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Summary

By combining molecular and cytogenetic techniques, we demonstrated the feasibility and desirability of a

comprehensive approach to analysis of nondisjunction for chromosome 21. We analyzed the parental origin
and stage of meiotic errors resulting in trisomy 21 in each of five families by successfully using cytogenetic
heteromorphisms and DNA polymorphisms. The 16 DNA fragments used to detect polymorphisms
spanned the length of the long arm and detected recombinational events on nondisjoined chromosomes in
both maternal meiosis I and maternal meiosis II errors. The meiotic stage at which errors occurred was

determined by sandwiching the centromere between cytogenetic heteromorphisms on 21p and an informa-
tive haplotype constructed using two polymorphic DNA probes that map to 21q just below the centromere.
This study illustrates the necessity of combining cytogenetic polymorphisms on 21p with DNA polymor-
phisms spanning 21q to determine (1) the source and stage of meiotic errors that lead to trisomy 21 and (2)
whether an association exists between nondisjunction and meiotic recombination.

Introduction

During the past 15 years cytogeneticists have used
chromosomal variants (heteromorphisms) to study
the parental origin of the extra chromosome in
trisomy 21. To date, this technique has been used to
detail the segregation of chromosome 21 in more

than 1,000 Down syndrome families (Bott et al.
1975; Wagenbichler et al. 1976; Magenis et al. 1977;
Hansson and Mikkelsen 1978; Mattei et al. 1980;
Mikkelsen et al. 1980; Roberts and Callow 1980;
Houghton 1981; Jacobs and Mayer 1981; del Mazo
et al. 1982; Juberg and Mowrey 1983; Ayme et al.
1986) These studies concluded (1) that most cases

result from nondisjunction at maternal meiosis I but
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(2) that errors at paternal meiosis I and II and mater-
nal meiosis II also occur and account for approxi-
mately one-third of all cases. Both conclusions held in
virtually all studies and applied to spontaneously
aborted, as well as liveborn, conceptuses with tri-
somy 21. (Hassold et al. 1984)

These studies also raised or left unanswered several
other questions concerning the origin of trisomy 21.
Two of the most intriguing questions are the follow-
ing:

1. The maternal age conundrum: Is the maternal
age effect due to increased production of abnormal
eggs or decreased destruction of abnormal embryos?
The association between increasing maternal age and
the occurrence of trisomy 21 has been recognized for
>50 years (Penrose 1933). The obvious hypothesis
for the age effect is the "older-egg" model-that is,
that most errors involving the numerical assortment
of chromosome 21 occur in oocytes, with the error
rate increasing as women age. However, the results of
the cytogenetic studies indicate that -70%-75% of
nondisjunctional events involving chromosome 21
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occur in maternal meiosis I, regardless of maternal
age. In contrast, the older-egg model predicts that the
proportion of maternal meiosis I errors should in-
crease significantly with advancing maternal age.

This contradiction led, in part, to the "relaxed-
selection" hypothesis, which suggests that the age-
related increase in frequency of Down syndrome may
ensue from an inability of older mothers to reject
trisomy-21 conceptuses (Ayme and Lippman-Hand
1982; Stein et al. 1986). This implies that younger
mothers have an ability, diminishing with increasing
maternal age, to discriminate against chromosomally
abnormal conceptuses. Indeed, maternal genotype
can affect in utero survival of aneusomic murine con-
ceptuses (Vekemans and Trasler 1985; Biddle et al.
1986).
The relevance of these observations to relaxed

selection in humans is unclear. There is evidence
against the model: Down syndrome resulting from an
unbalanced translocation does not show significant
maternal age dependence, as would be predicted on
the basis of the hypothesis (Hook 1983). Further, the
relaxed-selection model depends entirely on analysis
of chromosomal heteromorphisms, a technique that
has at least three limitations. First, the heteromor-
phisms on 21p are only on one side of the centro-
mere, so that crossovers between the centromere and
the 21p marker remain undetected and confound at-
tempts to determine whether nondisjunction oc-
curred at either the first or second divisions. Second,
cytogenetic heteromorphisms are uninformative in a
substantial fraction of families. Third, the analysis is
based on subjective evaluation of the size and stain-
ing quality of the variants and may be subject to
observer bias or experimental error. This last point
is particularly relevant, since Carothers (1987) has
demonstrated that in cytogenetic determinations of
parental origin an error rate as low as 8% is sufficient
to reconcile the published cytogenetic observations
with an older-egg model.

