The Origins of Aneuploidy
in Human Embryos

10

Elpida Fragouli and Joy Delhanty

Humans as a species are not as efficient in
reproducing compared to other mammals.
Specifically, a couple of proven fertility will
achieve a viable pregnancy in only 20-25 % of
all natural cycles [1, 2]. This rate decreases dur-
ing in vitro fertilisation (IVF) cycles as only
approximately 13 % of all morphologically nor-
mal embryos transferred will go on to produce a
live birth [3]. One of the main causes of these
relatively low reproductive success rates seen in
humans is numerical chromosome abnormalities
(aneuploidy). The advent of IVF and associated
diagnostic methods such as preimplantation
genetic diagnosis (PGD) and screening (PGS)
enabled a detailed investigation of the chromo-
some content of human gametes and embryos.
Such investigations clearly showed that the inci-
dence of numerical chromosome abnormalities
was high and as would be expected had an adverse
impact on the progress of embryo development
and viability [4, 5].

Embryonic aneuploidy can have a meiotic ori-
gin with chromosome malsegregation taking
place during gametogenesis, and a post-zygotic
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origin with abnormalities occurring after
fertilisation. Direct analysis of the human female
gamete using a variety of cytogenetic methods
has shown that the majority of meiotically derived
aneuploidies arise during oogenesis. The close
relationship between advancing female age and
increasing aneuploidy rates was also confirmed,
as more than 50 % of oocytes generated by
women over the age of 40 years were demon-
strated to be chromosomally abnormal [6-12].
Graphs illustrating the changing oocyte aneu-
ploidy rate with advancing maternal age are a
mirror image of those showing the declining
implantation rate of IVF embryos with age, sug-
gesting that the increase in meiotic errors might
explain the reduced success rate of IVF treat-
ments for women in their late 30s and 40s.

The contribution of aneuploidy of male mei-
otic origin to the embryo is not as clear. Several
studies have been carried out and examined the
chromosome complement of sperm generated by
fertile as well as infertile men. What was con-
cluded was that the incidence of chromosome
anomalies ranged between 3 and 5 % in the sperm
of fertile men, but significantly (approximately
threefold) increased in the sperm obtained by
infertile men [13].

Two different preimplantation development
stages have been examined in order to establish
the frequency of aneuploidy arising after fertili-
sation. These are the cleavage stage, which is
reached 3 days after fertilisation when the embryo
consists of 6-8 totipotent cells called blastom-
eres, and the blastocyst stage. Embryos become
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blastocysts 5—6 days after fertilisation and consist
of two different cell types, the outer trophecto-
derm (TE) and the inner cell mass (ICM). Studies
investigating these two different preimplantation
development stages have suggested that post-
zygotic chromosome anomalies take place even
more frequently compared to the meiotic ones,
especially at the cleavage stage [14—17]. A result
of post-zygotic anomalies is chromosome mosa-
icism, the presence of two or more karyotypically
distinct cell lines within the same embryo.

During this chapter, the data obtained from
cytogenetic investigations of human oocytes,
sperm and also embryos at the cleavage and blas-
tocyst stage of preimplantation development will
be summarised. In addition, the different mecha-
nisms leading to aneuploidy of meiotic and post-
zygotic origin will be described and their
frequencies and impact on embryonic survival
will be discussed.

Aneuploidy of Female Meiotic Origin

It has been demonstrated that the vast majority of
meiotic chromosome abnormalities in the embryo
originate from the oocyte. As they mature, both
the male and female gametes begin a specialised
cellular division called meiosis. As a result, the
diploid chromosome number is reduced by half,
leading to the formation of haploid gametes.
Meiosis is separated into two different divi-
sions, meiosis I (MI) and II (MII). The whole
process starts with the replication of DNA during
S phase, leading to the generation of two sister
chromatids. During MI the homologous chromo-
somes align, and exchange of material between
the chromatids of different homologues may
occur. At the end of MI, bivalents separate, with
homologues travelling to opposite poles of the
meiotic spindle, one entering the first polar body
(PB) while the other stays in the oocyte. During
ML, sister chromatids are held together, and it is
not until MII that they are finally separated, one
of the chromatids passing into the second PB, the
other remaining in the oocyte. The end result is
the generation of haploid gametes, sperm cells in
the male and an oocyte and two PBs in the female.
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Figure 1 describes the normal segregation of
chromosomes during meiosis.

There are three different stages during which a
chromosome could malsegregate and cause aneu-
ploidy in the embryo. These are the initial set of
premeiotic mitotic divisions, MI and MII. Two
different mechanisms of oocyte chromosome
malsegregation have been described, whole chro-
mosome nondisjunction and unbalanced chroma-
tid predivision.

Whole chromosome nondisjunction occurs in
MI as well as MII and is the result of homologous
chromosomes not segregating to opposite poles of
the meiotic spindle, but instead moving together
towards the same pole. As a result, an oocyte with
an extra chromosome is generated whereas the
corresponding PB (either the first or second) is
missing this chromosome, or vice versa. Risk
factors associated with this aneuploidy-causing
mechanism depend on the chromosome and the
meiotic division, but generally include the num-
ber and positioning of the chiasmata in relation to
the centromere (too proximal or too distal). It is
also believed that female age has differing effects
on the various recombination patterns predispos-
ing to nondisjunction [11, 18].

Unbalanced chromatid predivision was
described when a group of researchers in their
analysis of metaphase II oocytes noticed that
some cells consisted of an extra one or two single
chromatids [19, 20]. This observation led them to
suggest that imbalance can result from premature
division (predivision) of the chromosome cen-
tromere after which chromatids segregate at ran-
dom, potentially moving to the same pole at
anaphase of MII [19, 20]. Both whole chromo-
some nondisjunction and unbalanced chromatid
predivision are illustrated in Figs. 2 and 3
respectively.

