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Abstract
Background The human oocyte transmits one set of
haploid genome into female pronucleus (FPN) while
discards the remaining genome into the first polar body
(PB1) and the second polar body (PB2). The FPN genome
carries an assembly of maternal and paternal genome
that resulted from homologous recombination during
the prophase of the first meiosis. However, how parental
genome has been shuffled and transmitted is difficult to
assess by analysing only the progeny’s genome.
Objective To assess meiotic chromatid recombination
and segregation in human oocytes.
Methods Single cell genome sequencing data of PB1,
PB2 and FPN that originated from the same oocyte
were used to analyse the human oocyte homologous
chromosome interaction and segregation. To analyse
whether chromosomes were non-randomly segregated
into polar bodies or pronucleus, we analysed the ratio
of crossover in PB2 and FPN, and constructed a model
to detect the randomness of oocyte chromosome
segregation.
Results We found that during oocyte meiosis, in
addition to homologous chromosome recombination,
there was also a genome conversion phenomenon
which generated a non-reciprocal genetic information
transmission between homologous chromosomes. We
also inferred that during meiosis, DNA breaks and repairs
frequently occurred at centromere-adjacent regions. From
our data we did not find obvious evidence supporting
the crossover number-based or SNP-based meiotic drive
in oocytes.
Conclusion In addition to the crossover-based
recombination, during human oocyte meiosis, a direct
genome conversion between homologous chromosomes
is used in some oocytes. Our findings are helpful in
understanding the specific features of meiotic chromatid
recombination and segregation in human oocytes.

Introduction

For mammalian oocytes, homologous recombination is completed before or around the female is
born. Then the oocytes arrest at the diplotene stage
of the first meiosis (meiosis I) in the ovary until the
female becomes sexually mature. On stimulation by
luteinising hormone, the primary oocytes (2N, 4C)
resume the meiosis and complete meiosis I, during
which one set of homologous chromosomes (1N,
2C) is segregated into the first polar body (PB1).
The ovulated mature oocytes (1N, 2C) are arrested

at metaphase II until fertilisation, when the sperm–
oocyte interaction triggers initiation of anaphase II
and the oocyte extrudes one set of sister chromatids into the second polar body (PB2, 1N, 1C) and
retains the other set of sister chromatids as female
pronucleus (FPN, 1N, 1C).
During oocyte meiosis, the recombination
between homologous chromosomes is essential for
homologue pairing and separation at meiosis I, and
is important for the exchange of genetic information inherited from parents. As a result, the haploid
FPN genome is a random assembly of maternal or
paternal chromosomes (law of independent assortment), and each single chromatid may be combined
by the fragments of homologue chromosome (law
of linkage and crossing over). For mammalian
oocytes, only FPN is transmitted to the offspring,
and it is hard to verify the genetic laws without
the genome information of PB1 and PB2. Recently,
we sequenced the single cell genome of PB1, PB2
and FPN from the oocytes of eight donors,1 and
these data can be used for further investigating the
meiosis events in human oocytes.
In contrast to males, which generate four spermatozoa during meiosis, only one FPN with two
residual polar bodies is generated in an oocyte
meiotic event in females. As the homologous
chromosomes and recombined chromatids may
be different in sequence or structure, it is possible
that different chromosomes or chromatids may
compete for being kept in the oocyte or the zygote,
a mechanism in which the gamete selects the genetic
information for transmission, termed gamete-based
meiotic drive.2 3 In unisexual fishes, the oocytes
can specifically extrude the paternal chromosomes
and retain the maternal chromosomes.4 During
oocyte meiosis in birds, chromosome Z or W can
be selectively assigned to the egg or polar body, by
which the sex ratio of the offspring is determined
before fertilisation.5 In XO mice, the proportion
of zygotes inheriting chrX is not stochastic.6 In
human, a crossover-based meiotic drive hypothesis has been proposed, which suggests that human
oocytes prefer the chromatids with more recombinations.7 These results indicate that a ‘meiotic
drive’ may also exist in mammalian oocytes, but it
still needs a careful verification.
To understand the meiotic events during oocyte
meiosis and investigate whether chromosome
segregation is a random process in human oocyte
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meiosis, we re-examined human oocyte/polar body genome
sequencing data. In our study, we found a new pattern of inheritance in a small population of oocytes. We also found traces of
DNA conversion at the centromere-adjacent regions. Lastly, we
tested the crossover-based and genome sequence-based meiotic
drive theory in human oocytes using single cell genome data.

