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Summary

Certain genetic disorders are rare in the general popula-
tion, but more common in individuals with specific triso-
mies. Examples of this include leukemia and duodenal
atresia in trisomy 21. This paper presents a linkage analysis
method for using trisomic individuals to map genes for
such traits. It is based on a very general gene-specific dos-
age model that posits that the trait is caused by specific
effects of different alleles at one or a few loci and that
duplicate copies of "susceptibility" alleles inherited from
the nondisjoining parent give increased likelihood of hav-
ing the trait. Our mapping method is similar to identity-
by-descent-based mapping methods using affected relative
pairs and also to methods for mapping recessive traits
using inbred individuals by looking for markers with
greater than expected homozygosity by descent. In the
trisomy case, one would take trisomic individuals and look
for markers with greater than expected homozygosity in
the chromosomes inherited from the nondisjoining parent.
We present statistical methods for performing such a link-
age analysis, including a test for linkage to a marker, a
method for estimating the distance from the marker to
the trait gene, a confidence interval for that distance, and
methods for computing power and sample sizes. We also
resolve some practical issues involved in implementing the
methods, including how to use partially informative mark-
ers and how to test candidate genes.

Introduction

Cytogenetic abnormalities have been useful tools to identify
candidate regions of chromosomes that contain genes in-
volved in single or multigene disorders. Mapping by gene
dosage, making use of partially trisomic individuals, has
been particularly useful in this respect. Korenberg and her
colleagues have used phenotypic, cytogenetic, and molecu-
lar analyses of individuals with partial trisomy of chromo-
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some 21 to create a phenotypic map of the chromosome
(Korenberg et al. 1992; Korenberg 1993). This paper ex-
pands that approach to the use of individuals with whole
trisomy to map phenotypic components of the trisomy.
Obviously, defects resulting from the presence of a whole
chromosome are not the result of imbalance of one or a
few genes and could not be mapped easily. As pointed out
by Epstein et al. (1991), phenotypic components of trisomy
that are global, such as mental retardation, are due to many
genetic factors. But phenotypic components of trisomy that
are present in only a proportion of cases do have the poten-
tial to be mapped. Even in the case of mental retardation,
it is possible that some genetic factors have a stronger effect
than others and may determine a specific feature of the
retardation or of development that would be possible
to map.
We present linkage analysis methods to map genes in-

volved in defects present in a proportion of cases of whole
trisomy of a specific chromosome. Our approach assumes
that the defect of interest is due to a gene-specific dosage
effect. That is, the presence or absence of the phenotype
in a trisomic individual, or variable expression of the phe-
notype among individuals, is caused by specific effects of
different alleles at one or a few genetic loci. The different
alleles may range from deleterious alleles, i.e., rare muta-
tions, to simple isoforms, i.e., those resulting in normal
variation of function. Certain trisomic genotypes lead to
greater liability or susceptibility for the defect. The in-
creased liability may be due to different levels of gene
regulation, different levels of enzyme activity, or altered
structural associations due to excess gene product. Caroth-
ers (1983) described a similar model for quantitative traits
in trisomy 21 on the basis of dosage effects of polymorphic
genes. Further, Engel (1980) suggested that, as a result of
nondisjunction, two of the three chromosomes may be
wholly or partially identical, which could lead to effects
different from those that may be produced by three non-
identical chromosomes.

Following Engel and Carothers, we propose that the
susceptible trisomic genotypes are likely to arise in cases
where the two chromosomes inherited from the nondis-
joining parent are partially identical, resulting in the inheri-
tance of double copies of "susceptibility" alleles at a specific
locus. These identical chromosome portions are examples
of disomic homozygosity or, equivalently, reduction to ho-
mozygosity, defined at a given locus as homozygosity by
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descent in the two alleles inherited from the nondisjoining
parent. The term "by descent" is used here to indicate that
the homozygosity is by duplication of a single parental
allele and is not the result of parental homozygosity. Diso-
mic homozygosity for a specific allele can arise in many
ways. For example, it can arise from (1) mitotic nondisjunc-
tion, resulting in disomic homozygosity for the entire chro-
mosome; (2) meiosis II nondisjunction, resulting in disomic
homozygosity in the pericentromeric region; or (3) meiosis
I nondisjunction that has undergone recombination, re-
sulting in disomic homozygosity distal to the point of ex-
change.
The exact mechanism leading to disomic homozygosity