Therefore, the intuitively appealing hypothesis that
advanced maternal age is associated with increased
nondisjunction and not with decreased selection re-
mains viable. The definitive study to resolve this issue
will require virtually complete ascertainment of the
parental source of trisomy in a large number of
Down syndrome subjects. The present, pilot study
documents the feasibility of combining analysis of
cytogenetic markers with analysis of DNA-based
polymorphisms to achieve this goal.

2. Is there a correlation between crossing-over and
nondisjunction on chromosomes 21? Since bivalents
are held together during meiosis I by their chiasmata,
a reduction in chiasma number may predispose to
univalent formation and, ultimately, to nondisjunc-
tion. In the mouse, this has been suggested to be the
basis for age-related nondisjunction. For example,
Henderson and Edwards (1968) observed declining
chiasma frequencies and increased incidence of uni-
valents in aging mouse oocytes and suggested that
age-dependent trisomy results from random segrega-
tion of univalents. Since chiasma formation occurs
prenatally in the female, these investigators elabo-
rated "a production-line" model in which chiasma
frequency was decreased in oocytes formed later dur-
ing development, with the oocytes being ovulated in
the same order as they entered meiosis. Subsequently,
several studies have confirmed the age-related de-
crease in chiasmata and increase in univalents in the
female mouse (Luthardt et al. 1973; Polani and Ja-
giello 1976; Speed 1977), hamster (Sugawara and
Mikamo 1983), and human (Luthardt 1977); and
Jagiello and Fang (1979) reported a lower chiasma
frequency among mouse oocytes entering diplotene
on day 18 than among oocytes entering it on day 16
of gestation. However, Speed and Chandley (1983)
were unable to confirm Jagiello and Fang's observa-
tion, and several studies of aging female mice and
hamsters did not find a correlation between univalent
formation at meiosis I and aneusomy either later in
meiosis or in early embryonic stages (Henderson and
Edwards 1968; Polani and Jagiello 1976). Thus, the
validity of the model, as well as the contribution of
chiasmata loss to age-dependent trisomy, remains un-
proved.
Very few data are available from humans on the

possible relationship between chiasma frequency and
nondisjunction. On the basis of data from spontane-
ous abortions, Hassold et al. (1980b) suggested that
heterogeneous maternal age effects among autosomal
trisomies could reflect variation in chiasma frequency
among chromosomes. If maternal age-related non-
disjunction ensued from loss of chiasmata with age,
the effect should be most pronounced among the
smallest chromosomes, i.e., those with the fewest
chiasmata. Indeed, an inverse correlation exists be-
tween the estimated number of chiasmata for a par-
ticular chromosome (Laurie and Hulten 1985) and
the mean maternal age of trisomy for that chromo-
some (Hassold et al. 1980b, 1984).
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DNA polymorphisms can also be used to study the
parental origin of the extra chromosome in trisomy
21 (Davies et al. 1984; Stewart et al. 1985). In a
study of 34 families, Antonarakis et al. (1986) re-
cently provided the first direct evidence suggesting
that recombination is depressed on the chromosome
21 involved in nondisjunction. Because of the small
number of families sampled and the absence of DNA
markers from the distal portion of the linkage map
on 21q (Tanzi et al., submitted), this study needs to
be repeated with a larger number of families and a
larger number of probes that span the long arm of
chromosome 21. Emphasis for the latter point comes
from the linkage study of Tanzi et al. (submitted),
which demonstrates a high frequency of terminal
chiasmata on 21q. Further, an essential feature of this
type of analysis is that markers tightly linked to the
centromere are used to determine the meiotic stage
of nondisjunction, allowing the determination of
whether altered recombination is associated with a
particular class of meiotic errors. Below we describe a
pilot study that demonstrates the feasibility of com-
bining molecular and cytogenetic analyses to deter-
mine the interrelationships between nondisjunction
and recombination. An expansion of this pilot study
will permit the investigation of whether altered re-
combination on all or part of chromosome 21 is asso-
ciated with nondisjunction.

