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Abstract

Nondisjunction of chromosome 21 is the leading cause of Down syndrome. Two risk factors for maternal nondisjunction of
chromosome 21 are increased maternal age and altered recombination. In order to provide further insight on mechanisms
underlying nondisjunction, we examined the association between these two well established risk factors for chromosome
21 nondisjunction. In our approach, short tandem repeat markers along chromosome 21 were genotyped in DNA collected
from individuals with free trisomy 21 and their parents. This information was used to determine the origin of the
nondisjunction error and the maternal recombination profile. We analyzed 615 maternal meiosis I and 253 maternal meiosis
II cases stratified by maternal age. The examination of meiosis II errors, the first of its type, suggests that the presence of a
single exchange within the pericentromeric region of 21q interacts with maternal age-related risk factors. This observation
could be explained in two general ways: 1) a pericentromeric exchange initiates or exacerbates the susceptibility to
maternal age risk factors or 2) a pericentromeric exchange protects the bivalent against age-related risk factors allowing
proper segregation of homologues at meiosis I, but not segregation of sisters at meiosis II. In contrast, analysis of maternal
meiosis I errors indicates that a single telomeric exchange imposes the same risk for nondisjunction, irrespective of the age
of the oocyte. Our results emphasize the fact that human nondisjunction is a multifactorial trait that must be dissected into
its component parts to identify specific associated risk factors.
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Introduction

The overwhelming majority of trisomy 21, or Down syndrome,

is caused by the failure of chromosomes to separate properly

during meiosis, also known as chromosome nondisjunction. As

nondisjunction is the leading cause of pregnancy loss, mental

retardation and birth defects, it is imperative that we understand

the biology underlying this phenomenon. Characteristics of

chromosome 21 nondisjunction are typical of many of the other

human autosomes. That is, the overwhelming majority are due to

errors during oogenesis: at least 90% of cases of chromosome 21

nondisjunction are due to maternal meiotic errors [1,2]. In

addition, among these maternal errors, the majority occur during

meiosis I (MI) [3,4]. It has been well established that increased

maternal age, the most significant risk factor for nondisjunction, is

associated specifically with errors occurring during oogenesis.

Interestingly, for chromosome 21 nondisjunction, advanced

maternal age is associated with both maternal MI and meiosis II

(MII) errors [5].

The timing of meiosis in the human female suggests risk factors

that may be involved in chromosome nondisjunction. Meiosis is

initiated at about 11–12 weeks of gestation and, after pairing,

synapsis and recombination, arrests in prophase I until just prior to

ovulation. At that time, the oocyte completes MI and progresses to

metaphase II where it remains until it is fertilized and the meiotic

process is completed. Thus, homologous chromosomes are

arrested in prophase I for 10 to 50 years. In contrast,

spermatogenesis in the human male begins at puberty and cells

entering meiosis move from one stage to the other with no delay.

This extended state of arrest in oocyte formation is hypothesized to

be associated with the increased prevalence of maternal nondis-

junction.

Chiasmata function to stabilize paired homologous chromo-

somes (tetrads) during MI along with sister chromatid and

centromere cohesion. They also help to properly orient homol-

ogous chromosomes on the meiotic spindle [5]. A proportion of

nondisjunction is associated with failure of homologues to pair or

to recombine, leading to an increased risk for homologue

malsegregation during MI [6–9]. In our previous work [10], it

was estimated that 45% of maternal MI cases of trisomy 21 did not

have an exchange along chromosome 21. We also found that the

location of the exchange was associated with nondisjunction: a

single exchange near the telomere of 21q increased the risk of

maternal MI nondisjunction and the presence of an exchange near
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the centromere increased the risk for so called MII nondisjunction.

This association of a MI event (i.e., recombination) with a MII

error in chromosome segregation led us to suggest that MII

nondisjoining errors are initiated during MI. To represent this

finding, we will refer to MII errors in quotes.

Most recently, we have explored the relationship between

maternal age and recombination to gain further insight into

potential mechanisms of abnormal chromosome segregation [11].

We compared the frequency and the location of exchanges along

21q between women (or ‘‘oocytes’’) of various maternal ages who

had an infant with Down syndrome due to a maternal MI error.

While there was no significant association between maternal age

and the overall frequency of exchange, the placement of meiotic

exchange differed significantly by maternal age. In particular,

single telomeric recombinant events were present in the highest

proportion among the youngest age group (80%), while the

proportions in the oldest group of women with nondisjoined

chromosomes 21 and in women with normally disjoining meiotic

events were almost equal (14% and 10%, respectively). We

speculated that for young women then, the most frequent risk

factor for MI nondisjunction is the presence of a telomeric

exchange. As a woman ages, her meiotic machinery is exposed to

an accumulation of age-related insults, becoming less efficient/

more error-prone. The susceptible telomeric exchange pattern still

increases susceptibility to nondisjunction, but now even homolo-

gous chromosomes with optimally placed exchanges are at risk.

