cies of alleles in each marker were equal to 0.20.

Initially in generation 1, the frequencies in the QTL

alleles were the same and equal to 0.50. Marker and

QTL genotypes (each animal with two unique alleles)

were assigned according to Mendelian inheritance

and allowed for recombination within the region.

Animals of generation 100 were considered as

unknown parents of generation 101. Genotypes of

the progenies (generation 102) were sampled from

the parental haplotypes (generation 101) allowing

for recombination. A Poisson distribution, given the

distance between markers or QTL, was used to

determine the probability of an uneven number of

crossovers. In generation 100, a mutant QTL allele

was sampled at random with the requirement that

the frequency (PQ) was between 0.45 and 0.55,

otherwise if PQ was out of this range then a new LD

population was simulated. Comparisons of the geno-

typing strategies were based on the generation 101.

Phenotype

One quantitative trait was simulated, so that the

sum of QTL, polygenic and residual effects generated

a trait (e.g. milk yield) with heritability of 0.25 and

total phenotypic variance of one. The phenotype

records were assigned to all the daughters in the

analysis and not to sires. The variance due to the

QTL was calculated as Vqtl¼2PQ(1)PQ)d2, where PQ

is the frequency of the favourable QTL allele in

generation 100 and d is the gene substitution effect.

Proportion of QTL variance relative to total pheno-

typic variance was between 0.0620 and 0.0627 and

therefore, allele substitution effect was 0.354. Poly-

genic effects were drawn from a normal distribution

(ND), ND(1/2as+1/2ad, 1=2r2
a) where as(ad) is the

polygenic breeding value of the sire (dam) and r2
a is

the polygenic variance (0.1874). For base animals,

polygenic breeding values are sampled from ND(0,

r2
a). Residual effects are sampled from ND(0,r2

e),

where r2
e is the residual variance (0.75).

Genotyping selection strategies

Four strategies for selective genotyping in a popula-

tion which contains paternal half-sib family groups

were defined based on a DD. Each strategy was used

to select daughters for genotyping until 10, 20 and

30% of the 3600 daughters in the population were

genotyped. All genotyping strategies were used for

the daughters and it was assumed the sire’s geno-

types was available.

Random genotyping

Random selection of daughters for genotyping was

used. The random strategy was practiced either ran-

domly across family (RAN_A) or randomly within

family (RAN_W).

Extreme phenotype genotyping

In this strategy, the daughters with EP were identi-

fied for genotyping either across sire families (EP_A)

or within sire families (EP_W). EP_A strategy is

known as conventional selective genotyping. The

daughters with phenotypes in the highest and lowest

percentages were selected for genotyping with equal

proportions in each extreme.

Minimum error of QTL variance component (MinERR)

This approach uses all available phenotype and

genotype information in selecting daughters for

genotyping. Based on a mixed inheritance model

with QTL as random effect (as it will be described

later in Analysis), and via restricted maximum likeli-

hood (REML), the asymptotic standard error of the

estimated QTL variance component effect was com-

puted, conditional on the QTL position. This stan-

dard error was derived from the second derivative of

the likelihood function equation (3) and computed

over all sire groups.
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For the first level of genotyping (10%), genotype

information from 2% of the extremes (4% in total)

in each sire family (within family) was a starting

point for the genotyping cycles. Then the next

daughters for genotyping at each iteration cycle were

chosen to minimize the standard error of the QTL

variance component until 10, 20 or 30 genotyping

levels were achieved.

In each iteration, and given all phenotypic and a

fraction of genotypic information, first maximum

likelihood tests were computed for the positions in

the middle of the marker intervals (5, 15, 25, 35 and

45 cM), to identify the most likely position of the

QTL. Then the standard error of the QTL variance

component was computed through solving the

mixed model equations conditional on the identified

QTL position for all candidates. The candidates were

the potential daughters for genotyping in each step

of genotyping. Because identical by descent (IBD)

computation is time consuming in solving the equa-

tions (2 1/2 h for 2% genotyping and about 30 h for

each replicate), only the extremes of each sire family

were considered as candidates (10 offspring per sire

family). Therefore, depending on available daughters

per sire, up to 300 candidates were chosen at each

iteration. To assign genotypes for the candidates,

paternal haplotypes were sampled with recombina-

tion, and maternal haplotypes were sampled from

marker allele frequencies. Parents were assumed to

be unrelated, and no previous generations were

taken into account.