Both whole chromosome and single chroma-
tid malsegregation have been shown to be active
and responsible for anomalies of female meiotic
origin. The difference between them is that whole
chromosome nondisjunction will produce an ane-
uploid oocyte and subsequent embryo in all cases,
whereas a single chromatid abnormality will
result to embryonic aneuploidy in 50 % of cases,
depending initially on whether the unattached



Normal chromosome segregation

Fig. 10.1 Normal chromosome segregation during meio-
sis. Meiosis is made up of two divisions, MI and MII.
During prophase I, the 46 chromosomes condense and
form 23 homologous pairs of bivalents. Formation of chi-
asmata and exchange of genetic material between homo-
logues follows. During metaphase I, these bivalents align
on the metaphase plate orientated by attachment to the
spindle. They then disjoin and segregate to the resulting
daughter cells at anaphase I and telophase I. Ml is a reduc-
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Fig. 10.2 Whole chromosome non-disjunction. The first
aneuploidy-causing mechanism could take place during
MI (a) and also MII (b). It involves the segregation of
entire chromosomes towards the same pole of the meiotic
spindle which leads to the formation of disomic and nulli-
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tion division, whereas MII is a mitotic type of division
during which chromosomes align once again on the meta-
phase II spindle. Separation and segregation of sister
chromatids to opposite poles follows at anaphase II and
telophase II. Cytokinesis produces four haploid products.
(From Fragouli E, Wells D, Delhanty JD. Chromosome
abnormalities in the human oocyte. Cytogenet Genome
Res. 2011;133 (2—4):107-18, with permission.)
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Fig. 10.3 Unbalanced chromatid predivision. This sec-
ond aneuploidy-causing mechanism could take place only
during MI and involves the premature separation of a
chromosome into its sister chromatids. These are subse-
quently distributed at random during anaphase I.
Unbalanced chromatid predivision could have as an effect

chromatids segregate to opposite spindle poles or
move together towards the same pole, and finally
on events at anaphase II after fertilisation.
As with whole chromosome nondisjunction,
absent or altered recombination, combined with
advancing maternal age, predispose oocytes to
become aneuploid via random segregation of
single chromatids.

To elucidate the causal mechanisms of mater-
nally derived aneuploidy, researchers employed
several different cytogenetic methods to examine
human oocytes and/or their corresponding PBs.
The following sections will summarise findings
for MI and MII obtained with the use of classical
and molecular cytogenetic methods.

Meiosis |

Classical cytogenetic techniques such as G and
R-banding, along with various molecular meth-
ods such as fluorescence in situ hybridisation
(FISH), spectral karyotyping (SKY) and com-
parative genomic hybridisation [metaphase,
(CGH) or array (aCGH)] have been employed for
the study of MI. For this purpose, oocytes arrested

Anaphase |

(n=23+72)

Mil oocyte

the formation of gametes which have either an extra or a
missing chromatid. (From Fragouli E, Wells D, Delhanty
JD. Chromosome abnormalities in the human oocyte.
Cytogenet Genome Res. 2011;133 (2-4):107-18, with
permission.)

at the metaphase II stage of development and,
whenever available, their corresponding first PBs
have been examined.

The largest data set of karyotyped metaphase
IT oocytes was reported by Pellestor et al. [8].
Specifically, a total of 1,397 oocytes were
analysed with the use of R-banding. These were
donated by 792 women undergoing IVF with an
average age of ~34 years (age range 19-46
years). Of all the examined oocytes, chromo-
some errors were scored in 10.8 %. This investi-
gation confirmed the expected relationship
between advancing female age and global aneu-
ploidy rate. It was also concluded that advanc-
ing age had a more pronounced effect on the
predivision and unbalanced segregation of sin-
gle chromatids [8]. This study along with data
obtained from similar investigations clearly
showed that smaller chromosomes, belonging to
groups D-G, were more frequently participating
in aneuploidy events [8, 21-24]. The poor mor-
phology of oocyte metaphase preparations,
however, made the exact identification of indi-
vidual chromosomes difficult. The use of a dif-
ferent molecular cytogenetic method, FISH,
solved this problem.
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FISH is advantageous over classical karyotyp-
ing methods because it can yield results regard-
less of the quality of the cell under analysis.
Using FISH, it was not only possible to examine
the chromosomes of the metaphase II oocyte, but
also those of the even more challenging first PB.
The chromosomes targeted were selected on the
basis of data obtained from the analysis of mis-
carriages and abnormal live births, and generally
included smaller size ones (starting from 13
onwards).

A combination of the larger chromosomes 1,
9, 12 and X and the smaller 13, 16, 18 and 21
were investigated during the course of two differ-
ent studies carried out by our group [25, 26]. A
three-round FISH protocol was employed and a
total of 236 spare, mostly unfertilised oocytes
and their corresponding first PBs were analysed.
These were donated by 124 patients, whose aver-
age maternal age was 32.5 years (age range 2244
years). Only gains of chromosomes were scored,
as it was considered that chromosome loss could
be due to the spreading of the oocyte and/or PB
on the microscope slide. The hyperploidy rate
was calculated to be approximately 4 %, the
smaller chromosomes 13, 16, 18 and 21 were
mostly affected, and both whole chromosome
nondisjunction and unbalanced chromatid predi-
vision were identified to be active. Moreover, a
third aneuploidy-causing mechanism was
observed, involving the presence of a trisomic
cell line in the gonads of some patients (germi-
nal/gonadal mosaicism) [25, 26].

The use of alternative cytogenetic methods
such as SKY enabled the analysis of all 23 chro-
mosomes of human oocytes. Sandalinas and col-
leagues employed SKY to examine 47 fresh
non-inseminated metaphase II oocytes, donated
by 16 patients with a female age range of 24—48
years [6]. A total of 9 whole chromosome non-
disjunction events were observed, along with 11
errors involving single chromatids. Chromo-
somes 9, 11, 12, 14, 18, 20, 21 and 22 were
affected. More importantly, 12 different oocytes
with balanced chromatid predivision were
observed. It was therefore confirmed that this
type of abnormality is real and not an artefact of
oocyte ageing in culture, and it is closely associ-

m

ated with advancing female age and decreasing
chromosome size [6].

