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Summary. Use of marker genes for quantitative traits has 
been suggested as a supplement to selection for livestock 
species. Linkage relationships can be estimated by using 
data from offspring of a heterozygous parent, if offspring 
can be positively assigned segregation of one or the other 
of the marker alleles. In field data, some data on offspring 
can be characterized and used to estimate the difference 
in chromosome substitution effects, but other matings 
result in uncertain transfer of the marker alleles. In this 
study, an alternative estimation procedure is proposed 
that would allow incorporation of data on all offspring of 
a heterozygous parent, even those where chromosome 
segregation is ambiguous. If the frequency of the marker 
alleles is known in the population of mates of a het- 
erozygous individual, the mean and variance of the het- 
erozygous offspring can be used in a generalized least- 
squares model to estimate the chromosome substitution 
effect. When gene frequencies are not known, maximum 
likelihood estimates can be obtained from the data for 
use in a conditional estimate. Monte Carlo simulations of 
data following the assumed genetic model were analyzed 
as proposed, and parameter estimates were characterized. 
Estimates of chromosome substitution effects were rea- 
sonable approximations of input values. Distributions of 
t-statistics testing the null hypothesis of no difference 
between marked chromosome segments were unbiased, 
with only slightly larger variance than expected. Addition 
of data from heterozygons offspring improved the effi- 
ciency of detection of chromosome substitution effects by 
more than four times when marker gene frequencies were 
low. 
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Introduction 

Recent biochemical techniques have enhanced the ability 
to characterize individual loci and have renewed interest 
in finding individual loci with large quantitative effects. 
Strategies to screen the genome for quantitatively impor- 
tant loci have been proposed that contrast individuals of 
similar background genotypes, to remove the effects of 
linkage disequilibrium and to isolate the effects of a single 
locus (Thoday 1967). Some of these have been successful 
in plants (Weller 1986) and have involved crosses of lines 
homozygous for different marker alleles and the analysis 
of backcross or F 2 offspring (Nienhuis et al. 1987; Weller 
1987; Young and Tanksley 1989). 

These schemes have been used in laboratory animal 
species (Kluge and Geldermann 1982; Spickett and Tho- 
day 1966) but are less useful in livestock species, due to 
time and cost considerations of making specific crosses 
that may not produce commercially useful animals. Addi- 
tionally, livestock lines are rarely homozygous for neutral 
marker genes, and even lines with distinctly different se- 
lection objectives, such as dairy and beef cattle, have 
intermediate gene frequencies (Cowan et al. 1989; Gelder- 
mann et al. 1985; Hallermann et al. 1988). Linkage dis- 
equilibrium in field data can lead to apparent correla- 
tions of marker genes with quantitative traits that may be 
sample-dependent and thus not useful for later selections. 

Most quantitative genetic information on livestock 
species has been gained by analysis of field data under 
actual production management and is somewhat retro- 
spective. Several strategies have been proposed to incor- 
porate this approach using data analysis of field records 
in the search for genes of large effect (Famula 1986; 
Hoeschele 1998 a). Smith and Simpson (1986) pointed out 
that the search for quantitative trait loci of moderate 
effects must be accomplished within family for popula- 
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tions segregating for marker  loci. One possibili ty has 
been the use of individuals heterozygous for unique or 
rare markers,  where all offspring can be characterized for 
segregation of one or the other marker  from the common 
parent.  In cases where the alleles in the parent  are not  
rare, some matings allow definitive segregation assign- 
ments while others do not  contr ibute information. This 
concept for segregating markers  was generalized by Sol- 
ler and Beckmann (1988) who used da ta  from "informa- 
tive matings," a l though their strategy required crosses of 
lines with fixation at the quanti tat ive trait  locus. 

F o r  populat ions  segregating at both  marker  and 
quanti tat ive loci, selection is possible within half-sib fam- 
ilies where the common parent  is heterozygous at a mark-  
er locus. Differences in the effects of loci on the marked  
chromosome can be followed by the segregation of chro- 
mosomal  segments containing the marker  locus (Gelder- 
mann 1975; Stam 1986). The sum of all l inked effects, 
corrected for the average amount  of recombinat ion at 
each locus, will be seen as a chromosome substi tut ion 
effect (Geldemann 1975) detectable in the offspring. This 
approach does not  require a single gene of major  effect, 
but  could encompass a fortuitous cluster of several genes 
of moderate  effect close to the marker  (Roberts and Smith 
1982; Spickett  and Thoday  1966; Stare 1986). 