Material and Methods

Cytogenetic Analysis
The five trisomy-21 samples documented in the

present report were ascertained in a cytogenetic study
of spontaneous abortions (Hassold et al. 1980a).
Four of the five were single trisomies, and one was
trisomic for chromosome 7 as well as for chromo-
some 21.
Chromosomal preparations from parental lympho-

cytes were compared with those from the abortuses
by using Q-banding with dichloromethoxyacridine/
spermine (Degau et al. 1978). In some cases the slides
had already been silver stained for analysis of nucleo-
lar-organizing-region (NOR) variants before being
Q-banded, making it possible to examine the NOR
and Q-heteromorphisms simultaneously (Hassold et
al. 1987). All cases were examined directly on the
microscope by at least two independent observers,
and, in the event of a disagreement, the final decision

was the most conservative one compatible with both
sets of observations.

Molecular Analysis
DNA was prepared from blood by means of the

method of Kunkel et al. (1977). DNA was digested
with the appropriate restriction enzyme (New En-
gland Biolabs) and fractionated by electrophoresis in
0.8% SeaKem agarose. The methods used for trans-
fer to Genatran filters (Plasco, Inc.) and protocols for
hybridization have been described elsewhere (Neve et
al. 1986). The single-copy probes used in the present
study (Lieman-Hurwitz et al. 1982; Stewart et al.
1985; Watkins et al. 1986; G. D. Stewart, U. Tan-
travahi, and D. M. Kurnit, unpublished data) are dis-
played in figure 1 and table 1. DNA probes were
radiolabeled by means of the random-primer method
of Feinberg and Vogelstein (1983).
We used a recombination-based assay (Neve and

Kurnit 1983; Seed 1983) to detect a short region of
DNA sequence homology, shared by 724 family
members, on the short arm of chromosome 21 (Kur-
nit et al. 1984, 1986) and by a locus on 21q11
(G. D. Stewart and D. M. Kurnit, unpublished data).
The subcloned fragment, denoted p21-4U, that de-
tects this locus is closely linked to D21S13, the most
proximal marker on the 21q linkage map of Tanzi
et al. (submitted): no recombinants in 29 informa-

qll -p2l-4U MspI
D21S13 Taq I, Pst I

I 1 2 I ID21S52 Bgl II, Hind III
D21S16 Xba I, Nci I
D21S1 Msp I, Bam HI

q2l D21S11 Eco RI, Taq I
D21S8 Hind III, Hinf I

q22. l | |SOD1 Bgl II
D21S58 Pst I

q22.2 pUT-B17 Ban II
D21S17 Bgl II
D21S23 Eco RI, Nsp I

q22.3 D21S15 Nsp I
D21S53 Bcl I, Apa I, Sac I
IUT-E73 Xba I, Rsa IED21S19 Pst I, Apa I

Figure I Polymorphic DNA probes on chromosome 21.
Each of the 16 DNA probes used in the present study, along with
the enzymes used to detect RFLPs, is listed. All the probes have
been subregionally mapped on the mapping panel of Van Keuren
et al. (1986), and all of the probes except pUT-B17 and pUT-E73
have been ordered on the linkage map of Tanzi et al. (submitted).
The order of probes in fig. 1 reflects the above mapping and link-
age data.
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Table I

