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Meiosis reduces the number of chromosomes carried by a diploid organism by half, partitioning precisely one
haploid genome into each gamete. The basic events of meiosis reflect three meiosis-specific processes: first,
pairing and synapsis of homologous chromosomes; second, high-frequency, precisely controlled, reciprocal
crossover; third, the regulation of sister-chromatid cohesion (SCC), such that during anaphase I, SCC is released
along the chromosome arms, but not at the centromeres. The failure of any of these processes can result in aneuploidy or a failure of meiotic segregation.

M

eiosis produces sperm and eggs with
exactly half the chromosome number of
the individual producing the gametes. To
ensure that each gamete has one copy of
each chromosome pair, the diploid cell
employs three meiosis-specific processes.
First, homologous chromosomes are
‘matched’ by homologue alignment, that
is, physical association (pairing) and the
formation of a structure referred to as the
synaptonemal complex (SC), a process
known as synapsis. Second, the homologue pairs are locked together through
the process of reciprocal meiotic recombination (also referred to as crossing-over,
exchange or chiasma formation) to form
bivalent structures. Third, the orientation
of the two centromeres of each bivalent to
opposite poles of the developing spindle
ensures the separation of the two homologues at the first meiotic division1. After
meiosis I, the chromosomes undergo a
mitosis-like division without an intervening DNA replication step (see Fig. 1).

A function-based summary
of meiosis
On the basis of the early cytogenetic studies, it seemed reasonable to assume that
synapsis proceeds, and indeed was a requisite for, exchange initiation. Such a view
was supported by the finding of a mutant
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in Drosophila melanogaster, (c(3)G), that
blocked both SC formation and the occurrence of any meiotic recombination2.
However, in the 1990s, genetic studies in
Saccharomyces cerevisiae indicated that
mutational ablation of the SC had surprisingly mild consequences for exchange and
segregation3. Indeed, in S. cerevisiae, initiation of recombination is essential for SC
formation (see Fig. 2). Similar observations
have also been made in Arabidopsis thaliana
and in mammals4,5. An attempt to revise
the classical view of meiosis by reversing
the order of recombination initiation and
synapsis6 was frustrated by the observation
that exchange is not required for synapsis in
Drosophila oocytes or in the nematode
Caenorhabditis elegans (refs 7–9).
Although simple (and perhaps overly
polarized) answers to this dilemma have
been proposed in the past6,10, it now seems
likely that both processes can occur quite
independently. In most meiotic systems,
they are coupled by one or more regulatory links of varying strength. It may be that
yeast and Drosophila simply occupy one
extreme of a continuum in which there is
a strong functional inter-dependence
between processes. This model is consistent with the existence of organisms like
Schizosaccharomyces pombe, which
recombine without building a SC, and

with Bombyx mori females, which build a
SC without apparent exchange11,12. This
view echoes the proposal of Zickler and
Kleckner13, who suggested that the meiotic programmes of various organisms may
“differ only in respect to the potency of
secondary SC nucleation mechanisms”.
If there is a universal ‘truth’ in meiosis, it is that recombination is initiated
by double strand DNA breaks (DSBs)
created by the Spo11 protein in yeast
and its homologues in other organisms5,8,9,14,15. These breaks are repaired
by some permutation of a mechanism,
first described by Szostak et al.16, that
creates a double Holliday junction
intermediate. This double Holliday
structure has been isolated from meiotic cells17,18. In most organisms, many
more DSBs occur than there are eventual crossover events. Most DSBs are
resolved by a separate pathway that
results in gene conversion (a non-reciprocal recombination process that transfers information between homologues
without an associated crossover event)
rather than exchange19. Recently, important molecular clues regarding the
mechanisms by which such intermediates are processed to produce either
crossover or non-crossover products
have been found20.
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The MI reductional division

The MII equational division

Figure 1 Meiosis. a, During prophase, homologous chromosomes pair, synapse and recombine.
Chiasmata, the physical consequences of recombination, stabilize bivalents on the metaphase plate
(see Fig. 3) b, During reductional division, the homologues segregate to opposite poles, but the sister
chromatids remain adhered c, During the equational division, the sister chromatids separate and
segregate to opposite poles.