Even though classical karyotyping, FISH and
SKY are all capable of accurately examining the
chromosomes of human oocytes, their main dis-
advantage is that they all require the spreading of
a single cell arrested in metaphase on a micro-
scope slide, risking in this way the artefactual
loss of chromosomes. Clearly an alternative cyto-
genetic method, which could not only avoid
spreading but could examine all 23 chromosomes
as well, was needed. Ultimately, this was achieved
by a combination of whole genome amplification
(WGA) and CGH [27, 28]. CGH is related to
FISH and employs simultaneous hybridisation of
differentially labelled DNA samples (sample
DNA: green; chromosomally normal reference
DNA: red) to normal metaphase chromosomes.
The ratio of green:red fluorescence along the
length of each chromosome indicates whether
there has been any gain or loss of chromosomal
material in the test sample.

The first application of this approach took
place in a clinical context, and involved the chro-
mosome complement analysis of ten first PBs
biopsied from oocytes generated by a 40-year
old IVF patient with a history of repeated implan-
tation failure (RIF) [29]. CGH was further vali-
dated and used to examine larger sets of
metaphase II oocytes and their corresponding
first PBs, by our group and others [9, 10]. During
our investigation, 107 oocyte-PB complexes
were analysed via CGH. These were donated by
46 women who were undergoing routine IVF
procedures, and whose average age was 32.5
years (range 18—42 years). It was evident from
the obtained results that aneuploidy frequently
affected even the larger chromosomes (1-12), as
well as the smaller ones. Both aneuploidy-caus-
ing mechanisms, i.e. whole chromosome nondis-
junction and unbalanced predivision of single
chromatids were observed, and the resulting
aneuploidy rate was 22 %. Interestingly, the
larger chromosomes (1-12) participated solely
in whole chromosome nondisjunction events,
whereas a combination of whole chromosome
and single chromatid anomalies were seen for
smaller chromosomes (13 onwards) and



112

E. Fragouli and J. Delhanty

Table 10.1 Studies examining the incidence of oocyte aneuploidy after completion of the first meiotic division (MI)

Average female Method
Study age (age range) used
Pellestor et al. [8] 33.7 years R-banding
(19-46 years)
Cupisti et al. [26] 32.5 years FISH
(22-44 years)
Sandalinas et al. [6] 35 years SKY
(24-48 years)
Gutierrez-Mateo 33.2 years CGH
et al. [9] (21-41 years)
Fragouli et al. [10] 32.5 years CGH
(18-42 years)

chromosome X. CGH was also capable of accu-
rately detecting structural abnormalities result-
ing from chromosome breakage. Additionally,
evidence of age-independent factors influencing
aneuploidy of MI origin was provided, with cer-
tain patients exhibiting unexpectedly high fre-
quencies of abnormal oocytes [10].

In summary, studies using a variety of cytoge-
netic methods to examine human oocytes have
uniformly shown that even though all chromo-
somes can be affected by MI malsegregation
errors, there seems to be a preferential involve-
ment of the smaller ones. Combining data
obtained in a research and clinical setting sug-
gests that for an average female age of 32 years,
the expected MI aneuploidy rate is in the range of
22 % and can increase to over 45 % for women of
an average age of 40 years or more [9, 10, 30,
31]. Table 1 shows a summary of results obtained
during the analysis of metaphase II oocytes using
methods such as karyotyping, FISH and CGH.

Meiosis Il

Mature oocytes are arrested at the metaphase
stage of the second meiotic division (MII). At this
stage oocytes consist of 23 chromosomes with
sister chromatids held together at the centrom-
eres. Fertilisation leads to resumption of MII, fol-
lowed by centromere separation. As a result, 23
chromatids remain in the fertilised oocyte, while
the other 23 move to the second PB, which is
extruded soon after oocyte activation. As it would

No. of oocytes No. of first MI aneuploidy
examined PBs examined rate
1,397 Not examined 10.8 %
236 88 7.6 % (3.8 %
hyperploidy)
47 Not examined 38 %
30 30 48 %
93 107 22 %

be difficult to directly examine the fertilised
oocyte, data on the incidence of MII aneuploidy
has been obtained almost exclusively from the
investigation of the second PB. FISH, CGH and
recently aCGH, have all been used to examine
MII [7, 12, 32, 33].

Verlinsky and colleagues have reported FISH
results from large numbers of first as well as sec-
ond PBs [7, 32]. Five different chromosomes
were targeted, namely 13, 16, 18,21 and 22 in a
single hybridisation round. It was shown for the
first time that women of advanced reproductive
age generate oocytes carrying an almost equal
amount of MI and MII chromosomes errors
(41.8 % and 37.3 % respectively). They also
reported findings on the meiotic origin of abnor-
malities affecting chromosomes 16 and 18 that
contradict data obtained from analysis of sponta-
neous abortion material. Specifically, such stud-
ies demonstrated that most abnormalities
affecting chromosome 16 have an MI origin, and
those affecting 18 originate during MII [34-36],
whereas the complete opposite was observed
from the FISH analysis of first and second PBs.
Another important finding was that almost one
third (32.5 %) of oocytes classified as abnormal
due to an MI chromatid error led to the formation
of apparently normal zygotes, following segre-
gation of the chromatid to the second PB in MII
[7, 32].