DOWN Program (see Material and Methods) Analysis of Nondisjunction Data in Family 4

POLYMORPHISM DATA

MARKER INTERPRETATION Father Mother T21

p21-4U .................. Uninformative 12 12 112
D21S13 .................. Maternal 22 11 112
D21S52 .................. If paternal, meiosis 1 12 11 112
D21S16 .................. If maternal, meiosis 1 22 12 122
D21S1 ................... Uninformative 12 12 112
D21S11 .................. Uninformative 12 12 112
D21S8 ................... Maternal meiosis 2 22 12 112
SOD1 ................... If paternal, meiosis 2 12 11 111
D21S58 .................. If paternal, meiosis 2 12 11 111
pUT-B17 ................. Uninformative 11 11 111
D21S17 ................... If maternal, meiosis 2 11 12 111
D21S23 .................. If paternal, meiosis 2 12 22 222
D21S15 .................. If paternal, meiosis 1 12 22 122
D21S53 .................. Uninformative 11 11 111
pUT-E73 ................. If paternal, meiosis 2 12 11 111
D21S19 .................. Uninformative 12 12 122

NOTE.-Five families with trisomy 21 offspring were studied with 16 polymorphic chromosome 21-
specific DNA probes that detect RFLPs. Output data and analysis from the program for family 4 (fig. 2)
is given. The marker order reflects the order of probes on 21q from 21cen to 21qter. Probes D21S13 and
D21S8 define a maternal error. Once this is known, the meiotic stage is determined on the basis of
cytogenetic criteria (meiosis I) and the proximal DNA marker D21S16 (if maternal, then meiosis I). For
a maternal error, the more distal markers D21S8 and D21S17 indicate a meiosis-II error. Therefore, a
crossover has occurred on one of the nondisjoined chromosomes 21, between D21S16 and D21S8.
Presenting the data in this ordered fashion facilitates localization of crossover events.

tive meioses were observed between p21-4U and
D21S13. The lack of significant linkage disequilib-
rium between p21-4U and D21S13 allowed us to use
p21-4U and D21S13 to establish an informative hap-
lotype at 21q11, just below the centromere.

Data Analysis

We designed a customized PASCAL program, desig-
nated DOWN, that utilizes a Lotus 1-2-3 spreadsheet
to analyze the nondisjunctional data in an ordered
fashion. DOWN can analyze polymorphism data for as
many as 60 probes on multiple three-member fam-
ilies (each consisting of mother, father, and offspring
with trisomy 21). As many as three alleles per locus
are allowed. One slot is assigned to cytogenetic
heteromorphisms on 21p; the remaining slots are al-
lotted to DNA probes on 21q. The probes are or-
dered on the basis of our knowledge of linkage, sub-
regional mapping, and in situ hybridization data (fig.
1, table 1). For each parent two alleles (one for each
chromosome 21) are entered, and for the Down syn-
drome offspring three alleles (again, one for each
chromosome 21) are entered. For each probe, the

program then distinguishes among the following pos-
sibilities: uninformative; meiosis I (either parent);
meiosis II (either parent); maternal (meiotic stage un-
known); paternal (meiotic stage unknown); maternal
I; maternal II; paternal I; paternal II; if maternal (on
the basis of other probes), then meiosis I; if maternal,
then meiosis II; if paternal, then meiosis I; if paternal,
then meiosis II; inconsistent data (e.g., because of
paternity error); and no data available. The operator
then chooses whether to print the data for all probes
or only for informative probes. The printout (see,
e.g., table 1) lists DNA polymorphisms on 21q, list-
ing probes in order traveling down the long arm of
chromosome 21 (fig. 1). Presentation of the data in
this format permits the operator to scan the data rap-
idly and determine whether parental origin has been
determined consistently. If so, the operator then
scans the list; analysis of the first probes (i.e., the
cytogenetic heteromorphisms above the centromere
and the most proximal probes on 21q just below the
centromere) lets the operator decide whether meiotic
stage has been determined unambiguously. Finally,
the operator scans down the list of probes on 21q.
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Discrepancies between a proximal probe and a more

distal probe used to infer the stage of meiosis de-
lineate the occurrence of a crossover event between
these probes on a chromosome 21 involved in non-

disjunction.