The distribution of meiotic exchange
along chromosome arms is not proportional to physical length. First, the number of exchanges per bivalent does not fit
a Poisson distribution, as there are very
few nonexchange bivalents and too few
with high numbers of exchange21. Thus,
recombination events are not distributed
randomly between the paired chromosomes. Second, exchange occurs only in
euchromatin, and not in heterochromatin, demonstrating that map length is
not proportional to DNA content. Third,
the frequency of exchange within the
euchromatin is lowest near the telomeres
Nature Cell Biology & Nature Medicine

and highest in the medial regions of the
euchromatic arms22–24. Fourth, specific
sites along chromosomes function as hotspots for exchange initiation25. Exchange
positioning can be very precise, as
demonstrated by the fact that exchange
between the sex chromosomes in human
males is restricted to the XpYp pseudoautosomal region26. A large number of meiotic mutants that disrupt the proper
positioning of exchanges have been isolated27,28. Many of these have no direct or
obvious role in synapsis or DNA metabolism, and thus may function indirectly to
regulate other processes related to
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exchange initiation and distribution. The
large number and variety of mutants
affecting the number and position of
exchanges suggests that exchange distribution is controlled by a series of complex processes.
The consequences of a failure to undergo exchange are dependent on the meiotic system under examination. In many
systems (such as many animal male
meioses), the presence of unaligned chromosomes will trigger apoptotic arrest at
or before metaphase (see below). In
plants, achiasmate pairs of homologues
simply fall apart during prometaphase
and then move independently on the
developing spindle. However, in many
other meiotic systems, a back-up process
exists that can ensure the segregation of
those chromosomes that fail to undergo
exchange (see below).
During prometaphase, the chromosomes are organized with respect to the
developing spindle29. As the chromosomes condense in the later stages of
prophase, chiasmata lock the bivalents
into a structure in which the two homologous centromeres of each bivalent face
in opposite directions (see Fig. 3). For
meiotic divisions in which the spindle is
organized by centrioles (that is, most
male meioses), this property of oppositely oriented centromeres facilitates an initial attachment of the two centromeres to
opposite poles of the spindle. To paraphrase Nicklas (1974)1, “while the upper
half-bivalents’ centromeres almost face
the upper pole, those of its partner
almost face the lower pole, simply
because bivalents are so constructed”.
The oppositely oriented centromeres
then attach to microtubules emanating
from the closest of the two spindle
poles1,30,31. In rare cases where both centromeres are initially misdirected to the
same pole, the bivalent moves briefly to
one pole, releases its’ spindle attachments
and then reattempts to achieve a bipolar
orientation.
By contrast, meiosis is acentriolar in
most female animals (including
humans)32 and the bipolar spindle is
assembled by the chromosome mass.
s51
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The opposite orientation of homologous
centromeres is achieved by the initial
back-to-back orientation of homologous
centromeres. Groups of these half-spindles then coalesce to form the spindle
poles29,33. In both sexes, all of the bivalents
line up at the middle of the meiotic spindle at metaphase I. The chiasmata (or sites
of reciprocal recombination) prevent the
progression of centromeres to the poles
by balancing the influence of poleward
forces (Fig. 3).
Three lines of evidence argue that
homologues are held together at the
metaphase plate as a consequence of
SCC34–37. First, studies demonstrated that
mutants of the desynaptic gene in maize
display a defect in both SCC and in the
early separation of chiasmate bivalents38–40. Second, Drosophila exchanges
fail to link homologous chromosomes in
the presence of mutations that disrupt
SCC along the chromosome arms during
meiotic prophase41. Finally, chiasma resolution in yeast requires the cleavage of
Rec8p, a protein required for meiotic
SCC42. Proteins that regulate sister chromatid cohesion have been identified in
both Drosophila and yeast43–48. At the
onset of anaphase I, sister chromatid
cohesion along the euchromatic arms of
the chromosomes is released, allowing the
resolution of chiasmata49. This allows the
two homologues, each still comprised of
two sister chromatids, to move to opposite poles.
The events that occur after meiosis I are
often substantially different between the
two sexes. In most males, each of the two
products of meiosis I create a new ‘mitotic-like’ spindle on which the chromosomes align themselves, with their sister
chromatids oriented towards opposite
poles (metaphase II). The start of
anaphase II is signalled by the separation
of sister centromeres and the movement
of the two sister chromatids to opposite
poles. At telophase II, the sisters have
reached opposite poles and nuclei begin
to reform, each containing a single copy
of each chromosome. Each of these four
products of male meiosis will usually
become a sperm. However, in the oocytes
s52
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Figure 2 Directionality of the meiotic process — D. melanogaster versus S. cerevisiae. a, In D.
melanogaster, synapsis of homologues is required for exchange to occur. b, Conversely, in S. cerevisiae, initial recombination events are required for synapsis. Copyright 2002 from Molecular Biology of the
Cell by B. Alberts et al. Reproduced by permission of Routledge, Inc., part of the Talor Francis Group.

of most animals (including mammals),
only one of the two products of meiosis I
will always enter the second meiotic division. The other product of meiosis I is
extruded as a polar body that may or may
not undergo an meiosis II-like division.
After the second meiotic division, only
one of the products becomes the egg. The
other product is relegated to become a
polar body.

