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Non-meiotic chromosome instability in human
immature oocytes

Gemma Daina1,2, Laia Ramos2, Mariona Rius2, Albert Obradors1,3, Javier del Rey1,2, Magda Giralt2,
Mercedes Campillo4, Esther Velilla5, Aı̈da Pujol3, Olga Martinez-Pasarell6, Jordi Benet1,2 and
Joaquima Navarro*,1,2

Aneuploidy has been a major issue in human gametes and is closely related to fertility problems, as it is known to be present

in cleavage stage embryos and gestational losses. Pre-meiotic chromosome abnormalities in women have been previously

described. The aim of this study is to assess the whole-chromosome complement in immature oocytes to find those

abnormalities caused by mitotic instability. For this purpose, a total of 157 oocytes at the germinal vesicle or metaphase I

stage, and discarded from IVF cycles, were analysed by CGH. Fifty-six women, between 18 and 45 years old (mean 32.5

years), including 32 IVF patients (25–45 years of age) and 24 IVF oocyte donors (18–33 years of age), were included in

the study. A total of 25/157 (15.9%) of the oocytes analysed, obtained from three IVF clinics, contained chromosome

abnormalities, including both aneuploidy (24/157) and structural aberrations (9/157). Independently of the maternal age, the

incidence of abnormal oocytes which originated before meiosis is 15.9%, and these imbalances were found in 33.9% of the

females studied. This work sheds light on the relevance of mitotic instability responsible for the generation of the abnormalities

present in human oocytes.
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INTRODUCTION

Aneuploidy has been a major issue in human gametes, and is highly
related to fertility problems. It is known to be present in cleavage
stage embryos and gestational losses.1,2

The prevailing mechanism causing aneuploidy in humans concerns
maternal meiotic mal-segregation. Several studies have focused their
interest on oocyte aneuploidy, mainly those which originate during
the first and second meiotic divisions.1 For this purpose, first and
second polar bodies (1PB and 2PB) and the corresponding metaphase
II (MII) oocytes have been analysed, describing aneuploidies of
meiotic origin, mainly caused by chromosome non-disjunction and/
or sister chromatid predivision.3

Meiotic studies have been performed in oocytes using a great
variety of cytogenetic methodologies. R-banding karyotyping on 1397
oocytes showed aneuploidies in 10.8% of the cells studied.4 An
aneuploidy rate of 47.5% was observed when 1PB-MII oocyte
doublets were analysed by 9-chr FISH.5 In studies where the whole-
chromosome complement was assessed by spectral karyotyping,
aneuploidy rates from 16.7% (10/60)6 to 42.5% (20/47)7 were
detected. Using comparative genomic hybridisation (CGH), a great
variability of aneuploidy rates was found, when different whole-
genome amplification methodologies were used to amplify the DNA
from single cells, and aneuploidy rates found in 1PB-MII oocyte
doublets varied from 3% in oocyte donors8 to 65% in IVF patients.9

Lately, some studies have applied array-CGH and have reported
aneuploidy rates of 72%.10

About a decade ago, another mechanism causing aneuploidy, apart
from meiosis, was seen. This premeiotic mechanism was found to be
responsible for the presence of trisomic cells together with the euploid
ones, when mature oocytes and embryos from euploid women were
analysed.11,12 Other authors have confirmed the existence of
these premeiotic alterations as non-complementary results between
1PB-MII oocyte doublets in studies where the whole-chromosome
complement was evaluated. Non-complementary rates between 1 and
15.5% have been described.8,13–18 It has been postulated that these
aneuploid cells could have originated in the early mitotic divisions of
the embryo or during mitotic proliferation of the oogonia in
embryogenesis.19,20 Additionally, direct studies in ovaries of euploid
fetuses indicate that ovary mosaicism might be a common situation.20

Structural imbalances in oocytes have also been determined by
different cytogenetic approaches. Using R-banding on fixed MII
oocytes, 2.1% of the cells showed structural aberrations, including
chromatid and chromosome breaks, acentric fragments and
deletions.4 Recently, using CGH, segmental gains and losses were
also identified in 1.9% of the cells.21

To shed some light on oocyte abnormalities which are unexplained
by meiotic mechanisms, the aim of this work is to perform a
comprehensive aneuploidy screening of immature oocytes either at
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the germinal vesicle or MI stage, in order to determine chromosome
abnormalities, either aneuploidies or segmental imbalances, present in
the oocytes before entering meiosis.