FISH analysis of second PBs provided a valu-
able insight into the frequency and type of MII
chromosome malsegregation errors. However, as
with MI, PBs were spread on microscope slides,
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Table 10.2 Studies examining the incidence of oocyte aneuploidy after completion of the second meiotic division (MII)

Average female No. of first PBs MII aneuploidy
Study age (age range) Method used examined rate (%)
Kuliev 38.5 years FISH 7,103 37.3
and Verlinsky [32] (19-46 years)
Fragouli et al. [12] 39.8 years CGH 117 45.8
(35-44 years)

risking the artefactual loss of chromosome
material, and only 5 of the 23 chromosomes were
examined. In a more recent investigation, CGH
was applied to analyse first and second PBs biop-
sied from a total of 117 zygotes generated by
couples with a poor reproductive history [12].
The total meiotic aneuploidy rate was 65.5 % and
this was seen for an average maternal age of 39.8
years. It was evident from the obtained results
that anomalies of MII origin occurred slightly
more frequently, compared to those taking place
during MI (45.8 % and 36.5 % respectively), and
as with the FISH data, the mechanism of MII
‘correction’ of MI chromatid errors was also
observed. Combining the MI and MII cytogenetic
data predicted that 60 % of abnormalities would
lead to a trisomy in the resulting embryo. The
fact that chromosome losses in the PBs were
more frequent than gains suggests that anaphase
lag or chromosome failure to congress on the
spindle is a significant aneuploidy-causing mech-
anism. Additionally, it was demonstrated that MII
malsegregation errors affected chromosomes
from all groups, but the smaller 16, 21, 22, 15 and
19 were found to more frequently participate in
aneuploidy events [12]. A summary of the data
obtained from the cytogenetic analysis of first
and second PBs is shown on Table 2.

It can therefore be concluded that both MI and
MII are prone to mistakes in chromosome segre-
gation, at least in older women. Additionally,
even though aneuploidy events can affect the
larger chromosomes, it is the smaller ones that
seem to be preferentially involved during both
meiotic divisions. It is also very clear that advanc-
ing female age has a significant adverse effect on
both meiotic divisions, but MII may be more sus-
ceptible to age-related errors than MI.

Aneuploidy of Male Meiotic Origin

Estimates of sperm aneuploidy have been arrived
at by two methods. First, by fusing sperm with
hamster eggs when all the chromosomes may be
visualised; secondly by FISH analysis of the
nucleus when a few chromosomes at a time may
be analysed. The first method is very labour
intensive, the second less so, but many thousand
sperm need to be analysed to obtain a reliable
result. Templado and colleagues reviewed aneu-
ploidy levels in healthy men from 30 FISH stud-
ies that used a minimum of five donors and
employed strict scoring criteria and obtained a
lower estimate of total aneuploidy of 4.5 % (2x
disomy of 2.26 %) [35]. This figure was more
than double that found by sperm karyotyping.
Disomy for the autosomes is about 0.1 % on aver-
age but ranges between 0.03 (chromosome 8) and
0.47 (chromosome 22). Most authors investigat-
ing a limited range of chromosomes found that
chromosome 21 (0.17 %) has an increased disomy
frequency and that the sex chromosomes at
0.27 % have the highest, reflecting the significant
male component in causing Down and Klinefelter
syndromes and the sole male origin of the XYY
cases. However, the studies revealed a consider-
able level of interindividual variability making it
clear that certain men are far more prone to the
production of sperm with unbalanced chromo-
somes than others. A doubling of sperm disomy
for the chromosome pair involved was seen in
fathers of offspring with Down, Turner and
Klinefelter syndromes which had been shown to
be of paternal origin [35]. Variability has also
been observed in male meiotic cells; the fre-
quency of unpaired sex chromosomes at MI in
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spermatocytes ranged between 3.2 and 43.7 % in
fertile men [37]. The rate of sex chromosome
abnormalities seen at MI of meiosis (mean
27.4 %) is far higher than the 0.5 % seen in sper-
matozoa. This difference can be explained by the
arrest of chromosomally abnormal (asynapsed)
cells by the activation of meiotic checkpoints that
operate with much greater efficiency in males
than in females [38].

How does the mechanism of origin of sperm
aneuploidy compare with that in female gametes?
Clearly errors in chromosome segregation, as in
females, may result from failure to pair properly
initially, altered or reduced recombination, or
failure to maintain chromatid cohesion beyond
anaphase I of meiosis. As with autosomal triso-
mies, sex chromosome trisomy is clearly linked
with reduced recombination of the XY bivalent
[11]. Recently, for the first time, the two types of
nondisjunction seen in oocytes, that involving
whole chromosomes and premature separation of
chromatids, have been seen in metaphase I and IT
of male meiosis [39]. Premature separation of
chromatids was the more frequent type in that
study, seen in MII spermatocytes as extra or
missing chromatids of chromosomes 21, X or Y.
Very recently, evidence for the existence of a
postmeiotic checkpoint that monitors numerical
abnormalities was found by the application of
Multiplex fluorescence in situ hybridisation
(M-FISH) to metaphase I and II spermatocytes
from three fertile donors [40]. This technique
allows identification of each and every chromo-
some by acombination of different fluorochromes.
As expected, the frequency of numerical abnor-
malities (disomy) at MII (14.5 %) was found to
be far higher than that seen at MI (trisomy)
(1.3 %). A significant proportion of spermato-
cytes at MI (27.7 %) were seen to display a low
chiasma count, with small chromosomes present
as two univalents. The chromosomes most fre-
quently involved were X, Y and 21 and these
were also those most frequently exhibiting dis-
omy at MIIL.

The conclusion was that achiasmate nondis-
junction of whole chromosomes and premature
separation of chromatids appear as the main
mechanisms generating aneuploidy in human
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male meiosis and that both contribute equally.
Since the level of disomy observed in spermato-
cytes Il is about threefold higher than that seen in
spermatozoa the existence of a postmeiotic
checkpoint is postulated [40]. The detection of
spermatocytes II with separated sister chromatids
is the first evidence that balanced predivision,
seen in fresh oocytes, also occurs in male meiosis
and may lead to aneuploid sperm by random seg-
regation [6]. In conclusion, it appears that there
are many similarities between the mechanisms
leading to aneuploidy in the two sexes; however
in contrast to the situation in females, it has not
been possible to obtain definitive evidence for a
paternal age effect [41].

