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Abstract. The transmission-disequilibrium test (TDT) is a model-free method 

to detect linkage between a marker and a trait locus. Originally developed to map 

disease genes in human genetics, this statistic has been recently extended to deal 

with quantitative characters. The emphasis of current research is on investigating 
statistical properties of the test applied to data from livestock populations. For 
various constellations of sample parameters, it is shown via simulation that the em- 

pirically derived null hypothesis distribution of TDT remains in good agreement 

with its asymptotic distribution while its power is satisfactory only for very close 

linkage. TDT is then applied to a real data set from milk production data of a dairy 

cattle population. 
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Introduction 

The transmission-disequilibrium test (TDT; SPIELMAN et al. 1993) was 
originally designed for binary traits and has been widely used in human genetics 

to map disease loci. Recently the application of TDT has also been extended 

to quantitative traits (ALLISON 1997, MARTIN et al. 1997). This statistic belongs 

to the family of model-free methods, as it does not require assumptions on 

the underlying (usually unknown) genetic model, e.g., allele frequencies or 
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mode of inheritance. Usually such statistics are more robust than model-based 

tests performed under false assumptions (ELSTON 1995). Additionally, calcu- 

lations based on a model-free approach are easy and fast to compute, as they 

do not require estimation of many parameters. 

The prior goal of the paper is to investigate statistical properties of TDT 

for quantitative traits and data structure typical for dairy cattle populations. 

This is followed by the application of TDT to a sample of cows of the German 

Holstein breed. 

Material and methods 

Transmission-disequilibrium test 

In its original form TDT compares the number of affected offspring who 

received a given marker allele from heterozygous parents to the number of 

affected offspring who received the other parental marker allele. For quanti- 

tative trait data, average trait values for offspring receiving different parental 

marker alleles are compared (ALLISON 1997, MARTIN et al. 1997; Table 1). 

The test statistic is given by: 

m — 2 
TDT= т-1 (у; yi) 2 

~ Xm-1 
m 1 15 22 

= G * „.) Vi 

where: m is the number of marker alleles, y is the average trait value, e.g., 

DY ij 
= j=1 
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nis the number of offspring, subscript "i." denotes that allele 7 was transmitted 

from a heterozygous parent to the offspring, subscript ".i" denotes that an 

allele other than i was transmitted from a heterozygous parent to the offspring, 

Я is the estimator of pooled variance of y, and yj: 
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The transmission-disequilibrium test provides a simultaneous test for link- 
age and linkage disequilibrium between a marker and a quantitative trait locus 
(QTL). The null hypothesis Hy: 5(1-28) = 0, is rejected only when both linkage 
(8 < 0.5) and linkage disequilibrium (8 #0) exist in the analysed population 
(ELSTON 1995). Similar hypotheses can also be tested by other commonly 
known statistics. Using a t-test — as a comparison between average yields of 
daughters receiving different marker alleles from their sires or an F-test — as 
an across sire regression fitting the effect of paternally transmitted marker 
alleles. 

Simulated data 

In order to investigate statistical properties of TDT, data under a daughter 

design — structure which is most common for dairy cattle populations, were 

generated. Simulated data comprised marker allele transmissions from sires to 

daughters and daughters quantitative yields. For each constellation of parame- 

ters, describing population structure and traits genetic background, 2000 re- 

plications of data were generated. Through all simulations the type I error was 

set to 5%. 

Phenotypes were simulated according to the following linear model: 

y=XB+e 

where: y is a vector of quantitative yields, B is a vector of fixed effects, X is 

a design matrix for B, e is a vector of random errors. 

Under the null hypothesis (Hp) no QTL was assumed so that: B’ = [p, $], 

where u is the overall mean, and s is the sire effect. The alternative (Hy) 

models a quantitative trait controlled by a biallelic QTL assuming: 

6’ =[,s,G] where U, s are as above, and G is the effect of a QTL genotype. 

For simplicity, sire effects (s) were set to zero in simulations under both 

hypotheses. Following this model, quantitative phenotypes were simulated 

from the univariate normal distribution under Hg and from the mixture of 

normal distributions, with mixing proportions determined by QTL allele fre- 

quencies (p, 1 — p) and means dependent on QTL genotypes: 

D* N(Uigg = 4.02), 2p(1 — p) Nig = 4,05), (1-p)” N(Hqq = -4.6,) under Hh. 
Symbols a and d are, respectively, additive and dominant effects at the QTL, 

QQ, Qq and qq represent the three possible genotypes. 