does not affect the phenotypic outcome. Thus, regardless
of the mechanism, trisomic individuals with a particular
defect are expected to show greater than normal levels of
disomic homozygosity in the chromosomal region con-
taining the gene involved in the etiology of the defect. This
is true under a wide variety of specific models for the trait
etiology, as long as greater numbers of "susceptibility" al-
leles lead to a greater likelihood of having the trait. This
is analogous to the expectation that affected relative pairs
will show greater than expected levels of identity by descent
in regions containing genes for the trait they share, even in
the presence of heterogeneity, epistasis, phenocopies, or
environmental interactions (see, for example, Suarez et al.
1978 and Risch 1990). The trisomy cases that arise from
mitotic nondisjunction contain no mapping information,
because they are homozygous for the entire chromosome,
but the meiosis I and meiosis II cases can be used to map
genes for the defect.
Our mapping method is quite straightforward. It is anal-

ogous to methods dating back to Penrose (1935) that look
for excess identity by descent in affected relative pairs and
also to methods for mapping recessive traits by using inbred
individuals and looking for markers with greater than ex-
pected homozygosity by descent (Smith 1953; Lander and
Botstein 1987). In the trisomy case, we take trisomic indi-
viduals and look for markers with greater than expected
disomic homozygosity at a marker. In this paper, we outline
such a test for linkage of a trait gene to a marker. The test
is valid under any model of the trait etiology in which
excess disomic homozygosity is expected. We then special-
ize to a simple model that can be used to estimate the
distance from the marker to the trait locus and to calculate
the power of the test. The natural targets for our mapping
methods are well-defined defects that appear in a propor-
tion of a trisomic population. Our methods are equally
applicable to all autosomal trisomies, if appropriate pheno-
typic components can be identified and sufficient data
found. In practice, however, because of the large number of
live-born individuals involved, trisomy 21 is of the greatest
interest. It will be used as an example throughout the paper.
A glossary of symbols appears in the appendix.

The Data

The data needed to test linkage of a trait gene to a marker
are the genotypes at the marker of trisomic individuals with
the trait and of their parents. We assume that the parental
origin of the nondisjunctional error is known on the basis
of other informative markers on the chromosome. When
the nondisjoining parent is heterozygous, we can determine
whether each trisomic individual shows disomic homozy-
gosity at that marker, as shown in table 1. Mating types
in which the nondisjoining parent is homozygous at the
marker yield no information and so are not included the
analysis. One mating type, CD x CD, yields partial infor-
mation. The offspring of the partially informative matings
can be excluded from the analysis, or a slightly more com-
plex analysis can be done that includes them. We discuss
both the simple and the complex analyses.

Testing for Linkage

The Bask Test
The basic test is analogous to identity-by-descent-based

linkage tests using affected relative pairs. In such tests, the
proportion of pairs showing identity by descent at the
marker is observed and compared to the expected propor-
tion under the null hypothesis of no linkage. The null hy-
pothesis expectation is 1/2 for grandparent/grandchild pairs
and avuncular pairs, 14 for cousins, etc. In the trisomy case,
we observe the proportion of trisomic individuals with the
trait showing disomic homozygosity at the marker and
compare it to the expected proportion under the null hy-
pothesis of no linkage. The null hypothesis proportion is
more complex than for affected pairs. For the moment we
simply call it x and defer its calculation to the next section.
We define m to be the expected proportion under the (gen-
eral) alternative hypothesis. We test the null hypothesis that
m = x, and hope to find m > x, which implies linkage of
the trait gene to the marker being tested. The appropriate
test is a one-sample z-test (one-sided), which rejects the null
hypothesis if the sample proportion, A, is greater than

lx(1-x)X + Za
n

where Za is the normal percentile and n is the sample size.
Alternatively, it is possible to compute a lod score, since
the likelihood ratio is

(n ) ()thn(l1 A )n-tmn

P{observe MA Im = m' An
PoevIM =Plobserve ml =x} n )(X)ln(l - A)"
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Table I

Genotypes Indicating Disomic Homozygosity

GENOTYPE

Nondisjoining Disjoining DISoMIC
Parent Parent Offspring HoMOZYGosrrY?

CD EF
rCDE or CDF .No

iCCE, CCF, DDE, or DDF Yes

CD DE { CDD or CDE......... No
CD DE ~~~~~~~~~~~CCD,CCE, DDE, or DDD .........Yes

CD CD CCC or DDD. Maybe
CDE .NoCD EE ICCE or DDE .Yes

CD DD {CDD .NoICCD or DDD....................Yes

The lod score test and the z-test are asymptotically equiva-
lent if equivalent error levels are used. For small sample
sizes and/or extreme values of x, an exact binomial test or

a skewness-adjusted z-test could be used instead.