Results

To analyze the origin of nondisjunction in five
families with trisomy-21 offspring, we used cyto-
genetic polymorphisms and 16 polymorphic DNA
probes spanning the long arm from 21q1 1 to

21q22.3 (fig. 1). On the basis of cytogenetic criteria,
we determined parental origin in two families and
determined that the error occurred in meiosis I in
either parent in a third family. Our DNA analyses
assigned parental origin in four of the five families;
taken together, cytogenetic plus molecular analyses
determined parental origin in all five families (fig. 2).

In family 1 the cytogenetic markers were uninfor-
mative, but analysis of the SOD1 locus indicated a

paternal meiosis-II error. Knowledge that the error

was paternal made the pericentromeric marker p21-
4U informative, since this marker data characterized
a paternal error as a meiosis-II event. The simplest
explanation for this case is nondisjunction at paternal
meiosis II, with no evidence for crossing-over be-
tween q1l and the midportion of the long arm.

In both family 2 and family 3 the cytogenetic re-

sults indicated a maternal meiosis-I error, and in fam-
ily 2 the maternal origin was confirmed by means of
the DNA marker D21S58. There was no evidence in
either of these cases for recombination between the
two nondisjoined chromosomes, but in family 2 there
were no meiotic-stage informative polymorphic loci
distal to the D21S1/D21S1 1 locus, about one-third of
the way down the long arm. Future studies of these
families will focus on recently acquired distal 21q
markers to determine whether a recombination event
can be detected.
As documented in figure 3, in family 4 both cy-

togenetic markers on 21p and the D21S16 DNA
marker on the proximal part of the long arm were

consistent with a maternal meiosis-I error. However,
two more distal 21q DNA markers, D21S8 and
D21S17, indicated a maternal meiosis-II error. Cross-
ing-over between two nondisjoined chromosomes
can be detected only when the parent of origin is
heterozygous for two or more markers. For example,
in cases of maternal origin a single (or odd number
of) crossover(s) is inferred if (1) the mother is hetero-

zygous for two markers and (2) if the trisomic off-
spring is homozygous for one marker and heterozy-
gous for the other, having received two maternal
chromosomes. Family 4 furnishes an example of such
a crossover event: the mother is heterozygous for
D21S16 and D21S8, whereas the abortus has both
maternal alleles for D21S16 ("maternal meiosis I")
but two copies of a single maternal allele for D21S8
("maternal meiosis II"). Therefore a crossover must
have occurred on a nondisjoined chromosome, be-
tween the loci identified by D21S16 and D21S8.

In family 5 D21S17 detected a maternal error. In
this family the proximal 21q DNA marker D21S13
indicated a meiosis-II error, whereas the more distal
21q markers D21S58 and D21S19 were consistent
with an error at maternal meiosis I. The simplest ex-
planation, which invokes a single crossover for this
case, is an error during maternal meiosis II and a
crossover between the 21q11 marker D21S13 and
the mid-long arm marker D21S58.