The number  of individuals that  must  be characterized 
with respect to the marker  and the quanti tat ive trait  has 
been calculated for each of these detection schemes. Cases 
where the segregation of the marker  cannot  be followed 
with certainty have not  been utilized in the est imation 
procedures and represent extra costs, as addi t ional  indi- 
viduals must be characterized al though the da ta  will not  
be used. One improvement  has been suggested by Weller 
et al. (1988) that  is part icular ly applicable to sex-limited 
traits such as milk production.  The performance records 
of granddaughters  are used for information on the quan- 
titative trait, while the marker  character izat ion is done on 
their sires (sons of the original heterozygous individual). 
This procedure reduces the number  of individuals that  
must  be characterized for the marker  alleles, but  requires 
an original grandsire heterozygous for at least one rela- 
tively rare allele, or the use of only homozygous  sons in 
the analysis. 

The objective of this paper  is to investigate a method 
of analyzing da ta  from offspring of a parent  heterozygous 
for a set of segregating marker  alleles that  incorporates  
da ta  on all progeny, including those with uncertain trans- 
fer from the common parent.  

Materials and methods 

The genetic model proposed includes the usual assumptions of 
quantitative inheritance but suggests that in some individuals, 
several clustered genes of moderate effect may create ho- 
mologous chromosome segments with different genetic value 

within an individual. Suppose a detectable marker with two 
alleles is situated at locus L o surrounded by other quantitative 
loci L 1 to L, on two homologous chromosomes designated as c~ 
and fl within an individual. For an individual heterozygous at 
this marker locus, the chromosome substitution effect is defined 
as the difference between those offspring receiving the alternate 
chromosome segments (those marked with an A allele at L o 
versus those marked with the B allele) adjusted for recombina- 
tion. Under random mating, the homologous chromosome seg- 
ments inherited from the mates can be assumed to be of equal 
value for both types of offspring. Thus, the difference for a quan- 
titative trait Yin offspring characterized as receiving the marker 
on the e chromosome from a common parent versus those re- 
ceiving the fl marker is the chromosome segment substitution 
effect D(~_p), where 

D(~_p)= ~, [Li(c()--Li(fi) ] [I--2Ci] 
i=o 

and c~ is the average recombination fraction between L o and L~. 
The marker locus may contribute to D or may serve only as a 
linked indicator of Mendelian segregation of a chromosome 
segment. Loci that are linked to the marker but homozygous 
within the individual will not contribute to D. Offspring of an 
AB-marked individual with an AA genotype of their own will 
have inherited the e segment from the common parent (Fig. 1) 
while those with BB inherited the fl segment. The genetic vari- 
ance of the trait within these individuals is due to all other 
quantitative genes not linked to this marker and is assumed 
homogenous, although the means differ. 

Those offspring with an AB marker genotype (with expected 
frequency of 0.5) are of two types, with some receiving the c~ 
segment and some the ft. If the population of mates segregating 
for the A and B alleles with the frequency of A set to p, the 
proportion of AB offspring that received the c~ segment from the 
sire will be (1 - p )  under random mating. The mean of all AB 
individuals is then the weighted mean of the two types. The 
uncertainty of the segregation within the AB class of offspring 

Assuming  
He fe rozygous  sire ,4* B* 
(drawn with p > q in mates) 

Offspring 

freq 0.5p 
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Fig. 1. Schematic frequency distribution of offspring of a sire 
heterozygous at a marker locus (AB) with a chromosome substi- 
tution effect of D. The sire is presumed mated to a population 
with an average chromosome substitution effect of zero. Figure 
is drawn with the frequency of A in mates (p) greater than fre- 
quency of B (q). Those alleles marked with (*) are of sire origin 
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contributes to the variance of the trait for these individuals. This 
increase is a function of the proportion of individuals of each 
type and the difference between the average breeding values. 
Following the model of Hoeschele (1988 b), the expected vari- 
ance of the heterozygotes is increased by an additional 
p(1 - p ) D L  Given the frequency p, the expected mean and vari- 
ance of these AB individuals are known, although the exact 
chromosome inheritance is not, and these individuals can be 
incorporated into a statistical model to estimate the size of D. 
This strategy differs from the model employed by Hoeschele 
(1988 a), since the heterozygotes are not distinguishable and the 
probability of segregation from the sire is not modified depen- 
dent on the trait values within the sample. 