Calculation ofx
Unlike the expected proportion of affected pairs who are

identical by descent, the expected proportion of trisomic
individuals displaying disomic homozygosity, x, is not con-

stant over the length of the chromosome. Instead, it varies
from marker to marker, depending on the distance from
the centromere to the marker, and must be estimated from
data. We assume that a large amount of data is available
from which to estimate x; if the data set is not large, a

two-sample z-test should be used for the basic test instead
of a one-sample test.

The simplest approach to calculating x is to take a large
sample of trisomic individuals and their parents and find
the proportion of the sample that is reduced to homozygos-
ity at each marker, thereby directly estimating x for each
marker individually. This is similar to estimating the dis-
tance between two markers (the marker of interest and the
centromere) by using a two-point analysis. This is likely
to lead to reasonably good results for markers near the
centromere, with poorer results for markers further from
the centromere.
A more robust approach uses centromeric mapping

methods (Shahar and Morton 1986; Chakravarti and
Slaugenhaupt 1987) combined with multipoint mapping
strategies to obtain genetic maps based on the trisomic
population (e.g., Sherman et al. 1991). These maps can be
used to derive estimates of x at each marker that incorpo-
rate data from multiple markers. The details of this ap-

proach are somewhat data dependent and in general will

vary with the trisomy being studied. For example, if all
trisomic individuals were the result of meiosis II errors, x
would simply be 1 - z, where z is the tetratype frequency,
which is equal to the probability of heterozygosity at the
marker, given homozygosity at the centromere (Shahar and
Morton 1986; Chakravarti and Slaugenhaupt 1987). The
tetratype frequency can be derived from the trisomy-gener-
ated genetic map by using an appropriate mapping function
to translate from map distance in centimorgans to z (Mor-
ton and MacLean 1984; Chakravarti and Slaugenhaupt
1987). If only meiosis I errors existed, all trisomic individu-
als would be heterozygous at the centromere and thus ho-
mozygous at the marker with probability z/2. In general,
the data will consist of a mixture of these two types of
errors, giving the weighted value,

x = h(z12) + (1 - h)(1 -z) ,

where h is the proportion of meiosis I errors of the total
number of meiosis I and meiosis II cases. This formula is
appropriate as long as the recombination process is the
same in the meiosis I and meiosis II groups. There is evi-
dence, however, that nondisjunction resulting in trisomy is
associated with aberrant recombination (Warren et al.
1987; Morton et al. 1990; Sherman et al. 1994). This
means that the tetratype frequency, z, may differ in the
meiosis I and meiosis II cases, necessitating the use of two
separate maps. The formula for x is then

x = h(z1/2) + (1 - h)(1 - Z2),

where zi is the tetratype frequency in the meiosis I cases
and Z2 is the tetratype frequency in the meiosis II cases.
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Figure I Values of the expected reduction, x, along chromosome
21. The markers shown are, from left to right, D21S215, D21S192,
D21S214, D21S210, D21S213, IFNAR, D21S167, HMG14, D21S212,
and D21S171. The horizontal axis shows distance on the average trisomy
21 map.

Figure 1 shows values of x calculated by both methods
for a trisomy 21 data set of >300 cases (data described in
Sherman et al. 1994). To date, there are no highly polymor-
phic, chromosome 21 centromeric markers available. Thus,
D21S215, a pericentromeric marker, is used to represent
the most centromeric marker. The most polymorphic te-
lomeric marker available is D21S171. For the map-based
method, we actually used four separate maps, for maternal
and paternal meiosis I and meiosis II cases. We separated
the maternal and paternal cases because there is significant
reduction in recombination in the maternal, but not pater-
nal, meiosis I cases (Sherman et al. 1994). Comparison of
the estimates of x at each marker, on the basis of the
two methods, shows, as one would expect, a high level of
concordance for pericentromeric markers and a lesser level
for more distal markers.