Over time, the proportion of nondisjunction due to normal

exchange configurations increases as age-dependent risk factors

exert their influence. As a result, the most prevalent exchange

profile of nondisjoined oocytes shifts from susceptible to non-

susceptible patterns with increasing age of the oocyte.

As mentioned above, our studies also identified an association

between the presence of a meiotic exchange within the

pericentromeric region of 21q and ‘‘MII’’ nondisjunction [10],

but further studies were not possible due to limited sample size.

We have now increased our sample size and, for the first time,

have been able to investigate the relationship of exchange patterns

stratified by maternal age for maternal ‘‘MII’’ cases of trisomy 21.

This increase in sample size has also allowed us to refine our

analysis of recombination in maternal MI cases by maternal age.

These analyses have provided further insight into the complex

pathways leading to nondisjunction among oocytes.

Results

Maternal MI Nondisjunction
Absence of Recombination. Recombination plays a major

role in the meiotic process. The presence of a single meiotic

exchange helps to facilitate proper alignment of homologous

chromosomes on the meiotic spindle. In the absence of this

exchange, homologous chromosomes are at risk for mal-

segregation during MI. As a result, we have focused on the

absence of recombination as a risk factor for maternal MI

nondisjunction. We hypothesized that this risk factor would have

the same influence on homologue segregation, irrespective of the

age of the oocyte (i.e., maternal age). If true, we would expect to

observe the proportion of the MI errors with no recombination to

be highest in the youngest age group (i.e., the lower prevalence age

group with few maternal age-related factors) and to decrease in the

older age groups (i.e., those higher prevalence groups with

accumulated maternal age risk factors). We used the Armitage

test of trend and did not find a significant linear decrease in the

proportion of cases with zero recombinants with increasing

maternal age (p = 0.32): the proportion of cases with zero

recombinant events was highest among the youngest age group,

but did not decrease linearly with age (Table 1). In a post-hoc

analysis, we compared the proportion of cases with zero

recombinants between age groups in a pairwise fashion. Using a

simple 262 chi-square test, we found that there was a significantly

greater proportion of cases with zero recombinant events among

the young versus middle age groups (p = 0.006), but not between

the young versus old (p = 0.21) or between middle versus old

(p = 0.09) age groups.

To obtain a better representation of the pattern of exchange at

the four strand stage of meiosis and to be able to compare patterns

among meiotic outcome groups (i.e., MI, ‘‘MII’’ and euploid), we

performed a tetrad analysis. This method infers exchange patterns

from the recombination observed within each meiotic outcome

group and within each age group (see Materials and Methods). It

was necessary to conduct this analysis because not all exchanges

that occur at the four-strand stage of meiosis can be observed.

These estimates were then compared between groups using

methods that have been previously described [7,12,13]. The

observed data predicted that 47% of the youngest women had

tetrads with zero exchanges (referred to as ‘‘E0’’) compared to

18% of women in the middle age group and 27% of women in the

oldest age group (Table 1). Amongst normally segregating

chromosomes 21, 20% of women were estimated to have tetrads

with zero exchanges (Table 1). Comparison of the overall inferred

frequency distributions of the number of exchanges indicated that

the youngest group was statistically different from the middle-age

group (p = 0.005), the oldest age group (p = 0.05) and the euploid

sample (p = 0.03). Other comparisons were not significantly

different.

Location of Recombination. Our first aim was to confirm

our previous finding that a single telomeric exchange was a

significant risk factor for MI nondisjunction among women of all

ages [11]. If true, we would expect the proportion of MI errors

with a single telomeric exchange to be highest in the young group

and decrease with age using the same argument as above. Initially,

we examined maternal age as a predictor of the location of

recombination (as defined by interval location) using linear

Author Summary

Nondisjunction occurs when chromosomes fail to segre-
gate during meiosis; when this happens, gametes with an
abnormal number of chromosomes are produced. The
clinical significance is high: nondisjunction is the leading
cause of pregnancy loss and birth defects. We have
studied trisomy 21 using DNA from individuals with Down
syndrome and their parents to identify mechanisms
underlying nondisjunction. The results from these studies
show that altered patterns of recombination, e.g., no
exchange, a single telomeric exchange and a single
pericentromeric exchange, were associated with nondis-
junction of chromosome 21 within the oocyte. In this
report, we stratified maternal cases of trisomy 21 by the
type of nondisjunction error (meiosis I or meiosis II) and by
maternal age (ages ,29, 29–34 and .34 years) and
examined both the number and location of recombination
by age group. Our results suggest that the risk imposed by
the absence of exchange or by a single telomeric
exchange is the same, irrespective of the age of the
oocyte. In contrast, the risk imposed by a single
pericentromeric exchange increases with increasing ma-
ternal age. These findings, put into the context of proteins
involved in the meiotic process, have enabled us to further
understand mechanisms underlying nondisjunction.

