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POINT OF VIEW
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Summary

Preimplantation embryos frequently contain binucleated cells, but reports differ as to whether binucleation affects development and 
whether such embryos should be used clinically. In this Point Of View article, we propose a possible explanation for this disparity: 
binucleation can arise by distinct routes, one that produces healthy blastomeres and one that directly threatens embryo viability.
Reproduction (2020) 160 V1–V4

The success of in vitro fertilisation cycles relies heavily on 
the choice of the most suitable embryo to be transferred 
to patients. Despite the emergence in recent years of 
a myriad of exotic means of embryo testing, embryo 
selection remains mainly based on morphological 
features observable under the light microscope, 
such as stage appropriate cell numbers, cytoplasmic 
fragmentation patterns, and nucleus configuration. 
Binucleation is the scenario wherein a blastomere 
within an embryo contains two evenly sized nuclei and 
is an example of a feature of nuclear morphology that 
can be seen under a microscope. Note that, in this Point 
of View article, we refer principally to truly binucleated 
embryos and not to other types of nuclear aberration 
such as micronucleation, where cells contain an extra 
‘mini’ nucleus, or multinucleation, where three or 
more nuclei are seen in a blastomere. Binucleation is 
a relatively common phenomenon in human embryos 
in in vitro fertilisation cycles, with frequencies ranging 
from 7 to 65% of embryos depending on the stage of 
development examined (Hardy et  al. 1993, Meriano 
et al. 2004, Aguilar et al. 2016, Seikkula et al. 2018). 
Although it is perhaps intuitive that to have two nuclei 
in a given cell should be indicative of poor prognosis 
for the embryo, contrasting and perhaps puzzling 
results as to the developmental potential and clinical 
outcomes of these embryos have been reported. 
Some studies report that the presence of binucleated 
blastomeres causes decreased developmental potential 
and implantation rates (Hardy et  al. 1993, Aguilar 
et al. 2016, Seikkula et al. 2018). On the other hand, 
perhaps surprisingly, other reports seem to suggest 
that embryos containing binucleated blastomeres have 
relatively normal developmental potential (Staessen 
& Van Steirteghem 1998, Meriano et  al. 2004). An 
explanation for the apparently divergent reports is not 
apparent, and thus the use of binucleation as a means 

of embryo selection is not widely implemented. Here, 
following recent mechanistic studies of cell divisions 
and nuclear morphology in mouse embryos, we propose 
that binucleation can originate by two mechanistically 
distinct routes, depending on whether it occurs at the 
2-cell stage or at later stages of development, and 
that these two routes to binucleation have contrasting 
implications for embryo health that explain the apparent 
conflicting reports.

The origins of binucleation in mid-preimplantation 
development (~16-cell stage) human embryos were 
studied by Hardy et  al. (1993), who found that 
binucleated blastomeres at the 16-32 cell stage 
had double the amount of cytoplasm compared to 
mononucleated counterparts, and thus concluded that 
binucleated blastomeres arise as a result of a failure 
of cytokinesis, the final step of cell division. Although 
other routes to binucleation can be envisaged, such as 
cell fusion, cytokinesis failure is generally considered 
the most common route to binucleation in somatic 
cells, and thus the conclusions of Hardy et al. appear 
very likely. Cytokinesis failure (or indeed cell fusion) 
means that the resulting blastomere contains an entire 
duplicated genome complement (i.e. tetraploid). 
Consistent with this, complete tetraploidy has been 
described in spontaneous abortions (Genest et al. 1995), 
as well as in embryos undergoing preimplantation 
genetic screening (Bielanska et al. 2002), and the rare 
cases of tetraploid live-born infants display severe 
developmental abnormalities, with a lifespan limited to 
months (Stefanova et al. 2010), indicative that tetraploidy 
is indeed a feature of early embryo development and 
poses severe consequences for fertility and life. Recent 
mechanistic studies in mouse embryos have uncovered 
at least two reasons why tetraploid blastomeres in mid-
preimplantation development should jeopardise the 
likelihood of a successful pregnancy. First, it was shown 
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that tetraploidy resulting from cytokinesis failure at the 
4–8 cell division increases the rates of chromosome 
segregation errors and consequently favors the 
development of further aneuploidy (Paim & FitzHarris 
2019) (Fig. 1). Such errors could lead to the complex and 
chaotic karyotypes seen in embryo blastomeres which 
are widely associated with embryonic failure (Bielanska 
et al. 2002). Second, tetraploidy in early mouse embryos 
has been shown to reduce the number of cells available 
to form the inner cell mass within the blastocyst that 
forms the embryo proper (Eakin et al. 2005, LMG Paim 
and G FitzHarris, unpublished observations). Why this 
decrease in the number of cells takes place is not entirely 
clear, but it is likely that fewer but larger cells at the 
time of blastocoel formation reduce the availability of 
‘inner’ cells to form the ICM. Thus, binucleation in later 

stage embryos likely occurs by cytokinesis failure and 
threatens embryo viability in at least two ways (Fig. 1).

