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Table I. Origin of non-disjunction in human autosomal trisomies by DNA 
polymorphism analysis 

Trisomy Origin Number of cases Meiotic 
(%) recombination 

8a Maternal 10 (66.7) 
MIIMII 5 (33.3) 
Mit 5 (33.3) 

Paternal 5 (33.3) 
Mit 5 (33.3) 

13b Maternal 37 (88.1) 
Paternal 5 (11.9) 

15c Maternal MIIMil 15 (88.2) 
Paternal MIIMil 2 (11.8) 

mUPDlS 
MI 88 (73.3) Reduced 
Mil 14 (11.7) 
Mit 18 (15.0) 

16d Maternal 62 (100) 
MI 56 (100) Reduced 

18° Maternal 161 (91.5) 
MI 27 (29.0) Reduced 
Mil 52 (55.9) 
Mit 7 (7.5) 

Paternal 15 (8.5) 
MIIMil 2 (2.1) 
Mit 5 (5.4) 

21f Maternal 805 (91.5) 
MI 556 (68.9) Reduced 
MII 176 (21.8) Increased 
Mit 17 (2.1) 

Paternal 75 (8.5) 
MI 17 (2.1) 
Mil 27 (3.3) 
Mit 14 (1.7) 

MI =meiosis I, Mil= meiosis II, Mit= mitosis, mUPD15 =maternal 
uniparental disomy of chromosome 15. The number of cases for which 
parental origin has been determined is usually bigger than the number of 
cases for which meiotic/mitotic origin has been determined. 
Data from •DeBrasi et al. (1995), Robinson et al. (1995), James and Jacobs 
(1996), Seghezzi et al. (1996); bzaragoza et al. (1994), Robinson et al. 
(!996a); czaragoza et al. (1994), Robinson et al. (1993, 1996b); dHassold 
et al. (1995); eKondoh et al. (1988), Kupke and Mi.iller (1989), Ya-gang 
et al. (1993), Fisher et al. (1995), Eggermann et al. (1996); fAntonarakis 
et al. (1993), Lamb et al. (1996). 

1992; Weissenbach et al., 1992) and to non-disjunction studies 
in recent years (Petersen et al., 1991). 

Trisomy 21 

Two large collaborative studies used multiple DNA polymorph
isms spanning the long arm of human chromosome 21 to 
determine the parental origin of non-disjunction in trisomy 21 
(Antonarakis et al., 1991; Sherman et al., 1991). These studies 
estimated that only 5% of the cases (of a total of 304 families 
studied) had paternal origin and attributed the difference from 
the cytogenetic studies to an increased accuracy of the DNA 
polymorphism analysis, as demonstrated by erroneous cytogen
etic determinations in a subgroup of families (Antonarakis 
et al., 1991; Sherman et al., 1991). More recent population
based molecular studies show 8-9% paternal errors (Mikkelsen 
et al., 1995; Yoon et al., 1996). The latest results of the two 
major groups studying non-disjunction in trisomy 21 are 
summarized in Table I. 
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The study of meiotic stage of non-disjunction (meiosis I or 
II) in trisomy 21 by DNA polymorphism analysis has been 
hampered by the lack of centromeric markers. Alphoid DNA 
polymorphisms specific for the human chromosome 21 centro
mere had been described (Jabs et al., 1991), but the incidence 
of these markers being informative was low, and they were 
not useful for routine non-disjunction studies. The alphoid 
DNA polymorphisms were, however, localized on the genetic 
linkage map of human chromosome 21 (Jabs et al., 1991), 
giving an estimate of the genetic distance between the centro
mere and the closest markers on the long arm of chromosome 
21. The meiotic division error has been inferred on the basis 
of non-reduction/reduction to homozygosity at the pericentro
meric DNA polymorphic markers (Chakravarti and Slaugen
haupt, 1987). Among the maternal errors, approximately 75% 
are attributed to errors in meiosis I and 25% to errors in 
meiosis II (Antonarakis et al., 1992; Mikkelsen et al., 1995; 
Yoon et al., 1996). Both maternal meiosis I and II errors are 
associated with increased maternal age (Antonarakis et al., 
1992; Mikkelsen etal., 1995; Yoon et al., 1996). Two comparat
ive studies of cytogenetic short arm heteromorphisms and 
microsatellite DNA polymorphisms showed discrepancies 
regarding meiotic stage of non-disjunction and suggested an 
increased pericentromeric recombination rate associated with 
non-disjunction (Lorber et al., 1992; Petersen et al., 1992). 