Results
The genome conversion of homologous chromosome in
human oocytes

In our previous report, we have sequenced the single cell genome
of the PB1s, PB2s and FPNs of oocytes that originated from
eight donors.1 From these data, we found one oocyte of donor 8
(S08) and two oocytes of donor S01 showing a conflicting chromosome composition (figure 1). As shown in figure 1A, two
maternally and two paternally originated chromatids (4N) were
assigned to three daughter cells, in which the PB1 contains
two copies of chromatids, and PB2 and FPN contain one copy
each. Every region of the four copies of the chromatids in PB1,
PB2 and FPN can be used to reconstruct the genotype of the
2 N-4C oocyte. In donor S08 (for whom all the PB1s, PB2s and
FPNs from 11 oocytes were successfully sequenced) and S01
(for whom PB1s, PB2s and FPNs of 8 oocytes were successfully sequenced), however, we found that the chromosome
2

composition was conflicting for oocytes S0815, S0106 and
S0113 (figure 1B and online supplementary figure S1). The
chromosome regions marked by blue lines in figure 1B showed
that, for the four copies of chromatids in PB1, PB2 and FPN,
three copies originated from one homologous chromosome and
one copy originated from the other. From these chromosomes,
we found a ‘lost and copy’ model or genome conversion events
existing in the conflicting chromosome regions (as marked by
black lines in figure 1B): a large region of one chromatid was
broken and lost, and the left residual chromatid copied the lost
genome region from homologous chromatid and formed a new
full-length chromatid.
To analyse whether the lost and copy events occurred only in
one chromatid or all the chromatids in one oocyte, we further
surveyed the meiosis events in oocytes S0106, S0113 and S0815
(as the data quality of S0113 is not enough to analyse the chromosome events in chr3, 8–11, 13, 14, 16, 19, 22 and X, we
extruded these chromosomes during analysis). As shown in
online supplementary figure S2, most of the chromosomes in
the oocyte (except chr21 in S0815) showed the lost and copy
event. Surprisingly, we found that the lost and copy event
frequently occurred on the chromatids of PB1 and FPN in
oocytes S0106 and S0113; however, in S0815, lost and copy
events frequently occurred on the chromatids of PB1 and PB2
Ma J-Y, et al. J Med Genet 2018;0:1–8. doi:10.1136/jmedgenet-2018-105612
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Figure 1 The genome conversion event in human oocytes. (A) Genotypes of chr20 of PB2, FPN and PB1 in oocyte 11 of donor S08 (S0811). (B)
Genotypes of chr20 of PB2, FPN and PB1 in oocytes S0106, S0113 and S0815. In S0811B, S0811C and S0811A, the A, B and C represent PB1, PB2 and
FPN, respectively. The red and blue colours represent the genotypes that originated from paternal and maternal homologous chromosomes, respectively.
For PB1, the green colour represents the heterogeneous genotypes of PB. The bands in S0x0xAH represent the heterogeneous genotypes in PB1, while the
genotypes of PB2 and FPN were the same. The pink or dark blue colour represents the genotype of PB1 is heterogenous but both PB2 and FPN are red or
blue. FPN, female pronucleus; PB1, first polar body; PB2, second polar body.
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(online supplementary table S1). In online supplementary figure
S2, we found that the lost and copy event of the chromatid could
occur at the chromatid terminal (such as chr20 of S0815), the
internal of the chromatid arm (such as the chr15 of S0815's
PB1), the chromatid region containing the centromere (such as
chr12 of S0815) and even the full length of the chromatid (such
as chr19 of S0106).