The IBD matrix was computed as a function of

available marker data and the position of a putative

QTL on the chromosome. This process was repeated

for all candidates, one at a time. In each genotyping

step, 72 offspring from 300 candidates (24% of the

candidates) with the largest reduction in standard

error of QTL variance component were genotyped.

Therefore in each step, 2% of the daughters were

genotyped. This approach was repeated to find fur-

ther daughters (next 2% ) for genotyping until 10,

20 and 30% of the population was genotyped.

Maximizing likelihood ratio test

Another criterion to use all available phenotypic and

genotypic information in selecting the daughters for

genotyping was based on maximum increase in like-

lihood ratio test (MaxLRT). The daughters were

selected for genotyping based on the largest LRT in

potentially selected daughters for genotyping. Thus,

given the most likely QTL position, all phenotypic

and genotypic information (including the daughters

genotyped previously), plus the candidates genotype

sampled as described in previous criterion, the crite-

rion MaxLRT was computed through a mixed model

approach. In each iteration of genotyping cycles, 2%

of the candidates with the highest LRT were selected

for genotyping. This criterion was conditional on the

most likely QTL position in the middle of the marker

intervals (5, 15, 25, 35 and 45 cM). This process of

selective genotyping was continued until 10, 20 and

30% of the population was genotyped.

Analysis

In total, 100 data sets were simulated and each strat-

egy used the simulated data as described above.

After selection of the daughters to be genotyped, a

mixed inheritance model with QTL as random effect

(as below), was fitted and the variance component

of QTL effect was computed, conditional on the QTL

position on the identified segment of the chromo-

some:

y ¼ Xbþ ZuþWq þ e ð1Þ

where, y is an (N · 1) vector of phenotypes of the

daughters and N is number of daughter (genotyped

and non-genotyped animals) phenotypic records; X

is an incidence matrix for b, which reduces to a vec-

tor on N ones; b is a vector of fixed effects, which

reduces to the overall mean here; Z is an (N · p)

incidence matrix relating phenotypes to random sire

effects; u is a (p · 1) vector of additive polygenic

effect for all the sires (polygenic effect), W is an

(N · q) incidence matrix relating phenotypes to ran-

dom QTL effects, q is a (q · 1) vector of random

additive effects due to the QTL (haplotype effect)

and e (N · 1) contains the residuals. The phenotypic

variance of the observations is as follows:

V ¼ ZAZ0r2
u þWGpW0r2

q þ R ð2Þ

where, A is the numerator relationship matrix based

on additive genetic relationships and reduces to an

identity matrix here, Gp is the matrix containing the

IBD probabilities of a putative QTL at five positions

between the six markers and R ¼ Ir2
e (I is an identity

matrix).

Gametic relationship matrix at each putative QTL

position (Gp) was derived with assumption about

historical population structure and clustering

approach for LDLA analysis across sire family groups

using the method described by Meuwissen & God-

dard (2000, 2001). Here it is assumed that marker

data are available for all sires and a fraction of the

daughters (depending on the genotyping level). The
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linkage information is based on the IBD probability

between the parental and offspring haplotype given

that both animals are genotyped. Analyses of LDLA

and comparisons of genotype strategies were based

on the animals at the generation 101 and their

daughters at generation 102, in a DD approach. The

residual log likelihood under multivariate normality

in the model equation (1) was:

logLðGp; r
2
u; r

2
q; r

2
e Þ / �

1

2
ðlogjRj þ logjAr2

uj þ logjGPr2
qj

þ logjCj þ y0R�1y � b̂0X0R�1y

� û0Z0R�1y � q̂0W0R�1yÞ ð3Þ

where, C is the coefficient matrix of the mixed

model equations from model (1) and the rest are as

explained in Equations (1) and (2). Given IBD

matrix in a putative QTL position, the log L was

maximized using the Newton-Raphson algorithm to

obtain variance components of random effects in

model equation (1).