Knowledge of p(A) for a segregating marker may be avail- 
able for a population for traits such as blood types, or can be 
estimated from the sample data set for new markers such as 
restriction fragment length polymorphisms. If the sample data is 
used, the maximum likelihood estimate under the assumption of 
a homogeneous population of mates and random mating can be 
obtained (Stevens 1938). The likelihood of N progeny with naa 
of one homozygous type and nBB in the alternative homozygous 

p 1 l - p  

maximum at 

;qAA 
p (A) = (nAA -}- nBB~ ) 

For nAA or nBB equal to 0, the estimated frequency of A will 
be 0 or 1, respectively. An estimate of D can be obtained by 
solving the usual generalized least-squares equations for a linear 
model. 

Yij = # + 2i (O) + glj + eij , where 

Y~j = trait of offspring ij within genotype i; 
# = overall constant; 
2 i = independent variable representing the contrast of linkage 

relationships (i = 1 to 3): 
2 =  1 for daughters characterized as marker genotype 

AA (i = 1), 
2 =  0 for daughters characterized as marker genotype 

BB(i = 2), 
2 = gene frequency of the B allele [1 -p(A)]  in the popula- 

tion of mates used for offspring characterized as marker 
genotype AB(i = 3). If p is unknown, the Maximum 
Likelihood (ML) estimate is substituted; 

D = chromosome substitution effect of A versus B; 
gij = quantitative breeding value of the offspring. For cases with 

a common sire, this includes the dam contribution and 
Mendelian sampling from the sire for all loci not linked to 
the markers in the sire; 

ei~ = unexplained residual element within the marker genotypic 
class. 

Since the residuals of the observations are not identically nor in- 
dependently distributed and these animals may have additive rela- 
tionships beyond a common parent, a generalized least squares is 
required rather than an ordinary LS. If the desired parameter 
estimates are # and D contained in a vector fl, and X is the 
incidence matrix for # and D composed of column of l's and 2~'s 
and Y is the vector of Y~j, generalized least-squares estimates 
of fl can be obtained by/~ = (X' V-  1 X)- 1 (X' V-  1 y) where V is 
the variance-covariance matrix for the observations described 
below, provided the inverse of V can be computed. Under the 
assumption that the Y's are distributed as a multivariate normal 
with variance within homozygous classes a 2 the variance of 
/~ = (X' V -  1 X)- 1 a2 and the null hypothesis of D = 0 can be 
tested with the usual t-test for a generalized least-squares model. 

The variance-covariance matrix (V) is the sum of three 
elements: (1) The variance of the within-sire family residuals, 
which would be I a 2 for individuals with data with the same 
accuracy and no environmental correlations. The expected vari- 
ance of these residuals is the variance within half-sibs due to 
all unlinked genes and unexplained residuals and equal to 

2 2 If the heritability is assumed known, this 3/4 O-additive + O-residual. 
variance can be specified. (2) The correlations between residuals 
due to additive relationships can be incorporated using the usual 
numerator relationships matrix (Henderson 1976). (3) The 
variance of the heterozygote observations around the weighted 
heterozygote mean will be increased by an amount p q D 2. Since 
the estimate of D will depend on the variance-covariance matrix 
which includes a function of D, an iterative solution will be 
necessary. 

Simulations 

A Monte Carlo simulation was programmed in Fortran generat- 
ing pseudo-normal random numbers and binomial probabilities 
as data, according to the proposed model, with various marker 
gene frequencies for the mates of a heterozygous sire and varying 
D. Mates were assumed to be from a homogenous population 
with gene frequency p (A) = 0.1, 0.3, 0.5, 0.7, or 0.9. The probabil- 
ity of the sire marker segregation was 0.5 for each allele. Residual 
effects were assumed to be independent and identically distribut- 
ed as g(0,  a~). 

The model generated a number of data sets from n individ- 
uals, which were then analyzed according to the proposed statis- 
tical model. Initial estimates of a~ were pooled estimates within 
homozygous subclasses. Distributions of t-tests of estimates of D 
from 2,500 populations of 25 or 50 offspring with an input D of 
0 and p = 0.3 were calculated. Gene frequencies of the marker 
allele were estimated from the sample data using Maximum 
Likelihood. The first estimate of D was the difference between 
trait means of the AA and BB subclasses. Subsequent iterations 
employed the estimates of a~ and D from the previous run until 
convergence was reached. Convergence criteria was a less than 
0.1% change in p q D2/~r~ from consecutive rounds of iteration. 
Resulting parameter estimates were summarized. Empirical 
power curves for traits at intermediate gene frequencies (p = 0.3 
or 0.7) were constructed using 250 sample populations of 25, 50 
or 100 offspring. The efficiency of estimation using the empirical 
standard errors of the estimates of D were compared to the 
standard errors from t-tests using the expected numbers in the 
homozygous classes. 