Sperm Aneuploidy and Male Infertility

About 5 % of infertile men have a chromosomal
abnormality; these subjects will clearly be at
increased risk of producing aneuploid sperm.
However, the efficiency of the meiotic cell cycle
checkpoints that detect unpaired segments of
DNA ensures that most prospective aneuploid
gametes undergo apoptosis; a lowered sperm
count is the result. In men with a normal somatic
karyotype, an inverse correlation between sperm
aneuploidy and sperm concentration has been
well documented [42]. Analysis of sperm chro-
mosomal content in 46 male carriers of recipro-
cal translocations shows that a mean of 40 % of
sperm have a normal or balanced complement
(by FISH) with a range between 19 and 77 %
[43]. The risk is highly dependent upon the type
of chromosomes involved (acrocentric vs. meta-
centric) and the position of the breakpoints. In
contrast the sperm of Robertsonian translocation
carriers have a majority of normal or balanced
types, mean 85 %, range 60-96 % [44]. Couples
where the male is the carrier of a chromosomal
rearrangement may opt for PGD if they are unsuc-
cessful in achieving a normal pregnancy, but fol-
low-up studies on embryos not transferred clearly
show that post-zygotic mitotic anomalies are at
least as important as errors in meiotic segregation
in causing embryonic aneuploidy [45, 46]. The
high proportion of errors developing during
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cleavage in embryos from such couples is prob-
ably related to their reproductive failure.

Germline Mosaicism: Inherited
Aneuploidy

Germinal or germline mosaicism may be defined
as genetic abnormality of premeiotic origin in an
otherwise normal organism. It can be the result of
mosaicism that affects a proportion of the pre-
meiotic germ cells and will thus lead to recurrent
genetic abnormality of the same type in the off-
spring. This type could also be described as
gonadal mosaicism. Alternatively, if the error
occurred during one of the mitotic divisions prior
to the onset of meiosis it could be confined to a
single gamete. The term germline mosaicism
covers both types. It has generally been consid-
ered to be a rare phenomenon.

Evidence for the existence of chromosomal
germline mosaicism is obtained from both genetic
and cytological studies. Recurrent aneuploid
conceptions of the same type may be due to
chance, especially if the mother is of advanced
age [47]. However, careful analysis using both
karyotyping and molecular studies in 151 fami-
lies with Down syndrome offspring identified 8
families with germline mosaicism. In all cases
the mother was younger than 35 years. Thus the
prevalence of germinal mosaicism in young cou-
ples with a Down syndrome child was estimated
to be 5.3 % [48].

Mosaicism for Chromosomal
Rearrangements

Most cases of this type of mosaicism are revealed
because of a history of repeated conceptions with
similar cytogenetic abnormalities but in other
cases a single conception with an unbalanced
karyotype can result in the identification of the
presence of a low level of balanced cells in a par-
ent. In one interesting case, a couple were referred
for PGD with a history of recurrent miscarriage.
Two cycles of IVF for PGD were carried out;
in all, 4 of 13 embryos were found to have a
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partial duplication of chromosome 21q. The same
duplication was then detected by FISH analysis
in 6 % of sperm nuclei, thereby proving paternal
gonadal mosaicism for the duplication [49].

Cytological Proof of Germinal
Mosaicism

The application of PGD led to the first cytologi-
cal proof of gonadal mosaicism for trisomy 21 in
the case of a couple with normal lymphocyte
chromosomes that had a history of 3 conceptions
with Down syndrome and one normal child [50].
The couple was referred for PGD; of 7 preim-
plantation embryos tested 4 had trisomy 21 and 3
of 4 unfertilised oocytes were abnormal. In 3 of
the oocytes there was either an extra chromo-
some or chromatid 21; a crucial observation was
that in one oocyte an extra chromatid was found
in both the MII and in the first PB. This provided
the first direct evidence of a maternal trisomic
germ cell line and showed that the extra chromo-
some 21 had precociously divided into two chro-
matids before completion of MI.

Studies on Oocytes

The great majority of studies on metaphase II
oocytes have been carried out without the analy-
sis of the corresponding first PB. In this situation
it is not possible to determine whether any extra
chromosomal material present has arisen due to a
meiotic error or is caused by a premeiotic tri-
somic cell. The other option is to analyse oocytes
at the MI stage; no studies of this kind have so far
been published. Thus it is very difficult to obtain
a reliable estimate of the frequency of germinal
mosaicism in the human female. Four studies that
do provide some information, since oocyte/first
PB doublets were analysed, are listed in Table 3.
With the exception of Mahmood et al. all studies
used either oocytes collected at GV or MI (and
allowed to mature to the MIl/first PB stage—
IVM) or a mixture of these and oocytes that had
failed to show evidence of fertilisation after
IVF or ICSI [25]. By far the highest frequency of
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Table 10.3 Examples of germinal mosaicism in studies of first polar bodies and metaphase II oocytes

No. of oocyte/PB

Study pairs examined Method used

Mahmood 57 FISHup to 7

et al. [25] IVF/ICSI or chromosomes
unexposed

Pujol et al. [51] 54 FISH with 9
IVM chromosomes

Gutierrez-Mateo 42 CGH on PBS

etal. [9] Mixed IVM and FISH on oocytes
IVF/ICSI 7 chromosomes

Fragouli 39 CGH

etal. [10] Mixed IVM and

IVF/ICSI

germinal mosaicism (20 %) was seen by Pujol
et al.; virtually all of their samples were IVM
[51]. For the other three studies, the average fre-
quency was about 6 %. It is to be expected that a
higher frequency of this type of aneuploidy will
be found in IVM oocytes, since preexisting chro-
mosomal anomalies will lead to delay in com-
pleting the cell cycle.

Studies on Spermatocytes

Metaphase I of meiosis is more easily studied in
the male. In their study of material from three fer-
tile donors, Uroz and Templado found 1.3 % of
MI spermatocytes to be trisomic [40]. Four of the
317 spermatocytes I contained an extra chromo-
some (18, 19, 22 or Y); this was considered to be
caused by preexisting aneuploidy in the germ
cells.