Chromosome 21 Nondisjunction in Oocytes
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regression. Only cases exhibiting a maternal MI error and only

one observed recombinant event were included in this analysis

(n = 169). Results showed that maternal age was significantly

correlated with the location of recombination: as maternal age

increased, the average location of recombination shifted from the

most telomeric interval (interval 6) of 21q toward the middle of the

chromosome (p = .045). Thus, we confirmed the pattern that

suggests that a single telomeric recombinant is a risk factor for

nondisjunction, irrespective of the age of the oocyte.

Tetrad analysis showed the same pattern as did the observed

recombination data, but it was more striking: among tetrads with

single exchanges (referred to as ‘‘E1’’), 41% were inferred to occur

in the most telomeric interval (interval 6, the most distal 3.8 Mb of

21q) among the youngest group of women. This contrasted to 16%

of errors in the middle age group, 9% in oldest age group and 7%

in the euploid sample (Table 2). Comparing the entire spatial

distribution of single exchanges, the youngest group was

marginally different from the middle group (p = 0.10) and

statistically significantly different from the oldest group (p = 0.02)

and the euploid sample (p = 0.006).

Maternal ‘‘MII’’ Nondisjunction
Amount of Recombination. As in our MI analysis, we

initiated our analyses by examining the frequency distribution of

recombination by maternal age. We used only those cases with at

least one observed recombinant. As outlined in the Material and

Methods, MII errors with no observed recombination were

assumed to be post-zygotic, mitotic errors and were excluded

from these analyses. Using the Armitage test of trend, we found a

significant linear relationship between the frequency of multiple

recombinants and maternal age group (p = 0.03): the proportion of

cases with multiple recombinants significantly decreased with

increasing age group. We found the same interesting pattern when

we used these observed data to infer the exchange pattern among

tetrads in each age group: 78% of the ‘‘MII’’ nondisjoined

chromosomes 21 in the youngest group had multiple exchanges

compared with only 49% and 44% of those in the middle and

oldest group and only 38% in the euploid sample (Table 1).

Statistical comparisons of the overall frequency distribution among

the youngest age group with the two older age groups and the

euploid sample were statistically significant (p = 0.02, p = 0.02 and

Table 1. Frequency Distribution of Observed Recombinants and Inferred Exchanges for each Meiotic Outcome Group Stratified by
Maternal Age Group.

Meiotic outcome
group Maternal age group

Number of
observed events

Frequency of observed number
recombinants

Frequency of the number inferred
exchanges

0 1 $2 0 1 $2

MI

Young (,29 yrs) 175 0.70 0.20 0.10 0.47 0.32 0.21

Mid (29–34 yrs) 197 0.56 0.35 0.10 0.18 0.64 0.19

Old (.34 yrs) 243 0.64 0.27 0.09 0.27 0.49 0.24

MII

Young (,29 yrs) 58 – 0.66 0.34 – 0.22 0.78

Mid (29–34 yrs) 69 – 0.78 0.22 – 0.51 0.49

Old (.34 yrs) 126 – 0.81 0.19 – 0.57 0.44

Euploid

All Ages 152 0.52 0.39 0.09 0.20 0.50 0.30

doi:10.1371/journal.pgen.1000033.t001

Table 2. Spatial Distribution of Inferred Single Exchanges for Each Meiotic Outcome Group Stratified by Maternal Age Group.

Meiotic outcome
group Maternal age group Interval location of inferred single exchange (centromere to telomere)

1 2 3 4 5 6 Average interval

MI

Young (,29 yrs) 0.08 0.09 0.00 0.05 0.37 0.41 4.77

Mid (29–34 yrs) 0.02 0.06 0.08 0.23 0.46 0.16 4.53

Old (.34 yrs) 0.05 0.08 0.09 0.29 0.40 0.09 4.18

MII

Young (,29 yrs) 0.00 0.10 0.38 0.27 0.23 0.03 3.75

Mid (29–34 yrs) 0.35 0.21 0.11 0.16 0.17 0.00 2.59

Old (.34 yrs) 0.40 0.30 0.14 0.08 0.07 0.02 2.25

Euploid

All Ages 0.02 0.15 0.21 0.28 0.28 0.07 3.87

doi:10.1371/journal.pgen.1000033.t002

Chromosome 21 Nondisjunction in Oocytes
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p = 0.0005, respectively) and marginally significant between the

middle and older age groups (p = 0.06).