R e s u l t s  

Est imates  of  the differences in c h r o m o s o m e  subst i tu t ion  

f rom M o n t e  Car lo  s imula t ion  using 500 samples  of  50 

p rogeny  app rox ima ted  input  pa ramete rs  (Table 1). Esti- 

mates  of  D showed  some dependence  on the gene fre- 

quency  of  the markers  in the popu la t i on  of mates  wi th  

closer es t imates  at unba lanced  frequencies  and underest i -  

mates  at p = 0.5 when  D > 0 .  The  empir ica l  var iance  of  
these est imates  was h igher  for p = 0.5 than  for p = 0.1 or  

p = 0.9 (F = 1.58, P < 0.001), as expected f rom the in- 

crease in the p q D 2 te rm for the he te rozygotes  at inter-  

media te  gene frequencies.  

The  expected n o r m a l  d is t r ibut ion  a r o u n d  zero was 

seen for t-tests wi th  popu l a t i on  sizes of  25 and 50 with 
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Fig. 2. Power curves for the detection of chromosome substitu- 
tion effects from data on N offspring of a heterozygous sire for 
intermediate marker allele frequencies (p = 0.3 or 0.7) in mates 

T a b l e  1. Results of 500 simulated populations of 50 offspring 
with single records for a trait at varying gene frequencies (p) in 
the mates of a sire heterozygous for a marked chromosome pair 
with difference D for the quantitative trait a 

D p=0.1 p=0.3 p=0.5 p=0.7 p=0.9 

Mean of estimated D 

0 0.0053 -0.0150 -0.0185 -0.0045 -0.0270 
0.5 0.4884 0.5087 0.4771 0.4909 0.4788 
1.0 1.0202 0.9545 0.9407 0.9731 1.0003 
1.5 1.4966 1.4869 1.4362 1.4997 1.4877 

SDof estimated D 

0 0.2946 0.3643 0 . 4 1 4 0  0.3540 0.3081 
0.5 0.3143 0.3731 0.3884 0 . 3 8 7 4  0.3t36 
1.0 0.3135 0.3620 0.3853 0 . 3 8 2 0  0.3024 
1.5 0.3320 0 . 3 9 9 0  0 . 3 8 8 9  0.3920 0.3235 

a Measured in standard deviation units within homozygous in- 
dividuals (aw) 

means of the t-statistics of 0.026 and -0.014. The expect- 
ed standard deviation for t with a population of 25 is 1.03 
and for 50 it is 1.005. The results from the simulation were 
slightly larger at 1.08 and 1.04. The result of this slight 
increase in variance was that 6.3% of the populations of 
25 and 5.1% of the populations of 50 had t-statistics 
above the usual P < 0.05 critical value for the appropriate 
degrees of freedom. The average number of iterations 
necessary per data set was 3.14, with a standard deviation 
of 0.73 for 250 data sets of 25 individuals. 

Empirical power curves (Fig. 2) for intermediate gene 
frequencies showed that reasonable power of detection is 

available for smaller sample sizes than in other studies 
(Beckmann and Soller 1983), For D of one standard devi- 
ation within the homozygous offspring of a heterozygous 
parent, approximately 30% of the populations of 25, over 
50% of the populations of 50, and nearly all of the pop- 
ulations of 100 had detectable chromosome substitution 
differences using this method of estimation. 

Discussion 

In general, the analytical model was successful at recover- 
ing the parameters of the data with the amount of varia- 
tion expected in production traits. Estimates of chromo- 
some substitution effects may be slightly underestimated 
at intermediate gene frequencies. This situation is prefer- 
able to overestimation, which might lead to false con- 
clusions of major gene substitution effects. Results from 
hypothesis testing procedures were encouraging and re- 
sulted in only slightly increased variance of the usual 
t-statistic. This increase in variance of t could be cor- 
rected by using a slightly more conservative c~ level (such 
as t,_ 1,0.01) for testing the null hypothesis of D = 0 with 
this estimation procedure. 