Induding Partially Informative Individuals
The only partially informative mating type occurs when

the parents share both alleles in common at the marker,
i.e., CD x CD. If the offspring is DDD or CCC, it is
reduced to homozygosity, but if the offspring is CCD or

CDD, it could be reduced or nonreduced. If the DDD
and CCC offspring are included in the sample proportion
showing disomic homozygosity, m, it biases m' to the high
side (i.e., the expected value of m- is >m). When the meth-
ods described above are used, these individuals should be

ignored. The information from CD x CD matings can be
included, however, if a full likelihood approach is used to
calculate m. The data for this approach can be thought of
as two separate samples, one of fully informative matings
and one of partially informative matings, with sample sizes
nfwl and npart.
For the fully informative sample, we observe vfu1l, the num-
ber of individuals in the sample with genotypes that indicate
reduction. The distribution of vftm is binomial (nfull, m).
For the partially informative sample, we observe vpa,,, the
number of individuals with genotype DDD or CCC. The
distribution of vpar is binomial (npa, m/2), since, given
reduction, there is a 50% chance that the individual will
be DDD or CCC rather than CCD or CDD.
The log likelihood is

nfua parcL(m) = In ) + Ink ) + vfln m
VfU11 Vpan

+ (nfwl - vfujj)ln(1 - m) + vpajn(m/2)
+ (n,= - Vpart)li(l - m/2),

and the maximum likelihood estimate, m is the value of m
that solves

mn2(nfujj + np.)- m(2nfun + npa + vfun + 2vpart)
+ 2vf + 2vp. = 0 .

To test for linkage, the likelihood ratio test statistic is

2(vfull + vpart)1n( ) + 2(nfl - vfuull)ln _Mx)

+ 2(npart - vpart)ln x

(twice the natural log of the likelihood ratio), which has
an approximate x2 distribution with 1 df for large enough
sample sizes. Alternatively, the lod score is

(Vfull + Vpart)log1o(0 ) + (nfl - vfull)loglo(j X)

+ (now- Vpart)lg0Qt2-x).

Using a Specific Model to Estimate a Unkage
Parameter

An important feature of our linkage test is that it does
not depend on a specific model for the trait etiology. It
applies to any model for which excess reduction to homo-

-O----- map-based method

.--°---. single marker method

.~~~~. -

'----------- ----- -5--: a-------- - .?$---

I
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BBB
ABB_

.BB _ _ threshold
AAS ~~~~~~~fortrait

no no ? no no yes yes trait present?

Figure 2 Hypothetical activity levels for different genotypes

zygosity is expected: essentially any gene-dosage model.
However, it is desirable not only to test for linkage, but to
estimate a linkage parameter: the distance from the marker
to the trait locus. Estimating that distance requires using a

specific model of the trait etiology. We present a simple
two-allele model, but our methods can be adapted to more
complex models.

The Two-Allele Model
We suppose that the trait is controlled by one locus, with

two alleles. Allele A might correspond to a low dose of
activity, and allele B to a high dose, with the doses being
additive. Allele B is the less frequent "susceptibility" allele.
A high enough total dose of activity puts an individual over

a threshold and results in the abnormal phenotype. Thus,
trisomic individuals who are AAA or AAB are unaffected,
whereas those who are ABB or BBB are affected, as shown
in figure 2. A proportion ofchromosomally normal individ-
uals with the BB genotype may exceed the threshold, de-
pending on the variation in genotype expression. Since the
B allele is less frequent, ABB and BBB individuals are pri-
marily the result of disomic homozygosity for B.

Estimation of the Linkage Parameter
Estimating the linkage parameter requires calculating

two quantities from the model of the trait etiology: the
probability of having the defect, given disomic heterozygos-
ity at the trait locus and the probability of having the defect,
given disomic homozygosity at the trait locus. The general
gene-dosage model implies that the latter probability
should be larger than the former, but there is no other
necessary relationship between these probabilities. For our

simple model, the two probabilities are calculated as fol-
lows. Let the population frequencies of A and B be p and
q, with p + q = 1. If there is reduction to homozygosity
at the trait locus, the nondisjoining parent contributes ei-
ther AA or BB with probabilities p and q. The other parent
contributes either A or B with probabilities p and q. Then
the offspring has disease genotype ABB or BBB with proba-
bilities pq and q2. So P~trait homozygous at trait locus)
= pq + q2 = q. If there is not reduction to homozygosity

at the trait locus, the nondisjoining parent contributes AA,
AB, or BB with probabilities p2, 2pq, and q2 (the homozy-
gous genotypes arise here as identity by state rather than
by descent). This gives the offspring genotype ABB or BBB
with probabilities 2pq2 + pq2 and q3. Then P{trait hetero-
zygous at trait locus) = q3 + 3pq2.
The linkage parameter that we want to estimate is y, the

tetratype frequency between the marker and the trait gene,
defined as the probability of heterozygosity at the trait
gene, given homozygosity at the marker or, equivalently,
heterozygosity at the marker, given homozygosity at the
gene (Chakravarti et al. 1989). It is a function of m and x
and so can be estimated as a function of mi and x. Since
mi is the maximum-likelihood estimate of m, the estimate
9 calculated in this manner is the maximum-likelihood esti-
mate of y. The calculation is complicated by two additional
parameters: q, the frequency of the susceptibility allele,
which we presume is an unknown quantity, and K, the
trisomy population prevalence of the trait, which we pre-
sume is known. Two equations relate m, x, and y, and
they are both needed to solve for 9A For brevity, we denote
homozygosity and heterozygosity by - and +, respectively.
The two equations are
m = P{marker- trait)