The DMU program package (Madsen & Jensen

2002) was used for the estimation of variance com-

ponents. This program uses average information

restricted maximum likelihood (AI-REML) algorithm

for estimation of (co)variance components in mixed

models and the restricted likelihood is maximized

with respect to variance components associated with

the random effects (Sørensen et al. 2003). A likeli-

hood ratio test (LRT) was calculated as follows:

LRT ¼�2 (log likelihood ðH0Þ� log likelihood ðH1ÞÞ ð4Þ

where, log likelihood (H1) is the likelihood for a

model with a QTL-effect and it is calculated for

each bracket. Log likelihood (H0) is based on a

model excluding the QTL-effect(s). The LRT-statistic

has a chi-square distribution with one degree of

freedom (because of one QTL). The LRT statistic

does not take into account that multiple tests are

performed along the chromosome, but our simula-

tions with no-QTL effect (Phenno_QTL) will provide

an estimate of chromosome-wise false positive rate.

The LRT statistic thresholds for significant (p < 0.05),

and highly significant (p < 0.01) QTL effects were

calculated for each data set using a quick approxi-

mate method according to the method of Piepho

(2001). Power of detection was counted as the

number of QTL detected at a given genomewide

significance level (a), based on LRT. Accuracy of

the position was the number of data sets where the

estimated QTL position was in the bracket containing

the QTL.

Results

Power in QTL detection

The number of simulations where the test statistic

based on LRT was significant (p-value <0.01 and

0.05) is presented in Table 1 and partly in Figures 1

and 2. Substantial differences can be observed

between random genotyping strategy and other

strategies for selective genotyping. The power of

detection for EP_A is much smaller than what was

obtained for EP_W. Number of QTL at a significance

level of 0.01 with 20% genotyping is found for Min-

ERR to be 80% of that obtained with complete

genotyping, and in MaxLRT and EP_W the relative

power was 75 and 70% respectively. With 30%

genotyping, these figures changed to 78, 83 and

78% respectively. Similar differences in power of

detection were achieved at a significance level of

0.05 (Figure 1) with MinERR, MaxLRT and EP_W

being superior to EP_W and random genotyping.

The percentage of simulations with a significant

QTL (p-values <0.05 or 0.01) for no-QTL effect

(Phenno_QTL), i.e. false positives, is given in Table 2.

At a significance level of 0.05, five of 100 simula-

Table 1 Power of QTL detection and accuracy of the position1 in dif-

ferent selective genotyping strategies with two levels of error type-I

Strategy

Genotype

(%)

Detection

(a ¼ 1%)

Detection

(a ¼ 5%)

Position

(a ¼ 1%)

Position

(a ¼ 5%)

All2 100 88 95 86 95

RAN_W 10 2 7 0 5

RAN_W 20 3 19 1 10

RAN_W 30 14 31 10 24

RAN_A 10 0 7 0 5

RAN_A 20 4 17 3 14

RAN_A 30 11 29 8 22

EP_W 10 38 51 33 47

EP_W 20 62 72 54 67

EP_W 30 69 78 64 75

EP_A 10 8 18 7 18

EP_A 20 33 43 26 38

EP_A 30 51 58 43 53

START3 4 8 22 7 14

MinERR 10 46 63 35 55

MinERR 20 70 80 63 75

MinERR 30 69 82 67 77

MaxLRT 10 45 57 37 48

MaxLRT 20 66 74 62 70

MaxLRT 30 73 83 69 80

1Accuracy of QTL position shows number of datasets out of 100

where the estimated QTL was in the marker bracket containing the

QTL.
2All genotypes from the offspring were included.
3First 4% in the strategies MinERR and MaxLRT is extreme phenotyping

as start point.
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tions are expected to show a significant QTL, and

one of 100 simulations are expected to show a sig-

nificant QTL at a significance level of 0.01. In almost

all situations explored, the observed number was

close to the expected number of false positive (1 or

5%) in Table 2. With low level of genotyping in EP

methods (especially in the start point for MaxLRT

and MinERR which is based on EP within family)

the expected false numbers were exceeded. However,

this effect disappeared with increasing the genotyped

proportion. Fewer false positives were found for

the 20 and 30% of genotyping in MinERR, when

compared with MaxLRT and the EP strategies, and

were close to the all genotyped progeny strategy.