About 5% of cases of trisomy 21 are probably due to mitotic 
(postzygotic) non-disjunction of a chromosome 21 in the early 
embryo, as determined by pericentromeric DNA markers and 
the lack of observed recombination along the entire long arm 
of chromosome 21 (Antonarakis et al., 1993; Mikkelsen et al., 
1995; Yoon et al., 1996). The mitotic errors are not associated 
with advanced maternal age and show no preference in the 
parental origin of the duplicated chromosome 21 (Antonarakis 
et al., 1993). 

Non-disjunction in maternal meiosis I is associated with 
reduced recombination between the non-disjoined chromo
somes 21 (Warren et al., 1987; Sherman et al., 1991), sug
gesting an important role for pairing/recombination failure or 
reduced recombination in the aetiology of trisomy 21. Recent 
results showed that the reduced recombination is not due to 
absence of recombination in a proportion of cases, but to an 
overall reduction in recombination (Sherman et al., 1994). 
Interestingly, there was increased recombination in the most 
distal region of 2lq studied. Based upon those data and 
analogous findings in the fruit fly (Drosophila melanogaster), 
a model has been proposed of age-dependent deterioration of 
some cellular reagent required for proper spindle function 
(Hawley et al., 1994 ). Unexpectedly, non-disjunction in meiosis 
II is associated with increased recombination occurring in 
meiosis I, suggesting that all errors originate in meiosis I 
(Lamb et al., 1996). The rate of recombination remains 
constant with advancing maternal age, but some chiasmata of 
chromosome 21 seem more susceptible to non-disjunction in 
aged oocytes compared to young oocytes (Lamb et al., 1996). 
Analysis of the chiasma distribution showed that whereas 
absence of a proximal recombination predisposes to non
disjunction in meiosis I, the presence of a proximal exchange 
appears to predispose to non-disjunction in meiosis II (Lamb 
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exclusion of prenatal cases ascertained because of advanced 
maternal age the maternal age is significantly elevated only in 
maternal meiosis II errors, probably due to the small number 
of meiosis I errors in the individual studies (Ya-gang et al., 
1993; Fisher et al., 1995; Eggermann et al., 1996). The 
preponderance of females with trisomy 18 in liveborns (sex 
ratio 0.63) compared to fetuses diagnosed prenatally (sex ratio 
0.90) indicates a prenatal selection against trisomy 18 males 
after the time of amniocentesis (Huether et al., 1996). 

Trisomy 16 

Trisomy 16 is the most common trisomy in our species 
with a well known relationship with increasing maternal age 
(Hassold and Jacobs, 1984). It is estimated to occur in 1.5% 
of all recognized pregnancies (Wolstenholme, 1995) and found 
in 5.1% of spontaneous abortions (Hassold et al., 1980). 
Trisomy 16 is incompatible with postnatal survival, but a 
few liveborn infants with trisomy 16 mosaicism have been 
described with an extremely variable clinical expression (Devi 
et al., 1993; Greally et al., 1996). Non-disjunction studies on 
spontaneous abortions (n = 62) show maternal meiotic origin 
of all cases (Hassold et al., 1995) (Table I). Using a centromeric 
marker, which detects polymorphic fragments in the alpha 
satellite sequences of the centromere of chromosome 16, the 
meiotic stage of non-disjunction was determined as meiosis I 
in all informative cases (Hassold et al., 1995) (Table I). In 
studies of genetic recombination, a highly significant reduction 
in recombination was observed in comparison with the normal 
female genetic map. The crossover distribution indicated a 
striking reduction in recombination in the proximal short and 
long arms of the chromosome, therefore reduced rather than 
absent recombination is the predisposing factor to non-disjunc
tion of chromosome 16 (Hassold et al., 1995). 