The design of simulated data covered various sample structures (i.e., number 

of sires ranging from 10 to 100, and number of daughters per sire from 10 to 

100), as well as different variants of genetic composition of a quantitative trait, 

expressed in terms of a recombination rate (8) and linkage disequilibrium (8) 

between a marker and a QTL. Values of recombination rate ranged from 0.05
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to 0.30, linkage disequilibrium was equal to 0.1 or 0.2. Under the alternative, 
an additive genetic effect of a QTL, expressed in phenotypic standard deviation 
units, was simulated as 0.1, 0.3 or 0.5, while no dominance (d= 0) was assumed, 
i.€. [gg = 0. The number of alleles simulated at marker loci was 2, 5 or 10. 

Real data 

The real data set available for TDT analysis was collected from the German 
Holstein population. It consists of 671 sires and their 3059 daughters. For each 

daughter genotypes at three milk protein markers and milk production data 

were available. Chromosome 6 is represented by two very closely linked 

markers — k-casein (3 alleles) and B-casein (4 alleles). The third marker — 

B-lactoglobulin (2 alleles), maps to chromosome 11. Production data comprise 

305-day milk, fat, and protein yields, together with fat and protein contents. 

All traits were preadjusted by subtracting the GLS (Generalised Least Squares) 

estimates of herd-year-season of calving effects from individual yields (HEN- 

DERSON 1984). 
The data were not collected especially for TDT, but for the purpose of 

major gene detection using likelihood based approach (WILD 1997). For this 

reason, the data had to be adapted accordingly prior to the analysis. First, sires’ 

marker genotypes — originally unknown, were estimated using marker infor- 

mation from daughters. Only heterozygous sires with marker genotypes as- 

signed with probability at least 0.975 were chosen. Secondly, dams’ marker 

genotypes were also unknown, So that only transmission from sires to daughters 

could be considered and those sire-daughter pairs for which the transmission 

probability of a given allele was O or 1 were included in the analysis. Finally, 

trait values were additionally corrected for the sire effect, so that TDT statistic 

remains a valid test also in case of an apparent (due to a sampling process) or 

a true distortion of marker allele segregation from sires to offspring (see 

Appendix 1). Thus, the final data set available for model-free analysis with 
TDT is much smaller than the original sample and consists of 17 heterozygous 

sires with an average of 44 daughters per sire for K-casein, 24 heterozygous 

sires with an average of 43 daughters per sire for B-casein, and 18 sires with 

an average of 32 daughters per sire for B-lactoglobulin. 

Results 

Ho distribution 

The empirical Ho distribution of TDT was constructed for different numbers 

of marker alleles, sires and daughters per sire. As shown in Figure !, under
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Table 1. Partitioning of the sample information for TDT 
  

  

Parental marker allele Not transmitted to offspring 

1 2 m sum 

1 n12 y12 Nim Yim п1. 1. 

Transmittedto | 2 n21 y21 Nam Yam ną. ya. 
offspring _ _ - 

m Nm\ Ym1 Nm2 Ym2 Mm. Ym. 

sum п.1 У1 п2 у2 Пт Ут             
n—number of offspring, y — average trait value 

all considered constellations of parameters, the test statistic remains in good 

agreement with the Х2 distribution, with only a slight tendency of conserva- 

tiveness for a large number of daughters per sire and a large number of halfsib 

families. 
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Figure 1. Empirical Ho distribution of TDT based on simulations for 2(—), 5(—), 

and 10 ( --- ) alleles at a marker locus, and O = 0.05 

left graph — 20 sires, right graph — 50 daughters per sire, 0 — type I error based on the x distribution 

Power 

Recombination rate and linkage disequilibrium between a QTL and a marker 

locus are the quantities determining the hypotheses tested by TDT. The rate 

of recombination operates on a halfsib family level determining the proportion 

of daughters which obtain a favourable QTL allele together with a given marker 

allele from a (heterozygous) sire. Linkage disequilibrium plays a key role 

across halfsib families, determining the proportion of sires with the same
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Figure 2. Power of TDT for 20 sires, 5 alleles at a marker locus, and a = 0.05 
left graph - 5 = 0.2 (—) 50 daughters per sire, a = 0.3; (----) 100 daughters per sire, a = 0.3; (— ) 50 