Accuracy of QTL position

The estimation of the correct location of the QTL is

very important for the design of subsequent fine

mapping experiments. Table 1 gives the number of

datasets (of 100) where the estimated QTL position

was in the bracket containing the QTL (25 cM).

In total, the proportion of datasets with a significant

QTL after 30% genotyping at correct location (simu-

lated QTL position) ranged from 8 to 69 with a ¼
0.01, and from 22 to 80 with a ¼ 0.05. The lowest

accuracy in detecting the correct location was with

random genotyping (both across and within sire

family) and EP_A, in contrast with the other geno-

typing strategies. MaxLRT, MinERR and EP_W had a

higher accuracy of QTL location (both at type I error

levels of 1 and 5%) after 20% genotyping. Using a

stringent threshold, e.g. 0.01, the correct position

was found less frequently than for the 0.05 threshold.

The strategies EP_W and EP_A (Figure 2) showed a

large effect of sampling equally from all families

when selecting EPs, whereas there were only a minor

effect for random genotyping at all levels of selective

genotyping. The means and standard error of the

QTL position estimates (in cM) and statistic test crite-

rion can be found in Table 3. The mean of position
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Figure 1 Power of quantitative trait loci (QTL) detection under differ-

ent selective genotyping criteria with a significant QTL (p < 0.05).

Table 2 Frequency of false positives (out of 100) in QTL detection in

different selective genotyping strategies with two levels of error type-I

Strategy

Genotype

(%)

Detection

(a ¼ 1%)

Detection

(a ¼ 5%)

All1 100 1 1

RAN_W 10 0 0

RAN_W 20 0 0

RAN_W 30 0 1

RAN_A 10 2 4

RAN_A 20 0 1

RAN_A 30 0 1

EP_W 10 3 4

EP_W 20 1 4

EP_W 30 0 4

EP_A 10 1 5

EP_A 20 1 2

EP_A 30 2 4

START2 4 5 7

MinERR 10 4 8

MinERR 20 0 1

MinERR 30 0 1

MaxLRT 10 1 5

MaxLRT 20 0 5

MaxLRT 30 0 5

1All genotypes from the offspring were included.
2First 4% in the strategies MinERR and MaxLRT is extreme phenotyping

as start point.
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Figure 2 Power of quantitative trait loci (QTL) detection under differ-

ent selective genotyping criteria with a highly significant QTL

(p < 0.01).

S. Ansari-Mahyari and P. Berg Combined criteria in sampling animals for genotyping

Journal compilation ª 2008 Blackwell Verlag, Berlin. No claim to original US government works • J. Anim. Breed. Genet. 125 (2008) 100–109 105



estimates over 100 replicates are approximately simi-

lar for the strategies used in this study and close

to the true value position (with a standard error of

1–2.5 cM), except RAN_A at 10% genotyping. With

regard to the standard error of the position estimates,

MaxLRT, MinERR and EP_W are slightly superior

at 20 and 30% genotyping (<1 cM). Likewise, the

MinERR, MaxLRT and EP_W strategies have a higher

LRT statistic compared with the others.

Variance components

A sire model (Equation 1) was applied to the simu-

lated data to partition total variance into QTL, poly-

genic and residual components. Estimation of these

parameters required an iterative solving of more

than 7280 equations (depending on the strategy) at

each QTL position (five points) and also for each

candidate (300 candidates per each 2% of animals to

be genotyped, as described in Material and meth-

ods). Thus, it was computationally intensive and

time consuming and therefore, given all available

genotyped individuals in each iteration of genotyp-

ing, the most likely position of QTL with the highest

likelihood ratio value was used to estimate the vari-

ance components and their standard errors. The

resulting estimates are shown in Table 4, as the

average over 100 data sets. Gametic QTL variance

was estimated as half of the total QTL variance (bi-

allelic QTL was assumed). Polygenic variance (from

sire model) is a quarter of the total additive genetic

variance used in the simulation. Therefore, 3/4 of

the additive genetic variance is a part of the esti-

mated residual variance component.

Corresponding QTL variance component estimates

for random genotyping (RAN_W and RAN_A) and

extreme genotyping across families were significantly

higher than the true QTL variance and estimates

obtained from complete genotyping. With increasing

genotype information (from 10 to 30%) in different

putative QTL positions, the estimated QTL variance

component decreased but the estimated polygenic

variance increased. In contrast with genetic effects,

the residual component remained relatively stable at

all levels of genotyping regardless of the strategy

used. However, the variance components due to the

QTL by RAN_A, RAN_W and EP_A were still over-

estimates after 30% genotyping.