When meiotic segregation
fails
Unfortunately, meiosis sometimes fails to
accomplish this impressive dance. As a
result, one or more pairs of homologous
chromosomes fail to move to opposite
poles. This failure, referred to a ‘non-disjunction’, occurs either because two
homologues failed to pair and/or recombine, or because of a failure of the cell to
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Figure 3 Schematic representation of a bivalent at metaphase I arrest. The homologues are attached
to the meiotic spindle by the centromere–kinetochore protein complex, which creates significant
tension. These poleward forces are balanced by the SCC distal to the exchange (see text).

properly move the segregating chromosomes to opposite poles on the meiotic
spindle. Non-disjunction results in aneuploid gametes, which can create aneuploid
embryos. Cases in which the embryo carries an extra copy of a given chromosome
are said to be trisomic, whereas those that
carry but one copy are said to be monosomic for that chromosome. There are no
viable monosomies for the human autosomes. However, a few trisomic zygotes
are capable of survival. These are trisomies
for the sex chromosomes (XXX, XXY,
XYY), trisomy 21 (Downs syndrome), trisomy 18 and trisomy 13.
The frequency of meiotic failure in
human beings is difficult to estimate
because most aneuploid zygotes spontaneously abort early during pregnancy.
However, the best estimates suggest that
at least 10–30% of fertilized human eggs
are aneuploid32 and that the frequency of
error increases markedly with advancing
maternal age. For the autosomes, these
errors are usually caused by non-disjunction during female meiosis32. For example, in trisomy 16, virtually all cases are
derived from maternal non-disjunction at
meiosis I. Similarly, in trisomy 21, maternal errors account for 90% of the trisomies, and 75% of these are a result of
Nature Cell Biology & Nature Medicine

maternal errors at meiosis I. However, in
trisomy 18, maternal meiosis II errors are
the most common. Curiously enough,
paternal non-disjunction contributes far
more significantly to the origin of sex
chromosome trisomies than it does to the
generation of autosomal trisomies.
These observations leave us with far
more questions than answers. Why is
maternal non-disjunction a far more significant cause of human aneuploidy than
paternal non-disjunction? What differences in the meiotic biology of the two
sexes underlie this effect? Why, in female
meiosis do some chromosomes non-disjoin preferentially (or entirely) during
meiosis I, whereas in others, meiosis II
events are far more common? Why is
there an effect of maternal, but not paternal age? Some of the answers to these
questions lie in some rather complex differences in the biology of meiosis between
the two sexes.
In particular, there are differences in
the ability of male and female germlines
to detect errors in the meiotic process.
Many meiotic systems possess checkpoint
or surveillance mechanisms to monitor
the fidelity of meiotic chromosome segregation. For example, in yeast, mutations
in the spindle checkpoint genes result in
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high frequencies of chromosome nondisjunction at anaphase I (ref. 50). The
authors argue that a connection between
homologues (for example, a chiasma) is
insufficient to ensure proper segregation
of chromosomes. In addition, centromere
tension, which is monitored by spindle
checkpoint proteins, may also be necessary for spindle elongation and chromosome segregation at anaphase I (ref. 50).
We suggest that differences in the frequency of errors resulting from human
male and human female meiosis largely
reflect sex differences in such meiotic
monitoring systems (see below).
There is a much more extensive system
for error detection in male meiosis than
in female meiosis. Male meiosis functions
at two or more points in the meiotic cycle.
First, male meiosis contains checkpoints
that detects mis-aligned or unpaired
chromosomes before the first meiotic
division and then directs the cell towards
apoptosis51. Oocytes seem to lack such a
checkpoint52. Second, errors in early
recombination and/or synapsis seem to
trigger a pachytene arrest/apoptosis
checkpoint in males that is not present in
female meiosis. For example, during
mammalian spermatogenesis, at least one
mutant that disrupts early pairing and
recombination events triggers death in
mid-meiotic prophase53. However, in
oogenesis, this mutant allows the progression of a meiosis that yields high frequencies of aneuploid gametes53. Similarly,
mutants in the mouse equivalent of the
yeast spo11 gene also trigger apoptotic
death of mammalian spermatocytes while
allowing far more substantial progression
of meiosis in oocyte4. Interestingly, the sex
chromosomes are a rather odd exception
to this story. At least some failures of sex
chromosome
recombination
or
metaphase alignment must be invisible to
these male checkpoints. This is evidenced
by the fact that non-disjunction in males
accounts for some 50% of the cases of
human XXY males and that most of these
cases reflect a failure of the X and Y chromosomes to recombine54.
However, it is not simply the absence of
these checkpoints that makes female
s53
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meiosis a rather more error-prone
process. Rather, it seems to be the interaction of errors in chiasma placement, a
process that occurs before birth in human
females with an age-dependent impairment of the segregational machinery. This
combination of improperly positioned
exchange events and an age-impaired
spindle seems to yield high frequencies of
meiotic errors. To explain this assertion,
three points are particularly relevant:
first, errors of meiotic chromosome segregation are often associated with reduced
levels of exchange; second, the absence of
exchange, or improperly placed exchanges
make bivalents more susceptible to nondisjunction; third, the likelihood that
bivalents without the proper number or
placement of crossovers will non-disjoin
increases on the spindles of older females.
Studies in both human and Drosophila
oocytes demonstrate that the failed segregation of nonexchange chromosomes is a
primary cause of non-disjunction. The
vast majority of spontaneous meiosis I
non-disjunction in Drosophila oocytes
(76.6%,) results from a failure of the
back-up system that ensures the segregation of nonexchange homologues55.
Similar data were obtained after
analysing the segregation of chromosomes 16 and 21 in human oocytes56,57.
Furthermore, 40% of X chromosome
non-disjunction cases in human females
involved achiasmate bivalents58,59. Indeed,
Hassold and Hunt32 note that,
“Significant reductions in recombination
are a feature of all meiosis I-derived trisomies so far studied”.
Those cases of spontaneous non-disjunction for the X chromosome in flies
and chromosome 21 in human oocytes
that did involve chiasmate bivalents, preferentially involved the mis-segregation of
bivalents with very distal crossover
events55,56. An example of this unusual distribution of exchanges is portrayed in Fig.
4. Clearly, exchanges differ in their ability
to potentiate segregation, and distal
exchanges are clearly at the weakest end of
this spectrum. Nowhere is this effect
shown more markedly than in an analysis
of non-disjunction for chromosome 16 in
s54