Location of Recombination. Our previous studies have

shown that recombination is increased within the most proximal

3.5 Mb (interval 1) of 21q in maternal ‘‘MII’’ cases of

nondisjunction [10]. We hypothesized that this event would

increase the risk for nondisjunction irrespective of maternal age,

similar to that found for the single telomeric exchange. If our

hypothesis were correct, we would expect the proportion of ‘‘MII’’

errors with a recombinant event in interval 1 to be greatest among

the youngest group of women and decrease in the older groups. In

order to test this hypothesis, linear regression was performed on

‘‘MII’’ errors with one observed recombinant event (n = 194) using

maternal age as a predictor of the location of recombination. We

found that maternal age was negatively correlated with the

location of recombination (p = 0.004), the opposite of what we

predicted. Thus, with increasing maternal age, the average

location of recombination in cases with a single recombinant

shifted towards to the centromere. Our tetrad analyses further

indicated that the shift is from the medial locations along

chromosome 21 in the young group to the centromeric intervals

in the older groups. In particular when we focused on cases

estimated to have a single pericentromeric exchange, 0% of

women belonging to the youngest group of women and 2% of

those in the euploid group were estimated to have a single

exchange in interval 1; the overall spatial distributions were not

different from one another (p = 0.95). In contrast, 35% of women

in the middle age group and 40% of women in the oldest age

group had single exchanges in interval 1 (Table 2). Statistical

comparisons indicated that the older age group’s overall pattern of

exchange was significantly different from the euploid sample

(p = 0.0005). Other comparisons did not show statistically

significant differences (middle vs. euploid, p = 0.16; young vs.

euploid, p = 0.95; young vs. middle, p = 0.44; young vs. old,

p = 0.20).

Discussion

Among normal disjoining maternal meiotic events, exchanges

most often occur in the center of 21q [11]. This observation

suggests that the presence of a single medially placed exchange is

important for normal segregation of homologous chromosomes

21. This pattern is in striking contrast to the chromosomes 21 that

have undergone maternal MI or ‘‘MII’’ nondisjunction, where

either no exchange occurs or single exchanges occur at the very

ends of 21q [8,10]. In order to better understand the factors that

play a role in these recombination-related disjoined events, we

have examined both the number and location of recombination

along nondisjoined chromosomes 21 stratified by maternal age. In

these analyses, maternal age served as a proxy for the age of the

oocyte.

First, among normally disjoining chromosomes 21 in oocytes,

there was no obvious association between maternal age and the

frequency of exchange or the location of exchange along

chromosome 21. We did not expect to observe a maternal age

association, as our comparison group, taken from the CEPH

families, was relatively small compared to Kong et al. [9], the only

study that has noted such an association. In that study, it took over

14,000 maternal meiotic events in order to identify that the

frequency of exchanges increased with maternal age: an additional

two recombinants genome-wide were estimated over a 25 year age

span . Thus, the magnitude of the observed association is not on

the same scale as that observed for nondisjoined meiotic events.

Irrespective, we still must be cautious with our results and

emphasize that the sample sizes of meiotic events, particularly

those in the older age groups were small (Table S1) and thus

limited our ability to detect maternal age associations with

recombination.

Whereas there was no obvious maternal age association with

recombination patterns among normally disjoining chromosomes

21, there was a significant one among maternal MI and ‘‘MII’’

errors. One set of observations provides evidence for specific

recombination patterns being the proximal cause of nondisjunc-

tion, while the others suggest an interaction between specific

recombination patterns and maternal age-related risk factors.

Figure 1 provides an overall summary of our findings related to the

spatial distribution of exchanges for MI and ‘‘MII’’ nondisjunction

events (using the data from Table 2). In Figure 2, we interpret

these findings, as well as those associated with the frequency of

exchanges (Table 1) within the context of the overall rate of

trisomy 21 among women of the three age groups (see Materials

and Methods for calculations). In this figure, the overall rate of

trisomy 21 among births by maternal age group is represented by

the height of each bar and is estimated from Hecht and Hook [14].

Within each bar, the proportion of those rates that are estimated

to have a specific origin and recombination pattern is denoted by

color.

Here, we have focused on meiosis occurring in the aging oocyte.

Several meiotic proteins that function to promote proper

chromosome segregation have been shown to degrade with

increasing age [15,16]. This degradation is assumed to lead to

increased frequency of nondisjunction; thus, more maternal-age

related risk factors for nondisjunction exist among older women

compared to younger women. In the analyses presented here, we

have compared the pre-disposing recombination patterns among

the oocytes with nondisjoined events by maternal age (Figure 1).

Our expectation is that some recombination patterns will lead to

susceptibility irrespective of other maternal age factors and these

will predominate the youngest age group, or that group with no

other risk factors. We found that single telomeric exchanges follow

this pattern (Figure 2, ‘‘MI: E1 int 6’’), as reported previously [11].