All genetic variance components were biased with

EP_A, MinERR and MaxLRT at 10% genotyping. As

it was expected, by increasing the proportion of

genotyping in these strategies, the estimated QTL

effect approaches the true value. In contrast to the

QTL effects, the polygenic variances were underesti-

mated at the low levels of genotyping. This quanti-

fies overestimation of QTL effects induced by

selection of the extremes or random samples. With

20% genotyping, the QTL variance component was

not significant between the MinERR strategy and

complete genotype information but MaxLRT and

random genotyping methods were significantly dif-

ferent from that with complete genotyping. Variance

component estimates in the MaxLRT strategy have

been close to the estimated values of MinERR. Stan-

dard error of the components showed a similar

trend. The standard error of the QTL variance com-

ponent was always lowest in MinERR strategy and

highest in random genotyping.

Discussion

The present study proposes selective methods to

identify more informative individuals for genotyping

given all available marker, pedigree and phenotype

information in a DD half-sib family, for example

dairy cows. Whereas detection and positioning of

QTL utilize the linkage between marker and pheno-

type information, the EP method (currently used in

Table 3 Means (�SE) of QTL position estimates in cM, and the test

statistic criterion (likelihood ratio), based on 100 replicates in different

selective genotyping strategies

Strategy Genotype(%) Position

Likelihood

ratio test

True1 25.0

All2 100 25.5 (�0.64) 24.7

RAN_W 10 23.4 (�1.46) 2.4

RAN_W 20 23.6 (�1.37) 3.7

RAN_W 30 26.0 (�1.23) 5.7

RAN_A 10 21.0 (�1.42) 2.3

RAN_A 20 23.0 (�1.42) 4.0

RAN_A 30 25.7 (�1.15) 5.7

EP_W 10 24.9 (�1.10) 10.5

EP_W 20 24.4 (�0.97) 16.1

EP_W 30 24.7 (�0.88) 19.3

EP_A 10 23.8 (�1.35) 4.7

EP_A 20 23.4 (�1.02) 8.3

EP_A 30 22.8 (�1.04) 12.0

START 4 22.5 (�1.44) 5.1

MinERR 10 24.3 (�1.17) 12.6

MinERR 20 24.2 (�0.97) 17.5

MinERR 30 24.3 (�0.86) 19.0

MaxLRT 10 23.3 (�1.12) 12.0

MaxLRT 20 23.9 (�0.90) 18.3

MaxLRT 30 25.0 (�0.84) 19.7

1True value of the position used in simulation.
2All genotypes from the offspring were included.
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selective genotyping) only considers phenotypes.

MinERR and MaxLRT in this study can be used to

map QTL more accurately compared with EP and to

decrease genotyping costs in QTL mapping experi-

ments. The major restriction in QTL mapping and

detection is the costs of collecting and typing of mar-

ker data and, therefore, sampling approaches for

genotyping have been designed to provide consider-

able cost saving, particularly when the phenotype is

routinely collected. Various strategies for selective

genotyping have been proposed for human and ani-

mal QTL detection experiments using kinships (Car-

don & Fulker 1994; Stella & Boettcher 2004). The

principle underlying these methods is that the differ-

ence in phenotypes between pairs of sibs (within

family) becomes larger as they share a decreasing

number of QTL alleles transmitted from their parents

(Chatziplis et al. 2001), and therefore in such fami-

lies a QTL is more likely to be segregating. The cur-

rent study showed that combining phenotype

information with marker information would provide

more accurate detection of QTL compared with only

using the EPs. Additionally, to decrease the number

of individuals in genotyping, MinERR (or MaxLRT)

could be considered. MinERR was an alternative

approach to decrease genotyping costs and needed

to genotype only 20–25% of animals to achieve

unbiased parameters compared with complete geno-

typing. The power with 20% genotyping for MinERR

and MaxLRT was 80 and 75% of that obtained with

complete genotyping compared with 70 and 38%

with EP within and across families respectively.