daughters per sire, a = 0.5; (--- ) 100 daughters per sire, a = 0.5 
right graph — 6=0.1 a — additive genetic effect of a QTL, @ — recombination rate, 6 — linkage disequili- 

brium, & — type I error based on the x? distribution 

linkage phase at quantitative trait and marker loci. Their impact on power is 
summarised in Figure 2. It shows that power is strongly dependent on recom- 
bination rate. Tight linkage is a prerequisite for TDT, so that markers having 
more than 20% of recombination with a QTL do not provide satisfactory power, 
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Figure 3. Power of TDT for a = 0.3 ( — ), anda=0.5(— ),8=0.1,56=0.2, 5 alleles at 

a marker locus, a = 0.05 

left graph — 20 sires, right graph — 50, and 100 daughters per sire, a — additive genetic effect of a QTL, 
8 — recombination rate, 6 — linkage disequilibrium, « — type I error based on the 2 distribution
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even in large halfsib families. On the contrary, the amount of linkage dise- 

quilibrium has only negligible effect on power, so that increasing linkage 

disequilibrium from 0.1 to 0.2 resulted in less than 1% gain in power for most 

of the experimental designs considered. It should be kept in mind that on 

a population level, recombination rate and linkage disequilibrium are con- 

founded so that for an ideal population (i.e., undergoing random mating, no 

mutation and no migration) linkage disequilibrium in generation £ is stronger 

for closely linked than for loosely linked loci (see Appendix 2). 

Another factor influencing the 

power of hypothesis testing is 

sample structure. Power of TDT is 

strongly dependent on the number 

Table 2. Power of TDT for 20 sires, 

100 daughters per sire, 6 = 0.2, 5 alleles at 

a marker locus; a = 0.05 
  

  

ee Recombination rate of daughters per sire, whereas in- 

creasing the number of sires im- 

BR 31 proves testing performance only 

0.1 0.069 0.064 marginally (Figure 3). To map 

0.3 0.362 0.305 a QTL with a large effect (a = 0.5), 

0.5 0.763 0.699 power of 60% requires over 55     
  

a — expressed in phenotypic standard deviation units, 6 - daughters per sire when a marker 

linkage disequilibrium, a — type I error based on locus has 5% recombination with 

a QTL, and over 70 when recombi- 

nation increases to 10%. 

the x? distribution 

For halfsib family sizes commonly available in dairy cattle, TDT enables 

mapping of genes with large effects on the variation of a quantitative trait, 

explaining over 30% of the total variance. For up to 100 daughters per sire, 

the power of the detection of genes with relatively small effects is low, even 

if a gene is very closely linked to the available marker (Table 2). 

Table 3 . Empirical P-values of TDT for milk protein marker loci and yield traits 

  

  

Marker locus 

Trait 
K-casein B-casein B-lactoglobulin 

Milk yield 0.897 0.804 0.508 

Fat yield 0.996 0.910 0.186 

Fat (%) 0.733 0.868 0.019. 

Protein yield 0.950 0.597 0.195 

Protein (%) 0.807 0.162 0.164     
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Application to real data 

Results from the real data set of German Holstein cattle are given in Table 3 
in form of empirical P-values obtained by permutation of individual yields 
among daughters (DOERGE, CHURCHILL 1996). For casein loci no evidence of 
a cosegregating QTL was found, while at the B-lactoglobulin marker signifi- 
cant transmission disequilibrium for fat content (P = 0.019) was identified. 

Discussion 

Results of simulations show that regardless of the experimental design, 

the null hypothesis distribution of the test stays in good agreement with 

the x distribution. Under the alternative hypothesis, tight linkage is a prereq- 

uisite for identifying a QTL. Power can also be enhanced by increasing 

the number of daughters per family, while increasing the number of families 

(e.g. sires) does not affect power. Unless there is complete linkage disequili- 

brium between a marker and a QTL, a certain percent of families from the ana- 

lysed population contribute data from the opposite linkage phase, so that 

increasing the number of families also increases the amount of data under this 

phase. 