MATERIALS AND METHODS

Cell retrieval
A total of 157 immature oocytes discarded from IVF cycles were analysed by

CGH.22 The oocytes were donated by 56 women, between 18 and 45 years old.

The mean maternal age was 32.5 years of age and included 32 patients (25–45

years of age) and 24 oocyte donors (18–33 years of age). The infertility

parameters of the IVF patients included in the study were varied, involving

female factors such as advanced maternal age, or gynaecological problems

(five cases), male factors such as oligo, astheno or theratozoospermia and/or

the combination of them (six cases), male and female factors together

(five cases) or other causes (16 cases) including AIH, AID or IVF failure,

PGD, serodiscordant couples, idiopathic causes, and so on. The oocyte donors

were chosen according to each collaborative IVF centre.

The oocytes were retrieved and donated by three IVF centres in Barcelona,

Spain, and each sample was identified with a different code: Clı́nica Eugin

(IME), Institut Marquès (IMM) and Fundació Puigvert (IMP).

Female fibroblasts (46, XX) were cultured to the confluent stage and single

cells were used as reference for CGH.

Ethical approval
According to the legislation in our country, Spain, all IVF patients and donors

signed the corresponding informed consent.

Isolation and lysis
The zona pellucida was removed from each oocyte using Tyrode’s acid.

Afterwards, the oocytes were washed in three droplets of phosphate buffered-

saline (PBS) with 0.1% polyvinyl alcohol (PVA). The reference fibroblasts were

washed in PBS/0.1% PVA droplets, isolated individually and placed in PCR

tubes for their storage.

The lysis of the cells was performed adding 1ml of SDS (17mM) and 2ml of

proteinase K (125mg/ml). One droplet of mineral oil was placed in each tube

to avoid evaporation. Lysis was performed at 37 1C for 1 h followed by a

10 min step at 95 1C to inactivate proteinase K.

Comparative genomic hybridisation analysis
Each cell was amplified, and the DNA was labelled by Nick-Translation; then,

CGH was performed as previously described.22

The capture of the metaphases was performed by a Nikon eclipse 90i

epifluorescence microscope (Nikon, Melville, NY, USA). A minimum of 12

metaphases were captured per cell and analysed using Isis CGH software

developed by MetaSystems (Altlubheim, Germany). Considering that a similar

chromosome dosage means euploidy, chromosome losses and gains were

considered when the ratio between both labelled DNAs was under or above the

limits established by the software according to SD variations. The telomeres

and centromeres were excluded from the analysis as they can give misleading

profiles. In the cases where chromosomes 17, 19 and 22 altogether were gained

or lost in the same cell, they were excluded from the analysis, as they might be

artifactual.13,22,23

Statistical analysis
w2 tests were used to assess whether the differences between the established

groups had statistical relevance.

RESULTS

In this study, 157 immature oocytes were analysed. DNA smears
between 200 bp and 4000 bp were observed after whole-genome
amplification and electrophoresis for all of the cells, and therefore
CGH was performed.

The 157 oocytes analysed by CGH came from 56 different females
with an age range between 18 and 45 years of age, the mean being

32.5 years old. Of the 56 females included in this work, 19 produced
at least one oocyte with chromosome abnormalities (33.9%) includ-
ing aneuploidies and/or segmental imbalances, as detailed in Table 1.
Twenty-five oocytes out of 157 (15.9%) showed chromosome
imbalances. (obtained CGH profiles are shown in Supplementary
data).

A total of 24 oocytes presented aneuploidies (aneuploidy rate
15.3%) for one to eight chromosomes. The total number of aneuploid
events in the oocytes analysed was 57. All chromosomes were involved
in aneuploidy except chromosome 14. The highest aneuploidy
rate was found for chromosome 21, followed by 13, 16, 19 and 22,
as shown in Figure 1.

The use of CGH for comprehensive aneuploidy screening
also permitted the detection of structural abnormalities, as shown
in Table 1 and Figure 2. Nine out of 157 oocytes showed segmental
imbalances (5.7%), in eight cases they were accompanied
by aneuploidies, and in one oocyte, only a structural imbalance for
chromosome 8 was observed.