Unconventional genotypes at the centromere-adjacent
regions

When we analysed the SNP genotype (SNPG) composition of the chromatids in human oocytes, we found the
centromere-adjacent regions of chromosomes (such as chr1,
chr2, chr4, chr6, chr9, chr10, chr12–chr17, chr20, chr21
and chrX) enriched with unconventional SNPGs (figure 2 and
online supplementary figure S1). The unconventional SNPGs
included the following: (1) the genotypes of centromere-adjacent regions of the PB2 and FPN were consistent with the
nearby chromosome arm, but the genotypes of the corresponding diploid PB1 became heterozygous or changed genotypes; (2) the genotype of PB2 or FPN changed, but that of
PB1 was still consistent with the nearby chromosome arm.
To analyse the level of unconventional SNPG around
centromeres, we calculated the rates of heterogeneous genotype (RHGs) in PB2 and FPN (figure 3). As a result, we found
that (1) the RHGs far away from the centromeres were mostly
>0.5; (2) the RHGs declined with a decrease in distance
Ma J-Y, et al. J Med Genet 2018;0:1–8. doi:10.1136/jmedgenet-2018-105612

from the SNP sites to the centromeres; and (3) the RHGs of
specific chromosomes (chr1, chr2, chr4, chr6, chr9, chr10,
chr12–chr17, chr20, chr21 and chrX) increased obviously
at the centromere-adjacent regions. As tandem repeats such
as satellites are enriched in the centromeric and pericentromeric regions, we therefore analysed the correlation between
the unconventional RHG and the tandem repeats. The results
showed that unconventional RHGs tended to occur in the
SNPs around the satellites and the pericentromeric tandem
repeat regions (online supplementary figure S3).

Crossover selection of human oocytes
A previous report has proposed that the fertilised oocyte
tends to maintain chromatids exhibiting recombinations into
the zygote and extrude chromatids that lack recombination
sites into PB2.7 To validate if our data fit this hypothesis, we
analysed the number of crossovers in FPN or PB2 chromatids
during meiosis II. We detected 266 sister chromatid pairs in
our data set. The number of FPN/PB2 chromatid pairs which
had no crossover chromatid in PB2, no crossover chromatid
in FPN and no crossover in both sister chromatids during
meiosis II was 133, 128 and 5, respectively (online supplementary table S2 and online supplementary data set S1). As
shown in online supplementary table S2, there was no obvious
recombination rate-based meiotic drive during human oocyte
meiosis II for donors aged 25–35.
3
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Figure 2 Unconventional SNP genotypes at the centromere-adjacent regions of chr9 of donor S08. In S0801B, S0801C and S0801A, the A, B and C
represent PB1, PB2 and FPN, respectively. The red and blue colours represent the genotypes that originated from paternal and maternal homologous
chromosomes, respectively. For PB1, the green colour shows that the genotypes of PB1 were heterogeneous. The bands in S0801AH show that the
genotypes in PB1 were heterogeneous, but the genotypes of PB2 and FPN were the same. The pink or dark blue colour represents the genotype of PB1 is
heterogenous but both PB2 and FPN are red or blue. Simple, simple repeats; Nested, nested repeats. FPN, female pronucleus; PB1, first polar body; PB2,
second polar body.
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Analysis of the SNPG-based meiotic drive in human oocytes

To analyse whether SNPG-based meiotic drive exists in human
oocytes, we constructed a meiosis model to test it (figure 4). First,
we proposed that the specific SNPG genotypes could be maintained in oocytes with a certain probability. If the probability
was 0.5, the SNPs were segregated randomly in meiosis. If the
probability was significantly greater or less than 0.5, the SNPG
might be separated non-randomly. As the average distance of the
neighbouring SNPs was longer than 100 kb (mean=106 800 bp
and median=6792 bp), we considered that two adjacent SNPGs
act independently. As shown in figure 4, the SNPGs undergo
three events during oocyte meiosis—event 1: recombination of
homologous chromosomes which are finished before or around
birth; event 2: segregation of homologous chromosomes at
meiosis I during oocyte maturation; and event 3: segregation of
sister chromatids at meiosis II when the oocyte is fertilised by
the sperm. For each SNPG, there was an exchange rate in
event 1 (the probability of SNPG exchange rate=RHG=α). In
event 2, we proposed that one genotype of SNPG was maintained in oocyte with a probability of β, and the other genotype was maintained with a probability of 1-β. In event 3, if the
SNPGs exchanged at event 1, then one SNPG was maintained
in the zygote with a probability of γ, and the other genotype
was maintained with a probability of 1-γ. From the single cell
genome sequencing data of human oocytes, we calculated the
frequency of each SNPG (such as A and T) in FPN or PB2. We
4