Direct Studies on Cells from Foetal
Ovaries and Testes

An alternative cytological approach to search for
evidence of germinal mosaicism was used by
Hultén et al. [52]. Ovarian cells from eight phe-
notypically normal female foetuses (14-22 weeks
gestation) were analysed by FISH using two
chromosome 21 specific probes that mapped to
different locations. The number of cells studied
per case varied between 967 and 2,200 and

No. of oocyte/PBs

with nonreciprocal ~ No. of Chromosomes
results patients/age affected
3 2 21 and 13
Age26and 31 21
11 9 1,13(5),15,16,
Ages 31-38 17(3),21,22(2),X
4 4 4,13,16,18
Ages 36-42
1 1 13
Age 32

consisted of premeiotic and stromal cells as well
as those of meiotic origin. Mosaicism for trisomy
21 was detected in all the foetal ovaries with fre-
quencies varying between 0.2 and 0.88 % (aver-
age 0.54 %), affecting all cell types. This is not an
unexpected finding considering that levels of
chromosomal mosaicism in human cleavage
stage embryos reach 60-70 % even in those of
good quality [53]. Interestingly, when investi-
gated by the same group using the same strategy,
testicular cells from four normal male foetuses
failed to show a single example of trisomy 21
mosaicism [54]. The difference is again likely to
be due to the stringent control of the cell cycle
during spermatogenesis; testicular cells with
additional (unpaired) chromosomes are likely
to be arrested in development and to undergo
apoptosis [55].

Mechanisms Leading to Aneuploidy
in Cases of Germinal Mosaicism

An extra chromosome in a proportion of premei-
otic germ cells can lead to aneuploidy via two
mechanisms. During prophase of meiosis I, to
accommodate the extra chromosome either a tri-
valent is formed with all three chromosomes
associated, or a bivalent plus a univalent [56].
After trivalent formation, secondary (or inevita-
ble) nondisjunction follows when one daughter
cell receives a single chromosome and the other
receives the remaining two bodies. There is thus a
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50 % aneuploidy risk from a trivalent. In the other
situation of a bivalent plus univalent, the evidence
is that the aneuploidy risk is 100 %. Observations
on mammalian meiosis show that the univalent
positions itself at MI in a way that the kinetochore
of each sister chromatid is orientated towards
opposite spindle poles [57, 58]. The chromosome
then splits into two chromatids, and one passes to
each daughter cell, either the MII oocyte or the
first PB, as observed in cases of germinal mosa-
icism in humans [50]. The combined effect of
these two mechanisms is that even a low percent-
age of premeiotic trisomic cells significantly ele-
vates the risk of an aneuploid conception and
consequent embryonic or foetal death or disabil-
ity, independently of maternal age.

Aneuploidy of Post-zygotic Origin

One day after fertilisation and under the control
of the maternal genome, the zygote starts divid-
ing mitotically into smaller cells called blastom-
eres. To begin with, these cells are spherical and
totipotent, but very soon the mitosis becomes
asynchronous and totipotency is lost [59].
Embryonic genome activation takes place
approximately 3 days after fertilisation, during
the cleavage stage of preimplantation develop-
ment [60]. Compaction follows soon afterwards,
which eventually causes the embryo to undergo
its first cellular differentiation into TE which will
form the extra-embryonic tissues, and ICM which
will form the embryo proper. The embryo is now
called a blastocyst and this stage of preimplanta-
tion development is reached 5—6 days after fer-
tilisation. Prior to implanting, the blastocyst
releases enzymes which open a hole in the mem-
brane surrounding it (zona pellucida), causing it
to hatch and begin the process of implantation to
the maternal uterus [61, 62].

Chromosome abnormalities occur very fre-
quently after fertilisation and have an important
contribution to embryonic aneuploidy. The cleav-
age and blastocyst stages of preimplantation
development have been examined cytogeneti-
cally and the following sections will summarise
the findings obtained during such investigations.
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Cleavage Stage

Following fertilisation on day 0O, the embryo enters
the cleavage stage that lasts until day 3, when it
should contain about 8 cells. Cell division during
this time interval is thus under the control of stored
maternal mRNA transcripts. The development
and application of molecular cytogenetic methods
for single cell analysis from 1993 onwards allowed
the acquisition of data that revealed the full extent
of chromosomal anomalies at the cleavage stage.
In stark contrast to the situation in postnatal life,
60 % of an average set of embryos created by IVF
will contain at least one aneuploid cell by day 3
but the majority will consist mainly of abnormal
cells. Prior to the application of molecular meth-
ods, traditional karyotyping had been used to
analyse cleavage embryos [22]. Abnormality rates
between 25 and 40 % were seen with diploid/
aneuploid mosaics the most common type.
Jamieson et al., found that full chromosome aneu-
ploidy at that stage mirrored the situation in spon-
taneous abortions, with selective involvement of
the smaller chromosomes [61].

As soon as interphase FISH analysis was
developed for use in PGD, the karyotyping data
was confirmed; aneuploidy and chromosomal
mosaicism were common in the spare embryos
from PGD cases [4]. Application of the technique
to donated IVF embryos in general showed that
abnormally developing or arrested embryos are
frequently uniformly aneuploid or polyploid
while an equal number are mosaic [63, 64]. More
unexpected was the finding that normally devel-
oping embryos are also often abnormal; although
rarely aneuploid throughout, 30-50 % were
mosaics [65, 66]. Further data from PGD cycles
showed that even fertile couples produced
embryos that had highly abnormal chromosome
complements, with anomalies affecting several
chromosomes, varying in a random fashion from
cell to cell, designated chaotic mosaics. Moreover,
it became clear that certain couples were prone to
the production of such embryos while others pro-
duced none of this type [14]. In general, IVF
couples will have 5 % of their embryos in the
chaotic category but in those with a history of
RIF the proportion is much higher [67, 68].
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Essentially, it was found that the greater the
number of FISH probes used the higher the rate of
mosaicism detected, raising the possibility that by
day 3 all embryos created by IVF are mosaic. The
answer came with another technical advance, that
of single cell analysis by CGH. The whole genome
had first to be amplified (WGA) to provide
sufficient DNA for analysis. The great advantage
of CGH is that the copy number of every chromo-
some is determined and any imbalance detected.
WGA and CGH were then applied to all the single
cells from a series of good quality cleavage
embryos—12 in each series [28, 69]. There was
good agreement between the two sets of data; in
both sets 25 % were completely euploid with no
anomalies detected. Overall, five embryos were
aneuploid throughout, with seven the result of a
meiotic error. Two thirds were mosaic in both sets
of data; the majority were diploid/aneuploid but
half of these had at least 50 % of cells abnormal.
The new application of CGH allowed the detec-
tion of partial aneuploidy, the product of chromo-
some breakage, confirmed by the appearance of
reciprocal products in sister cells in some cases.
This was observed in about 10 % of embryos in
these series and also later in a much larger diag-
nostic cohort [70]. If the chromosomal fragments
are acentric they will be lost at the next cell divi-
sion unless they become translocated to another
chromosome; the resulting haploinsuffiency will
be highly detrimental to the embryo.