Age-related aneuploidy
Considering the oocytes from women aged 36 years of age or less, 102
oocytes from 31 women were analysed. Ten out of the 31 (32.3%)
produced at least one cytogenetically abnormal oocyte. Meanwhile, in
advanced maternal age (AMA) females (Z37 years of age), 55 oocytes
from 25 women were evaluated and nine patients (16.4%) had at least
one abnormal oocyte.

The aneuploidy rate in the younger group was 15.7% (16/102),
involving 41 whole-chromosome events where the most frequent
aneuploidy was for chromosome 16. In the AMA group,
the aneuploidy rate was 14.5% (8/55) comprising 16 events, with
chromosome 21 being the most frequent.

Segmental chromosome imbalances were found in 5.9% (6/102) of
the oocytes in the younger group, while in the AMA group they were
observed in 5.4% (3/55) of the cells.

All data were statistically evaluated by w2 tests and yielded no
significant differences between these groups.

Patient versus donor aneuploidy
From 32 IVF patients in the study, a total of 83 oocytes could be
analysed; at least one abnormal oocyte could be identified in 37.5% of
these patients (12/32). In the oocyte donor group, 74 oocytes from 24
women were assessed, and at least one oocyte was diagnosed as
chromosomally abnormal in 29.2% of the donors (7/24).

In the IVF patient group, 15.7% (13/83) of the oocytes were
aneuploid, whereas the donor group had an aneuploidy rate of 14.9%
(11/74). The aneuploid events were 35 in patients and 22 in oocyte
donors. Chromosome 21 was the one presenting more frequent
aneuploidy in patients, while in oocyte donors it was chromosome 16.

Segmental chromosome imbalances were detected in 4.8% (4/83)
of the oocytes in the IVF patient group and in 6.7% (5/74) in the
oocyte donor group.

The w2 test was performed to compare the data obtained, and no
significant differences were found between these two groups of women.

DISCUSSION

In the present study, conclusive CGH profiles were obtained for all
157 immature oocytes, achieving a resolution between 10–20 Mb. Not
only aneuploidies but also segmental chromosome imbalances
between 26.5 and 110 Mb have been detected in 15.9% of the cells
analysed. The incidences observed in the established groups (Table 2)
showed no significant differences.
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Oocyte aneuploidy
In terms of aneuploidy, 15.3% of the oocytes included in this work
displayed whole-chromosome imbalances. The mechanisms respon-
sible for the aneuploidy found here cannot be attributed to meiotic
origin, such as sister chromatid predivision or bivalent non-disjunc-
tion, as all of the oocytes were immature, and meiosis had still
not taken place. Therefore, non-meiotic mechanisms must be
considered as being responsible for these alterations. The presence
of a premeiotic mechanism responsible for aneuploidy was first
described after analysing 1PB and its corresponding MII oocyte and
finding non-complementary results between both cells.12 Afterwards,
subsequent studies analysing 1PB and MII oocyte doublets by
CGH also showed non-complementary results, with heterogeneous
incidence, attributable to the existence of precursor aneuploid oogonia
not only in IVF patients, but also in oocyte donors, as shown in
Table 3.8,13–18

The overall aneuploidy rate detected was similar to that previously
described in oocyte donors (younger than 29 years of age) and a bit
higher than that previously identified in IVF patients (21–42 years of
age) (Table 3). The differences observed could be attributable to the
size of the samples and the variability among the patients included in
each study.

All of the chromosomes, except chromosome 14, were present in
the 57 aneuploid events observed. The most frequently involved
chromosomes were chromosome 21, followed by 13, 16, 19 and 22.
According to these data, it can be inferred that the smallest
chromosomes seem to be more commonly affected by premeiotic
chromosome segregation errors, similar prevalence of the implication
of smaller chromosomes in aneuploidy has also been described as a
consequence of errors at the meiotic level.7,14,16,21,24,25

In the present work, half of the aneuploid oocytes showed
aneuploidies for just one chromosome (Table 1). Contrary to
previously published results of analysing oocytes from IVF donors,
mitotic errors displayed more than one altered chromosome, while
meiotic errors involved single chromosomes only.18