This type of error represents less than 8% of each maternal age

group. This same risk factor has been established in model

organisms as well [17–19]. Most likely, susceptibility is related to

the minimal amount of the sister chromatid cohesion complex

remaining distal to the exchange event [20]. Specifically, when the

exchange is too far from the kinetechore, this could prevent the

biorientation of homologues on the meiotic spindle [18,21–23].

Alternatively, the integrity of the chiasma may be compromised

when a minimal amount of cohesin remains to hold homologues

together. Thus, bivalents may act as a pair of functional univalents

during MI, as has been observed in human oocytes [24,25].

The results related to lack of exchange are intriguing, although

difficult to interpret at this time. We did find that the proportion of

E0s was the highest among the youngest group compared with the

other two age groups, indicating a maternal-age independent

mechanism. However, the proportions did not decrease linearly

with age (Table 1). Conservatively, we can state that E0s lead to

susceptibility irrespective of the age of the oocyte. However, the

non-significant increase in E0 in the older age group causes us to

speculate further. As noted in Figure 2 (‘‘MI: E0’’), the lack of a

linear decrease by age group suggests that a greater proportion of

older oocytes at risk for trisomy 21 will have E0 tetrads compared

with the other two age groups. Perhaps these results provide

preliminary evidence for a secondary mechanism that is age-

dependent. In model systems, there are known mutations that lead

to increased nondisjunction of E0s. For example, Drosophila with

mutations in the gene nod (no distributive disjunction), show increased

Chromosome 21 Nondisjunction in Oocytes
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nondisjunction of non-exchange chromosomes [26]. This obser-

vation was the first to suggest a mechanism that functions to ensure

the proper segregation of non-exchange homologues. Studies in

yeast also provide evidence for such a mechanism [27].

Interestingly, proteins in humans that may have a similar function

to those that play a role in the proper segregation of non-exchange

homologues in yeast have been shown to be down regulated

with increasing ovarian age [15,16]. Thus, the age-dependent

down-regulation of these essential proteins, or others, may lead to

the decreased ability to properly segregate non-exchange chro-

mosomes in aging oocytes. However, this is only speculation at this

point. More data are needed to determine significance of our

preliminary finding.

Interestingly, the analysis of the normally disjoining meiotic

events from the CEPH data indicates a large proportion of E0s,

20%. These data are based on genotyping a high density of

Figure 2. Rate of Trisomy 21 by Maternal age and by Type of Error. Within each maternal age group, the bars indicate the proportion of that
rate that is explained by each type of nondisjunction error. See Materials and Methods for the calculation of the proportions.
doi:10.1371/journal.pgen.1000033.g002

Figure 1. Comparison of Spatial Distributions of Single Exchanges for Meiotic Outcome Groups by Maternal Age. This figure
summarizes the data from Table 2. Each color denotes the proportion of single exchanges that are inferred to occur in that specific interval.
Proportions were inferred using tetrad analysis and were based on the recombination profiles of meiotic events within age groups and within meiotic
outcome group.
doi:10.1371/journal.pgen.1000033.g001

Chromosome 21 Nondisjunction in Oocytes
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chromosome 21-specific SNPs among 152 maternal meiotic events

[28]. Other studies have used the CEPH families and have

obtained similar frequencies of observed recombinants and

estimates of E0 frequencies [29,30]. These data suggest a higher

frequency of E0s compared with other studies that have used

techniques that examine tetrads more directly, such as chiasma

counts or MLH1 counts. For example, Tease et al. [31] identified

three E0 chromosome 21 bivalents out of a total of 86 counted.

However, all 86 oocytes analyzed came from only one ovary. As

variation in recombination rates among women is well established

[28,32], we need to be careful in drawing conclusions about the

difference in estimates of E0 using MLH1 counts versus linkage

studies. Nevertheless, future studies are required to determine if

the frequency of E0s is significantly different from zero for

chromosomes 21 in oocytes (e.g., using MLH1 counts) and in

transmissions to births (e.g., linkage studies), each representing a

different time point in oocyte development. These studies will

complement those among nondisjoined events to determine if a

distributive pairing system similar to those in model systems exists

in humans.

The other established susceptibility pattern that is associated

with an increased risk for ‘‘MII’’ nondisjunction is the presence of

a single exchange within the most proximal 5.2 Mb of 21q. When

we compared such events among age groups, we observed an

enrichment of pericentromeric exchanges in the oldest age group

of ‘‘MII’’ nondisjoined chromosomes 21 as summarized in

Figure 1. This leads to a greater proportion of trisomy 21 cases

among older women being related to pericentromeric exchanges

(Figure 2, ‘‘MII: E1 int 1’’). This pattern can be explained in two

different ways: 1) a pericentromeric exchange sets up a suboptimal

confirmation that exacerbates the effect of maternal age-related

risk factors or 2) a pericentromeric exchange protects the bivalent

from maternal-age related risk factors allowing the proper

segregation of homologues, but not sister chromatids. An example

of the former would be that a pericentromeric exchange

compromises proteins involved in centromeric cohesion, exacer-

bating the normal degradation of this important complex with age.