When Does Mosaicism Originate
and What Is Its Effect?

The evidence indicates that the first three cleav-
age divisions are the most prone to mitotic errors
that lead to mosaicism. Bielanska et al. analysed
216 embryos available after routine IVF treat-
ment and found that the frequency of mosaics
increased from 15 % (2—4 cell stage) to 49 % (5-8
cells) and 58 % by day 4 (morula stage) [71].
They further concluded that mosaicism affecting
a high proportion of cells, or of a chaotic type,
interferes with development of the embryo to
blastocyst. Various other publications support this
finding. Katz-Jaffe et al. made use of single cell
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multiplex fluorescent PCR to distinguish between
meiotic and mitotic errors in blastomeres from
embryos diagnosed with chromosome 21 aneu-
ploidy [16]. Twenty-five embryos were identified
to be carrying an error of meiotic origin, while the
remaining 13 were mosaic. The timing of the
errors was 38 % first division, 31 % second divi-
sion, and 19 % third division with the others
(12 %) an error at MI. Most of the mosaics in fact
were derived from diploid zygotes. Overall, evi-
dence suggests that mosaicism interferes with
development to a greater degree than uniform
aneuploidy. Developmental arrest may affect
embryos with fully chaotic or widespread mosa-
icism but in those with anomalies confined to one
chromosome there is likely to be death or a reduc-
tion in proliferation of the aneuploid cells.
Depending upon the initial proportion of abnor-
mal cells, the rapid growth of the embryo between
days 3 and 5 may allow normal cells to predomi-
nate and an embryo diagnosed as aneuploid from
a single cell on day 3 may be able to lead to a
viable pregnancy [72].

Correlation of Aneuploidy Mechanisms
with Types of Infertility

Most of the recently published information on the
chromosome status of the cleavage stage embryo
has come from the analysis of large series of ane-
uploidy screening (PGS) cases (e.g. Munne et al.)
[73]. However, few of these include full follow up
of the abnormal embryos after diagnosis. As a
result, embryos are designated ‘aneuploid’ based
upon the result from a single cell that cannot pro-
vide information about the origin of the aneu-
ploidy. This seems to lead to an overestimate of
the contribution of meiotic errors. An interesting
variation in the proportion of embryos with mei-
otic errors according to referral reason was found
in a comprehensive follow-up study after PGS
carried out by our group (Mantzouratou et al. and
unpublished data) [67]. A total of 700 embryos
that had been diagnosed as abnormal by single
cell analysis on day 3 was followed up by apply-
ing the diagnostic probe set for six chromosomes
(13,15,16,18,21 and 22) to individual cells in the
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remainder of the embryos on day 5. The recurrent
miscarriage group had the highest proportion of
meiotic errors, 24 % for an average maternal age
of 37.6 years, with the lowest proportion in the
RIF group, 8.9 %, average maternal age 36 years.
An intermediate value of 20.4 % was found for
the advanced maternal age group (over 40 years,
average 42). The embryos from couples with RIF
were more prone to post-zygotic errors, espe-
cially complex errors of the chaotic type. This lat-
ter finding was confirmed by another study [68].

Cytogenetic Mechanisms Leading
to Mosaicism

Since interphase FISH analysis has a known error
rate, the most efficient studies to investigate the
mechanisms leading to mosaic aneuploidy have
used sets of two probes per chromosome that
hybridise to different loci. An early, unpublished
study (Conn and Delhanty 1995) used paired
probes for chromosomes 13,18 and 21 on cells
from 37 very good quality 3-day-old embryos
(6-8 cells). Eight embryos were mosaic for these
chromosomes; in four cases this was a result of
chromosome loss, in one chromosome gain, and
in the other three to mitotic nondisjunction
(MND). Two probes for each of chromosomes
1,11, and 18 were used in the study by Daphnis
et al. mentioned in the section on blastocysts,
below [74]. Chromosome loss was again the most
common mechanism. Interestingly, the incidence
of MND has been found to be maternal age
dependent [15].

Blastocyst Stage

Reaching and surviving the blastocyst stage poses
a number of potential challenges to the develop-
ing embryo. Hence, embryos that successfully
achieve this developmental milestone are thought
to be of very good quality and have an excellent
implantation potential. However, studies using
various cytogenetic methods to examine the
chromosome complement of blastocysts have
shown that both aneuploidy and the phenomenon
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of mosaicism persist to this final stage of
development before implantation.

Clouston and colleagues attempted to analyse
all 23 pairs of chromosomes of 438 human blas-
tocysts with the use of classical G-banding [75,
76]. The results obtained showed that in their
majority (68 %) these embryos were euploid. The
remaining blastocysts were classified as aneu-
ploid, and abnormalities of meiotic and post-
zygotic origin were scored. A variety of
chromosomes, including 2, 3, 4, 5, 6, 7, one acro-
centric chromosome (13, 15), 17 and 22 were
seen to participate in aneuploidy events [75, 76].