Trisomy 16 and confined placental mosaicism 
Chromosomal mosaicism originates during early embryonic 
development and may be generalized or confined to the 
placenta or the embryo. About 1-2% of prenatal chorionic 
villus samplings (CVS) show chromosomal mosaicism, most 
often between a numerical aberration and a normal diploid 
cell line (Vejerslev and Mikkelsen, 1989). In most cases the 
mosaicism is confined to the placenta (CPM) and does not 
involve the fetus proper (Kalousek and Dill, 1983). CPM for 
trisomy 16 (CPM16) occurs with an overall incidence of 
34: 100 000 samples based on a large series of prenatal CVS 
(Wolstenholme, 1995). Molecular studies show maternal mei
osis I origin of the trisomic cell line in almost all ( 17 /18) 
studied cases of CPM16, and the diploid fetus therefore 
resulted from postzygotic loss of one of the three chromosomes 
16 in a trisomic conceptus (Robinson et al., 1997). This 
mechanism of trisomy rescue may be regarded as a prerequisite 
for intrauterine survival of an otherwise lethal trisomy. Theoret
ically in one third of such cases, the consequence in the fetus 
will be uniparental disomy (UPD) in which both chromosomes 
16 originate from the mother (Engel, 1980). CPM may be 
associated with a spectrum of fetal manifestations ranging from 
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normal pregnancy outcome, intrauterine growth retardation 
(IUGR) to fetal death (Kalousek and Vekemans, 1996). Abnor
mal pregnancy outcome (usually IUGR) has been correlated 
to the presence of fetal UPD (Kalousek et al., 1993; Robinson 
et al., 1997). It is difficult to distinguish whether an abnormal 
outcome associated with UPD is due to the UPD itself or to 
the presence of high levels of trisomic cells in the placenta 
(Kalousek et al., 1993; Robinson et al., 1997). The adverse 
effect that UPD of certain chromosomes has on fetal develop
ment is caused by imprinting (Hall, 1990). Both maternal and 
paternal copies of some chromosomes are required for normal 
development. It has been suggested that imprinting may exist 
for chromosome 16 and that the effect is limited to the 
placental tissues affecting prenatal growth (Schneider et al., 
1996; Robinson et al., 1997). 

Trisomy 15 and uniparental disomy 15 

UPD is defined as the presence of both homologues of a 
chromosomal pair derived from the same parent in a diploid 
offspring (Engel, 1980). The concept was first described by 
Engel in 1980 on the basis of the high frequency of aneuploidy 
in human gametes. One of the theoretical mechanisms, and 
probably the most important, resulting in UPD is trisomy 
rescue (the zygote starts trisomic but loses one of the homo
logues, resulting in two remaining homologues from only one 
parent in one third of cases). This has been demonstrated in 
several cases of CPM15, normal karyotype of amniocytes, and 
the birth of a child with Prader-Willi syndrome due to maternal 
UPD15 (Cassidy et al., 1992). UPD can result in human 
genetic disorders as a result of homozygosity of recessive 
phenotypes (isodisomy) or as a result of genomic imprinting 
(differential phenotypic expression of the same genetic material 
depending on the sex of the transmitting parent) (Hall, 1990). 
It was not until 1989 with the discovery of UPD15 in some 
Prader-Willi syndrome patients, that the importance of UPD 
and genomic imprinting in human biology was realized (Nich
olls et al., 1989). 

Trisomy 15 occurs in 1.4% of spontaneous abortions (Has
sold et al., 1980). In one molecular study of 17 spontaneous 
abortions with trisomy 15, 15 cases were of maternal meiotic 
origin and two of paternal meiotic origin (Zaragoza et al., 
1994) (Table I). Another way to study maternal non-disjunction 
of chromosome 15 has been undertaken in studies of Prader
Willi syndrome patients (n = 120) with maternal UPD15 
(Robinson et al., 1996b). Maternal non-disjunction of chromo
some 15 took place in 73% of cases in meiosis I, 12% in 
meiosis II, and 15% in postzygotic mitosis (Robinson et al., 
1996b) (Table I). There is increased maternal age and reduced 
recombination associated with maternal meiotic non-disjunc
tion of chromosome 15 (Robinson et al., 1993, 1996b). 