The application of TDT to the real data set from the German Holstein cattle 

does not give evidence of a QTL cosegregating with casein markers. This 

remains in agreement with results of WILD (1997), obtained from the same 

data set which provided a sample for TDT. Recombination rates estimated in 

this study are about 30% and estimates of additive QTL effects for different 

milk production traits range between 0.057 and 0.250. These estimates are 

given in form of means from marginal posterior distribution of parameters, 

obtained using the Gibbs Sampling algorithm. Also LIU (1994) found no 

evidence for a QTL in the neighbourhood of casein loci in another sample 

from German Holstein cattle population. However, in Dutch and U.S. Holstein 

families, a QTL responsible for milk production was identified around 

the proximal part of chromosome 6 (BOVENHUIS, WELLER 1994, SPELMAN 

1996, ZHANG et al. 1998 ). In the current study a significant result indicates 

possible location of a QTL responsible for fat content near or at the B-lacto- 

globulin locus on chromosome 11. Significant direct effects of this locus were 

also reported by (BOVENHUIS, WELLER 1994, LIU 1994, WILD 1997).
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Conclusions 

TDT does not require intensive computations, is not time consuming and 

can be obtained using commonly available statistical software. Another ad- 

vantage of TDT is that, regardless of the experimental design, the null hypo- 

thesis distribution of the test stays in good agreement with the 0 distribution, 

so there is no need for the calculation of empirical significance levels. The main 

disadvantage of the test is its high requirements to reach satisfactory power, 

i.e., large halfsib families, tight linkage and a QTL with large effect. Providing 

a satisfactory number of offspring per family does not seem to be a major 

problem for animal breeding applications, but the prerequisite of tight linkage 

may often be difficult to obtain, as marker maps of livestock species do not 

yet provide high density markers all over the genome. 

As a result of all these features, TDT is not recommended to search for 

putative quantitative trait loci with unknown chromosome localisation. How- 

ever, this statistic can be very useful for fine positioning of already detected 

genes, as it is commonly applied in human genetics (see, e.g., CEROSALETTI 

et al. 1998, or JENISCH et al. 1998). In the future, it can also prove its usefulness 

in monitoring linkage disequilibrium in populations subjected to marker as- 

sisted selection. 
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Appendix 1 

Let the statistical model for a quantitative yield of j-th daughter of i-th sire, under the 

null hypothesis of no QTL, be: y;;= 1+ 5;+ e;. Following this model and assuming two 

alleles at a marker locus, the numerator of the TDT y,2— y2; can be expressed as: 

ns 2; ns "hi 

5 >), (U+s;+e;) YY ut s+ ey) 

=1 j=l _ = = —_ M2 Ma M12, na HL +. 

m2 na. П12. M1. 

ns ns ns "42; ns "2; 

na. У, П12; 5; — П]12. у, П21; 5; У У е;— У У €ij 
+ i=l i=l + ЕЕ i=1 j'=1 

П]2. May. Ny2. Mal. 

where, ns is the number of sires, 
ns ns 

Ny and ny, are }° m2; and ) nay; respectively. 
il =1 
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Three components of the numerator are: 

2, Ma H — Й12. ПИ _ 
  

  

0, 
Nią. Ma. 

ns 12; ns "ai 

LL EG LD ey 
i=l j=l i=lj=l _ 0 

Ny2, N21, 
ns ns 

Ny), У П12; $1 — П]2. У Naqi Si 
i=l i=l 

Niall. 

У (У il Е { 1, sey ns)S; - Sp). 

Thus, the preadjustment of sire effects guarantees that TDT remains a valid test also 

if a segregation distortion of marker alleles from sires to their offspring is observed in a 

sample (1.8. 112; £ Ny;). 

  =(e(ie [1,.., ns) na; = nay;) 

Appendix 2 

For two loci A and B, let linkage disequilibrium (5) be defined as: 6 = P(A,B;) — 

P(A,)P(,), where P(A, B,) is the frequency of haplotype 1-1, P(A;) is the frequency of 

allele 1 at locus A, P(B,) is the frequency of allele 1 at locus B, and 0 is a recombination 

rate between loci A and B. 

i) Linkage disequilibrium in generation 1 is: 6, = P,;(A;B,) — P(A,)P(B,), and the 

: 1-6 
frequency of a coupling phase haplotype 1-1 at generation 1 is: P;(A4B,) = > 

ii) Linkage disequilibrium in generation t is: 6,=P,(A,B,) — P(A,)P(B;), and the 

or 1-0) 
frequency of a coupling phase haplotype 1-1 at generation ¢ is: P(A,B,) = oss. 

Thus, for an ideal population, the decrease in linkage disequilibrium throughout ¢ 

generations (AS) depends only on recombination rate (8) and is equal to: 

A8' = 5, - 51 = РКА, В1) — PAJP(B)) — P;(A,B) + P(AJDP(B,) = (1 — 8) — (1 - 0).