As with the cleavage stage though, most of
the data concerning the chromosome status of
blastocysts, have been obtained with the use of
FISH. Two different investigations used a combi-
nation of immunosurgery to separate TE and
ICM from a total of 131 embryos which were
classified as aneuploid during day-3 PGS, but
went on to form blastocysts [77, 78]. FISH was
used to target chromosomes 13, 16, 18, 21, X and
Y. The analysis of these embryos showed that
both ICM and TE could tolerate a variety of ane-
uploidies, including tetraploidy, mosaicism and
complex abnormalities involving multiple chro-
mosomes, trisomies and monosomies. It was also
evident from both studies that there was no pref-
erential allocation of chromosome errors to the
TE cells [77, 78].

Many other studies used FISH to examine
non-transferred blastocysts, which were either
diagnosed as aneuploid via day-3 PGS or had not
undergone screening and were donated for
research [63, 74, 79-81]. All these studies
confirmed that chromosome abnormalities and
mosaicism occur at the blastocyst stage, but their
incidence is not as frequent as it is during the ear-
lier cleavage stage. The main mosaicism-causing
mechanism was identified to be chromosome loss
most likely via anaphase lag. This was followed
by chromosome gain, whereas MND (leading to
monosomic and trisomic cell lines within the
same embryo) was not as frequently observed
[63, 74].

The use of FISH enabled the accurate
identification of ploidy changes, such as trip-
loidy and haploidy, as well. Interestingly, the
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most prevalent form of ploidy error seen were
mosaic diploid-tetraploid blastocysts [63, 74,
82]. The presence of tetraploid cells is consid-
ered to represent the start of trophoblast differ-
entiation, and for this reason mosaic
diploid-tetraploid blastocysts are not generally
considered abnormal [80].

The recent development of more comprehen-
sive molecular cytogenetic methodology such as
CGH (metaphase and array) or SNP microarrays
enabled an accurate and reliable analysis of the
blastocyst chromosomes and provided definitive
evidence on the different types and frequency of
anomalies that survive to this stage of preim-
plantation development. During one such study,
a combination of metaphase and array CGH and
also FISH took place to analyse three different
parts obtained from the same blastocyst [17].
Forty-two percent of the 52 blastocysts which
were investigated were euploid in every cell. Of
the ones characterised as abnormal, 25 % car-
ried the same chromosome error in all of the
cells, suggesting a meiotic origin, whereas the
remaining embryos had varying degrees of
mosacism. Most of these mosaics contained dif-
ferent abnormalities in every cell, but we did
observe a few (10 %) diploid-aneuploid mosaic
embryos, which contained a majority of normal
cells. The fate of such embryos, as far as their
ability to implant is concerned is not currently
known [17].

Another investigation which used SNP
microarrays to analyse 50 blastocysts reported
very similar findings to our study [72].
Specifically, mosaicism was also observed in
various degrees in 24 % of the embryos, with the
remaining 76 % being either completely normal
or uniformly abnormal [72]. Combination of the
data from both the abovementioned studies, indi-
cate that approximately 30 % of blastocyst
embryos are mosaic, but only a small proportion
of these contain a diploid cell line as a majority.

The use of more comprehensive methods for
the analysis of blastocysts demonstrated that ane-
uploidy affects chromosomes of all sizes and
groups, with 22, 16, 15, 21 and X being the ones
to malsegregate most frequently. Additionally,
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monosomies seemed to be in excess of trisomies
(514 vs. 494 respectively), confirming FISH
observations about chromosome loss being the
main aneuploidy-causing mechanism during this
stage of development [83]. It was also clear that
even though most (60 %) aneuploid blastocysts
tend to carry a single chromosome error in them,
there are others (15 %) with multiple errors,
which are capable of reaching the final stage of
preimplantation development. Similarly to
findings obtained for oocytes and cleavage stage
embryos, CGH of blastocysts detected several
partial abnormalities, mostly affecting pieces of
the larger autosomes (i.e. 1-11 and X), but also
the smaller 16 and 20 [83].

Analysis of TE and ICM’s coming from the
same embryos showed an identical chromosome
complement for both parts [84, 85]. These
findings agreed with previous FISH investiga-
tions, and suggest that TE biopsy, undertaken in a
clinical PGS setting, can generally be relied upon
to provide a good indication of the chromosomal
status of the ICM and therefore of the foetus [77,
78]. As aresult, screening of embryos on day-5 to
identify ones that are chromosomally normal has
been increasingly used by many IVF clinics, and
has shown some very encouraging clinical out-
comes [86, 87]. Data obtained from such analysis
suggest that the expected blastocyst aneuploidy
rate for an average female age of 38 years is 56 %
(Fragouli et al. and unpublished) [31]. In agree-
ment with observations during female meiosis
and cleavage stage (to an extent), advancing
female age seems to be closely related to increas-
ing aneuploidy rates at the blastocyst stage as
well. Data obtained for 191 women who under-
went CGH screening of blastocysts revealed that
the aneuploidy rate in younger patients (age
range: 29-34 years, average age: 32.3 years) was
46.5 %, whereas in an older group (age range:
35-50, average age: 40) it was 60.6 %, and this
difference was found to be highly statistically
significant (Fisher’s exact test, P=0.0007) [83].
Table 4 illustrates results obtained during the
cytogenetic analysis of embryos at the final stage
of preimplantation development, using different
methods.
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Conclusions

The exceptionally high incidence of chromo-
somal anomalies in human preimplantation
embryos is the outcome of the accumulated risk
of errors that may occur at various stages during
gametogenesis and embryogenesis. In rare cases
an error may exist or arise in the premeiotic germ
cells; much more commonly it may arise during
the first or second meiotic division in the male or
female. More efficient cell cycle checkpoints in
the male ensure that the incidence of aneuploidy
in the male gamete is low compared to that in the
female. Hence most errors of meiotic origin come
from the female. Chromosomal mosaicism affects
the majority of 3-day-old embryos created by
IVF and this persists to a lesser degree to the
blastocyst stage on day 5. With the exception of
women over the age of 40 and some that are par-
ticularly prone to meiotic errors, embryos from
all other groups will have predominantly post-
zygotic mitotic errors. Couples experiencing
repetitive implantation failure are particularly
likely to produce highly abnormal (chaotic)
embryos by post-zygotic mechanisms.
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