Aneuploidy origin
As stated above, no differences have been observed regarding the
aneuploidy rate in immature oocytes depending on maternal age.
Accordingly, it can be inferred that the mechanism responsible for this
type of events produced during embryonic development would be
present in a basal level in all women, having an individual-dependent
prevalence rather than being related to maternal age. In fact, a previous
work that analysed oocytes from eight euploid fetuses described the
presence of aneuploid 21 oogonia, and the authors considered mosai-
cism in the ovaries as a normal situation in normal female fetuses.20

Mitotic chromosome segregation errors found in oocytes could
have two different explanations. On the one hand, they could have
been produced in the first mitotic divisions of the embryo, where the
aneuploid cells were later recruited in certain tissues, in this case
the ovaries. On the other hand, they could have originated during the
proliferative phase of oogenesis, and maintained in the ovaries due to
errors in oogenesis checkpoint mechanisms that should derive them
to atresia.26–29

Hormonal treatment has also been proposed as a triggering agent
in aneuploidy recruitment in different groups of women. A prefer-
ential recovery of the aneuploid oocytes with more aneuploid events,
which originated from aneuploid oogonia, was found in young
females as a possible effect of intensive hormonal stimulation.30–32

It has also been postulated that in natural situations, the maturation

Table 1 Detailed chromosome abnormalities observed in the oocytes analysed

Sample

IVF centre Female Oocyte Age

IVF patient (P)

oocyte donor (D) Aneuploidies Segmental imbalances

IME 7 1 18 D �4, �5

4 18 D �5 þ19q

6 18 D þ18 �2q21.3q33, þ3p14.2pter, þ7q, þ16p

IMM 3 3 24 D þ13, þ15, þ16, þ19, þ3pcenp22, þ10p, þ14q24.1qter, þ20q

IMM 15 1 25 D �21

IME 6 2 27 D þ17, þ19

IME 8 1 27 D þ16, þ22

2 27 D �3, þ16, �18

IMM 25 2 28 D þ22

3 28 D þ19, �20, þ22 þ16p

IMM 5 1 32 D þ16, �21 þ19p

IME 1 1 33 P þ3, þ7, þ11, þ X

IMM 16 2 35 P �1, þ8, þ11, þ12, �13, �15, þ17, þ20

3 35 P þ2, �9, þ15, �21, þX þ6q

IMP 1 4 36 P �20

7 36 P �13

IMP 5 2 37 P þ1, �2, þ7, þ9, þ10 þ3p, �8p, �15q22.1qter

IMM 30 1 37 P �3, þ4, þ6, þ10, þ13

IME 18 2 37 P þ8p12q21.3

IME 11 3 38 P þ19

IME 22 1 38 P �21

IME 9 5 39 P þ22 �20p

IME 14 2 42 P þ21

IME 20 2 44 P �21

IME 21 1 45 P þX
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of the trisomic oocytes is postponed in relation to the disomic ones.
This is the reason why there is an accumulation of these oocytes in the
ovarian reserves of older women.20,33 To shed light on the effect of
hormonal stimulation in relation to natural cycles and, later, conclude
whether or not the protocols applied favour aneuploid oocyte
recruitment and maturation instead of euploid ones, as has been
suggested before,34 more research should be performed.

Segmental imbalances
In this work, 5.7% of the oocytes showed a total of 17 structural or
segmental imbalances involving a great variety of chromosomes
(Table 1). To our knowledge, using comprehensive chromosome
complement analysis in immature oocytes, this is the first time in
which structural chromosome imbalances have been identified.
Structural chromosome abnormalities have also been identified using
R-banding4 and also using CGH,16,21 both in mature oocytes. It can
be supposed that these imbalances of chromosome fragments can be a

consequence of chromosome breakage and loss or duplication of
certain chromosome fragments being kept unrepaired.35 Accordingly,
early in embryogenesis (from week 9 to the 5th month), during the
formation of germ cells, a very active cell proliferation takes place, and
this could lead to a certain level of genetic instability, reminding what
has been observed in some tumours.36

All of the ends of the segmental imbalances found in this study,
except �8p12, are located close to previously described fragile sites of
the genome.37 Specifically, one of the most active fragile sites, FRA3G,
located at 3p14.2, has also been found in this work. As stated before,
in situations of DNA replication stress, fragile sites can be problematic
for replication, displaying a predisposition to break, and could explain
the chromosome instability found in this study.38

Incidence of premeiotic errors in women
Overall, 33.9% of the women included in this study produced at least
one immature oocyte with chromosomal errors that originated before

Figure 1 Chromosomes abnormalities and structural imbalances found in the studied oocytes.
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meiosis. The mechanism responsible for aneuploidies reported here
had been previously described in 25.7% of the females when analysing
MII-1PB doublets from IVM oocytes using 9-chr FISH.5 The
incidence observed in the present work is higher than the 13.2%
found in IVF patients of 21–42 years of age13–15 and in 22.6% of IVF
oocytes from donorso29 years of age,18 where the whole-
chromosome complement of mature oocytes (1PB-MII doublets)
was evaluated.