Discussion

These analyses demonstrate the power of combin-
ing molecular and cytogenetic studies of nondisjunc-
tion. Using 16 chromosome 21-specific DNA
probes, we were able to assign the parental origin of
nondisjunction in four of five families; and we used
cytogenetic heteromorphisms to define the last case.
Further, in all five families, the meiotic stage was
determined by using markers tightly linked to the
centromere, i.e., chromosomal heteromorphisms on
21p and/or DNA markers on 21qll; this illustrates
the importance of establishing an informative DNA-
based haplotype in the pericentromeric region of
chromosome 21 at 21q1l. In all informative cases,
the molecular analysis using proximal 21q DNA
markers was consistent with the cytogenetic analysis
using 21p heteromorphisms. These limited data indi-
cate a low rate of recombination in the pericentro-
meric area. In turn, such a low rate would agree with
the assertion that meiotic crossovers occur rarely
in constitutive heterochromatin Uohn and Miklos
1979; Kurnit 1979). Extension of these studies by
using larger numbers of families and polymorphic
DNA probes will provide a straightforward test of
the relaxed-selection hypothesis, as well as reveal
whether reduced levels of recombination are impor-
tant in nondisjunction. With regard to the latter
point, we have already detected crossing-over in one
of three cases of maternal meiosis-I origin. Therefore,
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Figure 2 Nondisjunction in five Down syndrome families as determined by using cytogenetic and DNA polymorphisms. Five families
(each comprising mother, father, and Down syndrome offspring) were studied by using cytogenetic heteromorphisms and 16 polymorphic
DNA probes spanning chromosome 21. The probes used and sample data output are summarized in table 1. This figure depicts the
informative polymorphisms and their relative location on chromosome 21. In families 4 and 5, crossing-over has occurred on a nondis-
joined chromosome; in both families, distal probes on 21q are discordant with the stage of meiosis defined by pericentromeric probes.
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TI {

T21

D21S13/Taq I

D21S16/ Xba I

D21S8/Hin'd

D21S17/ BgI

Figure 3 Informative RFLPs in family 4. The Southern hy-

bridizations for the informative probes in this family are shown. In

each case, the higher-molecular-weight fragment is listed as allele 1

in table 1 and fig. 2, and the lower-molecular-weight fragment is

listed as allele 2.

failure to pair and/or exchange is not the only causa-

tive agent in maternal meiosis-I errors to yield

trisomy 21.

Future studies of nondisjunction will require objec-
tive DNA polymorphic markers on 21q as a supple-
ment to cytogenetic markers on 2lp. These DNA

markers are required to (1) eliminate bias that might
occur by selecting only families with distinguishable

cytogenetic polymorphisms and (2) sandwich the

centromere, between polymorphic markers on 2lp

and 21q. We note that different questions relating to

nondisjunction are to be addressed with DNA poly-

morphisms; each question requires somewhat differ-
ent groupings of DNA probes.

1. The Parental Origin of Nondisjunction

This question may be answered with any single-
copy DNA probe on chromosome 21. Here the goal
is to utilize as many markers as feasible. We now
have in hand approximately 50 polymorphic DNA
markers on chromosome 21 (G. D. Stewart, M. Van
Keuren, R. Tanzi, and D. M. Kurnit, unpublished
data), so that our efficiency in determining the paren-
tal origin of nondisjunction will approach 100% (see
Appendix).

2. The Meiotic Stage during Which Nondisjunction Occurs

Pericentromeric markers are essential for determin-
ing the meiotic stage of origin of nondisjunction. We
supplemented cytogenetic studies of 21p heteromor-
phisms with DNA polymorphisms on 21q just below
the centromere. In this manner, we sandwiched the
centromere between closely linked markers on the
short and long arms, enabling us to rule out recombi-
nation between these markers and the centromere.
We will expand the p21-4U/D21S13 pericentromeric
21q haplotype by using a recombination-based
methodology (Neve et al. 1983; Neve and Kurnit
1983; Seed 1983) that we adapted for chromosome
walking in the pericentromeric region of chromo-
some 21 (Kurnit et al. 1984, 1986). We thereby in-
tend to increase the number of informative probes in
21q1 1 just below the centromere, making most
families informative for at least one locus in the
pericentromeric region of 21q. The absence of single-
copy probes unique to the short arm of chromosome
21 (Van Keuren et al. 1986; G. D. Stewart, U. Tan-
travahi, and D. M. Kurnit, unpublished data) re-
quires that cytogenetic heteromophisms be used to
mark the short arm of chromosome 21 in nondisjunc-
tion studies. Only by simultaneously using flanking
pericentromeric markers on 21p (cytogenetic hetero-
morphisms) and 21q (DNA markers) can the ques-
tion of meiotic stage be addressed so as to eliminate
confounding effects due to crossovers between the
centromere and the polymorphic markers.