Trisomy 13 

Trisomy 13 (Patau's syndrome) is the third most common 
autosomal trisomy in newborns, with a prevalence at birth of 
about 1:29 000 (Goldstein and Nielsen, 1988). The parental 
origin was determined in a total of 42 cases from two molecular 
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studies (Table I), showing 88% maternal errors and 12% 
paternal errors (Zaragoza et al., 1994; Robinson et al., 1996a). 
The number of cases studied is still very small, meiotic division 
error has not been established with certainty due to the lack 
of a useful centromere polymorphism and with considerable 
distance from the centromere to the most proximal long arm 
marker, and the issue of altered recombination has not been 
addressed. 

Trisomy 8 

Trisomy 8 is a rare condition in man, comprising 0.7% of 
spontaneous abortions (Hassold et al., 1980), and estimated to 
occur in about 0.1% of recognized pregnancies (Wolstenholme, 
1996). In liveborns, trisomy 8 is almost always associated 
with mosaicism and more than 100 patients have been reported 
so far with Warkany syndrome (Warkany et al., 1962; Riccardi, 
1977). The exact incidence is not known but is certainly low. 
One incidence study detected one case among 34 910 newborns 
(Nielsen and Wohlert, 1991). In trisomy 8little is known about 
the origin of the additional chromosome, as very few cases 
have been studied so far (Table I). In one molecular study, 
four spontaneous abortions showing 100% trisomic cells were 
all of maternal meiotic origin, while one liveborn with apparent 
non-mosaic trisomy 8 was consistent with a mitotic gain of 
the extra chromosome (James and Jacobs, 1996). Studies of 
trisomy 8 mosaicism in liveborns have demonstrated 12 cases 
of mitotic duplication and only one case of probable meiotic 
origin (DeBrasi et al., 1995; Robinson et al., 1995; James and 
Jacobs, 1996; Seghezzi et al., 1996). Three cases of CPM8 
ascertained through mothers undergoing CVS for advanced 
maternal age also showed somatic (postmeiotic) origin of the 
trisomic cell line (Robinson et al., 1997). Trisomy 8 of meiotic 
origin does not seem compatible with a continuing pregnancy. 
The aetiology of trisomy 8 therefore seems to differ from that 
of the common autosomal trisomies and makes a new addition 
to the expanding category of mitotically derived chromosome 
abnormalities, as previously described in some cases of homo
logous Robertsonian translocations and isochromosomes 
(Blouin et al., 1994; Robinson et al., 1994) and unbalanced 
de-novo translocations (Eggermann et al., 1997; Sarri et al., 
1997). 

Future perspectives 

The causative mechanisms in the genesis of aneuploidy need 
to be better understood, but a reduction in the rate of non
disjunction leading to trisomy is less likely to be achieved, as 
chromosomal non-disjunction is such a basic characteristic of 
our species (Epstein, 1997). Future research should try to 
answer these questions: why do different chromosomes have 
different potential for non-disjunction? What is the mechanism 
behind the maternal age effect? Do paternal age effect and 
genetic susceptibility factors exist for non-disjunction (Avram
opoulos et al., 1996)? What is the effect of environmental 
factors on cell division (Sperling et al., 1994)? It will be 
interesting to examine whether the origin of non-disjunction 

Origin of human autosomal trisomies 

is related to different levels of maternal serum markers for 
aneuploidy (Brizot et al., 1996). 

Conclusion 

We have reviewed the molecular studies of the last decade 
regarding origin and underlying mechanisms of non-disjunction 
in human autosomal trisomies 8, 13, 15, 16, 18, and 21. 
Maternal meiosis I errors constitute the most important single 
class of non-disjunction in man, but chromosome-specific 
patterns exist. The mechanisms associated with paternal non
disjunction are likely to differ from those associated with 
maternal non-disjunction. There is aberrant meiotic recombina
tion associated with maternal meiotic non-disjunction in all 
trisomies studied in detail (trisomies 15, 16, 18, and 21), and 
this is the only positive finding associated with non-disjunction 
identified so far (except the increased maternal age). There is 
some evidence that aberrant recombination is not the primary 
cause of non-disjunction, but that susceptible chiasmata are 
more prone to result in non-disjunction, when a meiotic process 
is disrupted. The second hit of this two-hit model could be 
the source of the maternal age effect on trisomy. There is, 
however, still a surprising lack of understanding of the basic 
mechanism(s) behind the maternal age effect, and chromosomal 
non-disjunction remains one of the unanswered questions of 
human genetics. 
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