The higher incidence detected in the present work could be
explained by the fact that all the immature oocytes were evaluated,
and it has to be considered that some of the oocytes would have been
discarded from previous studies due to their lack of maturation.
It is known that some of the aneuploid oocytes would have never
gone through the checkpoint at meiosis.39–41 Despite the fact that the
mitotic origin of abnormal oocytes cannot be used to infer the
reproductive risk of women, as not all of them will reach the MII
stage, they do allow us to know how relevant this non-meiotic
mechanism is for generating abnormal oocytes.

CONCLUSIONS

This work has analysed the whole-chromosome complement of
immature oocytes by CGH and provided a deeper basic knowledge
of the aneuploidy present in these cells, identifying oocytes with
chromosome abnormalities which had originated before meiosis.
These abnormal oocytes with aneuploidies and/or structural imbal-
ances could be related to active cell proliferation stages. It has been
demonstrated that one-third of the females included in this study
produced at least one of these abnormal oocytes and showed no
relation to maternal age or infertility problems, therefore considering
this phenomenon more frequent than expected. This study sheds light
on the relevance of premeiotic cytogenetic errors in human oocytes.

Figure 2 Representation of all the segmental imbalances found in the

oocytes. Segmental imbalances on the right of the chromosomes represent

gain and to the left represent loss.

Table 2 Detailed incidences of abnormal immature oocytes from the groups of the study

Females

(age range;

mean maternal age)

Total

oocytes

Women

producing

abnormal

oocytes (%)

Abnormal

oocytes (%)

Aneuploid

oocytes (%)

Oocytes with

segmental

alterations

(%)

Whole-

chromosome

events

Segmental

chromosome

events

Young females

IVF oocyte donors 24 (18–33; 25.2) 74 7 (29.2) 11 (14.9) 11 (14.9) 5 (6.7) 22 11

IVF patients 7 (25–36; 32.4) 28 3 (42.9) 5 (17.9) 5 (17.9) 1(3.6) 19 1

AMA females

IVF patients 25 (37–45; 39.6) 55 9 (36) 9 (16.4) 8 (14.5) 3 (5.4) 16 5

Subtotal young females 31 (18–36; 26.84) 102 10 (32.3) 16 (15.7) 16 (15.7) 6 (5.9) 41 12

Subtotal IVF patients 32 (25–45; 38) 83 12 (37.5) 14 (16.9) 13 (15.7) 4 (4.8) 35 6

Total 56 (18–45; 32.5) 157 19 (33.9) 25 (15.9) 24 (15.3) 9 (5.7) 57 17

Table 3 Data compilation of whole-chromosome analysis by CGH in human oocytes

Author Analysed cells

Total 1 pb oocytes

doublets

Aneuploid

oocytes (%)

Germline origin aneuploidy

ocytes/total (%)

Patients (18–45 women age range)

Gutiérrez-Mateo et al13 1 pb oocyte doublets 25 12 (48) 2 (8)

Gutiérrez-Mateo et al14 1 pb oocyte doublets 42 24 (57.1) 4 (9.5)

Gutiérrez-Mateo et al15 1 pb oocyte doublets 14 5 (35.7) 1 (7.1)a

Fragouli et al17 1 pb oocyte doublets 8 4 (50) 1 (12.5)

Fragouli et al16 1 pb oocyte doublets 100 22 (22) 1 (1)

Daina et al (present work) Immature oocytes 83 13 (15.7) 13 (15.7)

Donors (o33)

Fragouli et al8 1 pb oocyte doublets 49 2 (4.1) 0

Obradors et al18 1 pb oocyte doublets 84 27 (32.1) 13 (15.5)

Daina et al (present work) Immature oocytes 74 11 (14.9) 11 (14.9)

aAlso compatible with artifactual loss due to fixation.
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