human oocytes60. In the cases of those
chromosome 16 bivalents that undergo
non-disjunction, proximal exchange frequencies are reduced some 20-fold. The
reduced abilities of single distal crossovers
to ensure segregation reflects their proximity to the telomere and not their distance from the centromere61. Thus, in
terms of segregation, our best explanation
for the weakness of distal exchange events
is that they will have less SCC distal to the
exchange, or in more formal terms ‘a lesser amount of chiasma binder’.
It is our view that most cases of nondisjunction of distal exchange bivalents
result from the premature release of the
exchange, and the subsequent need of the
cell to treat that pair of chromosomes as it
would any other achiasmate bivalent, that
is, by so-called ‘distributive systems’ (see
below). This suggestion is consistent with
the view that mutants that impair achiasmate segregation in Drosophila also greatly reduce the ability of bivalents with distal exchanges to disjoin properly62–64.
Systems for distributive segregation
have been described in many organisms65–70. In Drosophila (the best studied of
these systems), achiasmate chromosomes
still pair and remain associated with their
homologue at the metaphase plate71,72. In
this system, the Nod protein substitutes
for chiasmata, in the sense that it holds
pairs of achiasmate homologues together
until they are properly segregated at
anaphase I (ref. 73). The mechanisms
underlying distributive (or achiasmate)
segregation systems in other organisms
are less well understood66 and clearly vary
from the Drosophila model69,74. Although
virtually nothing is known about how
such a mechanism might function in
human oocytes, it is clear that one or more
systems must exist. This conclusion is
based on various studies of exchange distributions in humans, which reveal levels
of non-exchange and distal exchange bivalents for chromosome 21 in oocytes that
exceed the observed frequencies of nondisjunction in younger mothers21,75,76.
It was also noted that apparent cases of
meiosis II non-disjunction were usually
associated with aberrant (usually far too