Higher power to detect QTL in the strategies based

on both phenotypic and genotypic information

(MinERR and MaxLRT) compared with only consid-

ering the phenotypic information (EP methods) and

also random approach at the same level of genotyp-

ing is due to selection of more informative individu-

als for genotyping. In MinERR and MaxLRT,

daughters from all sires were potential candidates for

genotyping but some sire’s daughters were never

included in genotyping. Therefore, increased power

is also due to selection of daughters for genotyping

from segregating sires. Ultimately, this means more

genotyped daughters from segregating sires to

contribute information to contrasts between marker

haplotypes. However in EP_W strategy, power was

not usually significantly different compared with

MinERR and MaxLRT. In this study, it was assumed

that frequency of the mutant QTL allele was

between 0.45 and 0.55. Therefore, the sires were

more likely to be heterozygous compared with lower

frequencies for favourable QTL allele. Using lower

frequency could affect the within-family genotyping

strategies and decrease the power of detection as

heterozygous sires (informative sires) will be rarer

Table 4 Averaged QTL, polygenic (sire) and

residual variance components (�SE) over all

QTL positions for different levels of genotyp-

ing and different strategies

Strategy Genotype(%) QTL effect1 Sire effect Residual

True2 0.0313 0.0469 0.8901

All3 100 0.0335 (�0.00134) 0.0444 (�0.00176) 0.9052 (�0.0024)

RAN_W 10 0.0494 (�0.00407) 0.0370 (�0.00225) 0.8890 (�0.0046)

RAN_W 20 0.0426 (�0.00286) 0.0398 (�0.00198) 0.8960 (�0.0035)

RAN_W 30 0.0383 (�0.00228) 0.0414 (�0.00187) 0.9003 (�0.0031)

RAN_A 10 0.0492 (�0.00399) 0.0366 (�0.00222) 0.8893 (�0.0045)

RAN_A 20 0.0423 (�0.00286) 0.0399 (�0.00199) 0.8961 (�0.0035)

RAN_A 30 0.0379 (�0.00227) 0.0420 (�0.00190) 0.9006 (�0.0031)

EP_W 10 0.0480 (�0.00242) 0.0389 (�0.00194) 0.8879 (�0.0032)

EP_W 20 0.0389 (�0.00165) 0.0426 (�0.00185) 0.8960 (�0.0027)

EP_W 30 0.0335 (�0.00134) 0.0444 (�0.00180) 0.9010 (�0.0025)

EP_A 10 0.0404 (�0.00295) 0.0413 (�0.00209) 0.8973 (�0.0036)

EP_A 20 0.0384 (�0.00215) 0.0419 (�0.00190) 0.8988 (�0.0029)

EP_A 30 0.0374 (�0.001801) 0.0427 (�0.00183) 0.8995 (�0.0027)

START 4 0.0587 (�0.00400) 0.0340 (�0.00226) 0.8785 (�0.0045)

MinERR 10 0.0473 (�0.00222) 0.0389 (�0.00190) 0.8882 (�0.0031)

MinERR 20 0.0352 (�0.00149) 0.0437 (�0.00182) 0.8994 (�0.0026)

MinERR 30 0.0288 (�0.00121) 0.0461 (�0.00180) 0.9057 (�0.0024)

MaxLRT 10 0.0458 (�0.00225) 0.0395 (�0.00192) 0.8898 (�0.0031)

MaxLRT 20 0.0364 (�0.00154) 0.0435 (�0.00184) 0.8980 (�0.0026)

MaxLRT 30 0.0306 (�0.00128) 0.0453 (�0.00180) 0.9038 (�0.0025)

1Variance component of the QTL is gametic QTL effect.
2True value of the position used in simulation.
3All genotypes from the offspring were included.
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than in the current study. Besides in MinERR and

MaxLRT, the candidates were genotyped as a group

(2% at a time) to make starting more realistic.

Therefore, if it can be possible to genotype the candi-

dates one by one, it is expected that the power of

MinERR and MaxLRT would be even larger than the

powers obtained here.