Shugoshin, a protein important in protecting centromere cohesin

during MI, would be an obvious target. For example, in yeast cells

that were shugoshin deficient, Marston et al. [33]showed that

homologous chromosomes segregated to opposite poles in MI, but

sister chromatids prematurely separated prior to anaphase II and

segregated randomly, sometimes leading to MII nondisjunction .

Interestingly, BubR1, the protein required for the localization of

shugoshin to the centromere, has been shown to have decreased

expression with increasing maternal age in the human female

[15,16]. Perhaps the presence of a pericentromeric exchange

exacerbates the degradation of this complex.

Alternatively, a pericentromeric exchange may protect the

bivalent from maternal-age related risk factors. The effect of

degradation of centromere or sister chromatid cohesin complexes

or of spindle proteins with age of the oocyte may lead to premature

sister chromatid separation. Perhaps a pericentromeric exchange

helps to stabilize the compromised tetrad through MI. This would

lead to an enrichment of MII errors among the older oocytes.

Although there is no specific model system that points to this

mechanism, findings can be interpreted with this mechanism in

mind. For example, the effects of a hypomorph of bubR1 were

examined in female meiosis in Drosophila [34]. In mutant females,

most chiasmate X chromosome failed to segregate properly at

MII, most likely due to premature sister chromatid separation in

late MI anaphase or MII. Interestingly, a subtle but repeatable

increase in pericentromeric exchanges was identified along such

chromosomes.

Lastly, we examined the hypothesis that the number of

exchanges may be protective against maternal age-related risk

factors. This was first suggested by Robinson et al. [35] , who

found that among maternal MI chromosome 15 nondisjunction

errors, the age of the mother was significantly increased among

cases with multiple recombinants compared with those having

zero or only one observed recombinant. From this, the authors

suggested that cases with multiple recombinants might be more

resistant to nondisjunction because of increased stability of the

tetrad over time. Similarly, an analysis of maternal nondisjunction

of the X chromosome showed that the mean maternal age of cases

with recombination was significantly older than that of cases with

no recombination [36]. This same pattern was observed for

trisomy 18, although the difference was not statistically significant

[37]. For chromosome 21 MI errors, we do not see this pattern.

Among the young, middle and older age groups, the observed data

infer 40%, 23% and 33% of tetrads have multiple exchanges

among our young, middle and old groups respectively (Table 1).

Among chromosome 21 ‘‘MII’’ errors, we observe a very different

pattern: 78%, 49% and 44% of tetrads have multiple exchanges,

respectively. This pattern is opposite of that expected if multiple

exchanges were protective. Again, we need to be cautious in our

interpretation for the following reason. We have assumed that

‘‘MII’’ cases with no recombination are due to post-zygotic,

mitotic events. As shown in Figure 2, these appear to be age-

independent events. However, some proportion may be true MII

errors with no recombination and we do not have a method to

distinguish these alternatives.

We have not discussed our observations related to the

placement of multiple recombinants along the nondisjoined

chromosomes 21 and the potential effects of altered interference.

This is due to the obvious fact that chromosome 21 is small,

leading to only a few meiotic events on which we could derive

exchange patterns. There were approximately 20 meiotic events in

each age category of MI and MII errors. Thus, this type of

investigation awaits a larger sample size, or, perhaps, should be

based on larger nondisjoined chromosomes (e.g., chromosome 15

or the X chromosome).

The importance of understanding the causes of nondisjunction

and the maternal age effect cannot be over-stated. Many women

are electing to delay childbearing until their mid-thirties or later,

the time at which nondisjunction rates dramatically increase.

Irrespective of the exact mechanisms of nondisjunction, our

findings indicate that nondisjunction is a complex trait and that

there are different risk factors that play a role in age-independent

and dependent nondisjunction. The study design for identification

of such environmental and genetic risk factors can be guided by

our findings. Clearly, examination of nondisjunction events

stratified by maternal age, type of error and recombination

pattern should increase the power to identify important factors

that play a role in chromosome mal-segregation.

Materials and Methods

Trisomic Samples
Families with an infant with full trisomy 21 were recruited

through a multisite study of risk factors associated with

chromosome nondisjunction [2,8,10]. Parents and the infant

donated a biological sample (either blood or buccal) from which

DNA was extracted. All recruitment sites obtained the necessary

Institutional Review Board approvals from their institutions.