In contrast, a recent examination of the first mitosis 
(1-cell to 2-cell transition) in mouse leads us to suggest 
that binucleation at the 2-cell stage in human embryos 
may arise by an entirely different means. Reichmann 
et al. (2018) demonstrated that each pronucleus in the 
mouse zygote originates two spatially separate parental 
genomes that initially remain individualised during 
the first mitotic division (Fig. 1). As the first mitosis 
progresses, two independent spindles are assembled 
(one for each parental genome), which eventually 
fuse to align the maternal and paternal genome before 
anaphase. Interestingly, experimentally induced failure 
to align the two zygotic spindles leads to the formation 
of perfectly binucleated 2-cell embryos (Reichmann 

Figure 1 Two mechanistically distinct modes of binucleation might explain divergent clinical outcomes. Top panel: At the zygote stage, the 
paternal and maternal pronuclei are maintained physically separated due to the assembly of two individualized mitotic spindles. Further into the 
first mitotic division, the spindles fuse such that the parental genome is aligned in a single metaphase plate, allowing cell division to take place, 
and a diploid mononucleated 2-cell stage embryo is formed. Middle panel: In cases where the two parental pronuclei are too distant from each 
other, the two individualized spindles fail to fully fuse and cell division takes place without alignment of the parental genomes, resulting in a 
2-cell stage embryo with two haploid nuclei. This scenario is likely not deleterious to development, since the resulting 2-cell embryo remains 
with a diploid genome complement. Bottom panel: Binucleation later in development more likely indicates cytokinesis failure or regression 
(which may be mistaken optically for cell fusion), which would lead to tetraploidy. This is followed by an increase in the levels of chromosomes 
segregation errors, allowing for the accumulation of highly aneuploid blastomeres that potentially lead to low implantation rates.
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et  al. 2018) (Fig. 1). Although the implications of this 
were not explored, each nucleus would be haploid 
and thus each cell should logically be overall diploid. 
Since binucleated cells can assemble a single spindle 
and form mononucleated daughter cells (Paim & 
FitzHarris 2019), resulting 4-cell embryos would be 
expected to be mononucleated, euploid (overall correct 
chromosome complement), and as such be identical 
to other ‘normal’ embryos that were never binucleated 
(Fig. 1). Thus, although it remains to be formally tested, 
we propose that binucleation at the 2-cell stage under 
these circumstances likely has minimal impact upon 
developmental potential.

To our knowledge, this explanation to the varied 
results of clinical binucleation studies mentioned has 
not previously been proposed. And while the tendency 
of many clinical studies to group binucleation in 
conjunction with other forms of nuclear aberration 
(micronucleation, multinucleation – which themselves 
very likely have severe consequences for embryo 
development (Vazquez-Diez et al. 2016)) muddies the 
issue in some cases, close examination of a few key 
papers lends some support for our proposal. Specifically, 
Staessen and Van Steirteghem (1998) showed that 
blastomeres karyotyped at the 3–8 cell stage from 
embryos previously scored as binucleated at the 2-cell 
stage are frequently diploid. This strongly supports the 
notion that the binucleated 2-cell blastomere can be 
diploid. Perhaps most intriguingly, one study that carefully 
distinguished binucleated embryos from multinucleated 
and mononucleated, and then by developmental 
stage, found that embryos displaying 2/4 binucleated 
blastomeres at the 4-cell stage never implanted, whereas 
implantation rates were normal in embryos binucleated 
at the 2-cell stage (Aguilar et  al. 2016). The studies 
described previously (Staessen & Van Steirteghem 1998, 
Bielanska et al. 2002) used karyotyping techniques now 
considered outdated such as FISH, and further analyses 
of the ploidy status of binucleated embryos using more 
reliable modern approaches are certainly warranted. 
Nevertheless, the findings described by Aguilar 
et  al. (2016), Reichmann et  al. (2018), and Paim and 
FitzHarris (2019) support the notion that binucleation 
at different stages of development might affect embryo 
health differently. Therefore, we hypothesise that the 
discordant conclusions on the impact of binucleation 
are a result of the different impacts of binucleation at 
different developmental stages; whereas binucleation 
in mid- to late-preimplantation development very likely 
indicates an error of chromosomal content, binucleation 
at 2-cell stage may not.

How and why cytokinesis failure comes about, whether 
a single binucleated/tetraploid blastomere is sufficient to 
significantly disrupt embryonic development at a given 
developmental stage, and to what extent embryos can 
tolerate binucleation/tetraploidy and still give rise to 
healthy live births, all remain unknown. However, the 

developments discussed here underscore the importance 
of foundational molecular research to understand and 
interpret the biological basis of phenomena observed 
in the clinic. Non-invasive means of selecting the best 
embryo(s) for transfer in the clinic remains one of the 
holy grails of reproductive medicine, and it is our hope 
that this re-interpretation of the impact of binucleation, 
paired with improvements in time-lapse microscopy, 
may ultimately lead to better paradigms and tools for 
embryo sorting. Essential in this will be further studies 
that carefully distinguish the developmental stage at 
which true binucleation occurs.
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