used the ratio of the frequencies of the two SNPGs detected in
FPN or PB2 (variable x or y) as the ratio of the probabilities of
the two SNPGs that appeared in FPN or PB2. Then the β and γ
could be calculated using variables α, x and y (figure 4).
According to the meiosis model constructed above, we calculated the beta and gamma values (figure 5, corresponding to the
selection of SNPGs during meiosis I and meiosis II) of the SNPGs
which were detected in eight human donors. To analyse whether
the calculated beta and gamma values support the SNPG-based
meiotic drive hypothesis, we used our meiosis model to simulate
the meiosis process and randomly generated predicted beta and
gamma values (online supplementary figure S4). After this we
use the Kolmogorov-Smirnov method to test whether the calculated beta and gamma values are significantly different from the
predicted beta and gamma values (generated at the same alpha
values). As a result, no beta or gamma values showed significant
difference with these predicted values (online supplementary
data set S2).

Discussion
Crossover-based homologous recombination has been considered as the mechanism of the gamete used for exchange and
to reassemble genetic information from parents.8 The meiotic
crossovers are initiated by the SPO11-induced DNA doublestrand breaks (DSBs),9 which are suggested as a chromatin
Ma J-Y, et al. J Med Genet 2018;0:1–8. doi:10.1136/jmedgenet-2018-105612
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Figure 3 The heterogeneous genotype rates along the chromosomes calculated from PB2s and FPNs. The positions of satellites, long tandem repeat (TR_
longer) and short tandem repeats (TR_shorter) were marked in red. FPN, female pronucleus; PB2, second polar body; RHG, rates of heterogeneous genotype
in PB2s and FPNs (64 PB2s and 57 FPNs).
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structure-based programmed process.10 During homologous
recombination of meiosis, gametes produce more than enough
DNA DSBs, and only parts of them are selected to form crossovers.11–13 In addition to the SPO11-induced DSBs, in the gamete
there are also SPO11 independent DSBs.14 All these SPO11
dependent or independent DSBs should be repaired properly to
create crossovers on chromosomes and at the same time maintain genome stability.
Ma J-Y, et al. J Med Genet 2018;0:1–8. doi:10.1136/jmedgenet-2018-105612

For mammalian oocytes, the meiosis events were either analysed by immunofluorescent labelling and statistics of the associated proteins in oocytes or based on the in vitro biochemistry
results. It is hard to analyse the genotype composition of the
oocyte chromatids directly and verify the meiosis model. Using
the single cell genome sequencing data of human oocytes, we
re-examined the meiosis of oocytes. We found the ‘lost & copy’
or genome conversion between homologous chromosomes
5
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Figure 4 Meiosis model for analysing the SNP genotype-based meiotic drive in human oocytes. During stage 1, chromatids complete the recombination.
We set the α as homologous chromatids exchange rates or the probability of the homologous chromatids exchange. During stage 2, the probability
of the oocyte retaining one genotype (AA in figure) is β, so the oocyte retains the other genotype (TT in figure) in a probability of 1-β. During stage 3,
the oocyte retains one genotype (A in figure) in a probability of γ, so the probability of the oocyte retaining the other genotype (T in figure) is 1-γ. P(FPNA)/
P(FPNT) shows that the probability of SNP genotype A/T is kept in female pronucleus (FPN). P(PB2A)/P(PB2T) shows that the probability of SNP genotype A/T
is kept in the second polar body (PB2). PB1, first polar body.
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during meiosis which could be used to change the genome
components between homologous chromosomes. Although we
did not test the order of the genome conversion and crossover
formation, from the case of chr1 of oocyte S0106 (figure 6),
we found that if the crossover-based homologous recombination occurred earlier, there would be no proper DNA template
for genome conversion events to generate the final genotype of
chr1 as detected (figure 6), so we suggested that at least some of
the genome conversion events might occur before the crossover
formation. In addition, we suggested the chromosome structure
formed during genome conversion events might be maintained
a long time, which affected the subsequent meiosis as we found
the genome conversion events in FPN were either less or more
compared with those of PB2 (online supplementary table S1).
The enrichment of genome conversion events in FPN or PB2
also indicated a specific chromosome selection might exist in
human oocytes. Although we found the genome conversion
events in a small population of oocytes, under which condition
they occur and which proteins regulate the events are still not
known by now.
In the single cell genome sequencing data, we also found
the disordered SNPGs at the centromere-adjacent regions.
These disordered SNPGs might associate with the repeats and
be produced by the frequent DNA breaks and repairs at the
centromere-adjacent regions. These events might occur at the
same time with meiotic homologous recombination, but also
could occur after the homologous recombination. During the spermatogenesis in a mouse, the pairing of homologous centromeres
had also been reported, but the homologous centromeres paired
from the pachytene to the late diplotene stage.15 Similarly,
evidence showed that the number of centromere foci detected in
6