Only families in which DNA was available from both parents

and the child with trisomy 21 were included in the present

analysis. A subset of families in the current analysis with maternal
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MI errors were also included in a previous study [6]. Samples were

genotyped for a minimum of 21 short tandem repeat (STR)

markers specific to the long arm of chromosome 21 (Figure 3). The

most centromeric STR was D21S369 and the most telomeric was

D21S1446.

Determining the Type of Nondisjoining Error. The

parental origin of the nondisjoining error was determined by

establishing the contribution of parental alleles to the child with

trisomy 21. Only cases of maternal origin were included in our

analysis. Once the maternal origin of nondisjunction was

established, a core set of markers located in the pericentromic

region (D21S369- D21S192, Figure 3) of 21q was used to infer the

stage of nondisjunction, MI or ‘‘MII’’. Specifically, if parental

heterozygosity was retained in the trisomic offspring

(‘‘nonreduced’’), we concluded an MI error. If parental

heterozygosity was ‘‘reduced’’ to homozygosity, we concluded an

‘‘MII’’ error. In this assay, we could not distinguish between a

conventional MII error, in which sister chromatids fail to separate

during anaphase of MII, from an error initiated in MI that is not

resolved properly in MII. For example, if sister chromatids

prematurely separate in MI, some configurations will lead to both

sister chromatids segregating to the same pole in MII. Similarly, if

homologues pairs fail to separate in MI and then go through a

reductional division at MII, sister chromatids will be present in the

resulting oocyte.

When all informative markers in the parent of origin were

reduced to homozygosity, the origin of nondisjunction was

inferred to be a post-zygotic, mitotic error. In principle, such

cases could also be ‘‘MII’’ errors with no recombination. We do

not have a method to accurately distinguish these types of errors.

We expect that there should be equal numbers of ‘‘maternal’’ and

‘‘paternal’’ errors among such cases and in fact we observed about

twice as many ‘‘maternal’’ cases (data not shown). Second, we

expect these cases to be maternal age independent and, in fact,

find this to be true: the mean maternal age of so-called mitotic

cases does not differ from controls [2]. In our current data set,

there were 21, 16 and 3 mitotic cases in the young, middle and

older age group. To be conservative, we excluded these inferred

mitotic cases from our analysis.

Characterizing the Recombination Profile
Our analysis of the number and location of recombination was

restricted to 21q. The long arm of chromosome 21 was divided

into six relatively equal physical intervals with interval 1

comprising the most centromeric region of 21q and interval 6

comprising the most telomeric region (Figure 3). The presence of a

recombinant event was identified by changes in the status of

adjacent informative markers from ‘‘reduced’’ to ‘‘nonreduced’’

(or vice versa). In most cases, the location of recombination was

scored as belonging to one of six distinct intervals along 21q.

When one of the six intervals was uninformative, but markers

defining the two flanking intervals were informative, we included

the family. Those with two or more adjacent uninformative

intervals were excluded from our analysis. In some instances, the

recombinant event could not be located to one specific interval,

but instead to one of two adjacent intervals (e.g., interval 1 or

interval 2). The location of such events was treated as occurring at

the midpoint of the two intervals (e.g., represented as interval 1.5)

in most of our analyses (see Statistical Analysis below). Our final

analysis included a total of 615 maternal MI cases and 253

maternal ‘‘MII’’ cases of trisomy 21.

Euploid Samples. We used the 23 CEPH Utah families that

were previously genotyped using 133 SNPs located on the long

arm of chromosome 21 [28]. The most centromeric SNP was

located at 15,009,674 bp (rs990141) and the most telomeric SNP

located at 46,902,239 bp (rs2839337). It is important to point out

that the marker set used to genotype these 23 CEPH families was

different from that used to genotype the trisomic cases. In

addition, offspring within families of the CEPH panel were related,

whereas the trisomic cases were not. Thus, there is a slight lack of

comparability in the analyses between our euploid and trisomic

data, but the differences are minor in comparison to the large

differences in recombination observed between the euploid and

trisomic samples.

Characterizing the Recombination Profile
In order to determine the location of recombination along 21q

in women who exhibited normal segregation of chromosome 21,

Figure 3. Markers used to Define the Origin of the Meiotic Error
and Determine the Recombination Profile. Approximately 21
markers were genotyped on each individual in the study. This
information was used first to determine the origin (maternal or paternal
and meiosis I or II) of the nondisjoining error. Only cases in which the
error was maternal in origin were included in this study. Once the origin
of the error was defined, this genotyping information was used to
determine the number and location of recombination (i.e., recombina-
tion profile). 21q was divided into six intervals of approximately equal
physical length. Each observed recombinant was defined as being
located in one of six defined intervals.
doi:10.1371/journal.pgen.1000033.g003
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the transmission of maternal grandparental SNP genotypes to the

maternal offspring was analyzed. A maternal recombinant event

was noted when the sharing of SNPs identical by descent switched

from one maternal grandparent to the other. Our final analysis

included 152 informative maternal meioses.
Statistical Analysis. We had two basic traits to characterize

with respect to recombination in each dataset: 1) the amount of

recombination and 2) the location of recombination. To determine

if these characteristics differed among maternal age groups, we

used standard statistical methods such as the chi square test of

independence, Armitage test of trend and linear regression.