P(trait marker-)Ptmarker-)
P(trait)

(by Bayes's theorem)
x
-PXtrait marker-)
K

(by the definitions of x and K)

x ( Pjgene- marker- )Pttrait gene-)
K + P{gene+ marker-)P(trait gene+)}

(by conditioning on the trait gene)

- [(1 - y)q + y(q3 + 3pq2)]
K

(by the definition of y and probabilities
provided above by the gene-dosage
model), and

1 - m = P{marker+ trait)
Pttrait marker+)P(marker+)} 1 - x

P(trait) K

(1)

(2)

( Plgene- marker+)Pttrait gene-)
\+ P{gene+ marker+)P{trait gene +)

1-x 3
- K~[(y/2)q + (1 - y/2)(q3 + 3pq2)] .
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Solving for y as a function of x, K, and mA first yields the
intermediate step,

35

30
3 ~~2(1-?h)K thK-4q3 + 6q2+ q = - +

1 -x x
)

which must be solved numerically for q, and then

mKt A

- qyA x

-243 + 34A2 - q^

The estimate 9 must be interpreted as a value on the average
map that includes both meiosis I and meiosis II cases.

A Confidence Interval for the Linkage Parameter
The confidence interval for y is obtained by first calculat-

ing the confidence interval for m. For a data set that ex-
cludes partially informative cases, mh is just a sample pro-
portion, so the standard confidence interval is

m = Za/
n

If the partially informative cases are included and the full
likelihood method used, the confidence interval for m is

m = m ± Za/2 X SW, ,

where sf, is the approximate asymptotic standard error of
m, which is

I-1
E[L"(m)] evaluated at m = Mn

(1 - M6)(2 - m)
(2-M )nful + (1 - )np.

Substituting the left-hand endpoint of the confidence inter-
val for m into equations (1) and (2) and solving for y gives
one endpoint of the confidence interval for y. Substituting
the right-hand endpoint into equations (1) and (2) gives
the other. A confidence interval for q is a by-product of
this procedure.

Power and Sample-Size Methods
Sample sizes for fully informative cases can be calculated

by standard methods, given a particular model for the etiol-
ogy of the disease. For our gene-dosage model, it is done
by specifying K, x, and y and substituting them into equa-
tions (1) and (2), to give a value for m. The power to find
a gene for a defect with that value of m is

a)
N

a)

E
U)

25-

20 -

15-

10

0

distance from marker to gene (cM)

Figure 3 Sample sizes for trait frequency 1%

1-_ ¢( m-f+Za/X(1 - X)) (3)

where 1' is the standard normal distribution function. The
sample size to achieve power of 1 - [8 is

(4)

Figures 3, 4, and 5 show sample sizes necessary to detect
genes for traits with frequencies of 1%, 5%, and 15%,
respectively. Mapping traits with those frequencies should
be quite feasible. With markers spaced every 10 cM, so
that the maximum distance from the trait gene to some
marker is 5 cM, sample sizes of -10, -40, and -200 are
sufficient. For very common traits, necessary sample sizes
are prohibitive (on the order of 5,000-10,000 cases for a
trait frequency of 40%). All sample sizes are computed for
power of 80%, using a significance level for the test of .01.
These sample sizes, of course, apply only if our simple
model is correct. More complex trait etiologies would, in
general, require larger sample sizes.
The likelihood methods used for the test that includes

partially informative data do not provide a way to make
power and sample-size calculations. However, even if the
data are expected to include both fully informative and
partially informative observations, equation (4) can be used
to find the necessary number of fully informative observa-
tions. Somewhat more observations will then be needed if
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Af-(x-m) +zA= X~~~~~

(from eq. [3]), solving for Sparet and taking the derivative
with respect to nf1ll. This yields the fact that one fully infor-
mative observation is equivalent to approximately

2 - m 1 z[a+/x(2 -m) ((1-m)(2-x)
1-rn [m(1 - m)() - x)