Following the suggestion by Weller et al. 1988, the Y 
data on sons could be an estimated breeding value based 
on progeny resulting in an effective heritability in the 
range of 0.7 to 0.8 for traits such as milk yields. Sons 
would be genotyped for the marker information and yield 
information would be recorded on granddaughters. For 
these data, much smaller sample sizes could be used than 
previously proposed (Beckmann and Soller 1983, 1988; 
Smith and Simpson 1986). 

The probability of finding polygenes with a favorable 
accumulation of genes of moderate effect has been dis- 
cussed by Spicket and Thoday (1966) with respect to 
selection results in Drosophila melanogaster. Their selec- 
tion experiments apparently capitalized on chance re- 
combination events that arranged several favorable genes 
on a single chromosome. In their analyses, five alleles 
each of no more than 2 map units explained a large 
percentage of the difference accumulated between a selec- 
tion line and a control. In lines of mice selected for 
growth rates (Salmon et al. 1988), several polymorphisms 
were fixed with different alleles in the selected population 
and in a control. These alleles were located near or within 
the growth-hormone gene and were detected using re- 
striction fragment length polymorphisms and a growth 
hormone probe. In populations under selection, linkage 
disequilibrium introduced by the selection process may 
increase the probability of finding chromosome differ- 
ences for quantitative traits. Although these genes would 
eventually become fixed with selection, use of marker 
genes to detect these chromosome segments while these 
genes are still segregating could accelerate the process. 



Table 2. Comparison of variance of estimates (a0 z = 1) from a 
fixed sample size (n = 25 or 50), using the proposed generalized 
model with Monte-Carlo simulation (500 populations, h 2 = 0.3) 
versus the expectation under expected distribution of offspring 
with a simple t-test of homozygous offspring of a heterozygous 
parent 

p=0.1 p=0.3 p=0.5  

50 25 50 25 50 25 

Empirical variance 
of estimate of D 
from full model 
including AB 
Variance of means a 
(difference 
in AA-BB) 
Relative efficiency 
of model including 
AB offspring b 

0.301 0.602 0.430 0.849 0.476 0.938 

1.46 2 .93  0.631 1.26 0.530 1.06 

485% 487% 147% 148% 111% 113% 

". Variance of (mean AA-mean of BB) 
= O'2ithin/~ (I~AA) ~- O'2ithin/~ (t'IBB) 

b Relatively efficieny of estimates of D 

variance of differenee(a A_ BB) 
= x 100 

variance of estimate(r.11 moae~) 

Use of the heterozygote information improved the 
efficiency of the parameter  estimates over methods that  
do not  utilize da ta  from these offspring (Table 2). The 
table gives the variance of the estimates from the conven- 
t ional  t-test by assuming that  the offspring are in the 
expected frequencies even when these are not  integers. In 
actual  data, there would be variat ion in the number  of 
homozygotes  available for the contrast  of the ho- 
mozygous means and some cases where no individuals 
would be available for the contrast  within one of the 
classes. 

In  field data, offspring or grandoffspring may be dis- 
t r ibuted across fixed effects such as herd or year and may 
share other relatives. Fixed effects besides/2 may be add- 
ed to the model, resulting in the usual Mixed Model  
equations (Henderson 1988) supplemented by the addi- 
t ional  variance in the heterozygote. When offspring are 
nested within herds or years, previous comparisons 
would have required at least one of each homozygous  
group within a level of fixed effect. Since the probabi l i ty  
of an offspring being heterozygous would be 50%, many 
more comparisons would be possible than the simple 
t-test, especially in cases of unbalanced gene frequencies. 
The proposed  model  would increase the number  of com- 
parisons by using da ta  whenever at least two genotypes 
were represented. 

The model  allows incorpora t ion  of addi t ional  rela- 
t ionships due to other common relatives and allows the 
use of all genotyped relatives in the analysis. The p q D 2 
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term added to the variance of the heterozygotes is due to 
the uncertainty of potential  Mendelian sampling. If some 
dams were genotyped for the marker,  more heterozygous 
individuals could be assigned a sire chromosome trans- 
mission, and this p q D 2 term would not  be added to those 
observations and 2 would equal 0 or 1, indicating the 
known segregation. 

If the same number  of individuals were genotyped for 
the marker  locus, the gain in efficiency from using infor- 
mat ion  from the uncertain heterozygotes is considerable, 
the largest gains coming from cases with low frequencies 
of one of the markers  in the mates. In addition, this 
model  allows est imation when one of the homozygous  
classes is empty, which can occur quite often in small 
sample sizes or with low gene frequencies. 
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