3. Recombination during Nondisjunction
The application of 50 ordered polymorphic probes

that span the length of chromosome 21 to a large
number of families will permit a rigorous examina-
tion of the hypothesis that reduced recombination is
associated with nondisjunction (Hassold et al. 1980b;
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Antonarakis et al. 1986). The effect, if real, would
presumably be restricted to meiosis-I errors. Thus, we
will test the hypothesis directly by comparing the two
classes of errors, i.e., paternal meiosis I versus pater-
nal meiosis II and maternal meiosis I versus maternal
meiosis II. If failure to pair or exchange is an im-
portant contribution to meiosis I nondisjunction, it
should be possible to demonstrate a significant effect
by using a moderate number of cases. By using
probes that span the length of 21q from 21cen to
21qter, it will be possible to determine whether non-
disjunction is associated with altered recombination
in specific subregions of chromosome 21 (e.g., in the
pericentromeric subregion).
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Appendix
We anticipate virtually complete ascertainment of

the parental origin of nondisjunction on the basis of
the following calculations adapted from Stewart
(1984). Assume the following: (1) Hardy-Weinberg
equilibrium for a two-allele polymorphic system; (2)
frequency of the two alleles = p and q, respectively;
and (3) 80% of nondisjunction errors that yield
trisomy 21 occur in meiosis I and 20% of nondisjunc-
tion errors occur in meiosis II.
The parental origin of nondisjunction can be as-

certained for both meiosis-I and meiosis-II errors
whenever both parents are homozygous for different
alleles. The frequency of such matings is 2p2q2. Fur-
ther, the parental origin of nondisjunction can be as-
certained for meiosis-II errors when the error occur-
ring in a heterozygous parent results in duplication of
the allele not found in the other (homozygous) par-
ent. (This methodology works for meiosis-I errors
but not for meiosis-II errors-when a crossover has
occurred between the centromere and the probe locus
on the relevant chromosome; this case, which would
be favorable to our calculation, is neglected in the
equations below, in which we use .2 [see above] as

the proportion of useful [i.e., meiosis-II] errors.) The
probability, per mating, of obtaining an informative
meiosis II error is .2[(pq)(p2 + q2)]. To sum, the
probability P that a given probe can determine the
parental origin is P = 2p2q2 + .2[(pq)(p2 + q2)].
When a typical minor-allele frequency of .2 (q = .2)
is used, P = .073/probe. Since we have as many as 50
probes to utilize for each family, the probability that
parental origin cannot be determined after using 50
such DNA polymorphisms is low, i.e., (1 - .073)50
= -1/50. Further, since cytogenetic heteromorphisms
(which determine parental origin in ¢50% of cases)
will also be used, we anticipate that we will achieve
virtually complete ascertainment of parental origin.
These expectations have been confirmed in our pilot
studies, in which we successfully determined parental
origin in all five families examined with both cy-
togenetic heteromorphisms and 16 polymorphic
DNA probes (the expected rate of failure per experi-
ment with DNA polymorphisms alone when using
this order-of-magnitude calculation would be [1 -
0.073] 16 = - 1/3, in reasonable agreement with our
'/s failure rate when using 16 polymorphic DNA
probes; see fig. 2). In future studies, by using 50
probes in this manner, or probes with higher minor-
allele frequencies, or probes that detect multiple-
allele polymorphisms, we will avoid biases that
underestimate meiosis-I errors because of incomplete
ascertainment.
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