- (1 -x)(2 - m))1

distance from marker to gene (cM)

Figure 4 Sample sizes for trait frequency 5%

some of them are partially informative. The relative value
of fully and partially informative observations can be found
by comparing the power of the z-test for fully informative
matings to the equivalent z-test for partially informative
matings, that is, by setting

4.(x - m) + za x(1 - x)
m(1 -m)

600

500

ci)
N
._o

U1)a)

E

400

300

200

100

Figur

partially informative observations. This value depends on

nfwl., for small values of nfu,1, but for large values of nfull it
is approximately equal to (2 - m)/(1 - m). This procedure
is appropriate, as long as the partially informative observa-
tions make up only a modest percentage of the overall
sample. For the values of x, y, and K for which we did
power calculations, the value of (2 - m)/(1 - m) ranges
from -2.5 to - 6.5.

Testing a Candidate Gene
In the case where the marker being tested is actually a

candidate gene for the disorder, it is desirable to test the
null hypothesis that y = 0. If the confidence interval for y
has been calculated, one can just check whether it includes
zero. Equivalently, one could calculate the value of m to
which y = 0 corresponds (by using eqs. [1] and [2]) and
then perform a z-test. This test does, however, depend on

the model of the trait etiology. More nonparametric evi-
dence for the candidate gene being involved in the defect
could be obtained through a population study: examining
allele distributions of the gene among trisomy 21 cases with
and without the defect.

/ .... ~~~Discussion

We present a method to identify genes responsible for
specific stigmata present in a proportion of trisomic individ-
uals. This method can be applied to any autosomal trisomy

...... ~~~~~~~forwhich a genetic map is available and for which specific
defects are well-defined. Mapping genes responsible for the

defects present in a proportion of Down syndrome individ-
LOur) o us uals is probably the best application of this method, as

r- cm there is a large population of live-born individuals with
distance from marker to gene (cM) trisomy 21. However, other trisomies, including trisomies

13 and 18, could also be studied, and our methods could
e 5 Sample sizes for trait frequency 15% be extended to apply to sex-chromosome trisomies. It is

120

100

N
a)

E
co)

80

60

40

20
0 uL 0
cm T- N
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also possible that a series of trisomic spontaneous abortuses
could be studied, if the defect in question can be diagnosed
by that stage. One limitation of the method is that it is most
effective for traits that appear in <15% of the trisomic
population. This is due to the prohibitive sample size that
is necessary to detect differences in disomic homozygosity
in the most common traits. Thus, for trisomy 21, this
method appears promising for traits such as leukemia or
duodenal atresia, which are present in 1% and 7% of the
Down syndrome population, respectively.
An important feature of our methods is that the linkage

test does not depend on a specific model of the trait etiol-
ogy. It is almost completely nonparametric. The only as-
sumption it makes is that there will be increased disomic
homozygosity near any gene associated with the trait.
However, estimating the linkage parameter or calculating
the power of the test does require relying on a specific
model. It will be important in the future to extend the
methods to more complex models, and to study the effects
of model misspecification.

Another area for future work is developing methods that
use information from more than one marker simultane-
ously. For example, the power of conventional linkage
studies can be improved by examining flanking markers of
a putative susceptibility locus, i.e., interval mapping
(Lander and Botstein 1986). Moreover, it should be possi-
ble to do a whole-chromosome search, analyzing data from
markers along the entire chromosome simultaneously by
using methods similar to those discussed in Feingold et al.
(1993).
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Appendix

Glossary of Symbols

m P(disomic homozygosity) at a given marker for a
trisomic individual affected with the trait of in-
terest

x P(disomic homozygosity) under the null hypothe-
sis of no linkage

n sample size (number of affected trisomic individ-
uals)

m maximum-likelihood estimate of m
z tetratype frequency between marker and centro-

mere
Z1 tetratype frequency between marker and centro-

mere in meiosis I cases

Z2 tetratype frequency between marker and centro-

mere in meiosis II cases
h proportion of meiosis I cases of the total number

of meiosis I and meiosis II cases
nf,11 number of fully informative cases
vf.11 number of fully informative cases showing diso-

mic homozygosity at the marker
npart number of partially informative cases
Vpart number of partially informative cases showing di-

somic homozygosity at the marker
q frequency of the rarer "susceptibility" gene under

the two-allele model
y linkage parameter (tetratype frequency between

marker and trait gene)
K trait frequency in trisomic population
9 maximum-likelihood estimate of y
q maximum likelihood estimate of q
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