growing oocytes was around 20 (eg, 16–34 in 10 µm oocyte),16
indicating the homologous centromeres might also be maintained
in a pairing state during oocyte growth. The gathering of homologous centromeres in mouse gametes might result in the broken
DNA ends use centromere-adjacent regions as templates for the
homologous recombination repair and induced the unconventional SNPGs. On the other hand, as these centromere-adjacent
SNPs are nearby or located at the repeat sequences (figure 2),
and the repeat sequences might decrease the reliability of the
SNP data,17 all these speculations above need further experimental demonstration.
Recently, some reports have indicated that crossover numberbased meiotic drive may exist in mammalian oocytes.7 18 In
this study we tested two meiotic drives in human oocytes: the
crossover number-based and the SNPG-based meiotic drive.
However, we did not find evidence supporting these two meiotic
drive hypotheses. As the sample number and data quality in our
study were not enough to negate the crossover number-based
or SNPG-based meiotic drives in human oocytes, whether there
was real crossover number-based or SNPG-based meiotic drive
in human oocytes should be further tested in the future.

Methods
Genomic SNP data of human polar bodies and FPNs
The sequencing data of PB1s, PB2s and FPNs were obtained
from our genome sequencing data on single human oocytes
reported previously.1 The human chromosome information
about cytoband and chromosome information were downloaded
from the UCSC (University of California Santa Cruz) Genome
Bioinformatics website.19 For the SNPG analysis, SNPs that had
Ma J-Y, et al. J Med Genet 2018;0:1–8. doi:10.1136/jmedgenet-2018-105612
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Figure 5 Beta and gamma values of SNP genotypes on chr1-4 in donor S01. Three classes of beta and gamma values are classified according to sample
size: for beta values, the sample size of red dot > brown > lime; for gamma values, the sample size of blue dot > sky blue > purple.
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only two genotypes and existed in at least five women were used.
The chromatid crossovers of FPNs and PB2s are identified as
described in our previous paper.1

Analysis of the SNPG exchange rates along chromosome
during meiosis I

To analyse the exchange rates of SNPG, we first selected the SNP
sites at which both FPN and PB2 were successfully sequenced.
The SNPG exchange events were identified if the SNPGs
of FPN and PB2 from the same oocyte were different. The
SNPG exchange rates were calculated by the following: (SNPG
exchanged oocytes number) / (total oocytes number). To visualise the association of SNPG exchange rates with the satellites
and tandem repeats in the human genome, we used the genomic
repeats data set from the UCSC Genome Bioinformatics website.

Test of SNPG-based meiotic drive

The method used for meiosis model construction was described
in the Results section. To generate the random predicted beta and
Ma J-Y, et al. J Med Genet 2018;0:1–8. doi:10.1136/jmedgenet-2018-105612

gamma values, the calculated alpha value of each SNP site was
used. We set the numbers of both PB2 and FPN at 20. Supposing
that the SNPGs were A and T (any two different bases from the
A, C, G and T), we firstly generated a random number N(PB2A)
as the frequency of A in PB2 (range from 0 to 20), based on
N(PB2A) we generated random numbers N(PB2T), N(FPNA)
and N(FPNT). Using our meiosis model, we calculated 2000
predicted beta and gamma values. Kolmogorov-Smirnov test
was used to test whether the calculated beta or gamma values
using genome sequencing data were significantly different from
the predicted values (p<0.01 was set to evaluate significance).
All scripts used for the data analysis and data visualisation were
compiled by Python or R.
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Figure 6 A supposition of the genotype formation of chr1 of S0106. For chr1 of the 06 oocyte of donor S01 (S0106), if the crossover formed before
genome conversion, there would be no proper DNA template for genome conversion events to form the final genotype. DNA double-strand breaks are
labelled with red arrows. FPN, female pronucleus; PB1, first polar body; PB2, second polar body.
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