proximal) exchanges55,56. For example, all
of the apparent meiosis II exceptions
obtained in Drosophila55 carry an
exchange in the heterochromatin or in the
very proximal euchromatin (Fig. 4).
Similarly, other studies noted high frequencies of mis-segregation, including
precocious sister chromatid separation in
instances where gene conversion events
had occurred in the pericentromeric
regions77. One explanation for both of
these observations is the so-called ‘entanglement’ model55,56,78, in which these
apparent meiosis II non-disjunctional
progeny actually result from errors at
meiosis I. According to this model,
homologous chromosomes become
entangled, either as a consequence of
multiple exchanges, or, as we consider
more likely, by an inability to release SCC
near the centromeres, and thus to resolve
pericentromeric
exchanges
before
anaphase I.
The likelihood that bivalents without
the proper number or placement of
crossovers will non-disjoin increases for
the spindles of older females: The observations described above create a paradox.
Most of the observed non-disjunction in
humans reflects reduced recombination
and/or improperly placed recombination.
Given that the actual recombination
events themselves occur in utero, and that
recombination maps stay relatively constant with maternal age75, it becomes difficult to explain the well-known ‘maternal
age effect’ in humans. Why then, if
exchange occurs before birth, does the
frequency of non-disjunction rise so
steeply in the fourth and fifth decade of a
woman’s life? The best current model for
explaining the correlation between the
effect of recombination and maternal-age
on chromosome disjunction is the ‘two
hit hypothesis’56,78–80.
According to this model, the ‘first hit’
occurs during foetal meiosis and affects
the process of recombination, resulting in
a bivalent that is more susceptible to nondisjunction. By susceptible exchange-deficient bivalents, we mean those with no
exchange or only a very distal exchange,
the denizens of the distributive system.
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Exchange distribution for normally
segregating Drosophila X chromosomes
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Figure 4 Distribution of exchange along the X chromosome arm. a, Normally, the frequency of
exchange events is higher in the medial regions of the chromosome arm. b, X chromosome aneuploidy is most often caused by a failure to recombine or an increase of distal crossovers. c, Meiosis II
exceptions exhibit an increase in exchange events located in the heterochromatin or very proximal
euchromatin80.

The ‘second hit’ occurs during metaphase
arrest, when there is an age-related degradation of components necessary for chromosome segregation. This increases the
likelihood that susceptible exchangedefective bivalents will non-disjoin. The
meiotic spindle comprises a complex
mechanical network that facilitates the
proper segregation of chromosomes. This
has been proposed to be the target of the
‘second hit’, resulting in chromosome
non-disjunction.
The nature of such degradative mechanisms and their cellular targets remains a
matter of enormous speculation.
However, Eichenlaub-Ritter81 has argued
that “hormonal homeostasis and size of
the follicle pool influence the quality,
maturation competence and spindle size
of the mammalian oocyte. Predisposition
to errors in chromosome segregation are
critically dependent on altered cell cycles”.
Similarly, Freeman et al.82 have argued
Nature Cell Biology & Nature Medicine

studies suggest that the failure of proper
sister chromatid cohesion at meiosis I or
meiosis II may have a significant effect on
the frequency of non-disjunction, at least
for some chromosomes32,85. Similarly,
there may well be effects that are caused
by the accumulation of DNA damage79.
Finally, we have ignored the effects of heterozygosity for aberrations or the possible
effects of so-called environmental ‘aneugens’. Such compounds do exist in fungi
and it would not be surprising if one or
more such compounds was reported in
humans in the near future.

that “the physiological status of the ovary
is key to the maternal effect”. Studies in
model systems strengthen this view. In
Drosophila, a distributive-system-specific
meiotic mutant (mei-P31) was identified83. This mutant defines a gene encoding a small polypeptide hormone known
to control oocyte maturation in mammals. On the basis of these findings, we
suggest that changes in ovarian physiology impair the programmes of the first
meiotic division and that nonexchange or
distal exchange chromosomes are simply
the ‘canaries in the coal mine’, that is, the
first targets of impending difficulties. If
one takes this view, then it is clear that the
maternal age effect is less about how old a
human female is, and more about how
close she is to menopause84.
As important as exchange failure is in
the aetiology of non-disjunction, we
would be remiss in not citing other possible influences. For example, several

www.nature.com/fertility

To quote Hassold and Hunt32, “to err
(meiotically) is human”. We humans are
simply not very good at meiosis. But our
failures do not reflect an ability to pair our
chromosomes or to recombine; rather
weakness lies both in our ability to build
and operate meiotic spindles in the
oocytes of older (or pre-menopausal)
women and in the absence of tension-sensitive spindle checkpoints in oocytes of
any age. For the most part, these meiotic
‘Achilles heels’ are blunted by the strong
requirement for euploidy in human foetuses. Although meiosis fails frequently
and aneuploid conceptions are common,
the effect on the next generation is substantially mitigated by spontaneous abortion of aneuploid conceptions. Still, a
substantial number of aneuploid children are born each year and the effects of
these defects on their lives, and those of
their families, are substantial. A more
detailed understanding of the relationship between the processes that control
oocyte maturation and meiosis I may
provide us with better tools for identifying parents who maybe at risk, and perhaps someday may even suggest
approaches to reduce that risk.
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