QTL parameters indicated that application of EP

selection strategies is superior to random genotyping

of individuals, as also shown in previous experi-

ments (e.g. Stella & Boettcher 2004). With increas-

ing level of genotyping, both EP across and EP

within family, the EP approach has significantly

increased power of QTL detection and accuracy of

QTL position. This shows that EP methods in the

current study discriminate between the presence and

absence of a segregating QTL in the families. Sam-

pling induces a correlation between estimated resid-

ual and QTL effects. This correlation increased when

the extreme daughters of all sires were selected for

example in EP_A. It indicates that in the extremely

selective genotyping approaches there is a real prob-

ability that an erroneous conclusion can be drawn

about the location. In the EP methods, estimated

effects are biased upwards when genotyping the

extremes within the population or low proportion

(<20%), even if all available phenotype information

is used. This phenomenon might be due to the posi-

tive correlation between residual effects and the QTL

effect in the individuals sampled for genotyping that

magnifies the allelic effect. MinERR and MaxLRT

obtain a power of detecting a QTL of approximately

70% at genotyping 20–30% compared with a power

of 88% with complete genotyping. These two criteria

showed increased power compared with random

genotyping and genotyping the extremes across fam-

ilies, and marginally increased power compared with

genotyping extremes within family. Power of a selec-

tive genotyping approach to detect a QTL can be

affected by several factors such as the number of

genotyped animals, the effect of segregating QTL (d)

and heritability of the trait. Stella & Boettcher

(2004) showed that EP strategy was more precise

than random genotyping when the heritability and

QTL variance of the trait were low. However, lower

power is expected in EP genotyping because in these

situations (low heritability and QTL variance), the

phenotypes provide relatively little information

about the genotypes and EP method is based on the

phenotype records. The combined strategies in this

study could also use genotypic information and,

therefore, they might be more useful for selective

genotyping of a low heritable trait.

Estimated variance component from the MaxLRT

and MinERR strategy differed only slightly. The QTL

position from the MaxLRT strategy was more accu-

rate compared with the MinERR method and there-

fore MaxLRT could be used to fine map a QTL.

However, with using the EP strategy within families

at 30% genotyping, estimated variance components

(QTL and polygenic effects) were not significantly

different from those obtained with complete geno-

type information. Besides, as proportion genotyped

increased (10 to 30%) in both MinERR and Max-

LRT, standard error of the estimated QTL variance

component decreased, compared with other selective

strategies in this study.

The genetic variance explained by QTL in this

experiment (1=4r2
G) was in the range given by Druet

et al. (2006). They reported that the proportion of

genetic variance explained by a QTL was up to

36.0% for dairy traits in a Holstein population. The

variance of QTL is a function of allele frequencies

and the QTL substitution effect. The proportion of

segregating sires (heterozygous sires) for QTL also is

a function of QTL allele frequencies and therefore

directly influences the QTL variance. Decreasing the

variance of QTL by using lower frequency of

the favourable QTL allele (e.g. PQ < 0.3) will affect

the efficiency of assessing which sires are hetero-

zygous. If some sires are not informative, it is not

possible to determine whether they are hetero-

zygous. Therefore, the estimated proportion of

heterozygous sires will be underestimated.

MinERR and MaxLRT methods do not come

without disadvantages. These strategies have higher

computational requirements than EP and random

genotyping. The most time-consuming part was the

likelihood maximization, because MinERR and

MaxLRT strategies are based on the standard error

of estimated variance component of QTL effect and

the maximum likelihood function of the model

respectively. However, if there is no possibility to

use these strategies, genotyping based on the phe-

notypes and using the extremes within family can

be suggested to obtain a powerful approach in QTL

detection with unbiased estimates with at least 30%

genotyping.

The current study considered a single trait and

one QTL on a specific chromosome segment. If

either more than one correlated trait or QTL is con-

sidered, some decrease in the selection intensity of

the samples may secure sufficient power of detection

for all traits. The reverse way can be possible when

traits are uncorrelated. This could be an interesting

area for further study.
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Conclusion

MinERR and MaxLRT, can be used as approaches in

selecting individuals for genotyping, and the results

from simulation in this study showed that unbiased

gene substitution effects could be estimated with only

20% of the animals genotyped. QTL position parame-

ters from MaxLRT strategy were more accurate com-

pared with MinERR method and therefore it should

be preferred. MinERR method decreased the level of

genotyping (up to 22% compared with 30% in

extreme phenotyping) to increase the power and

unbiased estimation of QTL parameters.
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