We analyzed the observed recombination data from the

euploid, MI and ‘‘MII’’ samples separately since the ability to

detect a recombinant event differs between the each of these

groups. Within each group, we stratified the samples by the age of

the mother at the time of conception, henceforth referred to as

maternal age. The three maternal age groups were previously

defined [6] and were based on obtaining approximately equal

sample sizes in each age group: ,29, 29–34 and .34 years of age.

This definition applied to the new trisomic data sets did not lead to

equal sample sizes due to the shift in maternal age over time. That

is, we had more women in the oldest age group (Table 1).

Nevertheless, we decided to use this same definition for

comparison purposes. For the euploid dataset, this definition led

to too few meiotic events in the older age groups. There were 83,

33, and 31 meiotic events for the young, middle, and eldest age

groups, respectively. Based on our analyses, we could not detect

any statistically significant differences in the amount or location of

recombination among maternal age groups in the euploid set.

However, our sample sizes limited our ability to do so (see Table

S1). Thus, we collapsed the euploid maternal age groups.

As discussed above, direct analyses of observed recombination

do not allow for comparisons between the meiotic outcome groups

(MI, ‘‘MII’’ and euploid), because exchanges at the four-strand

stage have a different probability of being observed as recombi-

nation depending on the meiotic outcome. Thus in order to

compare meiotic outcome groups, we used the observed

recombination data to estimate the number and pattern of

exchanges at the four-strand stage of meiosis. We refer to this in

the text of the paper as our ‘‘tetrad analyses’’. These methods have

been previously described in detail [7,12,13]. Briefly, tetrad

exchange pattern frequencies are estimated from observed

recombination data using maximum likelihood. Hypothesis tests

comparing groups (e.g. MI old vs. euploid) can then be performed

using likelihood ratio tests, with the test statistic distributions

estimated by bootstrap methods. These methods not only allowed

the comparison of meiotic outcome groups, but they also allowed

direct comparison of frequencies of single exchanges (or double

exchanges) among groups. This allowed us to ask, for example, if

single telomeric exchanges are a risk factor (In the observed

recombination data these would be confounded with double-

exchanges that include a telomeric exchange). For the purposes of

these methods we scored ambiguous recombination events as

occurring half in each interval (e.g. an exchange that occurred in

either interval 1 or interval 2 was scored as 1/2 an exchange in

interval 1 and 1/2 an exchange in interval 2).

Estimation of the Rate of Nondisjunction Events by

Meiotic Error and Exchange Group. To help interpret the

results of the exchange patterns observed among the nondisjoined

meiotic events, we estimated the rate of each type of

nondisjunction error among women in each age group. The

overall rate of trisomy 21 among births was estimated to be 1/

1320, 1/699, and 1/147 for the three age groups, respectively,

using the one-year observed rate estimates from Hecht and Hook

[14]. For these approximate estimates, we assumed that all trisomy

21 was due to either meiotic or mitotic errors; that is, we did not

include the more rare causes due to translocations and mosaicism.

The proportions of the meiotic and mitotic errors types were taken

from data collected through the Atlanta Down Syndrome Project

[4] and unpublished results. Within each age group, we

partitioned that rate of trisomy 21 by meiotic error and then by

exchange pattern using estimates from Tables 1 and 2. For

example, the rate of MI nondisjunction with a single telomeric

exchange was estimated to (1/1320) * 0.63 * 0.32 *

0.41 = 0.000062 for the young age group. This subgroup, thus,

explains about 8% of the rate of trisomy 21 in that age group.

Supporting Information

Table S1 Frequency Distribution of Observed Recombinants

and Inferred Exchanges for Euploid Samples. Due to the small

sample of normally disjoining meiotic events (n = 152) and the

maternal age distribution among those samples, there were a

limited number of data points in the oldest two age groups (Table

S1). Although formal statistical tests did not detect any association

between maternal age and recombination, the power to detect

such an association was low. For these reasons, we collapsed age

groups and compared the entire sample to those of the

nondisjoining meiotic events. However, to be complete, we have

provided the frequency distribution of the number of recombi-

nants below.

Found at: doi:10.1371/journal.pgen.1000033.s001 (0.03 MB

DOC)
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